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Master the use of the microscope, including sectioning and staining
Build and observe microcosms, soda-bottle worlds of pond life

Investigate the chemistry of life from simple acids, bases, and buffers to complex
carbohydrates, proteins, lipids, enzymes, and DNA

Experience the magic of biology in your own home lab. This
hands-on introduction includes more than 30 educational (and
fun) experiments that help you explore this fascinating field on
your own. Perfect for middle- and high-school students and DIY
enthusiasts, this full-color guide teaches you the basics of biology
lab work and shows you how to set up a safe lab at home.

Extract, isolate, and observe DNA

The Illustrated Guide to
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1s also written with the
needs of homeschoolers
firmly in mind, as well
as adults who are eager
to explore the science

Explore photosynthesis, osmosis, nitrogen fixation, and other life processes of nature as a life-long

Investigate the cell cycle (mitosis and cytokinesis)

Observe populations and ecosystems, and perform air and water pollution tests

Investigate genetics and inheritance

Do hands-on microbiology, from simple culturing to micro-evolution of bacteria

by forced selection

Gain hands-on lab experience to prepare for the AP Biology exam
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hobby. To get the most
from the experiments,
we recommend using
this guide in conjunc-
tion with a standard
biology text, such as

the freely downloadable
CK-12 Biology (ck-12.org).

Through their company, The Home Scientist, LLC (thehomescientist.
com/biology), the authors also offer inexpensive custom kits that
provide specialized equipment and supplies you'll need to complete
the experiments. Add a microscope and some common household
items and you're good to go.
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Preface

Welcome to lllustrated Guide to Home Biology Experiments: All Lab, No Lecture.

We wrote this book in response to the flood of queries we've received from readers of
lllustrated Guide to Home Chemistry Experiments. (That book was published in 2008 and
has become an enduring bestseller, thanks both to homeschoolers and DIY hobbyists.)
Most of the queries were on much the same theme: When are you going to do the same
thing for biology?

This book is our answer to that question. It took us 18 months to write, and with so much to
cover, we had to do some juggling to make sure the most important stuff all made it into the
book. Our goals for this book were:

» To write a biology lab manual suitable for a rigorous first-year high school biology
course, or for a budding DIY bio enthusiast who wants to learn the fundamentals of
biology lab work.

» To cover as broad a range of topics as possible while maintaining useful depth.

« Toinclude only lab sessions that are practical to do at home and do not require the
expensive equipment and resources of a formal school laboratory, other than a decent
microscope.

» To keep lab costs as low as possible by designing an affordable companion lab kit as we
wrote the book.

» To make the lab sessions easy to coordinate with popular homeschool biology texts,
such as CK-12, Miller-Levine Biology, A Beka, Apologia, BJUP, and many others.

We think we accomplished those goals. We've never been entirely satisfied with any book
we've written. Just ask our editor, who always has to drag the manuscript away from us as
we kick and scream and beg for just a little more time. But in this case we think we did what
we set out to do.
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WHO THIS BOOK IS FOR

This book is for anyone, from responsible teenagers to adults,
who wants to learn about biology by doing real, hands-on
laboratory work. DIY hobbyists can use this book to learn and
master the essential practical skills and fundamental knowledge

HOW THIS BOOK IS ORGANIZED

needed to pursue biology as a lifelong hobby. Home school
parents and public school teachers can use this book as the
basis of a first-year lab-based biology course.

The first part of this book is made up of narrative chapters that

co

ver how to use the book, how to equip your biology lab, and

how to work safely. The bulk of the book is made up of more than
30 lab sessions incorporating about 80 separate procedures in
the following 11 groups.

Mastering Microscope Skills

In this group, you'll learn the essential skills of using a
microscope, mounting specimens (including simple wet
mounts, smear mounts, hanging-drop mounts, and sectional
mounts), and using simple and Gram staining to reveal the
microscopic details of lifeforms.

Building and Observing Microcosms

In this group, you'll build microcosms—miniature worlds
contained in soda bottles and populated with diverse
microscopic life—and observe those tiny worlds over a period
of weeks to months. You'll observe succession—the cycle of
life as the microcosms grow and mature—and test the effect
of pollution on those microcosms.

Chemistry of Life

In this group, you'll explore the chemistry of life: acids, bases,
and buffers, carbohydrates and lipids, proteins, enzymes,
and vitamins. You'll also create and observe coacervates,
nonliving cell-like structures that may have played a role

in abiogenesis—the development of living organisms from
nonliving precursors. Finally, you'll extract and visualize
actual DNA, build a gel electrophoresis apparatus, and use
that apparatus to do simulated DNA analysis. (Or real DNA
analysis, if the necessary materials are within your budget.)

Life Processes

In this group, you'll explore some fundamental life processes.
You'll observe carbon dioxide uptake in plants, determine
the effect of light intensity on photosynthesis rate, and use
chromatography to analyze chlorophyll and other plant
pigments. You will investigate osmosis, the process by which

nutrients and wastes are transported across cell membranes.
Finally, you'll observe mitosis, a process by which cells
reproduce themselves.

Ecology

You'll begin this group by sampling plant populationsina
community, learning how ecologists track changes in the
environment by observing changes in plant populations.
You'll then learn how different organisms sometimes
cooperate to the benefit of both by observing the effect of
nitrogen-fixing bacteria on lima bean growth. Next, you'll do
air pollution testing for particulates by building, exposing,
and observing particle traps. Finally, you'll test soil and
water specimens quantitatively for the presence of boron, a
common environmental pollutant.

Genetics and Inheritance

In this group, you'll explore Mendelian genetics by

testing a sample population for the ability to taste
phenylthiocarbamide (PTC). You'll then analyze your data by
charting that ability against family relationships to determine
whether PTC tasting ability is heritable in strict Mendelian
terms.

Cells and Unicellular Organisms

You'll begin this group by observing specialized eukaryotic
cells, comparing and contrasting their features and
structures. You'll then prepare culturing media, culture mixed
bacteria species, and prepare pure broth cultures of each of
those species. You'll then test each species for sensitivity to a
range of antibiotics, culture an antibiotic-resistant strain, and
retest the sensitivity of that resistant strain to the same range
of antibiotics.

Protista

In this survey group, you'll observe four members of
kingdom Protista—Spirogyra (algae), Euglena, Amoeba, and
Paramecium—which are simple organisms that have some
of the characteristics of plants and fungi and some of the
characteristics of animals. You'll use both live specimens—

xii
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which allow you to observe the organisms going about their
business and interacting with their environments—and
prepared slides, which allow you to observe more of the fine
details of their structure.

Fungi
In this survey group, you'll observe the structures and
features of members of kingdom Fungi in the phyla
Zygomycota, Ascomycota, and Basidiomycota using both live
specimens and prepared slides.

Plantae
In this survey group, you'll observe members of kingdom
Plantae (plants), beginning with the structures and features
of the simplest plants, mosses and ferns. You'll observe

ACKNOWLEDGMENTS

germination of an angiosperm (seed plant) and compare and
contrast the similarities and differences in the root, stem,
leaf, and reproductive structures of seed plants.

Animalia
In this final group of survey lab sessions, you'll observe
the structures of members of kingdom Animalia (animals),
beginning with the simple invertebrates—Porifera (sponges)
and Cnidaria—and then through Platyhelminthes, Nematoda,
and Annelida (three classes of worms) to Arthropods
(bugs and related creatures). In the final lab session, you'll
investigate the four types of vertebrate tissues—epithelial,
connective, muscle, and nerve—by observing vertebrate
organs and structures made up of these tissue types.

Although only our names appear on the cover, this book is
very much a collaborative effort. It could not have been written
without the help and advice of our editor, Brian Jepson, who
contributed numerous helpful suggestions. As always, the
O'Reilly design and production staff, who are listed individually
in the front matter, worked miracles in converting our draft
manuscript into an attractive finished book.

Special thanks are due to our technical reviewer, Dr. Richard H.
Kessin, Professor of Pathology and Cell Biology at Columbia
University. Rich's comments and suggestions made this a
better book than it might otherwise have been.

HOW TO CONTACT US

Finally, we want to acknowledge the Wikicommons illustrators,
many of whose graphics we've used in this book. We
understand the science, but are hopeless as illustrators. They
both understand the science and are skilled illustrators. To

all of them, but especially to Lady of Hats (http://commons.
wikimedia.org/wiki/User:LadyofHats), a big thank you. And,

in particular, thanks for releasing your work into the public
domain, where it is freely usable by anyone who wants to learn
(or teach) about the science.

We have verified the information in this book to the best of our
ability, but you may find things that have changed (or even that
we made mistakes!). As a reader of this book, you can help us to
improve future editions by sending us your feedback. Please let
us know about any errors, inaccuracies, misleading or confusing
statements, and typos that you find anywhere in this book.

Please also let us know what we can do to make this book more
useful to you. We take your comments seriously and will try to
incorporate reasonable suggestions into future editions. You
can write to us at:

Maker Media, Inc.
1005 Gravenstein Hwy N.
Sebastopol, CA 95472

(800) 998-9938 (in the U.S. or Canada)
(707) 829-0515 (international/local)
(707) 829-0104 (fax)

Maker Media is a division of O'Reilly Media devoted entirely

to the growing community of resourceful people who believe
that if you can imagine it, you can make it. Consisting of Make
Magazine, Craft Magazine, Maker Faire, and the Hacks series of
books, Maker Media encourages the Do-It-Yourself mentality by
providing creative inspiration and instruction.

For more information about Maker Media, visit us online:

MAKE: www.makezine.com
CRAFT: www.craftzine.com
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Maker Faire: www.makerfaire.com
Hacks: www.hackszine.com

To comment on the book, send email to:
bookquestions@oreilly.com

The O'Reilly website for lllustrated Guide to Home Biology

Experiments lists examples, errata, and plans for future

editions. You can find this page at:

http://shop.oreilly.com/product/0636920017691.do

For more information about this book and others, see the
O'Reilly website:

http:/7www.oreilly.com

THANK YOU

To contact the authors directly, send mail to:

robert@thehomescientist.com
barbara@thehomescientist.com

We read all mail we receive from readers, but we cannot
respond individually. If we did, we'd have no time to do anything
else. But we do like to hear from readers.

We also maintain a dedicated landing page on our main website
to support lllustrated Guide to Home Biology Experiments.

This page contains links to equipment kits customized for this
book, corrections and errata, supplemental material that didn't
make it into the book, and so on. Visit this page before you

buy any equipment or chemicals and before you do any of the
experiments. Revisit it periodically as you use the book.

www.thehomescientist.com/biology.html

Thank you for buying lllustrated Guide to Home Biology
Experiments. We hope you enjoy reading and using it as
much as we enjoyed writing it.

AUTHOR BIOS
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Introduction 1

We really mean the “No Lecture” part of the title. This book is not intended to teach you
all you need to know about basic biology. It's focused on providing an affordable, intense,
reasonably comprehensive introductory biology lab experience. The background material
we do provide is intended solely as a reminder of some important points that you've
studied previously. For example, in one of the early lab sessions on biologically important
molecules, we spend a couple pages covering carbohydrates and lipids and then jump
into the actual lab work. If you start that lab work knowing only what we've told you about
carbohydrates and lipids, you'll learn less than you should from doing the labs.

To get the most benefit from this book, use it in conjunction with a standard biology text,
such as CK-12 Biology (www.ck12.org/flexbook/book/2537), which is freely downloadable,
or Miller & Levine Biology (www.millerandlevine.com), both of which we highly recommend.
Otherwise, you'll miss a lot of really important stuff. And you'll never know what you
missed.

We sometimes refer in passing to things that you may be completely unfamiliar with. For
example, in one early lab session we talk about aldehyde and ketone functional groups. If
you've not yet taken first-year chemistry, let alone organic chemistry, you probably don't
know much about aldehydes and ketones other than what little information we provide in
the text. That's fine. For our purposes, all you really need to know is that aldehydes and
ketones are different types of organic chemical compounds.

If you want to learn more about such topics, check Wikipedia (www.wikepedia.org).
Although Wikipedia often presents a biased viewpoint in articles on controversial subjects,
most science articles are well-written and reasonably comprehensive.
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USING THIS BOOK WITH YOUR CURRICULUM

There are many ways to organize a first-year biology book. Some books take a generally top-
down approach, starting with organisms and working their way down through organs and tissues
to cells and cell structures and eventually to molecular biology. Other books take a generally
bottom-up approach, starting with the molecular basis of life and working their way up to larger

structures.

This book takes the latter approach, because we believe that

to understand the whole it's best to first understand the parts
that make up that whole. But regardless of which approach
your textbook takes, you should have no difficulty in correlating
the lab sessions in this book with topics in your text. With few
exceptions, which are noted in the lab sessions themselves, you
can do the lab sessions in this book in any order.

Feel free to pick and choose among the lab sessions and
procedures to fit your curriculum, interests, and available
time. For example, the third group of lab sessions covers the
chemistry of life. This group has seven lab sessions, which
incorporate 17 individual procedures. Ideally, you should do all
of the sessions and procedures, but if time is limited, you can
eliminate procedures or even entire lab sessions as necessary.

We designed this book with the intention of covering as much
useful material as possible in an intense year-long laboratory
course. That's not to say that you need to complete this material
in two semesters or any other arbitrary period. One of the huge
advantages of homeschooling is that you can take things at your
own speed, fitting the course material to the student rather than
shoehorning students into predefined standard-length courses
as public schools must do. If it takes you 18 months or two years
to cover all of the material, so be it.

We do strongly recommend doing the first and second group of
lab sessions before anything else. The first group of lab sessions
covers basic microscope skills, which you'll need in many later
lab sessions. We assume those skills in later lab sessions. For
example, in a later lab session we may tell you to make a smear
mount and stain it without providing details about how to do so,
because we assume you've already learned those skills in the
first group of lab sessions. The second group of lab sessions
involves building microcosms, which are self-contained soda
bottle worlds of pond life. You should do those sessions early,
both because you'll observe these microcosms over a period of
weeks to months and because you'll use some of the organisms
growing in these microcosms in later lab sessions.

Conversely, do not be afraid to incorporate other laboratory
sessions from your biology text or elsewhere, either as a
supplement to the lab sessions in this book or as replacements
for some of them. In our experience, students who learn—really
learn—laboratory sciences do so by spending lots of time doing
actual lab work rather than just reading about it. The more lab
work, the better.

The lab sessions in this book correlate well with most
homeschool biology curricula. For a correlation guide,
visit www.thehomescientist.com/biology.html.
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PLANNING AND SCHEDULING

Nature runs on its own schedule and, other than building greenhouses and other artificial
environments, there's not much we can do about it. For example, if you plan to study leaf
structures in January, unless you live in a warm area, there probably won't be many leaves on

the trees. Of course, you can work around this problem, at least to some extent, by using leaves
from house plants, the florist, a garden center, and so on, but that's less than an ideal solution. If
you plan ahead, you can gather many different leaf specimens during the spring and summer and
preserve them by pressing them between sheets of absorbent paper.

Similarly, biology lab work doesn't lend itself to nice, self-
contained lab sessions that you can begin and finish in one lab
period. Living things take time to grow, mature, and senesce. If
you want to observe the life cycle of a particular organism, you
may find yourself making observations over a period of weeks
to months, or longer. If you decide to complete all of the lab
sessions in this book, expect that at times you may have several
sessions in progress. Some of those may require observation
or other attention daily, others perhaps only weekly or monthly,
but it's important to keep track of what needs to be done when.
(We use the calendar/to-do list on our computer to track action
items and prompt us whenit's time to do something.)

We recommend that before you begin any lab work you first
skim through this book to decide which lab sessions you intend
to do over the course of the year, in what order, and (if possible),
approximately when you intend to do them. That way, you can

WORK AREAS

be sure that you'll have everything you need, when you need it.
Also decide what you intend to buy from science supply vendors
versus making yourself or obtaining locally. For example,

rather than collecting live protozoa from a pond, you might
decide to order a mixed live protozoa culture from Carolina
Biological Supply (CBS). That involves some delay for order
processing and shipping, which you'll need to take into account
when scheduling the lab session(s) that require that culture.
Furthermore, that culture may have a lifetime measured in days,
so you want to make sure to order it to arrive just before you
start the lab session.

Also, if you intend to make rather than buy, allow time to collect
specimens, prepare and stain slides, and so on. Of course, these
activities can themselves be a part of the lab experience, but it's
important to factor in the time needed and have the specimens
available on lab day.

Give careful consideration to your work areas. You will, at various times, be working with
chemicals that are toxic, corrosive, flammable, or otherwise hazardous. Biological stains do
exactly what their name suggests—staining anything they come into contact with, sometimes
indelibly. You may even decide to risk working with potentially pathogenic microorganisms.

Although the risks to your person are small and manageable,
the same cannot always be said for the risks to your furniture,
countertops, and floors. If you get a Sudan lll stain on your
hands, for example, it will eventually wear off. But if you spill
Sudan Il on your antique dining room table or hardwood floor or
composite countertop, the stain may never come out, short of
sanding down the surface and refinishing it.

If you have a well-lit, well-ventilated basement workshop or
similar utility area, great. That's an ideal location for doing the
messier work involved in a biology lab course. For many people,

though, it's the kitchen table or nothing. That's workable if it's
the only realistic option, but you'll probably want to take some
precautions:

+ It'sabadidea to keep science equipment, chemicals,
cultures, and other related materials in an area where food
is prepared and consumed, so have these items in the
kitchen only while you're actually doing the lab sessions.
Store them elsewhere, secure from children and pets.
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(As a young teenager, Robert learned this lesson the hard « Protect the kitchen table or other work surfaces against

way when his mother screamed after spottinga 10 cm spills. A cheap plastic tablecloth is good insurance. Cover

centipede crawling across the kitchen table.) the tablecloth with newspaper, old towels, or something
else that will absorb spills, and always have a roll of paper

+ Whenyou finish a lab session, immediately wash and dry towels handy.

the equipment separately and put it away. Do not, for

example, put a used beaker in the dishwasher with ordinary « Photography darkrooms are always organized with a wet

dishes, even if the beaker contained nothing hazardous bench and a dry bench. Use the same principle in your lab

and you rinsed it thoroughly. Doing so is a bad habit to work. For example, you might do all wet work in the kitchen,

get into. In fact, don't run science equipment through the but keep your microscope in another room, safe from spills.

dishwasher at all, even separately. Wash it by hand and
keep it segregated.

MAINTAINING A LABORATORY NOTEBOOK

A laboratory notebook is a contemporaneous, permanent primary record of the owner’s
laboratory work. In university and corporate labs, the lab notebook is often a critically important
document, for both scientific and legal reasons. The outcome of zillion-dollar patent lawsuits
often hinges on the quality, completeness, and credibility of a lab notebook. Many organizations
have detailed procedures that must be followed in maintaining and archiving lab notebooks,

and some go so far as to have the individual pages of researchers’ lab notebooks notarized and
imaged on a daily or weekly basis.

( )
Always keep at least one spare lab notebook on hand.
If you complete all of the procedures in this book and
document all of your work properly, you can expect to fill
several such notebooks. We order the Mead composition
books by the case from Costco.

If you're just starting to learn about lab work, keeping a detailed
lab notebook may seem to be overkill, but it's not. Developing
the habit of keeping comprehensive records of all lab work is a
critical skill for any STEM student and certainly for any working
scientist, and such habits are best developed early. If you're
using this book to prepare for college biology, and particularly

if you plan to take the Advanced Placement (AP) Biology exam, If you're looking for a better quality lab notebook, look

you should keep a lab notebook. Even if you score a 5 on the AP no further than the Maker’s Notebook, also published

Biology exam, many college and university biology departments by MAKE. Although the Maker’s Notebook costs

will not offer you advanced placement unless you can show significantly more than cheap composition books—

them a lab notebook that meets their standards. comparable to “official” lab notebooks—it's also better
bound, uses better paper, and incorporates other nice
features.

LABORATORY NOTEBOOK GUIDELINES N J

Use the following guidelines to maintain your laboratory + Use permanent ink. Pencil or erasable ink is unacceptable.

notebook: Erasures are anathema.

» The notebook must be permanently bound. Looseleaf

pages are unacceptable. Never tear a page out of the The one departure from this rule that we consider
notebook. We use inexpensive Mead hardbound 100-sheet acceptable is using colored pencils for making sketches
composition books, available at drugstores, Walmart, of your observations. Colored marking pens are simply
Costco, and so on. too crude a tool for recording fine details and subtle

gradations of color.
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Before you use it, print your name and other contact
information on the front of the notebook, as well as the
volume number (if applicable) and the date you started
using the notebook.

Number every page, odd and even, at the top outer corner,
before you begin using the notebook.

Reserve the first few pages for a table of contents.

Begin a new page for each experiment or observing
session.

Use only the right-hand pages for recording information.
The left-hand pages can be used for scratch paper. (If
you are left-handed, you may use the left-hand pages
for recording information, but maintain consistency
throughout.)

Record all observations as you make them. Do not trust to
memory, even for a minute.

Do not record information that you don't actually have. For
example, if you observe a protist that you are certain is an
Amoeba and believe to be Amoeba proteus, do not record
your observation with more specificity than justified.
Rather than recording the protist as “Amoeba proteus,”
record it as Amoeba sp. to indicate that the phylum

is known but the species is uncertain. You can record
uncertain information in the form “Amoeba sp. (poss.
proteus)” or “Amoeba sp. (prob. proteus)” to indicate your
belief as to species and the level of your uncertainty.

Print all information legibly, preferably in block letters. Do
not write longhand.

If you make a mistake, draw one line through the erroneous
information, leaving it readable. If it is not otherwise
obvious, include a short note explaining the reason for the
strikethrough. Date and initial the strikethrough.

Do not leave gaps or whitespace in the notebook. Cross
out whitespace if leaving an open place in the notebook

is unavoidable. That way, no one can go back in and fill

in something that didn’t happen. When you complete an
experiment, cross out the white space that remains at the
bottom of the final page.

Incorporate computer-generated graphs, charts, printouts,
images, and similar items by taping or pasting them into
the notebook. Date and initial all add-ins on the add-in
itself.

Include only procedures that you personally perform and
data that you personally observe. If you are working with a
lab partner and taking shared responsibility for performing
procedures and observing data, note that fact as well as
describing who did what and when.

Remember that the ultimate goal of a laboratory notebook
is to provide a permanent record of all the information
necessary for someone else to reproduce your experiment
and replicate your results. Leave nothing out. Even the
smallest, apparently trivial, detail may make the difference.

LABORATORY NOTEBOOK FORMAT

Use the following general format for recording an experiment in
your lab notebook:

Introduction

The following information should be entered before you
begin the laboratory session:

Date
Enter the date at the top of the page. Use an
unambiguous date format, for example 10 June 2012
or June 10, 2012 rather than 10/6/12 or 6/10/12. If
the experiment runs more than one day, enter the
starting date here and the new date in the procedure/
data section at the time you actually begin work on
that date.

Experiment title
If the experiment is from this or another laboratory
manual, use the name from that manual and credit
the manual appropriately. For example, “Investigating
Bacterial Antibiotic Sensitivity (lllustrated Guide
to Home Biology Experiments, Lab VII-4).” If the
experiment is your own, give it a descriptive title.

Purpose
One or two sentences that describe the goal of
the experiment. For example, “To investigate
the sensitivity of the bacteria Bacillus subtilis,
Micrococcus luteus, and Rhodospirillum rubrum to
amoxicillin, chlortetracycline, sulfadimethoxine, and
neomycin.”

Introduction (optional)
Any preliminary notes, comments, or other
information may be entered in a paragraph or
two here. For example, if you decided to do this
experiment to learn more about something you
discovered in another experiment, note that fact here.

Chapter 1: Introduction 5



Chemical notes
For investigations in which chemical reactions play a
prominent role, include balanced equations for all of
the reactions involved in the experiment, including,
if applicable, changes in oxidation state. Record
important information about all chemicals used in
the experiment, including, if appropriate, physical
properties (melting/boiling points, density, etc.), a list
of relevant hazards and safety measures (from the
Material Safety Data Sheet), and any special disposal
methods required. Include approximate quantities,
both in grams and in moles, to give an idea of the scale
of the experiment.

N\

~
Always read the MSDS (Material Safety Data Sheet)

for each chemical before you begin work. The MSDS

is a concise listing of the hazards involved in using

that chemical, steps to take to minimize risk, exposure
limits, and other important information. If an MSDS

was not supplied with the chemical, search Google for
“<chemical name>" + MSDS.

J

Organism notes
For investigations that focus on a particular organism
or organisms, record the particulars about the
organism(s), including type, binomial name, the
reason (if any) that particular organism was chosen,
and so on.

Planned procedure
A paragraph or two to describe the procedures you
expect to follow.

Main body

The following information should be entered as you actually
do the experiment:

Procedure
Record the procedure you use, step by step, as you
actually perform the procedures. Note any departures
from your planned procedure and the reasons for
them.

Data
Record all data and observations as you gather them,
in-line with your running procedural narrative. Do not
attempt to organize or tabulate the data here; simply
record it in-line with your running narrative.

Sketches and/or images
Make sketches or, if you have the necessary
equipment, shoot images of what you observe. Label
significant features. For microscopic observations,
indicate the magnification used, any special staining
protocols, and so on. Always include a dimensional
scale to indicate the approximate size of individual
features in the image.

Calculations
Include any calculations you make. If you run the same
calculation repeatedly on different data sets, one
example calculation suffices.

Table(s)
If appropriate, construct a table or tables to organize
your data. Copy data from your original in-line record
to the table or tables.

Graph(s)
If appropriate, construct a graph or graphs to present
your data and show relationships between variables.
Label the axes appropriately, include error bars if you
know the error limits, and make sure that all of the
data plotted in the graph is also available to the reader
in tabular form. Hand-drawn graphs are preferable. If
you use computer-generated graphs, make sure they
are labeled properly and tape or paste them into this
section.

Conclusion

The following information should be entered after you
complete the experiment:

Results
Write a one or two paragraph summary of the results
of the experiment.

Discussion
Discuss, if possible quantitatively, the results you
observed. Do your results confirm or refute the
hypothesis? Record any thoughts you have that bear
upon this experiment or possible related experiments
you might perform to learn more. Suggest possible
improvement to the experimental procedures or
design.

Answer questions
If you've just completed a lab exercise from this or
another book, answer all of the post-lab questions
posed in the exercise. You can incorporate the
questions by reference rather than writing them out
again yourself.
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Equipping a Home
Biology Laboratory 2

Other than a microscope and accessories, it doesn't take much special equipment to learn
about biology. You'll need some general lab equipment, chemicals, and so on, but much of
what you need can be improvised or substituted for by items inexpensively available from
the drugstore or hardware store. If you keep a close eye on your budget, you can complete
most or all of the lab sessions in this book for surprisingly little money.

You'll have decisions to make that balance cost versus time versus quality. For example,
many lab sessions call for prepared microscope slides. If low cost is your top priority, you
can prepare many of those slides yourself for a few cents each in materials, but at the
expense of significant time and effort and possibly lower quality. Conversely, if you want
top quality and cost is a low priority relative to your time, you can purchase very high
quality prepared slides, although those may cost $5 to $20 or more apiece. Or you can
compromise by purchasing inexpensive prepared slides for a buck or two apiece. Their
quality won't be as good as that of the expensive prepared slides, but they'll probably be
good enough for your purposes, and buying them will certainly save you a lot of time and
effort.

If you're pursuing biology as a hobby, your budget may range from next to nothing to
essentially unlimited. Many golfers get along just fine with a $250 set of clubs, but there’s
no shortage of golf enthusiasts with $1,500 drivers and $5,000 iron sets in their bags. And
you'll often find that a kid with a $250 set of clubs outplays a guy lugging around $10,000
worth of clubs. (As a teenager, Barbara was a scratch golfer, and regularly embarrassed
middle-aged rich guys.)
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DIY biology enthusiasts are no different. If you attend a DIY Bio
meet-up, you'll find kids who've accomplished amazing things
on next to no budget gathered heads-down with doctors and
lawyers and executives who've spent $100,000 or more to turn
their garages into serious biotechnology labs. It's not about how
much equipment you have; it's what you do with the equipment
you do have.

That said, lack of equipment can limit what you can accomplish.
Or, more precisely, lack of functionality. If you need to spin down
a plasmid mini-prep, for example, there's no alternative: you
need an ultracentrifuge. If you have $15,000 burning a hole in
your pocket, great. Go buy a commercial ultracentrifuge. We
couldn’t afford that, so we built our own functional equivalent
for less than $150. And for what we need to do, it's actually just
as good as that $15,000 commercial unit.

e
$1507? Seriously? Yep. See the discussion of our
“Dremelfuge” later in this chapter. That's what it cost
us to buy a Dremel MotoTool (which we actually already
had), a miniature drill-press mount for it, and the
custom-made centrifuge head that fits on the Dremel in
place of a standard bit.

~

That centrifuge accepts standard 1.5 mL “Eppie”
polypropylene micro centrifuge tubes, which it can spin
fast enough to disintegrate the tubes. Even on a middle
speed setting, it produces more than enough centripetal
acceleration for pelleting organelles and other fine
particulates and for gradient separations.

You won't need one of these babies unless you get
seriously into DIY biology. If you do, it's nice to know that
the functionality is quite affordable.

MICROSCOPES AND ACCESSORIES

In this chapter and throughout the book, we've tried to focus on
getting a lot done on as small a budget as possible. That doesn’t
mean you should never use commercial products when there's
a cheaper alternative. For example, gel electrophoresis is used
to separate and purify DNA, proteins, and other biologically
important molecules. If you're a home schooler, you'll need a gel
electrophoresis apparatus to complete one or two lab sessions
and then just move on to the next lab sessions. You probably
want your gel electrophoresis apparatus to be as inexpensive
as possible, so we'll show you how to build a usable apparatus
for $10 (about $9 of which is for 9V batteries). But if you're a
DIY Bio enthusiast, you'll probably be using gel electrophoresis
frequently. You'd soon tire of replacing expensive 9V batteries
every few runs, so it makes sense to spend $300 or soon a
commercial gel electrophoresis tank and power supply that
minimizes the running costs.

If you're on a tight budget, you may need to skip some of the lab
sessions or at least some parts of some lab sessions, but try

to make that a last resort. We'll try to point out as we go along
where you can improvise and substitute to get the job done.

We also recognize that it can be very expensive to buy many
different items piecemeal. For example, you may need only one
gram of a particular chemical for one of the lab sessions in this
book, but the minimum you can buy from a science supplies
vendor is, say, a 30 gram bottle for $5. That wouldn't be too bad
if you needed only that one chemical, but since you need many
different chemicals the cost adds up fast.

Accordingly, we've put together a customized kit that includes
many items that are difficult to find, hard to substitute for,

or expensive to purchase piecemeal. In order to avoid retail
markups and keep the cost to you as low as possible, the kits
are available only direct from our own company, The Home
Scientist, LLC (www.thehomescientist.com/biology.html). We
can ship the kits to all 50 states, but shipping regulations make
itimpossible for us to ship them to other countries. Sorry.

The one piece of equipment most closely associated with biology is, of course, the microscope,
and rightly so. Biology as a modern science would not exist without the microscope, and good
microscopes are essential day-to-day tools for most biologists.

Choosing a suitable microscope is a nontrivial task, so we
devote a significant amount of space in this section to explaining
the things you need to know to choose the right microscope

for you. Before we get into that, though, we'll offer some advice
about how to go about acquiring the microscope you decide
best fits your needs.

For most people, buying a suitable microscope is a major
purchase. You don't want to pay more than you need to, but
neither do you want to paint yourself into a corner by buying too
little microscope.
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Microscopes range in price from $25 toys to professional
models from German and Japanese manufacturers that

cost from $3,000 or $4,000 to $25,000 or more. If you can
afford a top-tier microscope, great. Buy a suitable model from
Leitz, Zeiss, Fujinon, or one of the other German or Japanese
microscope makers. Your credit card will be smoking, but you'll
have one of the finest optical instruments on the planet, and one
that will last a lifetime.

Most of us aren’t that lucky, but fortunately there are affordable
alternatives. The best Chinese microscopes offer 90% of the
optical and mechanical quality of the top-tier models at 20% of
the price. We'll make specific recommendations by brand and
model later in this chapter, but for now be aware that although
the best of the Chinese microscopes are very, very good, most
Chinese microscopes are of very poor quality. It's impossible

to tell the difference just by looking at the microscopes or
comparing prices, so the key to getting a good one is to buy
from a reputable vendor.

The first thing to decide is whether you want to keep the
microscope indefinitely or use it only for a short period, such
as a school year. Once you decide that, you can decide whether
to buy a new microscope, buy a used microscope, or rent the
microscope.

Buy a new microscope
If you intend to keep the microscope, buying new is usually
the best option. You'll pay more than you would for the
same model used, but you'll get exactly the microscope
you want with exactly the options you want. You'll also
get a warranty, which for most better models is a limited
lifetime warranty. (Don't overvalue the warranty; if treated
properly, good microscopes almost never need to be
repaired, other than trivial failures like bulbs and fuses.)

Buy a used microscope
A good microscope that has been well cared for is as good
now as the day it was made. Unfortunately, the converse
is also true: a bad microscope will never be anything but
a bad microscope, so you have to be very careful buying
used.

Pricing for used microscopes is all over the map.
Inexpensive no-name microscopes have essentially no
resale value. House-brand models from Home Science
Tools and similar vendors may on average sell for 33% to
50% of the current selling price for the same model new,
but we've seen prices listed for such scopes that range
from 10% to 100% or more. The best Chinese scopes,
such as the midrange and better National Optical models,
may sell for 70% to 80% of their current new selling price.
Current top-tier models may sell for 90% or more of

their current new selling price. In fact, some models are
so popular that you may have to join a waiting list to get
one, and these may actually sell for more used than their
current list prices. Discontinued older top-tier models
may sell for 80% or more of the current selling price of the
equivalent replacement model.

The advantage of buying a used microscope locally is
that you can actually see and touch it before buying. The
disadvantages are that the selection is likely to be limited,
and you'll have to negotiate the price with the seller. If
you want to buy locally, check Craigslist and your local
homeschool group. The advantages of buying a used
microscope online from a reputable vendor are that you'll
get what you pay for (although never more than you paid
for, as can happen buying locally), that the selection will
be much better, and that the vendor will do at least some
minimum screening and usually provide at least a short
warranty.

Rent a microscope
If you need the microscope for only a short period, renting
is another option. The advantages to renting are that it
requires the least cash outlay and you can select among
many models. The disadvantage is that you may have to
pay as much as 50% of the current selling price of the
scope to have the use of it for only a year or less. The rental
vendor will charge your credit card for the price of the
scope initially—often at list price—and then refund your
money less the rental fee once you return the microscope.
Also, some rental vendors are very picky about the
condition of the returned scope, so you may end up paying
a higher rental fee than you expected to cover “damage”
such as minor scratches.

On balance, for those who intend to keep the microscope
indefinitely, we recommend buying a new or used model from
an online vendor, depending on your comfort level with buying
used. If you need the microscope for a limited time, such as a
school year (or several school years), buy a new or used model
from an online vendor. Make sure it's a respected brand name—
National Optical, Swift, Motic, and Leica are the best brand
names in mid-priced scopes—and then resell it to a local home
schooler when you no longer need it. (Never sell the microscope
back to an online vendor. You'll get only a small fraction of what
you would by selling it locally.)

All of that said, let's take a detailed look at what you need to
know to make an informed purchase.
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MICROSCOPE TYPES

Broadly speaking, three types of microscopes are useful for
studying biology. (Well, there's also the electron microscope,
but few home scientists can afford one of those.)

Compound microscope
A compound microscope is what most people think of as
a microscope. It's used to view small specimens, usually
by transmitted light, at three or four medium to high
magnifications, typically 40X, 100X, 400X, and sometimes
1,000X.

Stereo microscope
A stereo microscope, also called a dissecting microscope,
operates at low magnification, typically 10X to 40X. Some
models offer only one magnification, others two, and zoom
models offer continuously variable magnifications. Stereo
microscopes are used to view medium to large specimens,
usually by reflected light.

Portable microscope
A portable microscope, also called a field microscope, is
small enough to carry in your pocket on field trips. Some
models offer fixed magnification, often 30X, while others
provide zoom magnifications to 100X or more. Most
models include a battery-powered LED illuminator and use
reflected light only. Some models make provision for using
standard slides to examine specimens by transmitted light
as well.

In the following sections, we'll take a closer look at each type.

COMPOUND MICROSCOPE

A compound microscope, shown in Figure 2-1, is what most
people think of as a microscope. You use it to view small
specimens, usually by transmitted light, at three or four medium
to high magnifications, typically 40X, 100X, 400X, and
sometimes 1,000X.

Figure 2-1: A typical compound microscope (image courtesy National Optical & Scientific Instruments, Inc.)
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The following sections describe some factors to consider when
you choose a compound microscope:

HEAD STYLE

Compound microscopes are available in the four head styles
shown in Figure 2-2.

Monocular
A monocular head, shown on the left in Figure 2-2, provides
only one eyepiece. This is the least expensive of the four
head styles, and is suitable for general use.

Dual-head
A dual head, shown left-center in Figure 2-2, provides
two eyepieces, one vertical and one angled. The
second eyepiece allows two people to view a specimen
simultaneously, for example a teacher and a student. A
dual head is also very convenient if you want to mount
a still or video camera to image specimens. Dual head
models typically cost $50 to $100 more than comparable
monocular models.

Binocular
A binocular head, shown right-center in Figure 2-2,
provides two eyepieces to allow viewing specimens with
both eyes. One eyepiece is individually focusable to allow
the instrument to be set up for one person'’s vision. The

advantage of a binocular head is that it's less tiring to
use over long periods and may allow seeing more detail
in specimens. The disadvantage is that the focusable
eyepiece must be adjusted each time a different person
wants to use the scope. Binocular models typically cost
$150 to $250 more than comparable monocular models.

Trinocular
A trinocular head, shown on the right in Figure 2-2, provides
two eyepieces for binocular viewing and a separate single
eyepiece for viewing by a second person or for mounting
a camera. Trinocular models typically cost $300 to $400
more than comparable monocular models.

At any particular price point, a monocular-head model offers
the maximum bang for the buck. You'll get better optical and
mechanical quality with the monocular head than with any of
the multiple-head models.

Regardless of head style, most better models allow the head

to be rotated through 360° to whatever viewing position you
prefer. The leftimage in Figure 2-2 shows the traditional viewing
position, with the support arm between the user and the stage.
The other three images show the reversed viewing position, with
the stage between the user and the support arm. Most people
prefer the latter position, which makes it easier to manipulate
slides, change objectives, and so on.

Figure 2-2: Monocular, dual-head, binocular, and trinocular head styles, left to right (images courtesy National Optical & Scientific

Instruments, Inc.)

-
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ILLUMINATION TYPE AND POWER SOURCE

The next issue to consider is the illumination type and power
source.

Early microscopes and some inexpensive current models

have no built-in illuminator. Instead, they use a mirror to direct
daylight or artificial light up through the stage and into the
objective lens. Because any mirror small enough to fit under
the microscope stage gathers insufficient light to provide bright
images at high magnifications, such scopes are limited to use
at low and medium magnifications unless they are equipped
with an accessory illuminator. Most microscopes include built-
in illuminators of one of the following types, roughly in order of
increasing desirability:

Tungsten illumination
Tungsten illumination is the least expensive type, and
the most common on low-end microscopes. Tungsten
illuminators use standard incandescent light bulbs. They
are relatively bright, but they produce a yellowish light and
considerable heat. In particular, as the light is dimmed, it
shifts further toward orange. This warm color balance can
obscure the true colors of specimens. The heat produced
by the incandescent bulb may kill live specimens and
quickly dries out temporary wet mounts made with water.
Lamp life is relatively short.

Fluorescent illumination
Fluorescent illumination costs a bit more than tungsten,
and was quite popular before the advent of LED
illuminators. Fluorescent illuminators provide bright
light that appears white to the human eye, but is actually
made up of several different discrete colors that are
mixed to appear white. Accordingly, color rendition can
differ significantly from the true color rendition provided
by daylight. Fluorescent bulbs emit much less heat than
incandescent bulbs, and so are well suited to observing
live specimens. Some fluorescent illuminators are battery-
powered, but most use AC power. Lamp life is relatively
long.

LED illumination
LED illumination costs about the same as fluorescent
illumination. LED illuminators have become very popular,
largely replacing fluorescent illuminators. LED illuminators
have the same color-rendition problems as fluorescent
illuminators, but are otherwise ideal for many purposes.
LED illuminators draw very little power and emit essentially
no heat. Their low power draw means they're the best
choice for a battery-powered microscope, and are ideally
suited for portable microscopes that can be used in the
field. Lamp life is essentially unlimited.

Quartz-halogen illumination
Quartz-halogen illumination is the most expensive type,
and the one preferred by most experienced microscopists.
Quartz-halogen provides the brilliant white light needed
for work at high magnification that reveals the true colors
of specimens. Unfortunately, quartz-halogen lamps also
produce more heat than any other type of illuminator.
Their high power draw means they are AC-only. Lamp life is
relatively short.

Choose quartz-halogen if it is available for the microscope
model you purchase. Otherwise, choose LED. Fluorescent
illumination is obsolete, and tungsten is appropriate only for an
entry-level scope.

ILLUMINATION METHODS

The next thing to consider is which illumination method or
methods the microscope supports.

Brightfield illumination
Brightfield illumination is supported by all compound
microscopes, and is the only method available with
most. With brightfield illumination, you view specimens
by transmitted light that passes directly through the
specimen. Scattered light reduces contrast and detail, and
is minimized by restricting the diameter of the light cone
passing through the specimen to match the field of view of
the objective lens being used to view it.

The advantage of brightfield illumination is that it provides
very bright, clear images. The drawback is that many
types of specimens have so little inherent contrast that
it's very difficult to discriminate detail in the specimens.
Staining specimens provides color contrast that reveals
these otherwise-hidden details, but staining can be time-
consuming.

Darkfield illumination
Darkfield illumination is the exact opposite of brightfield
illumination. Rather than viewing the specimen by
transmitted light and blocking as much scattered light
as possible, you block transmitted light and view the
specimen only by scattered light. This is accomplished
by using an opaque circular mask below the specimen
that prevents light from passing through the specimen.
By adjusting the condenser diaphragm, you produce a
bright ring surrounding the specimen that illuminates the
specimen from just outside the field of view.

At first glance, the image provided by darkfield illumination
appears to be a simple negative of the image provided
by brightfield illumination, but that is not the case. Some
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things are visible with darkfield illumination that are
invisible with brightfield. For example, live microorganisms
in a drop of water may be invisible with brightfield because
their transparency and refractive index is so close to that of
water. With darkfield, those microorganisms are revealed
brightly lit against a dark background.

Unfortunately, darkfield illumination also has several
drawbacks. First, as you might expect, the image can

be quite dim, particularly at high magnification, and
images of even colorful specimens present in essentially
monochrome. Second, darkfield demands extraordinary
cleanliness and care in sample preparation. Every
extraneous spec of dust shows as a blazing spot of light
in the field. Specimens must be extremely thin and even,
much more so than for brightfield. For best results, you
must use top-quality slides and coverslips, and the best
slides for use with darkfield are thinner (about 0.7 to

1.0 mm) and more fragile than those typically used with
brightfield illumination.

Some microscopes include darkfield stops as standard
equipment, or offer a darkfield kit as an inexpensive option.
Even if your microscope does not, you can still use darkfield
as long as your microscope has a filter holder beneath the
substage condenser lens. One way is to use darkfield stops
or a darkfield kit supplied by a different vendor. (The size of
the stop should be matched to the objective lens, ranging
from 20 mm for a 4X objective down to 8 mm with a 100X
objective.) Another is simply to use an opaque circle (such
as a peel-and-stick dot) pasted to the center of a colorless
or colored glass filter placed between the lamp and the
bottom of the substage condenser.

Phase-contrast illumination
Phase-contrast illumination is a complex illumination
method in which small phase shifts in the light passing
through a transparent specimen are converted to
visible amplitude (contrast) differences. Phase-contrast
illumination reveals the low-contrast details that would
otherwise be invisible without staining. This has two huge
advantages. First, it eliminates the time spent preparing
and staining specimens, which can be significant. Second,
it allows live microorganisms to be observed in their natural
environment, without the possible damage caused by fixing
and staining them. (There are some stains, called vital
stains, that can be used on living cells, but the choices are
quite limited.)

Many professional-grade microscopes include phase-
contrast illumination as a standard feature, and
it is available as an option on some other models.

Unfortunately, it's an expensive option. A phase-contrast
kit for a standard microscope typically boosts the price of
the microscope by $800 to $3,000.

( )
Kohler illumination, devised by August Kéhler in 1893, is a
type of brightfield illumination that is extremely even and
provides the highest possible contrast. Unfortunately,
using Kohler illumination requires physical features
that are not present on many microscopes, including a
positionable lamp and a focusable lamp condenser.

Fortunately, the alternative, called critical illumination
or standard brightfield illumination, is perfectly usable
for most visual work. In fact, many experienced
microscopists prefer critical illumination to Kohler
illumination for visual work at high magnification. The
extreme evenness of Kéhler illumination is important
for professional quality results if you are shooting
images through the microscope, but otherwise critical
illumination works fine.

N\ J

NOSEPIECE AND OBJECTIVE LENSES

The next features to think about are the nosepiece and objective
lenses, which are one factor in determining the magnifications
that are available with a particular microscope.

The nosepiece, also called the turret, is a rotating assembly
that holds three, four, or five objective lenses. By rotating the
nosepiece, you can bring a different objective lens (usually just
called an objective) into position and change the magnification
you use to view the specimen. Inexpensive microscopes use
friction-bearing nosepieces; better models use ball-bearing
nosepieces with positive click-stop detents. Figure 2-3 shows a
typical nosepiece with three objectives visible.

The nosepiece may be mounted in the forward position (tilted
away from the support arm) or reverse position. If you use the
scope in the forward viewing position (with the support arm
between you and the stage), having the nosepiece mounted in
the forward position makes it a bit easier to change objectives.
If you use the reverse viewing position, it's easier to use a
nosepiece mounted in the reverse position.

Objective lenses are usually color-coded to make it obvious
which one is currently being used. The standard color codes are
red (4X), yellow (10X), green (20X), light blue (40X or 60X), and
white (100X). Not all manufacturers follow this standard.
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Figure 2-3: A typical microscope nosepiece with objective lenses

Most inexpensive microscopes—those that sell for less than
$300 or so—provide only three objective lenses, 4X, 10X, and
40X. Used with a 10X eyepiece, such microscopes provide 40X,
100X, and 400X magnification. Although such microscopes
may be suitable for most first-year biology lab work, we think
it's abad idea to buy one unless you are absolutely certain it

will suffice for the work you intend to do, now and in the future.
The problem is that these 400X microscopes do not provide the
higher magnifications needed to observe bacteria and other tiny
specimens, which is required for second-year biology and other
more advanced work.

Microscopes of the quality needed for advanced biology studies
and beyond include a fourth, 100X, objective lens, which
provides 1,000X magnification with a 10X eyepiece. Some
models have a five-position turret. The fifth position may be
empty, or it may include a fifth objective, often 60X.

The quality of the objective lenses is as important as their
number and magnification. Microscope objective lenses differ in
two major respects, color correction and flatness of field.

Color correction
The level of color correction is specified as either
achromatic or apochromatic. Achromatic lenses are
corrected for chromatic aberration at two specific
wavelengths of light, usually red and green. An achromat
brings those two wavelengths to the same focus, with other
wavelengths very slightly out of focus. An apochromat is
corrected for three specific wavelengths of light—usually
red, green, and blue—and brings those three wavelengths
to the same focus, providing slightly sharper images than
an achromat. Apochromatic objectives are extremely

expensive, some costing more than $10,000, and are found
only on professional-grade microscopes. Any microscope
affordable for a home lab uses achromatic objectives.

WARNING

Used microscopes, even very old models, can be
excellent bargains. As a teenager in the ‘60s, Robert
used a WWI-era Zeiss microscope that was superb, both
optically and mechanically. But you have to be careful
and know what you're doing.

Some old microscopes have apochromatic

objectives, but those objectives were optimized for
photomicrography with black-and-white film rather than
visual use. Their correction is superb in the blue, violet,
and ultraviolet range, but when used for visual observing,
their image quality is actually inferior to a modern
achromat.

N\

J

Flatness of field
Standard objectives have limited correction for spherical
aberration, which means that only the central 60% to 70%
of the field of view is in acceptably sharp focus. Semi-plan
objectives have additional correction that extends the
sharp focus area to the central 75% to 90% of the field of
view. Plan objectives extend the area of sharp focus to 90%
or more of the field. This additional correction for flatness
of field is completely independent of color correction. You
can, for example, buy semi-plan apochromatic objectives
and plan achromat objectives.

Finally, some vendors offer optional upgrades to superior lens
coatings, often under such names as Super High Contrast or
something similar. These superior coatings don't improve color
correction or flatness of field, but they increase image contrast
noticeably and are worth having.

For most home lab use, ordinary achromatic objectives provide
perfectly acceptable images and are the least expensive choice.
Our own microscope, a Model 161 dual-head unit shown left
center in Figure 2-2, has the upgraded ASC objectives, which we
purchased for their higher contrast and superior visual image
quality.
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Ve
All but toy microscopes are parfocal and parcentered. magnification and check the focus. It should be in focus or
Parfocal means that all objectives have the same focus. When nearly so, requiring at most a partial turn of the fine-focus
you focus a specimen at 40X, for example, and then change knob to bring it into critical focus. Change to your next higher
to 100X, the specimen remains focused. (You may have to magnification and again check the focus. Again, it should
touch up the focus with the fine-focus knob, but the focus require at most a small tweak with the fine-focus knob to
should be very close to start with.) Parcentered means that bring the specimen into sharp focus.
if you have an object centered ”7 the field C_)f V'?W with oqe To check parcentrality, center an object in the field of view
objec.t|ve and you ghangg toa d|fferent ob]ec.twe, the object at the lowest magnification and then switch objectives to
remams centered l|n the‘ﬁeld of view. Profesaonal—grade the next-higher magnification. The object should remain
mlcroscoples provide adjustments forlboth parfo;allty and centered, or nearly so. Repeat until you are viewing the object
parcentrality, but student- and hobbyls_t-grade microscopes at your highest magnification. Because it's easier to judge
are set at the_ fagtory and cannot be adjusted by the user. whether an object is centered at high magnification, center
That means it's important to chgck these settings as soon as the object at your highest magnification and then work your
you open the box of your new microscope. way down to lower magnifications. If the object remains
To check parfocality, place a flat specimen (a thin-section centered (or nearly so), your parcentrality is acceptable. If the
or smear slide is good, if you have one; otherwise, any flat position of the object in the field of view shifts dramatically
specimen) on the stage and focus critically on it at the when you change objectives, the parcentrality is off. The only
lowest magnification. Then change to your next highest solution is to return the microscope for a replacement.

\
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EYEPIECES (OCULARS)

The eyepiece (or ocular) is the second factor that determines
the overall magnifications available with a particular
microscope. The eyepiece magnifies and focuses the

image provided by the objective lens and presents it to your
eye. Multiplying the objective magnification by the ocular
magnification yields the overall magnification. For example,
using the 100X objective with a 10X eyepiece provides 1,000X
overall magnification.

4 \

Magnifications are specified linearly rather than areally.

For example, if you use 1,000X magnification, a square
object that is actually 1 ym (micrometer, one millionth

of a meter or one thousandth of a millimeter) on a side
appears to be 1,000 pm (or 1 mm) on a side. The image

of that object at 1,000X magnification therefore covers
1,000,000 times as much area as the actual object.

Standard microscope ocular barrels are either 23.2 mm (usually
abbreviated to 23 mm) or 30 mm in diameter, which means it's
easy to exchange oculars if you need a different magnification
range. The standard ocular magnification factor is 10X, but

15X oculars are readily available to increase the range of
magnifications available to you. Avoid zoom oculars, all but the
most expensive of which produce inferior images.

Most standard oculars are unobstructed, but some have a
standard or optional pointer or reticle (grid or graduated scale).
A pointer is primarily useful in a teaching or collaborative
environment, where one person can place the pointer on

an object of interest so that the other person can identify it
unambiguously. A graduated reticle is useful for measuring the
size of objects in the field of view, and a grid reticle is useful for
counting large numbers of small objects in the field of view.
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You might think you can achieve any magnification you

want simply by combining different eyepieces and objective
lenses. For example, you could combine a 25X eyepiece with
a 100X objective to give you 2,500X magnification. Why, with
a 30X eyepiece, you can get to 3,000X magnification, and
with a 50X eyepiece to 5,000X!

Well, you can, but you won't actually see any more detail than
you would using that objective with a 10X or 12.5X eyepiece.
The image scale will be larger at 2,500X to 5,000X, of course,
but the image will also be much dimmer and fuzzier. You will
see no more detail than you can see at 1,000X or 1,250X, and

-

probably less. That's why such high magnifications are called
empty magnification.

Unfortunately, the laws of optics mean there is an upper limit
to the useful magnification for any particular objective, even
if it is of the best possible optical quality. Straying above that
limit is possible, but the image quality will be degraded.

As a rule of thumb, determine maximum useful magnification
by multiplying the numeric aperture (NA) of the objective by
1,000. For example, a 100X objective with an NA of 1.25 has a
maximum useful magnification of (1.25 X1,000) = 1,250X.

J

FOCUSER

The next consideration is the focuser, which may sound trivial
to those who've never used a microscope. It's anything but. A
microscope with a smooth focuser is a joy to use, and makes it
easy to achieve the best possible focus to reveal the maximum
amount of detail. A microscope with a poor focuser is almost
unusable.

Microscopes use one of two methods for focusing. Most older
models and some current models keep the stage in fixed
position and move the head up and down to achieve focus. Most
current models and some older models reverse this, keeping
the head in a fixed position and moving the stage up and down
to achieve focus. Either method works fine for general use, but if
you plan to mount a camera on a dual-head or trinocular model
the fixed-stage method may be problematic because the weight
of the camera makes it more difficult to focus and may cause
focus drift.

Inexpensive microscopes have one focus knob that changes
focus at intermediate rate, which makes it difficult or impossible
to achieve critical focus. Midrange models have separate
coarse-focus and fine-focus knobs. More expensive models
usually have a coaxial focus knob, often one on each side of the
microscope, with the coarse focus on the inner knob and fine
focus on the outer knob, as shown in Figure 2-4. Coarse focus
tension should be adjustable.

You use the coarse-focus knob to bring the specimen into
reasonably close focus, and then use the fine-focus knob to
tweak the focus slightly to achieve the sharpest possible focus.
If you are viewing a three-dimensional object, particularly at
higher magnifications, you'll find that you can't bring the entire
depth of the object into focus at the same time. You use the fine-
focus knob to adjust focus slightly as you're viewing the object
to view different “slices” of it in depth.

Many coaxial focus knobs, including the one in Figure 2-4,
provide a graduated scale. One obvious use for this scaleisina
collaborative situation. One person can focus critically, note the
scale setting, and then turn over the microscope to the second
person, who refocuses as necessary. When the first person
returns to the eyepiece, merely resetting the fine-focus knob to
the original setting puts the specimen back into critical focus. A
less obvious use of the graduated scale is to determine relative
depths of parts of a specimen. By setting a baseline focus on
one level of the specimen and then noting how much change

in scale units is needed to refocus on parts of the specimen at
different depths, you can get a relative idea of the differences in
depth of different parts of the specimen.

Figure 2-4: Coaxial focusing knob, with coarse focus (inner knob)
and fine focus

-
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MECHANICAL STAGE

Inexpensive microscopes use a pair of clips to secure the
microscope slide to the stage. Although (barely) usable at low
magnifications, this method becomes increasingly difficult

as you increase magnification. The problem is that a very
small movement of the microscope slide translates into a
huge movement in the field of view. At low magnification, the
smallest movement you can make manually shifts the object
significantly within the field of view. At high magnification, the
smallest movement you can make manually may move the
object completely out of the field of view. If you're viewing a
living, moving object (such as a paramecium), it can be almost
impossible to keep the object in the field of view.

The solution to this problem is a mechanical stage, shown in
Figure 2-5. With a mechanical stage, you clamp the slide into
an assembly that provides rack-and-pinion geared movements.
Turning the control knobs, shown in Figure 2-6, moves the
slide continuously along the X-axis (left or right) and the Y-axis
(toward or away from you) in extremely small increments.

Figure 2-5: A typical mechanical stage (note the verniers on the
X and Y axes and the top lens of the Abbe condenser below the
stage)

With a mechanical stage, centering an object in the field of view
becomes trivially easy, as does keeping a moving object in the
field of view. Because the mechanical stage provides X-axis and
Y-axis verniers, it's easy to return to a specific location on the
slide even after you've moved it completely outside the field of
view. We wouldn't even consider using a microscope without a
mechanical stage. Life is too short.

Figure 2-6: Knobs control the X- and Y-axis movements of the
mechanical stage

SUBSTAGE CONDENSER, DIAPHRAGM, AND FILTER
HOLDER

Despite the fact that they're located below the stage (and
therefore below the specimen), the substage condenser (the top
lens of which is visible in Figure 2-5) and the diaphragm and filter
holder, shown in Figure 2-7, have a significant effect on image
quality.

Figure 2-7: The diaphragm control lever (note the swing-out filter
holder to the lower left)

The condenser sits between the diaphragm and the stage,
focusing light from the illuminator onto the specimen to provide
a bright, sharp image. Toy microscopes have no condenser.
Somewhat better microscopes use a simple fixed-focus
condenser, usually rated at 0.65 NA (where the NA of the
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condenser must be at least as high as the NA of the objective
lenses itis to be used with. A 0.65 NA condenser can be used
with at most a 40X objective. Oil-immersion 100X objectives
with a1.25 NA rating require a 1.25 NA condenser.) Midrange
microscopes use a focusable Abbe condenser, usually of 0.65
NA and usually with a spiral focusing arrangement. Better
models provide a rack-and-pinion focusable Abbe condenser
with a 1.25 NA for use with any objective up to a 100X oil-
immersion objective.

The diaphragm is used to control the diameter of the light cone
where it intersects the specimen being viewed. Ideally, you want
the diameter of the light cone to be the same size as the field
of view of the objective lens you're using. At low magnification,
where the field of view is relatively large, you want a larger light
cone; at higher magnification, where the field of view becomes
correspondingly smaller, you want a smaller light cone. If

the light cone is smaller than the field of view, the field is not
completely illuminated. If the light cone is larger than the field
of view, “waste” light from outside the field of view reduces
contrast and image quality.

Toy microscopes have no diaphragm. Basic models have a disc
diaphragm, which is simply a metal disc with several (usually
five or six) holes of different diameters that can be rotated into
position. Disc diaphragms provide only compromise settings,
but are generally quite usable. Better microscopes have iris
diaphragms, which can be set continuously to provide any size
of aperture, from pinhole to wide open.

Many sources, including some that should know better, state
that the diaphragm should be used to control image brightness.
Wrong. Adjusting the diaphragm does dim or brighten the
image, of course, but that is not its primary purpose. To control
image brightness, use the illuminator switch to dim or brighten
the lamp.

The diaphragm controls the diameter of the light cone from the
condenser, which affects the contrast of the image and how
evenly the specimen isilluminated. There is no set rule as to
what diaphragm setting to use at a particular magnification.
The optimum diaphragm setting depends on the nature and
transparency of the specimen, the magnification you are using,
and your own preferences.

As a starting point for general work (using the entire field of
view), match the light cone approximately to the field of view

of the objective lens you're using. If the outer edge of the field

is noticeably dimmer than the center, the diaphragm aperture
you're using is too small. There are times when it's worth using a
very small aperture and accepting darkening at the edge of the
field to get a better view of the center of the field.

As arule of thumb, adjust the diaphragm for optimum contrast
and the illumination dimmer switch for optimum brightness.

Most microscopes provide a swing-out filter holder immediately
beneath the diaphragm, and often include a few round glass
filters—often blue, yellow, and clear. Filters serve two purposes.
First, they can be used to enhance minor color contrastsin a
specimen. For example, if your specimen is mostly colorless but
with some very pale yellow structural detail, using a blue filter
darkens the pale yellow, making detail more visible. Second,
using filtered light can help you wring out that last bit of detail if
you're using achromatic objectives. Remember that achromats
don't bring all colors of light to the same point of focus, so when
you view a specimen with full-spectrum light, there is some
blurring. Using a color filter effectively makes the illumination
monochromatic, which means that even an achromatic
objective can bring it to sharp focus.

( )
Polarizing microscopes are specialized instruments.
They're used mostly by geologists but have many
applications in biology. Few home biologists can justify
spending several hundred dollars or more for a dedicated
polarizing microscope. The good news is, you don't have
to.

For a few dollars, you can buy two pieces of polarizing
film from Edmund Scientific or another lab supplies
vendor. (We use a set of filters mounted in 35 mm slide
holders.) Place one of the polarizing films flat on the
filter holder and hold the other between the eyepiece
and your eye. Rotate that film to observe the specimen
by polarized light. No, it doesn't do everything that a real
polarizing microscope does, but it does a lot and you
can't beat the price.

& J

THE FINAL DECISION

So, with all of that said, which compound microscope should
you get? Obviously, that depends on both your needs and your
budget, but we can offer some advice to help you make a good
decision.

Entry-level 400X microscope (~$240 street price)
If you need an entry-level 400X scope, we recommend
the National Optical Model 131-CLED with the optional
mechanical stage. This scope can serve a student from
elementary school through high school, excepting
advanced biology. The optics and mechanicals are good
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to very good. The only major missing feature is the 100X
oil-immersion objective, which is needed for cell biology
studies in high school advanced biology courses.

Basic 1,000X microscope (~$350 street price)
If you need a basic 1,000X scope, we recommend the
National Optical Model 134-CLED. This scope is excellent
for hobby use, and is the only scope a student will need
from middle school or junior high school through high
school advanced biology. This scope is essentially a Model
131 upgraded to include a 100X oil immersion objective, a
focusable 1.25 NA Abbe condenser, an iris diaphragm, and
a standard mechanical stage.

Mainstream microscope (~$460 to $1,600+ street price,
depending on model and options)
If you need a mainstream microscope, we recommend one
of the National Optical 160-series models, the Model 160

(monocular), Model 161 (dual-head), Model 162 (binocular),

or Model 163 (trinocular). The only major feature missing
from these 160-series scopes is support for Kéhler
illumination. The model 165 (binocular) and 166 (binocular
plus a camera port) add support for Kéhler illumination, as
well as a five-position turret and a Siedentopf head on the
binocular models.

Achromatic objectives are standard on the 160, 161,

162, and 163, with upgrades to ASC (Achromatic Super
Contrast) or plan objectives. ASC objectives are standard
on the 165 and 166 models, with plan objectives optional.
Phase-contrast objectives are available as a factory option
onthe 162,163, 165, and 166 models.

Any of these 160-series microscopes is a superb choice for
hobby use, and is the only scope a student will need from
middle school or junior high school all the way through
university and graduate school, particularly if you opt for
phase-contrast support. The optics and mechanicals are
excellent, and the feature list is impressive. Even people
who use professional-grade microscopes every day are
invariably surprised by the level of mechanical and optical
quality the 160-series microscopes provide at this price
point.

( )
Does National Optical pay us to say this stuff? Nope. Nor
do we own stock in them, nor have any other financial
interest. They've never sent us so much as a free mouse
pad. We use National Optical scopes, but we paid for
them with our own money. Our only connection with
National Optical is as satisfied customers.

We recommend National Optical models because

they provide the quality control that is lacking in most
Chinese microscopes. Chinese factories are famous for
huge variations in product quality. The same factory can
turn out both truly excellent microscopes and visually
identical models that are fit only as boat anchors, and
all on the same day. National Optical rides close herd on
its Chinese factories, making sure they meet National
Optical quality standards, and hand-inspecting every
scope before it's shipped to the customer.
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National Optical microscopes are widely distributed, as you'll
find if you do a quick Google search for the model or models
you're interested in. National Optical also imports microscopes
under the Motic and Swift Optical brand names, both of which
also offer excellent bang for the buck.

Finally, educational microscopes sold under the Leica brand
name are available from many vendors. These microscopes are
actually made in China (in the same factory that makes National
Optical and Swift models, we're told) but are backed by the
Leicaname. Leica models are somewhat more expensive than
NO or Swift models with comparable features, but the Leica
name undoubtedly adds to their resale value.

STEREO MICROSCOPE

A stereo microscope, shown in Figure 2-8, is also called a
dissecting microscope or an inspection microscope. It uses two
eyepieces, each with its own objective lens, to provide a 3D
image of the specimen.

These microscopes are used to examine relatively large solid
objects at low magnification, usually by reflected rather than
transmitted light. Most stereo microscopes provide a top
illuminator that directs light downward onto the specimen.
Better models often also provide a bottom illuminator that
allows specimens to be viewed by transmitted light.
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Stereo microscopes operate at low magnification, usually in
the 10X to 40X range. Some models have fixed magnification,
usually 10X, 15X, 20X, or 30X. Other models offer a choice of
two magnifications, often 10X, 15X, or 20X and 30X or 40X.
Zoom models offer continuously variable magnification.

Figure 2-8: A typical stereo microscope (image courtesy National Optical & Scientific Instruments, Inc.)
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A stereo microscope is very helpful for dissections because it
leaves both hands free for using the dissection instruments.

It's also useful for examining relatively large specimens such

as leaves. As helpful as it can be, we don't consider a stereo
microscope to be essential for most biology lab work. Buy one if
you can afford it, but don’t skimp on the compound microscope.
It's better to buy a good compound microscope and no stereo
microscope than to buy inexpensive models of each. If you don't
have a stereo microscope, you can often substitute a magnifier
or pocket microscope, or in some cases simply use your
compound microscope at its lowest magnification.

The best (and most expensive) stereo microscopes are made by
German and Japanese companies such as Leitz, Zeiss, Fujinon,
and Nikon. Affordable high-quality models are available from
National Optical, Motic, and Swift. For an entry-level stereo
microscope, we recommend the NO 400TBL-10-2, which is
available for $175 or so in 20X, 30X, and 40X models. For a
dual-magnification model, we recommend the NO 409/410/411,
which is available for $270 or so in 10X/20X, 10X/30X, and
20X/40X models. (Note that all of these magnifications assume
you are using the standard 10X eyepieces. You can buy extra
eyepiece pairs in 5X, 15X, or 20X to expand your available range
of magnifications.)

PORTABLE MICROSCOPES AND MAGNIFIERS

As useful as standard microscopes are when you're working in
your lab, you'll probably also want a portable microscope like
the one shown in Figure 2-9 to take along on field trips. You can
pay anything from $10 or $15 up to $500 or more for a portable
scope. Having lost more than one of these to accidents and
dunkings, we prefer the cheap ones.

It's easy to think of these $15 microscopes as children’s toys—
and in fact they are excellent gifts for children—but they're
also serious scientific instruments. A typical $15 model might
provide 30X fixed magnification, battery-powered illumination,
and little more. Somewhat more expensive models might offer
higher magnification, sometimes 100X or more, white LED
illumination, and provision for using standard microscope
slides. Some models offer zoom magnification, and may even
be convertible to a tiny telescope. The best models—those

that cost $100 to $500 or more—have optical and mechanical
quality similar to that of a desktop microscope that sells for
about the same price.

Figure 2-9: A typical portable microscope (image courtesy United
Scientific)
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Particularly if you don't have a stereo microscope, you'll
probably want at least one magnifier. These range from
standard magnifying glasses that are sold for a few bucks at
Walmart to the high-quality magnifiers intended for scientific
and industrial use that are sold by Edmund Optics and similar
vendors. Our favorite midrange magnifier is the 5X Viewcraft
Lupe, which sells for $20 or so. It has excellent optics for the
price, and its clear acrylic base means you don’t ordinarily need
a separate illuminator. It also has built-in millimeter scale, which
is quite useful for measuring specimens. We use it often in the
lab and in the field. In fact, we used it with the Live View feature
of our DSLR to focus many of the images we shot through our
microscope for this book.
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MICROSCOPE ACCESSORIES

Even the best microscope is useless without some essential accessories. It's easy to go overboard
with microscope accessories, so we'll try to limit our advice to the must-have items. Okay, maybe

we'll talk about some nice-to-have items as well.

CLEANING EQUIPMENT

It's impossible to do good work with a dirty microscope.
Microscopes are dust magnets, and of course under
maghnification, a grain of dust looks like a boulder.

Your first line of defense is a dust cover, which should always

be in place unless you are actually using the microscope. Most
microscopes come with a fitted vinyl dust cover. If yours did not,
either buy a suitable one or substitute a plastic wastebasket
liner. A soft bristle brush and canned air are excellent for getting
rid of any dust that still manages to accumulate.

You'll also need a supply of lens cleaning fluid and lens cleaning
tissues. Don't substitute household items for either of those.
Window cleaner or eyeglass cleaner may contain chemicals that
may damage or smear your lenses, and facial tissue or toilet
paper leaves fibers on the lenses and may scratch them as well.

Follow the microscope manufacturer's instructions for cleaning.
Don't over-clean. In ordinary use, your objective lenses—other
than your oil-immersion objective—may not need to be cleaned
from one year to the next, and unnecessary cleaning risks wear or
damage to lens coatings. The eyepiece lens may accumulate skin
oils transferred by your eyelashes. Clean it as often as necessary.
Clean the oil-immersion objective each time you use it.

IMMERSION OIL

Most objectives of 40X or lower magnification are designed to
be used with only air separating the bottom of the objective lens
from the top of the coverslip. Oil-immersion objectives, including
the 100X objectives common on high school and university
grade microscopes, are designed to be used with a drop of oil
bridging the gap between the objective lens and the coverslip.

Avoid using an oil-immersion objective without oil, because
image quality is noticeably poorer if only air separates the
objective lens from the coverslip. There are two exceptions

to this dictum. First, at times you will need to change
maghnifications back and forth repeatedly, for example, to
locate objects at low magnification and then zoom in on them
at high magnification. Second, oil-immersion works best with
permanently mounted coverslips. With temporary wet mounts,
the coverslip is free to slide around on a thin layer of water or
other mountant. With a drop of oil linking the loose coverslip
to the objective lens, the coverslip tends to stick to the oil

and objective lens, so only the slide itself moves. In either of
these situations, it may be necessary to use the oil-immersion
objective without oil, accepting lower image quality.

A typical microscope includes 4X, 10X, and 40X objectives
designed to be used dry and a 100X oil-immersion objective. In
casual writing or conversation, the first two objectives are often
called “low” and “medium.” To avoid ambiguity between the
40X and 100X objectives, the former is usually called “high and
dry” or “high-dry.”

Don’t use just any oil. An oil-immersion objective is optimized
for oil with a refractive index of about 1.54, which is the RI

of commercial oil-immersion oil. Commercial oil-immersion
oil is also formulated to avoid damaging the objective
(specifically, the adhesives used to glue the lens elements)
and to be nongumming. For all these reasons, you should

use only commercial oil-immersion oil with your microscope,
ideally Cargille Type A immersion oil. It's usually sold in small
containers, often 5to 10 mL, because you use only adrop at a
time. Even a small bottle lasts a long time.

( )
Okay, we admit it. We've sometimes found ourselves
fresh out of Cargille Type A oil and substituted another
oil. Ina pinch, we've raided the kitchen for ordinary olive
oil (RI ~1.47) and found it an acceptable substitute.

That said, if you use a substitute oil and your objective
lens falls off, don't blame us.
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WARNING

NEVER allow immersion oil to remain on the lens after
you finish a session. Even the best oil will eventually gum
up your objective lens, making it difficult or impossible
to clean thoroughly. Worse still, that oil can eventually
penetrate the lens mounting and get between the
individual lenses in the objective. If that happens, the
only realistic alternative is to replace the objective.

After you finish your session, clean the oil-immersion
objective with an approved lens-cleaning solution and
dry it with lens-cleaning tissues. Follow the precise
cleaning instructions provided in your microscope
manual. If you were using a prepared slide, don't forget
to clean the slide as well.
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PHOTOMICROGRAPHY EQUIPMENT

Photomicrography is the process of recording images through
amicroscope. (Microphotography, conversely, is the process of
making very tiny photographs, such as the microdots formerly
used by spies.) Using a camera to record the specimens you
observe with your microscope is a very useful adjunct to
narrative descriptions and sketches of your observations.

The ideal setup for photomicrography is a microscope with a
built-in digital camera, many of which can record high-resolution
video in addition to still images. Such a setup vastly simplifies
getting good images, particularly with respect to focusing and
exposure. With many models, you can view the live image on a
computer display as you record it. The downside is cost. Even
the least expensive built-in cameras, despite their relatively
low image quality, add hundreds of dollars to the cost of the
microscope. Better models add thousands. And, of course,
because the camerais intimately tied to the microscope, it's
not easily upgradeable, and failures can be very expensive and
time-consuming to have repaired.

The second option is an add-on camera specifically designed to
be used with a microscope. These cameras are installed in place
of the vertical eyepiece on a dual-head or trinocular microscope,
although some can be used with binocular models by installing
the camerain place of one of the eyepieces. The least expensive
models cost less than $100, but typically offer only 640X480
resolution. Better models cost several hundred to several
thousand dollars.

If you have a digital SLR, you already have the core of an
excellent photomicrography setup. A typical DSLR, even an
entry-level model, has better resolution and more capabilities
than even most high-end dedicated microscope cameras. For
example, few dedicated microscope cameras have resolutions
greater than 8 megapixels, support the superior RAW image
format, or have autobracket or extended dynamic range (XDR)
features.

To use a point-and-shoot camera with your microscope, check
the manufacturer’s website for a microscope adapter. For a
DSLR, either purchase the dedicated microscope adapter
made by the camera manufacturer or mount the camera to the
microscope with a T-ring and a generic adapter. We used the
Edmund Optics Microscope Adapter (#41100) and a Pentax
K-r DSLR with a K-mount T-ring adapter to shoot many of the
photomicrographs in this book.

Even if you don't have a dual-head microscope or a camera
adapter, it's possible with patience and trial-and-error to shoot
usable photomicrographs merely by setting a point-and-

shoot digital camera to macro mode and holding it up to the
microscope eyepiece. If you attempt this method, you may

get better results if you use a short length of cardboard or
plastic tube between the eyepiece and the camera lens to block
extraneous light and make alignment easier.

SLIDE PREPARATION EQUIPMENT AND
SUPPLIES

Even if you intend to use mostly purchased prepared slides in
your studies, you'll still need the basic equipment and supplies
required to make your own slides. If you're a student, you need
to learn how to make slides as a basic lab skill. If you're involved
in DIY bio or doing other research of your own, you may be
making a lot of slides, so you might as well start from day one
with all of the equipment and supplies you need to make your
life easier.

The amount of time and effort needed to make a slide varies
widely. You can make a simple stained smear mount of bacteria
or other microorganisms in a few minutes. Histology tissue
specimens take much longer. If you need to dehydrate a
specimen, embed it in paraffin, section it, and stain it, you may
be looking at an hour or more of actual work, possibly spread
over several days. But no matter what type of slides you're
making, having the right equipment minimizes the amount of
time and work required.
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SLIDES

Microscope slides are rectangular pieces of thin, flat,
transparent glass or plastic that are used to mount and view
small specimens with a compound microscope. The standard
and by far most common size is 1x3" (25x75 mm), although
slides for specialized purposes can also be purchased in 2x4”,
4x4", and other sizes. Standard glass slides are nominally 1.1
mm thick, with acceptable variation of + 0.1 mm. (The older
standard was 3/64" thickness, which translates to about 1.19
mm, so 1.2 mm slides are quite common.)

( )
Plastic microscope slides and coverslips are readily
available, but that doesn’t mean you should use them.
They eliminate the danger of getting glass slivers in your
skin, but that's about the best that can be said about
them. Plastic is perfect for elementary school students
but completely unsuitable for any serious work. Even the
best plastic slides and coverslips are optically inferior to
glass.
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You might expect something as simple as a microscope slide to
be a fungible commodity. That's far from true, however. A good
slide must meet numerous requirements. It must be flat and of
even thickness, without any bubbles, streaks, unevenness, or
other flaws in the glass. The glass itself must be colorless and
homogeneous. Sharp edges must be polished smooth, and the
slide must be precleaned of all dust or other contaminants. The
cheapest slides fail on some or all of these counts. Fortunately,
even high-quality slides—most of which are also made in China
or India—cost only a few dollars per box of 72.

We prefer to use slides that have one end frosted for labeling
with a pencil. With plain glass slides, the alternative is to use
sticky labels or a glass marking pen.

In addition to a good supply of flat slides, you'll probably want at
least a few well slides. These are considerably more expensive
than flat slides, but they're useful for tasks like observing live
microorganisms in a drop of pond water. They're also useful for
making permanent whole mounts of specimens such as small
insects.

There are two types of well slides:

Shallow-well slides
Shallow-well slides, often called depression slides, are
of standard thickness (~1.2 mm) and have one or more
shallow circular depressions. To use them, you simply
place a drop or two of your pond water or other specimen
in the well and cover it with a coverslip. Sooner or later—
sooner if you're using quartz-halogen illumination—the
water drop will evaporate. You can delay that by using a dab
of glycerin or petroleum jelly to make a seal between the
slide and the coverslip.

Deep-well slides
Deep-well slides, often called cavity slides, are about
three times thicker than standard slides and have one
or more deep cylindrical cavities. These slides are ideal
for confining small live insects (such as ants) and similar
tasks. The wells in these slides are deep enough to allow
using the hanging-drop method for observing the motility
of protozoa, as described in Lab |-2. If you're going to have
only one type of well slide, go for the deep-well version.
You can substitute it for a shallow-well slide, but not the
converse.

If you don't have a well slide handy when you need one,
make your own. Use super glue (or even petroleum jelly) to
affix a small rubber or plastic washer to a flat slide. Use a
standard coverslip.

WARNING

Never buy flat microscope slides by the dozen. First,
most slides that are sold by the dozen are very poor
quality. Second, you'll pay a significant premium versus
buying them in standard 72-slide (half gross) or 144-slide
(gross) boxes. Third, you can easily use up a dozen slides
in one session.
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( )
Slides have one other important use that's completely make new TLC plates.
unrelated to mlcroscopy. They're perfect for making ) Making the plates is easy, but a bit messy. Robert has a video
homemade th/n-layer. chromatography (TLC) plates, which on his YouTube channel that illustrates the process:
have numerous uses in a biology lab.
) ) ) ) http://www.youtube.com/watch?v=pNDQkM3jasA
Commercial TLC plates are readily available, but expensive. . o
TLC plates the size of a microscope slide sell for a buck or With a.supply of .homlemadei TLC pla‘tes and a Coplin jar
two each, and you usually have to buy them in boxes of 50 (described later in this section), you're prepared to do TLC.
or 100. With just some microscope slides, a few inexpensive With a bit of care, your results should be about as good as if
chemicals, and some basic labware, you can make up your you used expensive commercial TLC plates.
own TLC plates for about a dime each. And most of that is in
the cost of the slide, which can be recycled over and over to
. J
COVERSLIPS objectives are not adjustable but are designed to use coverslips

A microscope coverslip, also called a coverglass, is a square,
rectangular, or circular piece of extremely thin, flat, transparent
glass or plastic that is used to cover a specimen that has been
mounted to a slide. In addition to protecting the specimen (and
the objective lens from contacting the specimen), coverslips
actually function as part of the optical train—microscope
objectives are designed on the assumption that a coverslip will
be positioned between them and the specimen—so you should
never observe a specimen without a coverslip in place.

The truth is that we frequently observe slides without
coverslips, particularly for quick looks at bacteria
smears. Yes, we give up some image quality by not using
a coverslip, but sometimes the time saved is worth the
trade-off.

Coverslips are available in four thicknesses, denominated #0
(0.083t00.13 mm), #1 (0.13 t0 0.16 mm), #1.5 (0.16 t0 0.19
mm), and #2 (0.19 to 0.25 mm). #0 coverslips are specialty
items that are not stocked by most vendors. #1 and #2
coverslips are widely available, but #1.5 coverslips are harder
to find. Fortunately, #1 coverslips are acceptable for nearly any
purpose.

Many microscope objectives are labeled with the recommended
coverslip thickness or range of thicknesses. High-end objectives
may be adjustable to optimize them for a range of thicknesses,
typically something like 0.11 to 0.23 mm. Less expensive

of one particular thickness, typically 0.17 mm, or about the
middle of the acceptable variation for #1.5 coverslips.

Some texts recommend using only #1 coverslips, and there's
actually a good argument in favor of that. If your objectives are
designed for use with #1.5 (or even #2) coverslips, #1 coverslips
cause very little image degradation.

The advantage of using #1 coverslips may become apparent
the first time you use your oil-immersion objective. At that
high magnification, depth of focus is nearly nil. If you're using
a #2 oreven a #1.5 coverslip, you may find that you cannot
focus sharply on the specimen—particularly a specimen that
has depth—without ramming the objective into the coverslip.
For that reason, we use #1 coverslips by default, particularly
for permanent mounts, even though our objective lenses are
designed for #1.5 slips.

Most objective lenses are labeled with the coverslip thickness
they're designed to use. For example, Figure 2-4 shows the
objective lenses of a typical microscope. That “0.17" label visible
on the objective lenses indicates that these objectives are
designed to use a 0.17 mm coverslip.

Using a coverslip that is thinner or thicker than the objective

is designed for introduces chromatic aberration and reduces
the quality of the image. For objectives with an NA of 0.4 or
less, coverslip thickness is not a major issue. With 60X to 100X
oil-immersion objectives, coverslip thickness becomes more
important.
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HANDLE WITH CARE

Manipulate coverslips with forceps to protect the
coverslip from skin oils and other contamination and to
protect your fingers against glass shards. We actually
handle coverslips with thin latex or nitrile gloves, but
until you're used to manipulating them, it's safer to use
forceps.
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Coverslips are available in a variety of sizes and shapes. The
most common and least expensive for any given quality level
are square, and are readily available in sizes from 18 mm to 24
mm. (Larger sizes allow larger specimens, but conversely they
also give you more area to search, particularly if you are using

high magnification.) Rectangular coverslips, such as 22x40 mm,

are less common but still readily available. These are useful for
mounting very large or multiple specimens on a single slide.

(" )
Although it appears odd to most people at first glance,
there's nothing wrong with using two or three coverslips
to mount multiple specimens on one slide. Multiple
mounts on one slide can make some tasks a lot faster,
because you can quickly flip back and forth between
specimens without changing slides.
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Round coverslips are much less common now than they were

a few decades ago. Before about 1970, many slides were
prepared using Canada balsam (essentially, highly refined

pine tree sap) as a mounting fluid. Even exposed to air, Canada
balsam remains tacky for some time, so the final step in slide
preparation was to place the slide on a turntable and rotate the
slide while trimming off any excess Canada balsam that had
squooshed out from under the coverslip. That's easy to do if the
coverslipis circular, but impossible if it's rectangular or square.

Although Canada balsam is still available (and still preferred by
some microscopists), it has been largely replaced by Permount

and similar synthetic mounting fluids that dry without tackiness.

Consequently, trimming excess mountant is no longer
necessary (although it still makes the final slide look neater),
and round coverslips are going the way of the dodo. It doesn’t
help that round coverslips typically sell for several times the
price of square ones of similar size and quality.

Slides and coverslips are inexpensive enough that we often use
them once and discard them, but many people do recycle them.
If you want to do that, swirl them in sudsy tap water, rinse them

with distilled water, and then use a final rinse of pure acetone.
Place slides in a slide-storage box to drain and dry. Place
coverslips on a clean sheet of lint-free paper or cloth to dry.

Some microscopists store slides and coverslips in jars of
acetone or absolute alcohol, which keeps them clean and sterile.
When you remove one from the jar, the liquid evaporates rapidly,
leaving you with a clean, dry slide or coverslip.

BUTANE LIGHTER OR ALCOHOL LAMP

A disposable butane lighter, alcohol lamp, or other flame
source is needed to heat-fix bacterial smear slides. Heat-fixing
kills any live bacteria present and causes them to stick to the
microscope slide. (Otherwise, they'd be washed away during
staining or mounting.) To heat-fix a slide, allow the smear to
dry and then pass the slide—bacteria side up—several times
through the naked flame. If you don’t heat it long enough,

the bacteria won't adhere. If you heat it too long, the bacteria
explode or char. You'll soon get a feel for it. A butane lighter is
convenient for heat-fixing one slide at a time. If you're making
many smear slides, an alcohol lamp is better.

FORCEPS AND SLIDE TONGS

Forceps are what nonscientists call tweezers. They're available
in many sizes and styles in plastic or metal. For manipulating
coverslips, we prefer the plastic variety. Slide tongs are

similar to test tube tongs, but designed to grip a standard size
microscope slide. They're used to hold a slide during heat fixing
or to manipulate the slide during staining procedures. They can
also be used to manipulate coverslips.

MOUNTANTS

A mountant or mounting fluid is a liquid that is introduced
between the slide and the coverslip. An ideal mountant is clear,
colorless, and (for best image quality) has a refractive index
very close to that of the crown glass used in coverslips (Rl =
~1.54). If itis to be used to make permanent mounts, it should
dry without shrinking, cracking, or bubbling. If it is to be used
to make temporary mounts, it should not evaporate quickly.
Inany case, it must not rupture, fade, or otherwise damage
specimens.

The most common mountant by far among amateur biologists
is ordinary distilled water. Although its refractive index, about
1.33, is lower thanideal, it's much better than having an air gap
(RI'=1.00) between the slide and coverslip.
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If distilled water is unsuitable, you can substitute glycerin, also
called glycerol, in straight or diluted form. Glycerin evaporates
much more slowly than water, days to weeks versus minutes to
hours.

If you're observing live protozoa (such as paramecia), you'll

need some way to slow them down. In water, a paramecium can
travel 10 or more body lengths per second, so just keeping it

in the field of view can be challenging. The best solution to this
problem is to mount the slide with an aqueous solution of methy!
cellulose, which is much more viscous than water.

Methyl cellulose is a physical immobilizer, which simply means
that protists have a hard time swimming through this viscous
fluid. (Glycerin is another immobilizer in this class.) A chemical
immobilizer slows down protists by fatiguing them. Two
common chemical immobilizers are a 3% solution of copper(ll)
acetate and a 1% solution of copper(ll) sulfate.

If you have the kit for this book and you want to try a chemical
immobilizer, mix a few drops of Barfoed's reagent—which is 6%
copper(ll) acetate—with the same amount of distilled water.

Or simply use the Barfoed's reagent without dilution, but make
sure there's a least a couple drops of water in your wet mount
and use only a small drop of Barfoed's.

Finally, if you want to make permanent slides, you'll need a
permanent mountant such as Permount or Canada balsam.
(We think Permount is better in every way than Canada
balsam, but some traditionalists continue to prefer the latter.)
These mountants dry clear and transparent, with little or no
color, essentially cementing the coverslip to the slide. You can
substitute colorless nail polish, such as Sally Hansen's Hard As
Nails. We have slides five years old or older that were mounted
with Sally Hansen’'s Hard As Nails and they are as good now as
when they were made.

BIOLOGICAL STAINS

Biological stains are natural or synthetic dyes that selectively
bind to different parts of cell structures. For example, one
stain may bind strongly to the cell wall, coloring it intensely,
while leaving the nucleus untouched. Another stain may do the
converse.

Most people don't realize how important stains are to biologists.
The first problem microscopists faced was the fact that most

of the things they wanted to look at were opaque. They solved
that problem by cutting very thin sections with microtomes. But
that left another serious problem. Most of those thin sections
were essentially transparent, with almost no contrast between
different parts of the cell structure. Back in 1858, someone had
the cunning idea of using carmine, a dye obtained from female

cochineal beetles, to stain sections. Sure enough, carmine was
differentially absorbed by different parts of the cell structure,
increasing contrast immensely.

Ironically, despite the fact that biologists have tried literally tens
of thousands of different stains in the intervening 150 years,
the most widely used stains today are the first two stains that
came into common use after carmine. They're hematoxylin—
which for some reason many people (including some biologists)
pronounce he-muh-TOX-uh-linn rather than the correct he-
MAT-oh-ZYE-linn—a dye derived from logwood, and eosin, one
of the first synthetic dyes. They were first used in about 1865

in the so-called H&E staining protocol, and are still used that
way today. In fact, H&E is probably the most commonly used
staining protocol even today, with the possible exception of the
Gram staining protocol.

( )
For school work or if you're just experimenting with

staining, it's cheaper and easier to buy small amounts of
prepared stains individually or in kits rather than making
them up yourself. If you use stains in larger volumes, as
some DIY biology hobbyists do, making up the stains
yourself from raw chemicals is both cheaper and more
flexible. Instructions for making up various stains are

readily available online.

Although there is considerable overlap, biological stains
are broadly grouped into bacteriology stains, used to
stain bacteria, and histology stains, used to stain tissue
sections from plants and animals. Most bacteria are so
tiny that the goal of staining them is sometimes simply
to make them visible against the background clutter.
Histology stains, conversely, are used to selectively
stain different cell components to reveal internal cell
structures. The Gram staining protocol is one example
of a bacteriology staining protocol; the H&E staining
protocol is an example of a histology staining protocol.

N\ J

There are literally scores of biological stains and staining
protocols in common use, and hundreds in occasional use,
although most home biologists can get by with just a few stains.
Even with our tendency to accumulate neat stuff, we have “only”
31 different stains at our microscopy station. We consider two
stains to be essential for any microscopist:

Methylene blue
Methylene blue is a general primary stain used for nuclear
material and other acidic cell components. It's one of
the most widely used primary stains, and is effective on
animal, plant, bacteria, and blood specimens. Various
types of methylene blue stains are available commercially,
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from simple aqueous solutions of the dye to versions that
incorporate sodium hydroxide or potassium hydroxide

to versions that use various alcohols and other organic
solvents instead of water. For routine use, any of them
suffice. You can substitute methylene blue in most staining
protocols that call for carmine or Janus green B.

Eosin Y (0.1% - 1% aqueous)
Eosin Y, usually supplied as an aqueous solution, is a
general primary stain for cytoplasm material, which it
stains pink or red. It's also one of the two stains used in the
popular H&E (hematoxylin & eosin) staining protocol. Eosin
Y may be substituted in most staining protocols that call
for congo red or neutral red.

For some staining protocols you can substitute erythrosin
B, also known as FD&C Red #3. Results are generally
inferior to those obtained with eosin Y, but are still quite
usable. The red food coloring dye sold in grocery stores is
usually a mixture of erythrosin B and Allura Red AC (FD&C
Red #40). We've used this mixture in diluted form with
reasonably good results.

Your next priority should be the following three stains, which are
needed for the bacteriology Gram staining protocol.

Hucker’s crystal violet
Hucker's crystal violet is the primary stain in the Gram
staining protocol. Gram-positive bacteria retain this stain
after decolorizing, while Gram-negative bacteria do not.
A 1% crystal violet solution is sold in drugstores, usually
under the name gentian violet. This solution is usable for
Gram staining, but inferior to Hucker's crystal violet.

Gram’s iodine
Gram’s iodine functions as a mordant in the Gram staining
protocol, binding the crystal violet stain to Gram-positive
bacteria, but it is also useful as a primary stain in its own
right. Gram's iodine stains the starch in plant cells dark
blue or black and the glycogen in animal cells red. You can
substitute drugstore 2% iodine tincture diluted one part
tincture to five parts distilled water.

Safranin O
Safranin O is a red counterstain usually used for Gram
staining, and is also used as a primary stain for cartilage,
mast-cell granules, and mucin. You can substitute eosin for
most purposes, including Gram counterstaining, although
safranin O is preferable for the Gram protocol.

A primary stain is used to differentiate the structural element
that is of primary interest. A secondary stain (or counterstain)
is one of contrasting color to the primary stain that is used to
provide additional color contrast by staining other structural
elements. For example, in the H&E protocol, hematoxylin is the
primary stain, which stains nuclei (and a few other structures)
blue. Eosinis the counterstain, and stains other structures red,
pink, or orange. A stain may be used as a primary stain in one
staining protocol and as a counterstain in another.

With just these stains, you're equipped to use the most
important staining protocols. If you have room on the shelf for
a few more, we'd choose toluidine blue (for staining nuclear
material during mitosis and also as a fast alternative to H&E
staining), Sudan Il (for staining lipids), and Wright’s blood stain
(for staining, uh, blood). If you intend to explore histology in any
depth, you'll need hematoxylin to use the H&E staining protocol.
(You can substitute methylene blue for hematoxylin in the H&E
protocol, although the differentiation is usually inferior to that
obtained with hematoxylin.)

If you want to try staining without purchasing special
biological stains, you can try various stains that are
readily available locally. You can view an excellent article
at www.crscientific.com/microscope-stain.htm/ about
using standard food coloring dyes as biological stains.

In addition to the stains, you'll also need various other
chemicals that are used for destaining, also called decolorizing
or clearing, which is the procedure used to remove excess

stain from a specimen. Common destaining agents include
distilled water, dilute hydrochloric acid, ethanol, isopropanol,
and acetone. Although all of these are available in very pure
form, called histology grade, we've used ordinary lab grade, USP
grade (from the drugstore), and even technical grade (from the
hardware store) destaining chemicals without any problems.

(" )
Vital stains, also called supra stains or supravital stains,
are those that can be used to stain living organisms
without harming them. Many common stains can
be used at high dilutions as vital stains, including
methylene blue and eosin Y. When used for staining living
organisms, the stains are highly diluted, usually in the
range of 1:5,000 to 1:500,000 (versus typically 1:100 to
1:1,000 for nonvital staining).
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SERENDIPITY OR URBAN LEGEND?

The Gram staining protocol was devised by Danish physician
Hans Christian Gram in 1884. It involves first staining

a specimen with a solution of crystal violet (also called
gentian violet), which stains all of the bacteria purple. An
iodine-iodide solution is applied next to fix the violet stain.
Rinsing with alcohol removes the stain from some but not all
bacteria. The specimen is then counterstained with safranin
O, dried, and viewed. Those bacteria that retain the crystal
violet are stained blue or violet, and are called Gram-positive
bacteria; those that did not retain the crystal violet are
stained pink or red by the safranin O counterstain, and are
called Gram-negative bacteria.

Gram staining was a revolutionary technique for
bacteriologists and epidemiologists worldwide. Its value was
that it allowed scientists to quickly discriminate between
some pathogenic (disease-causing) bacteria and other
harmless bacteria that appeared visually similar to the
pathogens. Even today, Gram staining is one of the two most
widely used staining protocols and is routinely used for quick
screening.

After Gram introduced his eponymous staining protocol,
other scientists immediately began tweaking it, trying slightly
different formulations and concentrations. Over the next 45
years, dozens of variants were announced, but it turned out
that none of them had any great advantage over the original
protocol. One thing all of these variants had in common

was using aniline, then called analin oil, as a component of
the violet stain. Eventually, a more-or-less standard Gram
staining protocol that incorporated the best of the variations
came into common use.

That changed in 1929, when Yale undergraduate
bacteriology student Thomas Hucker introduced a variant
that immediately became the standard and has been

used universally ever since. It all started when Hucker's
professor asked him to prepare a paper to present at a
biology conference. Hucker asked his professor for topic
suggestions, and the professor recommended that Hucker
contact hospitals and university labs to ask them about their
specific methods for using Gram staining. Hucker intended
to compare and contrast these protocol variants in his paper.

Replies soon began to arrive in the mail, but Hucker was
disappointed to find that every organization he contacted

was using essentially identical protocols. With one exception.
Dartmouth College reported that instead of anilin oil they
were using ammonium oxalate in the crystal violet stain.
Hucker tried this ammonium oxalate variant, and found that
it indeed yielded much better results than the methods using
anilin oil. He wrote up his paper, sent a copy to the Dartmouth
bacteriology department, and thanked them for their advice.

A few days later, Dartmouth called Hucker and told him that
he must be mistaken. They were using the same protocol,
with analin oil, that everyone else had reported using.
They'd never heard of using ammonium oxalate. Hucker was
puzzled, but he knew what he'd seen, so he presented the
paper at the conference, to great acclaim.

After returning from the conference, Hucker decided to

find out what was going on. He boarded a train and visited
Dartmouth. He met the head of the bacteriology department,
who once again denied having any idea what Hucker was
talking about. He'd been on vacation when Hucker's original
letter arrived, and denied having even seen the letter, let
alone responded to it. Deciding to get to the bottom of this
puzzle, the bacteriology chairman started walking around
the building, collaring people and asking if they had any idea
what had happened.

He finally got his answer in the chemistry department, which
was situated next door to his own department. Apparently,
one of the chemists had gotten Hucker's original query letter
and had taken it upon himself to respond. He wandered

next door to the bacteriology department and noticed that

a bottle of the stain had “A.O." listed among the contents on
the label. Of course, that was shorthand for “anilin oil,” but
the chemist for some reason decided that “A.0." must be an
abbreviation for ammonium oxalate. He so informed Hucker
by return mail, and the rest is history.

As pretty as this story is, we wonder if it's really true. A
biologist might conceivably abbreviate analin oil as “A.0." but
no chemist would assume that “A.0.” was an abbreviation for
ammonium oxalate. “NH4 Ox" perhaps, or even “Amm Ox."
But not “A.0." On the other hand, if it didn't happen that way,
how did it happen? Whether the story is true or not doesn't
really matter. What matters is that, by pure accident, Hucker
discovered a much superior Gram staining protocol, which
has been in universal use since 1929.
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COPLIN STAINING JAR

Although it's not essential for some staining tasks, a Coplin
staining jar, shown in Figure 2-10, is a handy item to have around.
These jars are available in glass or polypropylene and have
built-in grooves to support microscope slides vertically, usually
10 slides in five back-to-back pairs. To stain a slide, you simply
fill the jar a bit more than halfway with the staining solution and
slide the slide into one of the grooves.

A Coplinjar is particularly useful in two situations. First, if

you have many slides to be stained with the same stain, it's
much more convenient to batch-stain them than to stain

each slide individually. Second, although some stains operate
very quickly—a few seconds to a minute or two—some other
stains must be left in contact with the specimen much longer,
sometimes as long as several days. We keep half a dozen Coplin
jars on hand for just these reasons.

A Coplin staining jar is also a perfect chromatography jar for
developing the homemade TLC plates described earlier in this
section.

Figure 2-10: A Coplin staining jar (image courtesy United
Scientific)

SLIDE STORAGE

Wet mounts are temporary. You make the mount, observe the
specimen, and then discard or recycle the slide and coverslip.
But if you intend to make permanent mounts, you'll need an
organized way to store the slides.

The most popular solution is a slide storage box. These are
available in wood or plastic from most lab supplies vendors,
often in many colors. Boxes typically store 10, 12, 25, 50, or 100
slides, eachin its own numbered slot. A label area provides a
numbered line for each slide.

Slide storage books or wallets are a bit harder to find, but
some microscopists (including us) prefer them. Each page
stores (typically) a half-dozen to a dozen slides, in one or two
columns, with room for detailed labels rather than just one-line
descriptions. Although these books are more expensive and
occupy more space than slide boxes, the slide labels are much
more visible and it's much easier to remove and replace the
slides.

WARNING

Whichever method you use, if possible, store slides flat
rather than vertically. Back in the Bad Olde Days when
we made permanent mounts with Canada balsam, slides
stored vertically for months to years were sometimes
ruined when the coverslip detached or simply slid down
the slide. Almost as bad is when your nicely centered
specimen floats down to the bottom edge of the
coverslip under the force of gravity. That's not supposed
to happen with modern mountants like Permount, but
we'd rather not find out the hard way.

If you have imaging equipment, you may not need to store slides
at all. One slide may require a dozen or more images to show

all of the features of interest on that slide, but you can store
hundreds to tens of thousands of high-resolution images on
something as small and durable as a USB flash drive. Just make
sure to back it up.
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CULTURING EQUIPMENT AND SUPPLIES

Culturing is the procedure used to grow microorganisms in a controlled environment. Many
microorganisms reproduce very quickly. Under ideal conditions, some can double their numbers
every 20 minutes or less. In other words, if a single microorganism is present to begin with, after
20 minutes there are two, after 40 minutes there are four, after 60 minutes there are eight, and
so on. That may not sound impressive until you realize that after 10 hours (30 doubling periods)
have elapsed, that single microorganism has become more than a billion microorganisms.

All of that assumes that the microorganisms have space to grow
and food to feed them. That's the purpose of culturing. Culturing
provides surface area (or volume) and the nutrients necessary
for growth. We'll use culturing to produce large numbers of
microorganisms for various lab sessions in this book. But
culturing isn’t limited to lab procedures. Wine and beer making
uses culturing on a large scale, as do cheese making, biofuel
production, and many other endeavors. In fact, you've probably
unintentionally cultured bacteria yourself. If you've ever opened
a bottle of milk and found it'd soured, you were holding a bottle
of a bacteria culture.

AUTOCLAVE

If you're working with microorganisms, it's important to be able
to kill them reliably. For example, if you've cultured an unknown
bacterium, it's irresponsible to toss it out with the household
garbage unless you're certain no live bacteria remain.

There are many ways to kill microorganisms, including chemical
action, flame, dry or wet heat, ultraviolet light, and ionizing
radiation such as X-rays or gamma rays. In a home biology lab,
the first three methods are the most practical.

To sterilize something means to kill all microorganisms
present. To disinfect or to sanitize something means to
kill almost all of them. (That's why we call that goopy
stuff hand sanitizer rather than hand sterilizer.)

Chemical disinfectants, such as chlorine laundry bleach or
Lysol, may kill 99.999% or more of the live microorganisms
present, but they are not 100% effective. For many purposes,
that's good enough. For example, if you need to dispose of a live
bacteria culture growing in a Petri dish, the traditional method is
to soak the dish overnight in a 1:4 solution of chlorine bleach and
water. That kills very nearly 100% of the live bacteria present—
not to mention viruses, protists, molds, fungi, and any other

living things—at which point there is no longer a biohazard and
the culture can be discarded with the household trash or flushed
down the drain.

The problem is, some bacteria form spores, which are resistant
to chemical disinfectants, including bleach. If you're disposing of
the material, spores aren’t usually a problem. There are zillions
of spores surrounding you, on every surface in your lab and
floating on dust motes in the air. Spores become a problem only
when you're making up culture plates or culture tubes, which
must be sterile. If any spores are present in the culture media

or on the plates or tubes, they'll germinate and contaminate the
colonies you're attempting to grow.

Flame kills spores quickly, and is commonly used to sterilize
inoculating loops and the mouths of culture tubes when you're
doing a transfer. But flame can't be used to sterilize the culture
media itself. That's where the third method comes in: heat.

Most spores are very resistant to moderately high
temperatures. Boiling water or steam at 100 °C kills most
spores, eventually, but it may take literally hours to days to do
so. Fortunately, boosting the temperature slightly and using
steam—121 °C steam is the standard used for sterilization in
biology labs—reduces the time needed to a few minutes.

An autoclave sterilizes contaminated materials by exposing
them to high temperatures, usually in the presence of
pressurized steam. Autoclaving can be done dry, but that
requires higher temperatures and longer treatment, and can
be used only for glassware and other heat-resistant materials.
Steam autoclaving can be used to sterilize autoclavable plastic
items, which would melt at the temperature needed for dry
autoclaving.

Commercial autoclaves cost hundreds to thousands of dollars.
Fortunately, you don't need a commercial autoclave. A pressure
cooker from Walmart or Target works just as well. If your
pressure cooker doesn't come with a rack, also purchase an
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oven rack that fits inside the pressure cooker. You'll need that to
keep containers from directly contacting the hot bottom of the
pressure cooker.

WARNING

If you buy a pressure cooker to use as an autoclave, be
aware of the specifications. For more than 100 years,
standard pressure cookers have operated at 15 PSI. At
that pressure, water boils at 121 °C (250 °F), which is
hot enough to kill all microorganisms, including bacteria
spores, very quickly.

Some current pressure cookers operate at lower
pressures, typically about 10 PSI. At that pressure, water
boils at only 113 °C (235 °F). That temperature will still kill
spores, but it takes much longer. If you already have such
a pressure cooker, simply quadruple the time specified
for autoclaving.

\§ J

INCUBATOR

Anincubator is a device used to maintain a specific environment
for culturing. Many environmental factors can affect the
efficiency and effectiveness of culture growth, including
humidity, level and type of light present, carbon dioxide
concentration, and so on. But for most culturing the single most
important factor is temperature.

Many microorganisms have evolved to have strong preferences
as to their environment. For example, human pathogens
(disease-causing microorganisms) evolved in human hosts,

so they grow best at normal human body temperature, 37 °C.
(That's why you develop a fever when you have an infection;
your body is doing its best to make the infecting bacteria
unhappy by boosting the temperature of their environment.)

Some microorganisms flourish across a wide range of
temperatures—often growing faster as the temperature
increases, but only to some maximum value—but many grow
best only within a narrow temperature range. An incubator
allows you to maintain the temperature best suited to growing
whatever you're culturing.

WARNING

Although there are exceptions, many human pathogens
grow relatively poorly at room temperature. Until you
become proficient at handling potentially dangerous
microorganisms, culturing at room temperature
provides some safety margin. (You should still exercise
all precautions; treat any culture as though it might
contain bubonic plague.) The only real downside to
room-temperature culturing is that it takes much
longer. A culture that might flourish overnight at 37 °C
may take several days to reach a similar stage at room
temperature.

The same caution applies to choice of culturing medium.
Until you are proficient, avoid using media such as blood
agar that encourage growth of pathogens.

\§ J

You can purchase commercial incubators from lab supply
vendors or on eBay, but that's overkill for most home lab tasks.
For a few dollars, you can make your own incubator from a
disposable foam cooler, an inexpensive thermometer, an
incandescent light bulb, a plastic picnic plate or dish, and an
oven rack or kitchen cupboard rack. If you want to get fancy, you
can add a small fan to circulate the air and a dimmer switch to
control the brightness (and heat output) of the light bulb.

Depending on the size of the foam cooler and the ambient
temperature, you might need anything from an incandescent
Christmas-tree bulb to perhaps a 25-watt bulb to maintain an
internal temperature of 37 °C (the most common temperature
for incubation of bacteria). To maintain humidity, place a dish of
water beneath the rack.

CULTURING CONTAINERS

You can grow cultures in any imaginable container.
Microorganisms, after all, have no problems growing in the wild.
However, for best results, you'll probably want to keep at least
a few special culturing containers on hand. There are three
common types of culturing containers, each used for slightly
different purposes: Petri dishes, culture tubes, and flasks.

34 DIY Science: lllustrated Guide to Home Biology Experiments



PETRI DISHES

A Petridish is a flat dish with a matching cover of slightly larger
diameter. Petri dishes are available in glass and plastic, in a
variety of diameters and depths. Some Petri dishes are divided

into two, three, or four isolated compartments, which allows you

to grow more than one culture in a single Petri dish.

Petri dishes are used with gelling culturing media, such as agar.
Typically, you would prepare a warm liquid agar solution, fill

the Petri dish to a depth of a few millimeters, and place it in the
autoclave to sterilize it. Once the dish, with its sterile contents,
cools down, the agar solidifies into a gel that resembles Jell-o.
The dish is then carefully inoculated with the microorganism by
streaking or flooding, and placed in the incubator.

Petri dishes, shown in Figure 2-11, are useful for growing pure
colonies—separate groups of specific microorganisms that will
subsequently be cultured in broth to produce large numbers of
a single microorganism—and for such tasks as testing antibiotic
sensitivity with treated disks. Petri dishes are fragile and bulky
relative to the alternatives. We keep a few on hand for when
they're really needed, but otherwise we use culture tubes or
flasks.

Many people prefer plastic Petri dishes, which are sold for a few
dollars in sleeves of 10 to 25. Each dish is individually wrapped
and sterile. Unfortunately, these dishes are sterilized at the
factory using radiation but cannot be resterilized at home. (The
plastic melts at the temperature needed to sterilize them.) After
use, the dishis put in a bleach bath to kill any microorganisms
present and then discarded. If you culture infrequently, plastic
Petri dishes are a good choice. They're convenient, require no
sterilization, and are reasonably economical.

If you culture frequently, you'll want at least a small supply of
glass Petri dishes. These must be sterilized before each use,
but can be reused repeatedly. Brand-name Petri dishes, such
as Pyrex and Kimax, are very expensive. Depending on the

size and type, one Petri dish may cost $10 or more. Similar no-
name models made in China or India sell for a fifth to a tenth
the price and are perfectly usable. Incidentally, there's no need
for borosilicate glass in Petri dishes, which are not subjected to
thermal shock. Soda-lime glass is fine, and cheaper.

Figure 2-11: Petri dishes (image courtesy United Scientific)

CULTURE TUBES

A culture tube is essentially just a test tube with some means of
capping it. Bespoke culture tubes are available in a huge range
of sizes, shapes, materials, graduations, screw-top and plug
closures, and so on. But simple test tubes with cotton-ball plugs
work fine for ahome lab, and are very inexpensive.

Culture tubes may be used with solid (gel) culturing media or
with liquid (broth) culturing media. In either case, the tubes are
filled with nonsterile culturing media, plugged with cotton balls,
racked, and then placed in the autoclave for sterilization. For
broth media, the culture tubes are allowed to cool and then used
immediately or placed in the refrigerator for short term storage.
For gel media, the culture tube is removed from the autoclave
while still warm and placed at an angle to cool. The agar hardens
in place, increasing the available surface area, and producing a
slant tube. We use culture tubes for about 95% of our culturing.

You'll also need a wet/dry tube rack that fits your culture tubes.
These racks are made of polypropylene plastic, which can be
autoclaved at 121 °C without melting. They're also dense enough
that they won't float in a water bath. (If you don't have a rack,
you can simply stand the tubes in a glass or polypropylene
beaker while they're in the pressure cooker.)
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CULTURE FLASKS

A culture flask is essentially a large-volume culture tube that is
used only with broth media. Traditionally, standard Erlenmeyer
flasks are used for this purpose. They are filled with culturing
broth, stoppered with cotton balls, and sterilized. Like culture
tubes, they are best used as soon as possible, but they can be
refrigerated for several days without harm.

Culture flasks are used to produce large populations of one
microorganism. Unlike gel media, where the microorganisms
grow almost exclusively on the surface of the gel, broth media
allows growth to occur throughout the media, greatly increasing
the number of microorganisms produced and reducing the time
neededtodoit.

You might use broth culturing, for example, to produce a large
sample of bacteria for DNA analysis rather than using PCR to
replicate DNA from a smaller sample. Alternatively, you may be
less interested in the bacteria themselves than in something
they produce. The first example of large-scale broth culturing
for this purpose was the early production of penicillin, which
took place in industrial-scale culturing vats. Many antibiotics are
produced the same way today.

For home lab work, the most convenient culturing flasks are
125 mL, 150 mL, or 250 mL Erlenmeyer flasks, which are readily
available inexpensively. If you have the choice, buy the narrow-

mouth versions, which are more easily stoppered, rather than
wide-mouth versions. You can often get a significant discount by
buying a case of 12 or 24.

CULTURING MEDIA

Some microorganisms aren't picky about what they eat. They'll
grow on almost anything that is moist and has some food value
to it. Other microorganisms are very selective about the media
they'll grow on.

Culturing broth is simply a liquid that contains nutrients.
Microorganisms require carbohydrates (sugars or starch),
nitrogen, and trace nutrients. For culturing many bacteria
species, diluted chicken or beef broth (strained or dipped to
remove oils and grease) with some added table sugar works
well.

Culturing gel is made up from agar, a material derived from
algae. Like gelatin, agar is mixed with hot water and then cooled
to form a gel. (No, you can’t use gelatin for culturing; bacteria
eat it and turn the gel into a runny mess.) Agar itself is merely an
inert substrate. With the exception of a few marine bacteria, few
microorganisms actually feed on agar. To provide food for the
microorganisms, you add various nutrients to the agar mixture
as you're making it up.

-
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Food-grade agar is sold in supermarkets (often in the culturing-grade agar are about twice as rigid as those formed
vegetarian section) for a few dollars an ounce. Culturing- with food-grade agar, which means culturing-grade agar can
grade agar is sold by lab supply vendors, and is more be used in concentrations as low as 0.5% (0.5 grams/100
expensive. Agarose is refined from agar by removing mL) and still form a usable gel. Food-grade agar must be
agaropectin to leave pure agarose. It is used for gel used at twice or more the concentration to form a gel with
electrophoresis and may cost a dollar a gram in small similar qualities. That said, we have used food-grade agar
quantities. Is there really a difference, or can you use successfully in the past and will continue to do so.
food-grade agar for culturing and electrophoresis? Well, it Agarose is recommended for gel electrophoresis because
depends... the agaropectin present in food- and culturing-grade
All agar is derived from algae, but most food-grade agar agar restrains the movement of fragments through the
is produced from the algae Gracilaria lichenoides, while gel, reducing the sharpness of the separation. If you're
culturing-grade agar is produced from a different algae, doing serious gel electrophoresis, no question, use
Gelidium sesquipedale. Culturing-grade agar gels at about agarose whatever the price. But if you're simply doing gel
35 °C versus about 42 °C for food-grade agar, but the electrophoresis as a learning experience, food-grade agar is
important difference is in matrix strength. Gels formed with perfectly acceptable.

J

It's less expensive to make up your own culturing broths and
gels, but many biologists prefer to use commercial products.
These are available from Carolina Biological Supply and other
vendors as dehydrated powders that contain a mixture of

agar (if it's intended to produce a gel rather than a broth) and
nutrients. You make them up just as you would plain broth or
agar, but without adding any additional nutrients.
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If you get seriously involved with culturing bacteria and other
microorganisms, you'll probably need many different types

of agar gels and nutrient broths. For example, at one time or
another we've used standard nutrient agar, plate-count agar,
potato-dextrose agar, beef-extract agar, beer agar, Luria agar,
tryptic-soy agar, McConkey agar, tri-sugar iron (TSI) agar,
brain-heart infusion (BHI) agar, Sabouraud dextrose agar, malt-
extract agar, and probably half a dozen or more others we've
forgotten.

Rather than purchasing these as agar powder products or even
powdered nutrients—many of which have limited shelf lives—
it's cheaper and more efficient just to stock the necessary
individual nutrients such as peptone, dextrose, and so on, and
make up the various types of agar or nutrient broths as needed.

Premade agar gel of various types is available in sterile bottles,
which may require refrigeration before use. To use the premade
gel, you place the bottle in a hot water bath to remelt the gel
and then pour it into sterile containers. Premade agar gels are
convenient but expensive.

CULTURING ACCESSORIES

In addition to the major items already described, you'll need
afew accessories. Most of those—a beaker and hotplate or
kitchen stove burner (or a microwave oven) for making up agar,
graduated cylinder for measuring liquids, and so on—are items
found in most homes or are general labware, but there are a
couple of special items.

An inoculating loop (or inoculating needle) is a short piece of
nichrome wire in a metal, wood, or plastic handle. It's flame-
sterilized before each use and is used to streak culture plates
or tubes or to transfer material to culturing broth. You can
make your own inoculating loop by embedding a sewing needle
in a wooden dowel. Some people prefer disposable plastic
inoculating loops/needles, which are sold inexpensively in
individually wrapped sterile packages.

To minimize contamination by airborne microorganisms while
you are inoculating culture containers, keep one plastic spray
bottle filled with water and a second filled with Lysol or a similar
disinfectant handy. Before you inoculate your Petri dishes or
culture tubes, dampen the work surface slightly with Lysol spray
and spray the air in the work area liberally with water. The water
mist causes dust in the air to clump and settle out, carrying
bacteria and other airborne microorganisms with it.

Finally, keep a disposal container on hand. We use a plastic pail
with a tight-fitting lid. Fill it with a solution of one part 5.25%
chlorine laundry bleach to four parts water. When you finish
using a Petri plate, culture tube, disposable inoculating needle
or whatever, immerse it in the bleach solution, making sure that
no air bubbles prevent the solution from reaching all surfaces of
the item. Allow the items to remain in the bleach bath overnight
or longer, and then remove them for disposal or for washing
and reuse. The bleach bath doesn’t need to be replaced often,
but it will eventually accumulate agar scum and other dead but
unsightly contaminants.

HISTOLOGY EQUIPMENT AND SUPPLIES

Histology is the study of the microscopic structure of the cells and tissues of plants and animals,
which are prepared and examined in the form of thin slices, called sections. Histologists typically

use the following steps to prepare a specimen:

Fixing
Living specimens, once dead, begin to decay. Fixing is the
process of killing the specimen, if it is not already dead, and
preserving it either by chemical means or by freezing. The
goal of fixation is to prevent decay and to preserve insofar
as is possible the original structure of the cells and tissues.
Fixing is sometimes combined with the following step by
using the first, dilute, ethanol bath as the fixative.

Dehydration
During the dehydration phase, water is removed from the
specimen because water interferes with later processing
steps. This is usually done by immersing the specimen
in a series of ethanol baths of increasing concentration,
typically 30%, 50%, 70%, 95%, and 100% (anhydrous).
The ethanol draws water out of the specimen, gradually
in the early baths to prevent damage. The final bath of
anhydrous ethanol removes nearly all of the remaining
water.
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Clearing
During the clearing phase, the specimen isimmersed in an
organic solvent, usually xylene or toluene, which removes
the alcohol from the specimen.

Infiltration
During the infiltration phase, the dried and cleared
specimen is soaked in a bath of the liquid embedding
material—usually molten paraffin—which drives off
any remaining clearing agent and replaces it with the
embedding material.

Embedding
The embedding phase consists of transferring the
infiltrated specimen to a mold, which is then filled with
liquid embedding material. Once that embedding material
solidifies, the block containing the embedded specimen
is removed from the mold and trimmed to remove excess
embedding material.

Sectioning
During sectioning, the embedded specimeniis placed ina
microtome, which is used to cut very thin sections of the
specimen. Depending on how the specimen is oriented in
the embedding material and the microtome, these sections
can be longitudinal (lengthwise) sections, cross-sections,
or tangential sections.

Slide preparation
The thin section is transferred to a microscope slide, which
is warmed to melt the embedding material and cause the
section to adhere to the slide. The specimen is then stained
and mounted in the usual manner.

As you may imagine, preparing histology specimens can be
complicated and time-consuming, and not only in terms of
physical preparation. Obtaining suitable specimens can itself be
time-consuming, challenging, and expensive.

Accordingly, some people decide histology isn’t worth the effort
and instead use prepared slides exclusively. At anything from
$2 to $50 apiece, good prepared slides aren't inexpensive—the
cheapest ones aren’t worth having—but a well-chosen set of
high quality prepared slides can often be resold for most of
what it cost after you have finished using them. For learning

purposes, we think the best compromise is often to make your
own bacteriology slides and some of your histology slides, but
purchase prepared histology slides for specimens that would be
too difficult, time-consuming, or expensive to prepare yourself.

If you do decide to prepare your own histology slides, you'll need
some specialized equipment and materials.

MICROTOME

A microtome is a device for cutting very thin sections of
material. Professional microtomes cost hundreds to thousands
of dollars, but manual versions like the one shown in Figure 2-12
are suitable for ahome lab and are available for $50 or less.
Although there are workarounds—we have used a paraffin-filled
drinking straw and a razor blade to cut cross-sections—there's
really no getting around it: if you want to make histology (tissue
section) slides, you really need a microtome. If your focus is on
microorganisms, you don't.

Figure 2-12: A manual microtome (image courtesy United
Scientific)
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BUILD A $1 MICROTOME

Buy a real microtome if you plan to do much sectioning,

but if you'd just like to play around with sectioning, you can
build a usable microtome for less than a buck with just a few
minutes’ work. You'll need the following items:

A large, empty wooden or hard plastic thread spool.
These are becoming hard to find, as thread is sold
mostly on plastic foam spools nowadays. You can find
wooden spools at flea markets or ask your parents or
grandparents if they have a wooden thread spool they're
willing to contribute to the cause.

Several flat metal washers, ideally with a diameter close
to that of the thread spool and the diameter of the bolt,
with a central hole slightly larger than the bore of the
thread spool.

A bolt, with fine (UNF/NF) or extra-fine (UNEF) threads
if possible, that's about the same diameter as the thread
spool bore. It should slide easily in and out of the thread
spool bore with as little slack as possible, and should
have a threaded length a bit longer than the thread
spool bore. Take your spool to a hardware store and find
a bolt that fits.

A flat nut to fit the bolt.
Some epoxy cement or super glue.
A scalpel or single-edge razor blade.

A candle.

To make the microtome, proceed as follows:

1.

Glue a stack of washers together concentrically. The
assembled stack should be 0.5 cm to 1 cm thick.

Apply glue to one side of the washer stack.

3. Slide the bolt into the thread spool bore until it

protrudes from the other side of the bore.

Slide the washer stack down over the bolt and press the
glued side of the washer stack against the top surface
of the thread spool until it adheres, with the hole in the
washer centered over the thread spool bore. Remove
the bolt from the thread spool bore.

Carefully apply glue to one surface of the nut, making
sure to keep it out of the threads.

Center the hole in the nut over the thread spool bore
and press the nut against the bottom surface of the
thread spool until it adheres.

10.

11.

12.

13.

Allow the glue to set, fixing the nut to the bottom of the
thread spool and the washer stack to the top.

Thread the bolt into the nut until the tip of the bolt is just
above the bottom surface of the washer stack, leaving a
well deep enough to contain the specimen.

Drip hot paraffin wax onto the tip of the bolt and, using
forceps, immediately press the prepared specimen into
the wax before the wax solidifies completely. Keep the
specimen centered in the well.

Drip additional wax into the well until the well is full and
the wax is slightly above the surface of the washer stack.
Allow the wax to cool and set.

Turn the bolt to force wax up through the washer until
the top of the specimen is slightly above the surface of
the washer stack.

Position the scalpel blade or single-edge razor blade
against the surface of the washer stack at a very slight
angle (as nearly parallel to the washer surface as
possible).

Press the edge of the blade through the wax to trim it off
flush to the surface of the washer. Use straight pressure;
do not attempt to saw through the wax. Discard this wax
plug. The wax should now be flush with the top surface
of the washer.

The procedure for using the $1 microtome is a bit different
than the one for using a commercial microtome, because
the $1 microtome has no specimen clamp. To use the $1
microtome, take the following steps:

1

Turn the bolt a fraction of a turn to force more wax (and
embedded specimen) above the surface of the washer
stack. (Your goal is to produce slices that are so thin
they are transparent. You'll soon learn by trial and error
how much to turn the bolt to produce sections of the
desired thickness.)

Use the scalpel to slice the thin section and transfer it
to a slide. Examine the specimen at 40X to determine if
itis suitable. If not, continue cutting sections until you
have one that shows the detail you want. Once you have
a suitable specimen, pass the slide (specimen side up)
through a flame to melt the wax slightly and adhere

the specimen to the slide. You can then observe the
specimen normally.
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DEHYDRATION BATHS

If you're processing one or a few small specimens, you can use

a stoppered test tube as a dehydration bath. Partially fill it in
sequence with the different concentrations of ethanol you plan
to use. For multiple or larger specimens, substitute a series of
jars of the appropriate size, each containing one of the ethanol
concentrations. Allow each specimen to soak for the indicated
time in each concentration, drain it, and transfer it to the jar with
the next higher concentration.

To avoid handling damage to specimens, we use “teabags”
made from lengths of string and a piece of muslin or
cheesecloth. Place the specimen in the center of the cloth,

lift the corners, and tie off the bag to secure the specimen.
Suspend the bag in each jar, using the lid to keep the string out
of the liquid. To change jars, just lift the teabag, allow it to drain,
and transfer it to the next jar.

EMBEDDING BLOCKS

An embedding block, shown in Figure 2-13, is simply a mold that
is used to hold the infiltrated specimen while it is covered with
embedding material in liquid form. Some embedding blocks are

made of soft material and are designed to be sectioned right
along with the specimen. Others are made of harder material,
and can be reused repeatedly. With the latter type, after the
embedding material solidifies, the portion containing the
specimen is popped free of the block or pried out with a needle
and then sectioned.

Figure 2-13: Embedding blocks (image courtesy United Scientific)

GENERAL LABORATORY EQUIPMENT

In addition to equipment used solely or primarily for biology, you'll need some general laboratory

equipment.

Balance
A balance is not essential for most tasks, but is useful
for making up solutions accurately, weighing specimens,
and so on. An inexpensive battery-powered electronic
balance with 100 gram capacity and 0.01 gram (centigram)
resolution is sufficient, and can be used both in the lab and
in the field. Better still is a dual-range balance that offers
centigram resolution to 100 grams or so and decigram (0.1
gram) resolution to 500 grams or so.

Beakers
A beaker is a cylindrical container used for making up
solutions, holding hot or cold water or ice baths, and so
on. Beakers are available in glass and polypropylene,
either of which can be used for most tasks, although
the polypropylene models cannot be heated with direct
flame. You'll want a range of sizes from at least 50 mL
to 250 mL. If you plan to heat solutions in a microwave

oven, polypropylene is fine. If you'll use a stove burner or
hotplate, have at least one borosilicate glass beaker on
hand.

Centrifuge tubes
Although they're intended for use in a centrifuge, standard
centrifuge tubes, shown in Figure 2-14, are also useful
for many other tasks around the lab, including storing
solutions and specimens. Buy the polypropylene versions
with screw caps, which are autoclavable. We keep a supply
of 15 mL and 50 mL centrifuge tubes on hand. The conical
end versions are usable for most purposes. Self-standing
versions, which have a skirt around the conical end,
stand upright on a flat surface. The 50 mL self-standing
versions are also excellent containers for developing
chromatography paper strips.
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Figure 2-14: 50 mL standard centrifuge tubes (image courtesy
United Scientific)

Smaller microcentrifuge tubes, shown in Figure 2-15,
usually called Eppendorf tubes or Eppie tubes, are
available in sizes from 0.25 mL to 1.5 mL or more. They're
intended for use in micro-ultracentrifuges like the
Dremelfuge described later in this chapter, and are also
useful for storing small solid or liquid specimens. Buy

the polypropylene versions with snap caps, which are
autoclavable.

Figure 2-15: 1.5 mL microcentrifuge tubes (image courtesy United
Scientific)

Flasks

An Erlenmeyer flask, also called a conical flask, is essentially
a conical beaker with a narrow neck. Erlenmeyer flasks

are useful as culture vessels, gas generating bottles, and
for temporary storage of solutions and liquid specimens.
For general use, keep at least one 125 mL or 250 mL
Erlenmeyer flask with solid, one-hole, and two-hole
stoppers tofitit. If you're doing large scale broth culturing,
buy as many in whatever size or sizes as you need.

A volumetric flask is used to make up solutions to
accurately known volumes. It has a long, narrow neck with
an index line to indicate the nominal volume. In use, the
solution is made up to slightly less than the final volume,
transferred to the flask, and the flask is then filled to the

index line. The most useful sizes in a home biology lab
are 25 mL, 100 mL, and 500 mL. For most purposes you
can substitute a graduated cylinder without much loss of
accuracy.

Graduated cylinders

A graduated cylinder is a tall, narrow container with
graduation lines to indicate the volume it contains.
Polypropylene graduated cylinders are suitable for most
purposes other than measuring strong organic solvents,
and are considerably less expensive than glass models.
You'll want at least one 10 mL and one 100 mL graduated
cylinder.

Polyethylene pipettes

Polyethylene pipettes, also called beral pipettes or
disposable pipettes, are essentially one-piece plastic
eyedroppers. They're available in various capacities from

1 mL to 5 mL or more. Buy models with graduated stems.
We prefer the 3 mL models with stems graduated to 1 mL
by 0.25 mL, which can be interpolated to 0.05 mL or less.
These pipettes are usually sold in 10-packs for a dollar or
so, or in bags of 100 for $5 to $8. Although they're referred
to as “disposable,” in fact they can be used over and over
simply by rinsing them with distilled water after each use.

Graduated pipettes

Graduated pipettes, also called Mohr pipettes or serological
pipettes, are used to measure small volumes of liquids

with very high accuracy. The most useful sizes ina home
biology lab are 1.0 mL x 0.01 mL and 10.0 mL x 0.1 mL.

You should never pipette by mouth, so you'll also need a
pipette bulb or a pipette pump. For most purposes, you

can substitute a polyethylene pipette, either by using its
graduations or by calibrating your polyethylene pipettes
with your balance and then counting drops.

Hotplate and wire gauze

A hotplate (or kitchen stover burner) is useful for heating
solutions, making up agar culturing medium, and so on.
Use a ceramic wire gauze to protect the bottom of the
beaker or flask from the hotplate or burner surface. For
most purposes, you can substitute a microwave oven.

pH meter and pH test paper

A pH meter is used to measure pH with high accuracy.
Professional-grade pH meters are accurate to 0.001

pH units or better but cost hundreds of dollars. Models
accurate to 0.1 pH unit are available for $25 from Cynmar
and other retailers. Models that sell for $50 to $100 may
be accurate to 0.01 pH units and may include a digital
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thermometer function that is accurate to 0.1 °C or better.
For times when you just need a quick, rough indication of
pH, use pH test paper.

Reaction plate
A reaction plate is a small rectangular plastic plate with an
array of cylindrical wells, usually 2x3, 3x4, 4x6, or 8x12.
Reaction plates are often used for testing one sample
against many reagents or testing many samples against
one reagent, while using only small volumes of both the
samples and reagents. They're also useful for making up
small amounts of various concentrations of chemicals,
organizing small specimens, and so on. Sterile plates can
be used for culturing many samples simultaneously in
small volumes. The 24-well and 96-well versions are the
most useful in a home biology lab.

Thermometer
You'll need at least one thermometer, unless your pH
meter also measures temperature. For general lab use,
the least expensive alternative is one or more glass-tube
thermometers. Ideally, you should have one thermometer

MAJOR EQUIPMENT

for general use with a range of -20 °C to 110 °C and
resolution of 1 or 2 °C, and a second thermometer with
anarrower range, at least 0 °C to 50 °C, but better
resolution.

Test tubes, brush, clamp, rack, and stoppers
In addition to serving as culturing tubes, test tubes are
used in many routine lab procedures. We buy them by
the case, usually 72 tubes, but they're not much more
expensive by the dozen. Keep at least half a dozen on hand.
We find the 16x100 mm size most useful. You'll also need
a test tube brush to fit the tubes, a test tube clamp for
heating them, and a test tube rack to hold them. Buy a wet/
dry rack, which you can also use for sterilizing them when
you're using them as culturing tubes. Purchase at least a
few rubber stoppers to fit the tubes, in solid and one-hole
versions.

Wire gauze
A wire gauze is used to isolate a glass beaker or flask from
exposure to direct flame or high temperature.

There are several pieces of major (read “expensive”) equipment that we'll mention for
completeness. Few homeschoolers will have the need (or budget) for these items, but all of
them are important for DIY biology enthusiasts. In some cases, there are usable workarounds

or inexpensive hacks that avoid the need for these items, often at the expense of producing less
accurate results or requiring more time and effort to use. We use many of these hacks ourselves,
but if biology is your hobby and you can afford the real items, by all means buy them.

SPECTROPHOTOMETER

A spectrophotometer measures the transmittance (or its
inverse, absorbance) of light at various wavelengths, which may
range from the ultraviolet through the visible spectrum and into
the infrared. The simplest models, called colorimeters, measure
transmission at only a few discrete wavelengths, usually in the
visible spectrum. More expensive models measure transmission
at very narrow intervals (often 2 nm or less) across a wide range
of wavelengths. Alas, the least expensive spectrophotometers
cost between $500 and $1,000 new, and even an inexpensive
commercial colorimeter costs $200 or more. Used models are
available on eBay for less, but there's often a good reason why
they're being sold on eBay. (Hint: they're usually worn out or
damaged.)

Fortunately, the human eye is very good at discriminating
differences in the color and intensity of light between two
samples, so with a bit of extra time and effort, it's often
possible to get good data with no special equipment simply

by visually comparing an unknown solution against a series

of solutions of known concentrations. That's the procedure
we'll use in this book, but if you own or can beg access to a real
spectrophotometer, you'll obtain more accurate data with less
time and effort.
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CELLPHONE SPECTROPHOTOMETER

If you're willing to do a bit of hands-on hacking, check out

the spectrophotometer project by Alexander Scheeline

and Kathleen Kelley of the Department of Chemistry at the
University of lllinois at Urbana-Champaign. Using only a few
dollars’ worth of readily available parts and a cellphone camera
or a point-and-shoot digital camera, they've put together an
actual spectrophotometer, including the (free) software needed
to calibrate it and capture data from the digital image files.

www.asdlib.org/onlineArticles/elabware/Scheeline_Kelly_
Spectrophotometer/index.html

ULTRACENTRIFUGE

A centrifuge is a device that uses centrifugal force to separate
suspensions and colloids, which remain homogeneous under
ordinary gravity. (The Brownian motion of the solvent molecules
is sufficient to keep the tiny solid particles suspended rather
than precipitating out.) Tubes filled with the suspension to

be separated are placed in the centrifuge head, which is then
spun at high speed. The resulting centrifugal force causes the
denser solid particles to be accelerated away from the center of
rotation, where they accumulate in the bottom of the centrifuge
tubes.

Hand-cranked manual centrifuges are available for less than
$100, and entry-level motorized centrifuges for less than $250.
Unfortunately, neither spins fast enough to be useful in a biology
lab, where centrifuges are used to separate or purify DNA,
proteins, microorganisms, and so on. Because these materials
are both extremely tiny and not much denser than water, very
high speeds (accelerations) are needed to precipitate them.

The solution is an ultracentrifuge. Standard centrifuges operate
at afew hundred to a couple thousand RPM. Ultracentrifuges
operate at 10,000 RPM or more and can achieve accelerations
of 10,000 or more times the force of gravity. Alas, commercial
ultracentrifuges cost several thousand dollars and up.

Fortunately, Irish DIY bio hacker extraordinaire Cathal Garvey
developed a usable ultracentrifuge for those of us on a budget.
His Dremelfuge is simply a micro-ultracentrifuge head. You
supply the motor power (with a standard Dremel Moto-Tool or
electric drill) and the shielding (Garvey uses a metal cooking
pot). You can watch the Dremelfuge in operation at www.
youtube.com/watch?v=86WnXeTZO_Y and purchase one at
www.shapeways.com/shops/labsfromfabs. (Note that there are
two models available, one for a Dremel Moto-Tool and one for a
standard chuck drill.)

WARNING

Garvey sells the DremelFuge as an ornamental item

only, and warns that he's not responsible if you use

it as an actual centrifuge. And with good reason.
Centrifuge accidents are no joke. If the DremelFuge fails
catastrophically, fragments will fly in all directions at Warp
Factor 6, possibly causing serious injury or death.

If you decide to use the DremelFuge (we do), we strongly
recommend you clamp it vertically—we use a Dremel 220-
01 Workstation—with the power cord disconnected and
the head in position. Cover the entire assembly with one of
those five-gallon plastic buckets sold at DIY supercenters.
(We also wear safety goggles and a face shield.) Stand
way back and sweet-talk someone you don't like into
plugging in the power cord for you. After you've run it for
the required time, disconnect the power, wait for it to spin
down, and only then remove the bucket.

Seriously, this is no joke. Running the DremelFuge without
taking these precautions is simply foolish.

J

The DremelFuge accepts standard 1.5 mL plastic Eppendorf
tubes, so you'll need a supply of those. Depending on what
you're doing, the tubes may or may not be reusable. You may
use two, four, or six tubes at once, and if you run the Dremelfuge
at high speed you're likely to crack tubes occasionally, so order
areasonable number.

DNA PROCESSING EQUIPMENT AND SUPPLIES

Although you can isolate DNA with equipment and materials
found in most kitchens, doing really interesting things with DNA
requires some special equipment and reagents. You can make
some of the necessary equipment and reagents yourself, but for
advanced work some must be purchased.

For serious DNA work, the first requirement is a DNA gel
electrophoresis apparatus with power supply. Edvotek (www.
edvotek.com) sells complete setups starting at $139 for the
apparatus (shown in Figure 2-16) and $145 for a power supply,
which is the best price we've found. This is an entry-level DNA
gel electrophoresis setup, but quite adequate for doing serious
work. As supplied, the kit produces 7x7 cm gels. (You can

buy an optional gel casting tray for 7x14 cm gels.) The power
supply is fixed at 70 VDC, which is a good compromise for most
purposes.

If you plan to do a lot of DNA work, you'll want a setup that
allows you to run larger gels and possibly multiple gels
simultaneously. You'll also want a variable-output power supply,
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ideally with a range of at least 50 to 200 VDC and sufficient
amperage to run as many gels (or tanks) as you plan to run
simultaneously. Such setups are available from Edvotek and
other vendors.

f N\
For learning purposes, you don't need to buy a
commercial DNA gel electrophoresis setup. We once bet
someone that we could produce usable DNA gels with
only items commonly found around a home, and do it
all for less than $10. We won that bet, too. We used plain
gelatin to make the gels, which we cast in a trimmed-
down Gladware container with masking tape to form
the casting dams. We made up the loading buffer and
running buffer with table sugar, table salt, and baking
soda, used food coloring as the marker dye, developed the
gel in a flat Tupperware container with a stack of five 9V
transistor batteries wired in series using aluminum foil for
electrodes, and visualized our developed gel with some
methylene blue from the aquarium supplies. It wasn't
pretty but, hey, it actually worked.

Figure 2-16: Edvotek M6+ DNA gel electrophoresis setup (image
courtesy Edvotek)

' N
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You'll also need some way to measure and transfer small
volumes of liquids. For educational use, you can use inexpensive
polyethylene pipettes, whose drop sizes range from 50 drops/
mL (20 pL/drop) to 25 drops/mL (40 pyL/drop). For serious
work, you'll need a micropipetter like the one shown in Figure
2-17. These are available in fixed-volume and variable-volume

models, with variable-volume models starting at around
$150. (Multichannel models can fill eight or more wells in one
operation, but cost several hundred dollars and up.)

Figure 2-17: Single-channel variable volume micropipette (image
courtesy United Scientific)

If you need something better than a disposable pipette but
don’t want to spend $150 or more, consider using a $20 fixed-
volume minipipette like the ones shown in Figure 2-18. These are
typically a bit less accurate than more expensive models, but
more than good enough for most work. Whichever type you use,
you'll need a supply of disposable tips to fit it.

Figure 2-18: Single-channel fixed volume minipipettes (image
courtesy United Scientific)

For many tasks, you can simply extract as much DNA as you
need to work with. For example, you can obtain sufficient DNA
from one strawberry or carrot to run hundreds of gels, or you
canrun abroth culture to obtain large amounts of bacterial
DNA. But sometimes you can obtain DNA only in amounts too
tiny to analyze.
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The solution is a procedure called PCR (polymerase chain
reaction), which is used to amplify (replicate) tiny amounts of
DNA into the larger amounts needed to analyze it by causing the
DNA to replicate exact copies of itself. The procedure involves
mixing the DNA sample with a solution that contains enzymes,
amino acids, and buffers and then exposing the mixture to

a series of precisely controlled temperatures for specific
durations. That series may require dozens to hundreds of
repetitions, which is where a PCR thermal cycler comes in.

A thermal cycler provides either a receptacle for a standard
96-well plate or a grid—usually 3x3, 4x4, or 5x5—that accepts
small microtubes. You place your DNA sample(s) in the well
plate or microtubes, turn on the thermal cycler, and wait for it
to complete however many cycles you've specified. When the
cycles complete, each well or tube contains much more DNA
than was originally present. That DNA can then be separated,
purified, and subjected to analysis.

Commercial PCR thermal cyclers are extremely expensive.
The least expensive model we found was the Edvotek model, at
about $1,800. Fortunately, the DIY bio hacking community has
come to the rescue. The OpenPCR initiative (http://openpcr.
org/) offers a complete kit for $512, with the hard parts pre-
assembled. We've so far avoided the need for PCR in our own
work, but one of these is definitely on our wish list.

PREPARED SLIDES

( )
If you're very patient, you can actually do thermal cycling
manually. All the equipment you'll need is some foam
cups, a way to heat water, a thermometer, and a clock
or watch with a second hand. You simply fill the cups
with water at the required temperatures (keeping the
temperatures at the necessary levels by adding hot water
as needed) and move the Eppie tubes from each cup to
the next after the required time has elapsed.

We actually did this once, just to be able to say we'd
done it. We ran through two dozen iterations before we
lost patience. Unfortunately, real-world PCR may require
hundreds of iterations, and we're not that patient.

& J

For some work, you'll need a freezer, but not just any freezer.
Ordinary home freezers operate at about -20 °C, whichisn’t
cold enough for some work. You can buy a -80 °C freezer from
alab supply vendor, but it'll cost a bundle. Fortunately, there's
a cheap and practical alternative for a home lab. Obtain a small
foam cooler and a supply of dry ice from the supermarket or an
ice cream store. Place your specimens and some dry ice in the
cooler, with the lid fitted loosely on top to allow gas to escape.
Place the cooler in the regular freezer. The dry ice will keep the
contents of the cooler at -80 °C for anything up to a week, and
the dryice can be replaced as necessary.

Finally, you'll need various supplies, including agarose for gels,
loading and running buffers, enzymes, and so on. The supplies
you need depend on what exactly you're doing. Get a catalog
from Edvotek and visit the website of Carolina Biological Supply
(www.carolina.com).

Many of the lab sessions call for prepared slides, which you can make yourself or purchase
individually or in sets. Cynmar (www.cynmar.com) and eNasco (www.enasco.com) carry a wide
range of sets and individual slides at good prices. Carolina Biological Supply offers many slides
that are not available from Cynmar or eNasco, but has generally higher prices. Home Science
Tools offers a reasonable selection of slide sets and individual slides at prices that are generally

between those of Cynmar/eNasco and CBS.

Before you purchase slides, check with your local home school
group or co-op. Some have prepared slides available for
members to borrow or rent inexpensively, and other members
may have unneeded slide sets from prior years that they're
willing to sell. Even if those slide sets don't include all of the
slides you need and include some you don't need, you can use

those sets as a starting point and add other individual slides as
needed. And, of course, when you are finished using the slides
you can sell them on to someone else in the group.

To decide which slides you need to buy, whether in sets or
individually, we recommend scanning through the book to
determine first which lab sessions you intend to do and which
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slides you want to have available for them. Then decide which
slides you can prepare yourself and which would be better to
purchase. For example, you probably don't want to purchase
a prepared slide of squamous epithelial cells, because you can
make your own in about 15 seconds by scraping the inside of
your cheek with a toothpick, transferring the cells to a slide,
and adding a drop of methylene blue stain. Similarly, it's easy
to prepare your own slides of whole-mounted creatures from
pond water, plant stems and leaves, and so on. Conversely,

if the specimen itself is difficult to obtain (or hazardous) or if
it requires complex histological preparation, sectioning, and
staining, most people will understandably prefer to buy the
prepared slide.

If you do intend to prepare some or all of your own slides, take
scheduling into account, both in terms of availability of the
specimens (which may vary by season) and in terms of the time
and resources needed to prepare the slides. Rather than devote
precious lab time to preparing slides, other than simple wet
mounts of whole specimens, it's often best to prepare slides
the day or the week before you need them for a session. Water-
based wet mounts dry out quickly, but if you substitute glycerol

SPECIMENS

as the mounting fluid, the slide should remain usable for at least
a week and possibly much longer. You can, of course, make
permanent mounts using Permount or a similar commercial
mounting fluid, or even colorless nail polish.

As an alternative to spending a lot of money on prepared
slides, the customized kit for this book, available from The
Home Scientist, LLC (www.thehomescientist.com/biology.
html), includes a disc that contains high-resolution color
images of most of the microscopy images used in this book.
You can view these on your computer and see more detail

than in the printed images. We'll admit it up front: we're not
expert photomicrographers and our work will probably never
be published by Nature, but these images are a reasonably
good substitute for using prepared slides. Not perfect, by any
means, because no image can show you everything you can
see while viewing an actual slide through an actual microscope,
where you're able to move the specimen around, change
magnifications to zoom in or zoom out on particular parts of
the specimen, and so on. Finally, most specimens have depth,
which means it's impossible to focus critically on all parts of the
specimen at one time, particularly at higher magnifications.

Many of the lab sessions require live or preserved specimens or live microorganism cultures.
Many of these specimens, such as a human hair or pond water or tree leaves, are easy to obtain
locally at little or no cost. Some, such as bacteria cultures, must be ordered from a science
supplies vendor if you intend to complete those lab sessions. Wherever possible, we point out

free alternatives to purchased specimens.

Here are the sources we recommend for specimens:

Carolina Biological Supply
CBS offers a huge variety of live and preserved specimens
and live cultures, many of which are available to individuals
and homeschoolers. (Sales of some potentially hazardous
organisms are restricted to high schools or universities.)
Their prices and shipping charges tend to be on the
high side, but their quality is excellent. If you can’t find
something anywhere else, chances are good that CBS
offers it. 800-334-5551 or www.carolina.com.

eNasco
eNasco is generally homeschool-friendly, and offers a
wide selection of specimens. Some items are sold only to
schools and businesses, although that's easy enough to
get around. Although its selection is not as large as CBS's,
eNasco generally has somewhat lower prices and their
quality is generally excellent. eNasco is the first place we

look for specimens. 800-558-9595 or www.enasco.com.
eNasco also has an excellent FAQ on live materials at www.
enasco.com/science/page/livematerialFAQ.
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DISSECTION SPECIMENS

We don't do any dissections in this book because we
think there are better ways to spend precious lab time.
If you want to make dissections part of your curriculum,
you can purchase kits from Carolina Biological Supply,
Cynmar, eNasco, and other vendors that include various
specimens, dissecting instruments, and illustrated
instructions.

As an alternative to doing actual dissections, you

can purchase high-resolution color charts that cover
dissecting various types of specimens from BioCam
Charts (www.biocam.com). Many schools now use these
charts exclusively, and not just to save money. Using
these charts avoids the “yuck factor” that has killed a lot
of students’interest in biology. No surprise, if one’s first
experience with biology is cutting up something dead,
smelly, squishy, and generally disgusting. They don't call it
gross anatomy for nothing.
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Laboratory Safety

Here are the laboratory safety rules we recommend:

PREPARE PROPERLY

This is a short chapter, but a very important one. Many of the procedures described in
this book use chemicals, such as strong acids and bases, that are dangerous if handled
improperly. Some procedures use open flame or other heat sources, and many use
glassware.

Doing biology lab work at home has its dangers, but then so does driving a car. And, just
as you must remain constantly alert while driving, you must remain constantly alert while
doing lab work at home.

It's important to keep things in perspective. Every year, millions of students do biology

labs. There are, of course, occasional small injuries, such as minor cuts and burns. More
serious injuries are extraordinarily rare and occur almost exclusively when students fail to
take basic precautions, such as wearing gloves and goggles when working with hazardous
chemicals. For students who do take these precautions, the likelihood of suffering a serious
injury is probably about the same as being struck by lightning.

The primary goal of laboratory safety rules is to prevent injuries. Knowing and following the
rules minimizes the likelihood of accidents, and helps ensure that any accidents that do
occur will be minor ones.

Think about how to respond to accidents before they
happen. Have a fire extinguisher and first-aid kit readily

+ Alllaboratory activities must be supervised by a available and a telephone nearby in case you need

+ Familiarize yourself with safety procedures and equipment.

responsible adult.

Direct adult supervision is mandatory for all of the activities
in this book. This adult must review each activity before

it is started, understand the potential dangers of that
activity and the steps required to minimize or eliminate
those dangers, and be present during the activity from
start to finish. Although the adult is ultimately responsible
for safety, students must also understand the potential
dangers and the procedures that should be used to
minimize risk.

to summon assistance. Know and practice first-aid
procedures, particularly those required to deal with burns
and cuts. If you have a cell phone, keep it handy while you
work.

One of the most important safety items in ahome lab is
the cold water faucet. If you burn yourself, immediately
(seconds count) flood the burned area with cold tap water
for several minutes to minimize the damage done by the
burn. If you spill a chemical on yourself, immediately rinse
the chemical off with cold tap water, and keep rinsing
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for several minutes. If you get any chemical in your eyes,
immediately turn the cold tap on full and flood your eyes
until help arrives.

~
WARNING

Everyone rightly treats strong acids with great respect, but
many students handle strong bases casually. That's a very
dangerous practice. Strong bases, such as solutions of
sodium hydroxide, can blind you in literally seconds. Treat
every chemical as potentially hazardous, and always wear
splash goggles.

J

Keep a large container of baking soda on hand to deal with
acid spills, and a large container of vinegar to deal with
base spills.

Always read the MSDS for every chemical you will use in a
laboratory session.

The MSDS (Material Safety Data Sheet) is a concise
document that lists the specific characteristics and
hazards of a chemical. Always read the MSDS for every
chemical that is to be used in a lab session. If an MSDS
was not supplied with the chemical, locate one on the
Internet. For example, before you use toluidine blue stain
in a procedure, do a Google search using the search terms
“toluidine blue” and MSDS.

Organize your work area.

Keep your work area clean and uncluttered—before,
during, and after laboratory sessions. Every laboratory
session should begin and end with your glassware,
chemicals, and laboratory equipment clean and stored
properly.

DRESS PROPERLY

+ Wear approved eye protection at all times.

Everyone present in the lab must at all times wear splash
goggles that comply with the ANSI Z87.1 standard.
Standard eyeglasses or shop goggles do not provide
adequate protection, because they are not designed to
prevent splashed liquids from getting into your eyes.
Eyeglasses may be worn under the goggles, but contact
lenses are not permitted in the lab. (Corrosive chemicals
can be trapped between a contact lens and your eye,
making it difficult to flush the corrosive chemical away.)

Wear protective gloves and clothing.

Never allow laboratory chemicals to contact your bare
skin. When you handle chemicals, particularly corrosive
or toxic chemicals or those that can be absorbed through
the skin, wear gloves of latex, nitrile, vinyl, or another
chemical-resistant material. Wear long pants, a long-sleeve
shirt, and leather shoes or boots that fully cover your feet
(NO sandals). Avoid loose sleeves. To protect yourself
and your clothing, wear a lab coat or a lab apron made

of vinyl or another resistant material. Wear a disposable
respirator mask when you handle chemicals that are toxic
by inhalation or potentially pathogenic microorganisms.

AVOID LABORATORY HAZARDS

Avoid chemical hazards.

Never taste any laboratory chemical or sniff it directly.
(Use your hand to waft the odor toward your nose.) When
you heat a test tube or flask, make sure the mouth points
in a safe direction, in case the liquid suddenly boils and

is ejected forcefully from the container. If you heat a

liquid in @ microwave oven, be extremely cautious. The
liquid may become superheated (hotter than the boiling
temperature, but not yet boiling) and any disturbance may
cause the liquid to suddenly boil violently. Never carry
open containers of chemicals or biologicals around the
lab. Always dilute strong acids and bases by adding the
concentrated solution or solid chemical to water slowly
and with stirring. Doing the converse can cause the liquid
to boil violently and be ejected from the container. Use the
smallest quantities of chemicals that will accomplish your
goal.
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+ Avoid biological hazards.

Always remember that all lifeforms have defenses, and take
steps to protect yourself from those defenses. Always wear
at least exam gloves when handling live specimens of any
species, and wear heavier protective gloves if you handle

a specimen that bites, stings, or is otherwise dangerous

to handle. Also wear goggles if the specimen presents any
danger, however slight, to your eyes.

When you culture microorganisms—bacteria, protists,

or fungi—always assume that the microorganisms are
lethal to humans (even if you “know” they are not) and act
accordingly. Learn aseptic procedures, and follow them
rigorously. Wear gloves and goggles at all times, and if you
have even the slightest doubt whether the microorganism
is pathogenic, wear an N10O particulate mask. Do not
culture unknown microorganisms unless you have the
proper equipment and are absolutely certain that you know
how to do so safely. (Even then, doing so is dangerous, as
many experienced biologists have learned the hard way.)

When you finish using a culture, sterilize it either by
autoclaving the culture container and all tools that
have come into contact with live microorganisms or by
immersing them in a chlorine bleach bath overnight.
Disinfect your work area before and after using live
microorganisms by spraying it thoroughly with a strong
solution of Lysol or a similar disinfectant.

Avoid fire hazards.

Never handle flammable liquids or gases in an area where
an open flame or sparks might ignite them. Extinguish
burners as soon as you finish using them. Do not refuel a
burner until it has cooled completely. If you have long hair,
tie it back or tuck it up under a cap, particularly if you are
working near an open flame.

Avoid glassware hazards.

Assume all glassware is hot until you are certain otherwise.
Examine all glassware before you use it, and particularly
before you heat it. Discard any glassware that is cracked,
chipped, or otherwise damaged.

DON’'T DO STUPID THINGS

Never eat, drink, or smoke in the laboratory.

All laboratory chemicals should be considered toxic by
ingestion, and the best way to avoid ingesting chemicals is
to keep your mouth closed. Eating or drinking (even water)
in the lab is very risky behavior. A moment’s inattention can
have tragic results. Smoking violates two major lab safety
rules: putting anything in your mouth is a major no-no, as is
carrying an open flame around the lab.

Never work alone in the laboratory.

No one, adult or student, should ever work alone in the
laboratory. Even if the experimenter is adult, there must at
least be another adult within earshot who is able to respond
quickly in an emergency.

No horsing around.

Alabisn't the place for practical jokes or acting out, nor for
that matter for catching up on gossip or talking about last
night’s football game. When you're in the lab, you should
have your mind on lab work, period.

Never combine chemicals arbitrarily.

Combining chemicals arbitrarily is among the most
frequent causes of serious accidents in home labs. Some
people seem compelled to mix chemicals more or less
randomly, just to see what happens. Sometimes they get
more than they bargained for.

Laboratory safety is mainly a matter of common sense. Think

about what you're about to do before you do it. Work carefully.

Deal with minor problems before they become major problems.
Keep safety constantly in mind, and chances are any problems

you have will be very minor ones.
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Using a Microscope Lab I'

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT MATERIALS YOU PROVIDE
+ Goggles + Gloves
- Forceps - Lamp or book light
* Ruler (millimeter scale) * Microscope and illuminator
+ Scissors

« Slide, prepared (bacteria or diatoms)
« Specimen: notebook or copy paper

» Specimen: snippet from cover of this book

BACKGROUND

Biology as a modern science would not exist without the microscope, just as modern astronomy
would not exist without the telescope. Both perform the same function: making the invisible
visible. Without microscopes, biologists would be literally blind to the vast majority of the world
around them.

When we took our first high-school biology courses more than That wasn't because surveys and dissections were the best

40 years ago, they focused on survey segments—such as way to learn biology. It was a matter of necessity. Microscopes
examining different types of plants for gross similarities and were very expensive, and most school budgets were too small
differences—and dissections of frogs and other unfortunate to provide enough of them. Many biology classrooms had
specimens. We were lucky to get in a few minutes a week using only one microscope. Or none. Nowadays, although excellent

a microscope. inexpensive microscopes are available, most schools still come
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up far short, requiring each microscope be shared by two, three,

or even four students. That's no way to learn biology. Every
student needs his or her own microscope.

It's not that a student will be using the microscope every
moment of every day, but that the microscope needs to be
available on the spur of the moment. Every time you encounter
something new to you, your first thought should be, “l wonder
what this looks like under the microscope.” And your first action
should be to get it under the microscope to find out.

If at all possible, you should dedicate a work area to microscopy,
where the microscope and its accessories are safe from

lab spills and always ready to use at a moment's notice.

For example, although our main lab is downstairs, Robert's
microscope station, shown in Figure I-1-1, is a large desk next

to his (even larger) main office desk. (Yes, this is an actual un-
retouched image of a real working microscope bench. We didn't
clean up or move anything before we shot this image, other than
removing the cover from the microscope.) Switching from using
the computer to using the microscope takes literally seconds,
which means there’s never an excuse not to check something
out under the microscope.

Different models of compound microscopes are more similar
than different, but some differences do exist from model to
model. The two most obvious visible differences you're likely
to encounter are the presence or absence of an inclination
joint, which allows the microscope to be tilted, and whether the
microscope focuses by moving the stage or the body tube.

Whatever the particular configuration of your microscope,
it'simportant that you be able to identify each feature and
understand how it is used properly. With practice, operating
your microscope should become second nature. For example,
you shouldn’t have to think about which direction to rotate the
focus knob to open or close focus or which direction to turn the
mechanical stage control to move a specimen to the rightin
your field of view.

In addition to learning to use the microscope itself, you also
need to learn some basic microscopy techniques, including
basic slide making, making whole mounts, smear mounts, and

sectional mounts, determining the dimensions of specimens,
simple staining, and differential staining. There's always more
to learn, but mastering these fundamentals provides a firm
foundation.

The only way to master your microscope and basic microscopy
techniques is with practice and more practice. So, let's get
started.

Figure I-1-1: Robert’s microscopy workstation
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PROCEDURE I-1-1: A MICROSCOPE TOUR

To begin, place your microscope on a flat, stable surface. Remove the dustcover, and plug in the
power cord, if applicable. Refer to the diagram in your microscope manual that identifies the key
parts of your microscope and then locate and identify those components on your microscope.

s
OPENING AND CLOSING FOCUS

To avoid confusion, we use the terms open focus and
close focus rather than the more common “focus up” or
“focus down" throughout this book. Open focus means
to increase the separation between the stage and the
objective lens; close focus means to decrease that
distance.

The potential for confusion arises because different
microscopes use different means of focusing. Some keep
the objective lens fixed and raise or lower the stage to
focus; others keep the stage fixed and raise or lower the
objective lens. With the first type, lowering the stage opens
focus; with the second type, lowering the objective lens
closes focus.

-

~

CONTROLLING AND FOCUSING THE LIGHT

1. Observing from the side of the microscope, use the coarse-

focus knob to open focus on your microscope until the
stage and objective lenses are as far apart as possible.

2. Turnon the illuminator and adjust it to maximum
brightness.

3. Place a piece of thin paper (such as copy paper) on the
stage, positioned to cover the hole in the stage. Secure
the paper flat against the stage using the stage clips or
mechanical stage. A bright illuminated circle should be
visible through the paper, as shown in Figure I-1-2.

Figure I-1-2: Paper positioned on the microscope stage

4. If your substage condenser is focusable, rack the focus up

and down and note the effect on the size and sharpness of
the illuminated circle on the paper.

. Locate the diaphragm control. If your microscope has an

iris diaphragm, this control is probably a lever or knob.
Adjust that control to open the diaphragm to maximum.

If your microscope has a disk diaphragm, rotate the disk

to place the largest opening in position over the substage
condenser lens. Close the diaphragm gradually (or rotate
each smaller disk opening into position) and note the effect
on the size and brightness of the illuminated circle. When
you finish, open the diaphragm again to its widest setting.

. Use the rheostat (dimmer switch) to decrease the

illuminator brightness to minimum and then back up to
maximum. Note the range of brightnesses available.

Particularly when you are viewing unstained specimens,
get in the habit of varying the brightness as you examine
the specimen. Detail that's visible with relatively dim
illumination may be invisible with very bright illumination,
and vice versa.
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FOCUSING THE MICROSCOPE

1. Observing from the side, rotate the turret (nosepiece) until
the low-power (4X) objective is in position. Note that this
objective is the shortest of the objectives in the turret. The
10X objective is longer, the 40X objective longer still, and
the 100X objective longest of all.

2. Gently turn the coarse-focus knob to close focus until you
reach the focus stop, at which point you can no longer
close focus. Note that there is still a significant amount of
separation (called working distance) between the bottom of
the 4X objective lens and the top of the stage.

3. Looking through the eyepiece, use the coarse-focus knob
to open focus gradually until the first paper fibers come
into reasonably sharp focus. Note that only part of the fiber
you've focused onis in focus and that many of the fibers
are still completely out of focus, as shown in Figure I-1-3.
This occurs because the specimen you are examining is
three-dimensional (has depth). Even at low magnification,
the image has very shallow depth of focus, so you can focus
sharply on only small portions of it at a time.

Some microscopes cannot close focus far enough to bring
a sheet of paper into focus unless you place the paper on
top of a standard microscope slide.

Figure I-1-3: Paper fibers showing depth of focus

4. Use the fine-focus knob to tweak the focus on the fibers.
Note that as one part of the field of view comes into sharp
focus, other parts go out of focus. This phenomenon
occurs unless the specimen is effectively planar (two-
dimensional), with all of it falling within the depth of
focus. Because depth of focus decreases with increasing
magnification, a specimen that appears planar at 40X may
show depth at higher magnifications.

DETERMINING FIELD OF VIEW AND MEASURING
SPECIMENS

The field of view specifies how much of a specimen is visible

in the eyepiece. Field of view and magnification are inversely
related: the higher the magnification the narrower the field of
view, and vice-versa. For example, at 400X the field of view is
one tenth as wide as at 40X. For optical microscopes, field of
view is usually specified in millimeters for low magnification
objectives and in micrometers (um, or one one-thousandth of a
millimeter) for higher magnifications.

4 N\
OPEN WIDE

A wide field of view makes it much easier to locate objects,
which can then be centered in the field and examined
at higher magnification. For that reason, the low-
magnification objective is sometimes called the scanning
objective.

g J

Knowing the true field of view at each magnification allows you
to make quick estimates of the actual size of objects in the field.
For example, if you know that the true field of view is 400 um
(0.4 mm) wide and the length of a paramecium occupies half
that field, you know that paramecium is about 200 um (0.2 mm)
long.

1. Place a millimeter-scale ruler on the stage, with the edge
centered under the low-power objective.

4 )\
Thick or opaque objects are best viewed by reflected

rather than transmitted light. You can use a desk lamp

or other light source to illuminate such specimens from
above. We use a Mighty Bright book light for this purpose,

as shown in Figure I-1-4. Its goose neck makes it easy to
position the light for best viewing and its dual white LEDs
provide plenty of light.
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Figure I-1-4: Using a book light to illuminate an opaque specimen

2. Focus carefully on the edge of the ruler and then position
the ruler so that one index line is at the edge of the field of
view and the edge of the ruler bisects the field. Count the
number of divisions visible in the field to determine the true
field of view in millimeters. (At 40X you'll probably be able
to see about five markings, indicating the field of view is
about5mm.)

3. Carefully rotate the medium-power objective into place
and refocus on the edge of the ruler. At 100X magnification,
your true field should be about 2 mm.

4. Carefully rotate the high-and-dry objective into place and
refocus on the edge of the ruler. At 400X, your true field
should be about 0.5 mm, with only one index line visible.

Note that the 10X objective barrel is longer than the 4X
objective barrel, and the 40X objective barrel is longer still.
As you rotate higher-power objectives into position, the
decrease in working distance is obvious when viewed from
the side.

Note further that you can always safely rotate a higher-
power objective into position if the lower-power objective is
already focused. The reason you should always start with
the lowest-power objective is that the focus stop on the
microscope prevents it from coming into contact with the
slide, which is not true of the higher-power objectives. If
focus is closed too far on a lower-power objective, rotating
the next higher-power objective into position may crash

it into the coverslip, damaging the slide or (worse) the
objective lens itself.

If you have an ocular micrometer, also called a graduated
eyepiece reticle, you can use it to determine the size of objects
with high accuracy. For example, if your reticle is divided into
100 units and you know that those 100 units cover a 400 um
field of view, each reticle unit represents 4 um. If a paramecium
is 46 units long and 11.5 units wide, you can calculate its actual
size as 184 x 46 um.

The obvious problem is that the actual distance spanned by
each reticle unit varies with the magnification you're using.
Using a millimeter ruler gave us a crude idea of field width, but
to calibrate an eyepiece reticle accurately, we need a ruler with
much finer graduations. We need something that provides a
regular, accurately spaced array of microscopic marks at a
known separation. You're holding the solution right now.

Four-color printing, as used to produce the cover of this book,
is done by using a screen to put tiny dots of ink on the page.
“Four-color” refers to the CMYK inks (Cyan, Magenta, Yellow,
and blacK) used to produce full-color images. These dots of
ink are not placed randomly within the image. Instead, they're
printed on a precise grid, shown in Figure |-1-5. The separation
between the dots of that grid is known precisely. That's all we
need to calibrate our ocular micrometer. We'll lead you through
the process so that you can calibrate your own.

In the dot pattern shown in Figure I-1-5, we'd use the black dots
for calibrating because they're much smaller and more sharply
defined than the cyan, magenta, and yellow dots.

Figure I-1-5: A CYMK screen pattern at 40X, shot with the book
light
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To calibrate your eyepiece reticle, take the following steps:

1. Obtain a screen-printed specimen of known resolution.
One obvious source is the cover of this book, which is
printed at 300 dpi.

2. Position the specimen under the 4X objective. Use a desk
lamp or similar light source to light the specimen from
above.

3. Use the mechanical stage to put the center of one dot on
the center of the zero mark on the eyepiece reticle. You
can use any color dot. The spacing is the same, so choose
whichever color has the smallest, sharpest dots. In Figure
1-4, the small black dots (which are actually the black ink)
are the clear choice.

4. Orient the eyepiece reticle so that a row of the same color
dots aligns with the reticle scale. (Not all eyepiece reticles
rotate with the eyepiece; if yours does not, you'll have to
realign the specimen on the stage until a row of dots is lined
up with the reticle scale.)

5. Look for a dot near one end of the reticle scale, and count
the dots between the initial dot and the furthest dot visible
near the other end of the scale. Record the number of dots
and the number of scale units between them.

6. Based on the known resolution of the screen used to
produce the image, the number of dots you counted, and
the number of scale units between the first dot and the last,
calculate the number of um represented by each reticle
unit.

We did the calculations for our microscope, reticle, and
specimen as follows:

» At 40X, 14 dots, center to center, occupied exactly the full
length of the reticle scale, 100 units.

« The screen resolution of our print sample was 300 dpi
(dots perinch), so those 14 dots represent (14/300) =
0.0467".

+ Converting to um, we multiplied (0.0467" * 25.4 mm/inch
*1000 wum/mm) = 1185 um.

+ Since 1185 um covers 100 reticle scale units, one unit
equals (1185 um / 100 units) = 11.85 um/unit at 40X.

We repeated the calibration at 100X, as follows:

« At 100X, five dots, center to center, occupied 89 reticle
scale units. (The sixth dot was within the field of view, but
off the end of the scale.)

« Again, the screen resolution of our print sample was 300
dpi (dots perinch), so those five dots represent (5/300) =
0.0167".

+ Converting to um, we multiplied (0.0167" * 25.4 mm/inch *
1000 um/mm) =423.3 um.

« Since 423.3 um covers 89 reticle scale units, one unit
equals (423.3 um / 89 units) = 4.757 um/unit at 100X.

As a sanity check, we multiplied the result at 100X by 2.5 to see
how well it corresponded to the calibration at 40X. That gave us
(4.757 * 2.5) = 11.89 um/unit, very close to the 11.85 um/unit
we calculated at 40X. It's a mistake to expect extreme accuracy
from this procedure, so we simply remember that one scale unit
corresponds to about 12 um at 40X, 4.8 um at 100X, and 1.2 um
at 400X. That's good enough for any work we'll do in these lab
sessions.

The calibration values you determine will likely differ from ours
because your equipment is probably different from ours. But
once you obtain good values at 40X and 100X, write them down
where you won't lose them. You'll use them frequently.

POSITIONING AND OBSERVING A SLIDE

1. Turnontheilluminator, open the diaphragm to its widest
setting, and rotate the turret to place the 4X objective in
position.

2. Position a prepared slide—ideally one of bacteria or
diatoms—on the stage, and secure it with the stage clips or
the mechanical stage. Make sure the specimen is centered
over the hole in the stage.

If you do not have a prepared slide, you can use a slide you
make yourself following the instructions in the next lab
session.
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3. Focus critically on the specimen. Adjust the diaphragm
setting and illumination brightness and observe the
differences visible in the specimen. For example, high
brightness may reveal maximum detail in the cell wall
but make other internal structures invisible, while lower

brightness may do the converse. Note that the setting that
produces maximum contrast may not reveal the maximum

amount of detail, and vice versa.

4. Move the slide slightly right and left and up and down and

observe the motion through the eyepiece. Does the object

you're observing move in the expected direction or the
opposite direction?

5. Carefully rotate the 10X objective into position and then
look through the eyepiece. If your microscope is parfocal
(as it should be) then the specimen should already be

focused, or nearly so. If necessary, use the fine focus knob

to focus critically. Repeat step 3 to observe the differences
in the image at different diaphragm and brightness
settings.

6. Repeat step 5 using the 40X (high-and-dry) objective.
Make sure that the specimen is centered in the field of view
before proceeding to the next step.

7. Rotate the nosepiece (turret) until it is halfway between
the 40X and 100X (oil-immersion) objective. Put one drop
of immersion oil on the coverslip. Watching from the side,
carefully rotate the 100X objective into position, making
sure that it does not contact the coverslip and is immersed
in the oil drop.

8. Adjust the diaphragm and illuminator brightness to
reveal maximum detail in the specimen. Record your
observations in your lab notebook.

( )
Richard H. Kessin comments: What will happen here is that The downside to that is that the resolution is lower without
they will rotate the turret the wrong way and the oil will get on  the oil. The upside is that using oil (and cleaning up afterward)
the 40X objective, making it useless. Either forget oil, which is time consuming. If you do use immersion oil, when you are
most people do not need, even pathologists, or explain the finished using it, clean off the oil immediately using a lens
problem and how to clean off the oil. tissue and the solvent recommended by your microscope
RBT responds: Dr. Kessin is absolutely right, and we confess manufacturer.
that we frequently use our oil-immersion objective without oil.

N\ J

BUILD A DARKFIELD APPARATUS FROM POCKET CHANGE

So far in this lab session, we've used only bright field illumination, which is all most students and
science enthusiasts ever use. Darkfield illumination reveals structural details that are invisible
with bright field illumination, and is worth exploring. Fortunately, it's quick and cheap to set up
nearly any compound microscope to use basic darkfield illumination, at least at low to medium

magnification.

Research-grade (very expensive) microscopes include
special darkfield condensers and objectives with lower than
standard numerical apertures to optimize darkfield image
quality. Although they are not equipped with special darkfield
condensers or objectives, some student-grade microscopes

include the hardware needed to use basic darkfield illumination,
or offer it as an inexpensive option. You can also buy a darkfield

assembly for $50 or so that can be used with many standard

microscopes, but there's really no need for it. You can build your

own darkfield apparatus in less than a second for pocket change
(literally), and get results about as good as you'd get from the
$50 apparatus. Figure I-1-6 shows you how to do it.

Yep, it's that easy. Just place a coin in the center of the ground-
glass illuminator diffuser disk. (You might want to use a piece of
clear plastic or tissue paper to prevent the coin from scratching
the disk.) You can experiment with different size coins to find the
best size for your own setup.
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Once you've positioned the coin, place a piece of thin paper

on the stage. Turn on the illuminator and adjust the condenser
focus and diaphragm opening to produce an annular (doughnut-
shaped) light spot. Reposition the coin as necessary to center
the dark spot in the bright ring. Replace the paper with a slide
you want to observe—ideally an unstained thin section or
unstained microorganisms—and get your first look at darkfield
illumination.

Figure I-1-6: Assembled dark field apparatus

With many microscopes, the coin method works pretty well
with the 4X or 10X objective, but if you want to use darkfield
illumination with your 40X objective you'll need to do a bit

more work and spend a few more cents. With a 40X objective,
the mask must be be smaller than a coin and closer to the
diaphragm and the bottom of the condenser. The filter holder is
the obvious location.

You'll need a piece of glass or thin transparent plastic that fits
into or on top of your substage filter holder. You can use an
ordinary glass slide, if it fits between the top of the filter holder
and the bottom of the diaphragm assembly, or a piece of stiff,
transparent plastic. (We used a plastic microscope slide, which
for adults is about all plastic microscope slides are good for.)

You'll also need an opaque, round mask. How big? We can't
say, other than that it must be smaller in diameter than the
maximum opening of your microscope's diaphragm—probably
much smaller. Ideally, when it's focused you want the dark

central partinside the bright ring to be just slightly larger than
the field of view of your 40X objective, which is probably about
0.5 mm. The size of the mask needed to produce a dark area
that size at the focal plane depends on the physical and optical
characteristics of your condenser and diaphragm.

We suggest you start by placing the slide you used for testing
with the 4X and 10X objectives in the stage. Rotate the 40X
objective into position, focus on the bright field image, and
adjust the diaphragm opening and condenser focus to provide
the best image quality. Once that's done, you can start testing
to determine the proper mask size.

We started with a mask about 6 mm (a quarter inch) in
diameter. We used a small sticky label dot, but you can also use
a three-hole punch to punch out circles from heavy paper or
thin cardboard. Our sticky label was white paper, so we used

a black Sharpie marker to color it in. Stick the mask to the
plastic or glass slide and position it in the filter holder. Open the
diaphragm to its widest setting. Move the mask around until the
dark central portion appears in the field of view and then close
the diaphragm to cut off all but a thin annulus around the mask.
If the dark spot doesn't cover the entire field of view, you'll need
alarger mask. If the dark central spot is much larger than the
field of view, you'll need a smaller mask. Ideally, you want the
mask to produce a dark central spot that's just slightly larger
than the field of view.

Of course, producing a reasonably circular mask of a particular
diameter can be difficult. We tried using a black permanent
marker to produce tiny black circles, but those circles were
neither perfectly round nor completely opaque. Thinking
about it, we decided to try using small drops of opaque paint
applied with a toothpick, which worked perfectly after a bit

of experimentation to produce opaque circles of any size we
wanted.

The first thing you'll notice using darkfield illumination at high
magnification is that the image is very dim. That's unavoidable,
because the only light on the specimen is coming from the
periphery. You can improve matters somewhat by removing the
ground glass illuminator diffuser disk.

Once you have a mask of the proper size, keep it stored safely
so that you don’t need to reinvent the mask each time you want
to use darkfield illumination at 400X. Unfortunately, it's not
possible to build a field-expedient darkfield apparatus for use
with the 100X oil-immersion objective. Or, if it is, we can't figure
out how todoit.
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REVIEW QUESTIONS

Q1: What relationship does physical movement of a slide have to apparent movement while viewing the slide through the
microscope?

Q2: Describe the proper procedure for focusing a microscope. Why is it important to use this procedure?

Q3: What is the relationship between magnification and field of view?

Q4: Your microscope provides magnifications of 40X, 100X, and 400X. Do you need immersion oil? Why or why not?
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Mounting Specimens Lab I'2

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT MATERIALS YOU PROVIDE
» Goggles + Gloves
+ Coverslips » Butane lighter (or other flame source)
» Forceps « Carrot (raw)
+ Glycerol + Microscope and illuminator
+ Pipettes » Microtome (purchased or homemade)
» Scalpel « Petroleum jelly
« Slide (well) « Specimen: carrot
+ Slides (flat) « Specimen: human hair
» Stain, methylene blue « Specimen: pond water
» Stirring rod (optional) » Toothpicks

« Vegetable oil (olive or similar)

+ Water, distilled
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BACKGROUND

You must mount a specimen before you can observe it with your microscope. Mounting consists
of preparing the specimen (if necessary), placing it on a microscope slide, adding a drop of water
or another mounting medium, and covering the specimen and medium with a coverslip. In this
lab session, we'll prepare and observe several types of slide mounts.

PROCEDURE I-2-1: MAKING WET MOUNTS

A wet mount is the simplest and quickest way to prepare a specimen for observation. To make a
wet mount, simply position the specimen in the center of a slide, place a drop of water or other
mountant on the specimen, and lower a coverslip into place, making sure to avoid bubbles.

The advantage of a wet mount is that it takes about 15 seconds 2. Use forceps to position the specimen in the center of a
to make one. The disadvantage is that the mount is only microscope slide. Add a drop of water, carefully position
temporary because the mounting fluid will evaporate. In fact, a coverslip at a 45° angle to the slide, and then lower the
using hot quartz-halogen illumination, water may evaporate coverslip into place. If there are any bubbles under the
after only a minute or two. coverslip, use the tip of the forceps to force them out from
under the coverslip.
( )
To avoid the problem of wet mounts drying out, you can 3. Place the slide under the stage clips or in the mechanical
make a permanent mount by substituting a permanent stage, and center the specimen under the 4X objective.
mounting fluid for the water or other temporary mounting Adjust the illumination level and diaphragm to obtain the
fluid. You can purchase permanent mounting fluids— maximum contrast. Readjust them, if necessary to obtain
Permount is one popular brand—from science supply maximum image detail. Note the amount of detail visible in
vendors, or you can simply use a drop of colorless the main body of the hair versus the boundaries.
nail polish. We've used Sally Hansen Hard as Nails
successfully. It dries more slowly than Permount, but it 4. Repeat step 3 to view the hair at 100X and 400X, noting
does eventually dry to produce a good-quality permanent any additional detail that's visible at higher magnifications.
mount. Record your observations in your lab notebook. Shoot

—
-

an image or make a sketch, as shown in Figure I-2-1, to
illustrate the major structural elements visible in the hair. If
you have an eyepiece reticle, use it to estimate the width of

MOUNTING A HAIR SPECIMEN the hair and the size of any structures visible.

1. Obtain a hair specimen. You can simply snip a bit of your Retain this slide for later comparison.
hair, but it's more interesting to examine a specimen that
includes the root. (It's also interesting to compare and
contrast the appearance of specimens from different
people of different ages and hair colors, from the head,
beard or mustache, trunk, limbs, pubic, axillary [armpit]
regions, from pets, and so on.)
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Figure I-2-1: Wet (water) mount of human facial hair, 40X

\’-ﬂﬁ_

Because you're mounting an entire macroscopic
specimen, this method is called a whole mount,
abbreviated wm. The alternative is to slice (section) the
specimen, which results in a sectional mount. The types
of sectional mounts are a cross-section mount (cs or xs),
a vertical-section mount (vs), a radial-section mount (rs),
a longitudinal-section mount (Is), and a tangential-section
mount (ts). Bacteria and other individual cells are usually
mounted with a smear mount (sm).

N\ J

COMPARING TEMPORARY MOUNTING FLUIDS

The refractive index of the mounting fluid you use can have

a major effect on the amount and type of detail visible in
aspecimen. The Rl of keratin, a protein that is the major
component of hair, is about 1.52, close to that of the glass used
in the microscope slide and coverslip, but far from the 1.33 Rl of
water.

If a colorless solid object isimmersed in a colorless liquid

with the same refractive index as the object, it disappears.
You can verify this with a glass stirring rod and some water
and vegetable oil. Fill a beaker or other container with water
and immerse the stirring rod. The rod remains clearly visible
because its Rl (about 1.5+) is quite different from the 1.33 Rl
of water. If you replace the water with vegetable oil (Rl about
1.5+) the rod becomes invisible in the liquid (or nearly so)
because the refractive indices of the liquid and solid object are
so similar. If they're identical, the object disappears completely.
That's why it can be nearly impossible to see bacteria or other
microorganisms in water unless they are stained.

1. Make a wet mount of a hair specimen, but this time use
glycerol (or vegetable oil) as the mounting fluid.

2. Place the slide under the stage clips or in the mechanical
stage, and center the specimen under the 4X objective.
Center the specimen in the field of view and then rotate the
40X objective into place. Focus carefully on the specimen,
and then adjust the illumination level and diaphragm to
obtain the maximum contrast. Readjust them, if necessary
to obtain maximum image detail. Note the amount of detail
visible in the main body of the hair versus the boundaries.

3. Switch to the slide you made previously, and compare
the amount and type of detail visible using water as the
mounting fluid versus using glycerol or vegetable oil.
Record your observations and conclusions in your lab
notebook. Figure I-2-2 shows human facial hair mounted in
glycerol.

Figure 1-2-2: Wet (glycerol) mount of human facial hair, 40X

[

Consider the implications of the mounting fluid you use. In
the first instance, you used water, by far the most common
mounting fluid used for wet mounts. In the second instance,
you used glycerol or vegetable oil, whose Rl is close to that of
Permount and other permanent mounting fluids. The amount
and type of detail differed noticeably between the two fluids.
That's why experienced microscopists generally keep a
selection of different mounting fluids readily available.
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PROCEDURE 1-2-2: MAKING SMEAR MOUNTS

A smear mount is just what it sounds like. You place a solid or liquid specimen that contains
bacteria or other cells on a slide and then smear it to produce a thin layer. If the specimen is
liquid, use it as-is. If it's a solid specimen, mix a bit of it with a drop of water or another mounting
fluid before doing the smear.

4. Although you can now observe the specimen, itisinavery
fragile state because it has not adhered to the slide. Heat-

1. Transfer one drop of distilled water to the center of a slide.

2. Use atoothpick to gently scrape a specimen from your
teeth along the gum line. Immerse the end of the toothpick
in the water drop and stir to mix the solid material from the
toothpick with the water.

fix the slide by passing it several times, specimen side up,
through a butane lighter or alcohol lamp flame, as shown
in Figure |-2-4. The slide should remain in the flame for a
second or two on each pass.

3. Choose a smearing tool. Some people make smears with
glass stirring rod held flat against the surface of the slide.
Others use the edge of a second microscope slide or a
coverslip held at a 45° angle to the specimen slide and
spread the specimen into a thin layer about the size of your
coverslip, as shown in Figure |-2-3.

Figure |1-2-4: Heat-fixing a smear

Figure 1-2-3: Making a smear

The goal of heat-fixing is to gently evaporate any
remaining moisture and cause the specimen to stick to
the slide. If you don't heat the slide enough, the specimen
will not adhere; if you overheat the slide, the specimen will
char or burst.

5. Position the slide on the stage, without a coverslip, and
use the 4X objective to scan for an interesting area of the
smear. Center that area in the field of view, and rotate the
40X objective into position. Record your observations in
your lab notebook.
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PROCEDURE I-2-3: MAKING HANGING DROP MOUNTS

The hanging-drop method is used to observe living microorganisms, typically protozoa, in their
natural environment. The advantage to using the hanging-drop method is that you can observe
the organisms live and undamaged going about their business, moving around, feeding, and so
on. The disadvantage is that some of the little buggers are fast. (You can slow them down by
adding a drop of methyl cellulose or glycerol to the water.) Because they can move around in
three dimensions, it can be challenging to keep them in the field of view and in focus.

You can obtain a specimen to observe anywhere you find
standing or slowly moving water. Water from the edge of a
pond contains an amazing diversity of microlife—even in cold
weather—but if there's no convenient pond you can use water
from a puddle or a birdbath. In a pinch, you can even try water
from a flower vase.

1. Place a coverslip onaclean, flat surface. Use a toothpick
to spread a small amount of petroleum jelly along all four
edges of the coverslip. Use just enough to form a seal
between the coverslip and the slide.

2. Place one drop of the specimen in the center of the
coverslip, as shown in Figure |-2-5.

Figure 1-2-5: Transferring a drop of specimen to a prepared
coverslip

. Invert a well slide (well down). Center the well over the

coverslip and lower the slide onto the coverslip. Use just
enough pressure to make sure the coverslip seals to the
slide. (Don't press too hard, or excess petroleum jelly will
squoosh into the specimen area.)

. Invert the assembly to put the coverslip on top. Note that

the drop is now hanging from the coverslip, suspended in
the well.

. Place the slide on the stage, centering the edge of the drop

under the 4X objective.

. Adjust the diaphragm to its smallest setting and the

illuminator to the middle of its range.

. Focus on the edge of the drop, which should be visible as an

irregular line, and reposition the slide if necessary to place
the edge of the drop in the center of the field of view.

. Ifyou're fortunate, there may be a paramecium, amoeba,

or other protozoan in the field of view. If so, center it (as
best you can) in the field of view and switch to the 10X
objective to observe further details. Note that it is motile
(moves on its own) and may be difficult to keep focused as
it zooms around in the water drop.

. If there are no protists visible in the field of view, recenter

the field on the edge of the drop and rotate the 4X objective
into position. Scan the water drop to locate one or more
lifeforms, center the area of interest in the field of view,

and rotate the 10X objective into position to observe it
more closely. Continue scanning at low power to locate
additional lifeforms, and identify as many different ones as
you can find.
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PROCEDURE 1-2-4: MAKING SECTIONAL MOUNTS

Making a sectional mount allows you to view the internal structure of a specimen that is too thick,
large, or opaque to view in its entirety by transmitted light. The goal of sectioning is to produce a
very thin slice of the specimen, so thin that it is nearly transparent.

There may be one, two, or three sectional types possible,
depending on the nature of the specimen. For illustrative
purposes, assume that you are making sections of yourself.
Cutting through yourself horizontally (for example, at the
waist) produces a cross-section, also called an x-section, a
transverse section, or an axial section. Cutting through yourself
vertically, from head to foot, produces a longitudinal section, of
which there may be one or two types, depending on the type of
specimen.

+ Longitudinally asymmetric specimens, such as a person,
have left and right halves and front and back halves. A
sagittal section divides the specimen into left and right
halves, while a coronal section divides the specimen into
front and back halves.

« Longitudinally symmetric specimens, such as a carrot,
have no left, right, front, or back, so the longitudinal
sectioning angle is arbitrary and only one type of
longitudinal section is possible.

Symmetric specimens, such as a potato, can be sectioned
only one way, because they have no front, back, left, right,

top, or bottom. By convention, such sections are called simply
sections.

In this procedure, we'll make and mount cross sections and
longitudinal sections of a carrot.

1. Obtain araw carrot that is thin enough to fit the well of your
microtome.

4 \
If you don't have a microtome (purchased or homemade),
you can use a scalpel or single-edge razor blade to cut
carrot sections freehand, although it's difficult to get

the sections thin enough—so thin that they're almost
transparent. Keep trying until you have shaved off a usable
section. It needn’t be the full diameter of the carrot. Even
atiny piece is sufficient, as long as it's thin enough.

Use extreme care when using a scalpel or razor blade
to avoid cutting yourself.

2. Use the scalpel to cut the carrot crosswise, producing a
piece large enough to fill the well of the microtome and
extend above the cutting surface.

3. Place the carrot specimen in the microtome, oriented
to produce a cross-sectional cut, and use the scalpel,
oriented nearly parallel to the cutting surface, to trim the
surface of the specimen flush with the cutting surface of
the microtome.

4. Turnthe microtome micrometer screw a quarter turn or
so to raise the surface of the specimen slightly above the
cutting surface.

5. Again orient the scalpel almost parallel to the cutting
surface, and cut a thin cross-section of the carrot, as
shown in Figure |-2-6. (It may take you several tries to get
this right.)

Figure 1-2-6: Cutting a section on a microtome

6. Transfer the section from the scalpel blade to a microscope
slide. You may find it easier to flush the section onto the
slide using a drop or two of water from a pipette.

7. Repeat steps 4 through 6 to produce a second carrot
cross-section slide.
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8. Tothe first slide, add one drop of water and carefully lower 9. Observe both slides at low, medium, and high

a coverslip into place, making sure there are no bubbles. magnification. Record your observations in your lab

(If there are bubbles, press gently on the coverslip to expel notebook.

them.) To the second slide, add one drop of methylene blue

stain, allow it to work for 30 seconds or so, and then use 10. Repeat steps 2 through 9, using a piece of carrot oriented
the corner of a tissue or paper towel to draw off the excess to produce a longitudinal section. Compare and contrast
stain. Add one drop of water to the specimen and put a the stained cross-section and longitudinal-section slides
coverslip in place. and record your observations in your lab notebook.

REVIEW QUESTIONS

Q1: What are the advantages and drawbacks of wet mounts?

Q2: Why might you use a mounting fluid other than water for making a wet mount?

Q3: What are the advantages and drawbacks of a hanging-drop mount?

Q4: How would you slow down fast-moving live microorganisms to make it easier to view them?

Q5: Why might you make both cross-sectional and longitudinal-sectional mounts of a specimen?

QG: If a forestry company cuts down a tree, which type of section are they performing? If they cut that tree trunk into long planks,
what type of sectioning are they doing?
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Staining

Lab I-3

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Goggles

+ Coverslips

+ Pipettes

« Slides (flat)

+ Stain,eosinY

+ Stain, Gram'siodine

» Stain, Hucker's crystal violet
+ Stain, methylene blue

+ Stain, safranin O

» Stirring rod (optional)

MATERIALS YOU PROVIDE

» Gloves

» Butane lighter (or other flame source)
« Ethanol, 70%

* Microscope and illuminator

« Paper towels

» Toothpicks

« Water, distilled
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BACKGROUND

As we learned in the last lab session, staining is an essential tool for optical microscopy because
it allows viewing structural details that would otherwise be difficult or impossible to discriminate.
A biological stain (or biostain) is selectively absorbed or adsorbed to some parts of a specimen’s
structure, but not others. The resulting color contrast makes structural details jump out at you.

There are literally thousands of biostains and many staining
protocols, of which dozens are used frequently and hundreds
are used in specific circumstances. Simple staining, which we’'ll
use in the first procedure, uses a single stain to selectively
stain only some parts of a cell (or some types of cell in a mixed
specimen). More complex staining protocols, one of which we'll

use in the second procedure, use two or more stains to produce
contrasting colors for different structural elements or types of
cells.

Dr. Kessin notes: Like dyes that stain cloth, which is
where many of these dyes originated.

PROCEDURE I-3-1: SIMPLE STAINING

1. Transfer one drop of distilled water to the center of a slide. 7. Place one drop of methylene blue stain at one edge of the

coverslip. Touch the corner of a paper towel to the slide

2. Use the flat end of a toothpick to scrape (gently) the inside

of your cheek.

. Immerse the end of the toothpick in the drop of water and
stir to transfer the epithelial cells to the water. Position a
coverslip over the specimen. If there are bubbles under the
coverslip, press gently on the coverslip with your forceps to
force the bubbles out from under the coverslip.

. Position the slide in the stage clips or mechanical stage,

rotate the 4X objective into position, turn on the illuminator,

adjust the illumination, and focus on the slide.

. Center an epithelial cell or a group of cells in the field of
view and then rotate the 10X objective into position. Again
center a cell or group of cells, and then rotate the 400X
objective into position and focus critically.

. Adjust the brightness and diaphragm setting to reveal the
most image detail possible. Note the difficulty of resolving
nearly transparent cell structures against the bright field,

as shown in Figure I-3-1.

at the opposite edge of the coverslip, as shown in Figure
[-3-2. The paper towel wicks the water from under the
coverslip, drawing the drop of methylene blue stain under
the coverslip (and around the edges).

Figure 1-3-1: Unstained squamous epithelial cells, 100X

r
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Figure 1-3-2: In-place staining of squamous epithelial cells

8. Allow the stain to work for 30 seconds or so and then
observe the cells. If the cell or group of cells you had
centered has drifted out of the field of view, reposition the
slide to bring them back into the field.

If the remaining methylene blue stain is so intense that

it makes it difficult to observe cell details, simply put a
drop of water at the edge of the coverslip and wick off the
stain. If necessary, repeat with a second drop of water to
remove sufficient stain.

9. Adjust the brightness and diaphragm to reveal as much
detail in the cells as possible. Record your observations
and conclusions in your lab notebook, including your
estimate of cell size.

A typical squamous epithelial cell from the buccal
mucosa (which is biologist-speak for a cell from your
inner cheek) is irregularly shaped and about 60 um
across.

10. Repeat steps 7 through 9, substituting a drop of eosin
Y stain. Note which parts of the cells are stained by the
methylene blue and which by the eosin Y. Record your
observations in your lab notebook.

Figure 1-3-3 shows squamous epithelial cells stained with
methylene blue (with stain still present under the coverslip),
and Figure 1-3-4 shows squamous epithelial cells stained with
methylene blue and then counterstained with eosin Y (after
rinsing the stains by drawing water under the coverslip). Note
the different structure elements revealed by the two stains.

Figure 1-3-3: Squamous epithelial cells stained with methylene
blue, 100X

Figure 1-3-4: Squamous epithelial cells stained with methylene
blue and eosin Y, 100X

‘ - -
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PROCEDURE 1-3-2: GRAM STAINING

Gram staining is the mostly frequently used bacteriology staining protocol. When Danish
bacteriologist Hans Christian Joachim Gram developed this protocol in 1884, he envisioned

it only as a means of making tiny bacteria more visible. He soon realized, however, that his
protocol allowed bacteriologists to discriminate among different types of bacteria that otherwise
appear identical. This newfound ability had great implications for the diagnosis and treatment of

bacterial diseases.

Even today, Gram staining is often the first step in identifying an
unknown bacterium, particularly in less-developed countries.
Modern instrumental methods provide much more information,
but in addition to being cheap, the Gram staining protocol has
the inestimable advantage of speed, providing at least some
useful information very quickly. A skilled technician can make

a smear mount, Gram stain it, and be on the phone to the
physician with the results within a few minutes. If the patient
has a virulent bacterial infection, these quick results may be the
difference between life and death.

Gram staining depends on a difference in the cell walls of
different types of bacteria that affects their retention of stains.
Bacteria of both types are stained purple by crystal violet during
the first step. The second step, Gram's iodine, acts as a mordant
to fix the violet stain in bacteria of one type, called Gram-
positive bacteria. The third step, decolorizing with ethanol, does
not affect the stain in Gram-positive bacteria, but removes it
from Gram-negative bacteria. If you examine the smear after
this step, the Gram-positive bacteria are purple and the Gram-
negative bacteria colorless. The final step, counterstaining

with safranin O, stains all of the bacteria pink, although the pink
coloration is not visible in the intensely purple Gram-positive
bacteria. The result is a smear with Gram-positive bacteria
stained purple and Gram-negative bacteria stained pink.

1. Place the heat-fixed slide you produced in the preceding
procedure on a clean, flat surface. Use a paper towel to
catch any spills.

2. Use aclean pipette to place a drop or two of Hucker's
crystal violet stain on the smear. Use the tip of the pipette
gently to spread the stain until it covers the entire smear,
as shown in Figure 1-3-5. Do not touch the smear with the
tip of the pipette.

3. Allow the Hucker's crystal violet stain to remain in contact
with the smear for one minute.

4. Rinse the slide, smear-side down under a faucet set to
provide a trickle of water, as shown in Figure I-3-6. Don't
allow the water to fall directly on the smear; instead tilt the
slide gently to flood the smear with water. Rinse for at most
a second or two.

5. Drain the slide and place it flat on the paper towel.

6. Use a clean pipette to place a drop or two of Gram's
iodine stain on the smear. Again, use the tip of the pipette
carefully to spread the stain over the entire smear.

7. Allow the Gram's iodine stain to remain in contact with the
smear for one minute.

8. Fill aclean pipette with ethanol (drugstore 70% ethanol
is fine). Hold the slide at an angle over the sink and gently
flood the smear with the ethanol. Continue until the ethanol
runs colorless.

Figure 1-3-5: Staining the bacterial smear
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You can substitute acetone for destaining, but acetone
works much faster than ethanol. If you use acetone be
careful not to decolorize the smear completely.

9

10.

11.

12.

. Repeat step 4 to rinse all of the ethanol from the slide.

(It's important to remove all of the ethanol, because the
following step won't work if ethanol is still present.) Drain
the slide and place it flat on the paper towel.

Use a clean pipette to place a drop or two of safranin O
stain on the smear. Use the tip of the pipette carefully to
spread the stain over the entire smear.

Allow the safranin O stain to remain in contact with the
smear for one minute.

Repeat step 9 to rinse excess safranin O stain from the
slide.

Figure 1-3-6: Flooding the smear to remove excess stain

13

14.

. Allow the slide to air-dry. If you're in a hurry, you can gently

pat the slide dry with a lint-free cloth or tissue. Do not rub
the smear area.

Position the slide on the stage—you needn’t use a
coverslip—and use the 4X objective to locate an interesting
area of the smear. Change to 400X magnification and
observe the smear. If you have an oil-immersion objective,
put one drop of immersion oil on that area of the smear,
and carefully rotate the 100X objective into position,
making sure it comes into contact only with the oil drop.
Use the fine-focus knob very carefully to focus critically,
and observe the bacteria.

15. Adjust the diaphragm and illuminator brightness to
reveal the maximum detail in the bacteria. Gram-negative
bacteria appear pink or red, as shown in Figure I-3-7, and
Gram-positive bacteria appear violet, as shown in Figure
|-3-8.

Figure 1-3-7: Gram-negative bacilli, 400X
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4 )
These two figures illustrate why it's important to have an
oil-immersion objective if you intend to do much work
in microbiology or to pursue AP Biology. Even at 400X
(actually, even at 1,000X) there is very little detail visible
in prokaryotic cells and other tiny microscopic items.
Using the microscope at 400X, we were barely able to
identify the bacteria in the first image as bacilli (rods)
and those in the second image as cocci (spheres). At
1,000X, it was much easier to identify the shape of the
bacteria.

REVIEW QUESTIONS

Q1: Why are stains useful?

QZ: If you could have only three microscope stains for general microscopy, which would you choose and why? (Hint: use Internet
resources to choose.)
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EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles

MATERIALS YOU PROVIDE

+ Gloves « Pond water/sediment/vegetation (see text)
+ Bag, brown paper « Shredder and/or scissors

» Camera (optional) « Softdrink bottles, 500 mLor 1L

+ Eggshell and yolk (see text) « Trowel, ladle, or other large scoop

* Funnel (or aluminum foil to make your own) + Water, spring or boiled tap

» Jars, wide-mouth (see text)
» Mixing bowl or similar container

+ Newspaper
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BACKGROUND

Microcosms are simplified artificial ecosystems that are used to simulate and observe the
behavior of natural ecosystems under controlled conditions. Open or closed microcosms provide
an experimental area for ecologists to study natural ecological processes. Microcosm studies
can be very useful to study the effects of disturbance or to determine the ecological role of key
species. A Winogradsky column is an example of a microbial microcosm.

Most of the other lab sessions in this book are organized

into related groups, may be performed in any order you
wish, and many (not all) can be completed over the course
of one lab period to at most several lab periods over a week
or two. Unfortunately—unlike chemistry, physics, and most
other sciences—biology labs can't all be broken down into
self-contained single lab sessions. Living things run on their
own schedules. Life cycles are what they are, and we're often
powerless to speed them up or slow them down.

Building and observing microcosms is an excellent example

of one of these on-its-own-schedule activities. There is much

to be learned by doing this activity, but pursuing it properly
requires frequent and detailed observations over a period of
weeks to months. Accordingly, rather than attempt to distribute
these activities out over many lab session groups, we decided
to consolidate them in this group of lab sessions, which we'll
begin at the start of the semester and continue throughout the
semester.

Some of the individual sessions in this group will be repeated
periodically throughout the semester, beginning early and
continuing. For example, we'll observe microscopically the
populations of our pond water microcosms throughout the
semester, noting changes that occur in the types and mix of
different organisms as the microcosm life cycle progresses
from juvenile to mature to senescent. Our microcosms will also
serve as resources for some later topics. For example, we'll
observe succession in the microcosms, which properly belongs
in ecology, but requires extensive and repeated observations
over the course of many weeks. Similarly, we can use our
microcosms as a source of live protists when we do the lab
session on protists.

In this lab session we'll build two types of microcosms based on
water, sediment, and plant life gathered from a pond or stream.
We'll then observe these microcosms periodically over the
course of several weeks, noting changes that occur through the
life cycles of the various organisms present.

The first type of microcosm resembles a standard aquarium.
We'll use wide-mouth jars filled with a relatively thin layer of
sediment, with pond water and aquatic plants above it.

(" )
We actually used square nut jars from Costco, but any
similar clear, colorless glass or plastic wide-mouth jars
of about 1 to 2 liters capacity suffice. Other possibilities
include canning jars, pickle jars, large peanut butter jars,
and so on.

Before using them, wash the jars and lids thoroughly with
dish-washing detergent, rinse thoroughly in tap water,
and allow them to dry. Do not use soap, which leaves a
film that is toxic to many microorganisms.

N\ J

These aquaria will provide the opportunity to observe a wide
diversity of microlife, especially protists. We'll build several of
these microcosms initially, some of which we'll modify later to
observe the effects of environment changes on the populations
present.

The second type of microcosm, called a Winogradsky column,

is a tall column that contains a thick layer of pond sediment

and pond water. We'll build several Winogradsky columns

using 500 mL or 1 L soft drink bottles, with different columns
containing different nutrients, and observe the changes in these
columns over the course of several months. Although many
types of lifeforms will be present initially, the real purpose of the
Winogradsky column is to produce a mixed bacterial culture and
observe the different types of bacteria that thrive in different
microenvironments within the columns.

The Winogradsky column has been used for decades in biology
classes to demonstrate the metabolic diversity of prokaryotes
(bacteria and archaea). All organisms require a carbon source
and an energy source to live and grow. Some organisms, called
autotrophs, obtain carbon from atmospheric carbon dioxide,
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while others, called heterotrophs, obtain carbon from the
organic compounds such as carbohydrates that are produced
by autotrophs. Similarly, some organisms, called phototrophs,
obtain energy directly from sunlight via photosynthesis, while
others, called chemotrophs, obtain energy from breaking down
chemical compounds.

Different organisms use all four possible combinations of these
methods to obtain carbon and energy:

» Photoautotrophs obtain carbon from carbon dioxide and
energy from sunlight.

» Chemoautotrophs obtain carbon from carbon dioxide, but
cannot obtain energy from sunlight, and so must obtain it
by breaking down chemical compounds.

+ Photoheterotrophs obtain energy from sunlight, but cannot
obtain carbon from carbon dioxide, and so must obtain it
from carbohydrates or other organic compounds.

» Chemoheterotrophs obtain both carbon and energy by
breaking down chemical compounds.

( )
In fact some organisms use different methods depending
on the environment they happen to find themselves
in. For example, the bacterium Rhodospirillum
rubrum, which we'll examine in a later lab session, is
chemotrophic under aerobic conditions but phototrophic
under anaerobic conditions.

N\ J

All four of these strategies are represented in a typical
Winogradsky column, which also provides a visible example of
how different organisms occupy different ecological niches,
according to how they obtain carbon and energy.

A Winogradsky column, from top to bottom, may include the
following ecological micro-niches:

Aerobic water layer
The cellulose present initially causes a microbial bloom,
which quickly exhausts the oxygen in the sediment and
most of the water column, leaving only the top centimeter
or so of the water column aerated. Aerobic species survive
and flourish only in this part of the column.

The surface of this layer is populated by sheathed bacteria.
The remainder of the aerobic water layer is populated by
cyanobacteria (formerly called blue-green algae), which are
the only photosynthetic bacteria species. In some columns,
cyanobacteria may bloom, oxygenating the entire water
column and even the top portion of the sediment column.

Anaerobic water layer
Because oxygen diffuses very slowly in water, most of the
water column is anaerobic (oxygen-depleted). Species
such as purple nonsulfur bacteria thrive in this layer.

Anaerobic boundary layer
This boundary layer between the anaerobic sediment
layer beneath it and the anaerobic water layer above it is
populated by green sulfur bacteria just above the sediment
and purple sulfur bacteria just above the green sulfur
bacteria. These bacteria consume the hydrogen sulfide
gas produced in the anaerobic sediment layer beneath,
converting sulfide ions to sulfate ions. The bacteria are
visible as a thin purplish layer lying just above a thin
greenish layer, which in turn lies just above the sediment.

Anaerobic sediment layer
This layer, populated by anaerobic sulfate-reducing species
such as Clostridium and Desulfovibrio, consumes the
sulfate ions produced by the sulfur bacteria in the layer
above it and releases hydrogen sulfide gas, which in turn
feeds the sulfur bacteria.

Each Winogradsky column is unique, even if it started with the
same combination of water, sediment, and nutrients, so we'll
make several Winogradsky columns and observe and compare
them as they mature.
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PROCEDURE II-1-1: GATHERING MATERIALS

FIELD TRIP!

The raw materials we need for our microcosms are simple, and can all be obtained from the
nearest pond or stream: water, sediment, and aquatic plant life. You can obtain these specimens
at any time of year, although it is best if the source is not frozen over.

( )
Even in winter, it's possible in most areas to find
accessible pond or stream water. In very cold weather,
the populations of the organisms present will usually be
much lower than during the other seasons, and the mix
of species present may differ. Those populations should
rebound quickly once you build your microcosm and
allow it to sit at room temperature for a day or two.

\. J

The amounts needed depend on the number and size of
microcosms you intend to build. For example, if you intend to
build six aquarium microcosms in 1.25 L peanut butter jars and
four Winogradsky columns in 500 mL soft drink bottles, you will
need about 10 liters of water (clean 2 L soft drink bottles make
convenient collection vessels), perhaps three liters of sediment,
and enough aquatic plant life to provide substantial and diverse
plant populations in each of the aquarium microcosms. It's
better to get too much raw material than not enough.

WARNING

Use extreme caution when you obtain and handle pond
or stream water, sediment, and plant life. Most of the
organisms found in typical ponds and streams are
harmless to humans, but more than a few are human
pathogens. Always wear gloves and goggles when
obtaining or handling specimens, and always wash
thoroughly with soap and water after doing so. It's also
a good idea to spray or rinse the contaminated exteriors
of sealed collection containers with disinfectant before
taking them home.

When collecting the plants and sediment, try to avoid collecting
rocks, sticks, and other large objects. (Well, actually, a snail or
two can't hurt, but if you include a snail in one of your aquaria
make sure also to include lots of vegetation to make sure the
poor snail doesn't suffocate.)

Try to obtain as many types of plants as possible, including
those rooted to the bottom, floating in the water, and lying on
the bottom. If there is visible pond scum (algae) present, obtain
some of it as well. If possible, keep the plants segregated by
type, using small jars or zip seal plastic bags to contain them.
Collect sufficient examples of each type of plant to provide
populations of it in each of your aquarium microcosms. On each
collection container, note that plant’s environment (for example,
free-floating, rooted in the sediment, and so on.)

Build your microcosms as soon as possible after you collect the
specimens. Even if you allow the plant and sediment specimens
to dry out, most of the types of organisms present will survive,
but our goal is to reproduce as closely as possible the original
ecosystem present in the pond or stream, so the less delay the
better.

Retain some mixed pond or stream sediment and vegetation for
later use. Spread the material in a thin layer on newspaper and
allow it to dry thoroughly in the shade. (Avoid direct sunlight.)
Store the material in a labeled paper bag.
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PROCEDURE I1I-1-2: BUILDING AQUARIUM MICROCOSMS

Insofar as is possible, our goal is to make each of our aquarium microcosms identical, using the
same amount of sediment, the same amount of water, and the same amount and mix of aquatic
plant life.

. Put onyour gloves and goggles.

. Arrange all of your wide-mouth jars on your work surface,
side by side.

. Transfer sufficient pond or stream sediment to each jar to
fill it about one-quarter full. Try to keep the levels in all jars
the same.

. If your plant specimens include examples that you
found rooted to or lying on the bottom, place those plant
specimens accordingly in each of your containers, trying
to keep the quantities and mix the same in each of your
containers.

. Transfer sufficient pond or stream water to each jar to fill it
about 5 cm from the top. Again, try to keep the water levels
as similar as possible.

6. Transfer examples of any free-floating plants, algae, and

other nonanchored flora to the containers, again trying
to keep the populations and mixes the same between
containers.

. Replace the lids, seal them tightly, and then spray or

drench the containers thoroughly with disinfectant to kill
any organisms on the exteriors of the containers.

. Transfer all of the containers to an area where they can

remain undisturbed and will be exposed all day to bright
daylight, but not to direct sunlight. If necessary, you can
put the containers under a plant-grow light to ensure they
receive adequate light for long periods every day. It's
important that the containers be maintained at about room
temperature, so avoid areas where they might be exposed
to large temperature variations.

. Remove and discard your gloves and wash your hands

thoroughly with soap and water.

PROCEDURE I11-1-3: BUILDING WINOGRADSKY COLUMN MICROCOSMS

Just as with the aquarium microcosms, our goal is to make each of our Winogradsky column
microcosms as similar as possible, other than differences in added nutrients. With the exception
of one control Winogradsky column, which contains only unenriched sediment, each of the other
Winogradsky columns begins with sufficient enriched sediment to fill the column roughly half
full. To that, we'll add add about half as much unenriched sediment to fill the column to a total of
about three quarters. Finally, we'll fill the column with pond or stream water, leaving a small air

gap.

-

We assume that you're making four Winogradsky
column microcosms, each in a1 L soda bottle, which will
require a total of about 3 L of sediment and sufficient
pond or stream water to nearly fill the bottle. If you're
making a different number or size of columns, adjust the
quantities accordingly.

1. Putonyour gloves and goggles.

2. Allbut the first Winogradsky column will contain sediment

supplemented with shredded newspaper (cellulose)

to provide a carbon source. One double-width sheet of
newsprint will provide sufficient cellulose for those three
columns. Shred or cut the newspaper into small pieces.

Lab II-1 : Building and Observing Microcosms 83



We ran newspaper through a confetti-shredding office
shredder, but you can instead use a strip shredder and
then cut the strips into smaller pieces with scissors. If
you're very patient, you can just use scissors.

. Transfer enough sediment to half fill three bottles to a
mixing bowl or similar container. Stir in the paper bits to
mix them throughout the sediment. Retain the remaining
sediment for use later.

. Label one bottle “paper only.” Transfer sufficient cellulose-
enriched sediment to that bottle to fill it about half full and
set the bottle aside.

. Add araw egg yolk to the sediment remaining in the mixing
bowl. Mix the egg yolk thoroughly into the sediment. Egg
yolk provides a sulfur source.

. Label a second bottle “paper + yolk.” Transfer enough of
the cellulose and egg yolk enriched sediment to fill that
bottle to the same level as the first bottle and set the bottle
aside.

. Crush the egg shell into small pieces and mix them into the
sediment remaining in the mixing bowl. Eggshell provides a
calcium source.

. Label a third bottle “paper + yolk + shell.” Transfer enough
of the cellulose, egg yolk, and egg shell enriched sediment
to fill that bottle to the same level as the first and second
bottles and set the bottle aside. Discard any remaining
enriched sediment.

10.

11.

12.

13.

14.

. Carefully transfer enough unenriched sediment to the first

bottle to fill about half the remaining space. Do so gently
to avoid mixing the sediment layers. Your goal is to have
distinct layers of sediment, with the enriched sediment on
the bottom, covered by a layer of unenriched sediment.
Repeat for the remaining two bottles, bringing the
sediment to the same level in all three.

Label a fourth bottle “unenriched.” Transfer sufficient
unenriched sediment to that bottle to bring the level to the
same as the other three bottles.

Disturbing the sediment layers as little as possible,
carefully transfer sufficient pond or stream water to each
bottle tofill it, leaving a small air gap at the top of the bottle.

Replace the lids on all four bottles, seal them tightly, and
then spray or drench the containers thoroughly with
disinfectant to kill any organisms on the exteriors of the
containers.

Transfer all of the bottles to an area where they can remain
undisturbed and will be exposed all day to bright daylight,
but not to direct sunlight. If necessary, you can put the
bottles under a plant-grow light to ensure they receive
adequate light for long periods every day. It's important
that the bottles be maintained at about room temperature,
so avoid areas where they might be exposed to large
temperature variations.

Remove and discard your gloves and wash your hands
thoroughly with soap and water.

PROCEDURE 11-1-4: OBSERVING WINOGRADSKY COLUMN
MICROCOSMS

Observing a Winogradsky column microcosm is a long-term project. Some visible changes occur
soon after you build the microcosm, but the major changes take place gradually over weeks and
months.

1. For the first week after you build your Winogradsky column
microcosms, observe each of them daily. Note any change
in the appearance of the layers. If you have a camera, shoot
images of each of the microcosms and file those images by
date and microcosm makeup.

2. Fromday 8 until day 30, observe the microcosms every
two to three days. After day 30, begin observing the
microcosms weekly. Again, note any visible changes and
shoot images to record them.
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WARNING

The exact contents of these microcosms is unknown, so it's Advanced students can use these microcosms as sources
possible they contain pathogenic organisms. When you have  of different bacteria species to culture—for example, the

finished observing your Winogradsky column microcosms, Rhodospirillum rubrum we use in a later lab session—but it's
dispose of them by incineration or by submerging them in a much less risky simply to buy pure cultures of the species
bucket of chlorine bleach solution before removing the cap you need rather than attempting to culture them from wild
and mixing the contents of the microcosm with the bleach sources. Do not open any of these microcosms unless
solution. you are confident that you are competent to work with

possibly pathogenic organisms.

REVIEW QUESTIONS

Ql: We emphasize safety in collecting and handling pond or stream specimens because of the possible presence of pathogens.
Using the Internet or other resources, determine two common pathogens in each of the three classes: viruses, bacteria, and
protozoa.

QZ: We built Winogradsky columns with sediment enriched by carbon, carbon+sulfur, and carbon+sulfur+calcium. Using the
Internet or other resources, suggest several other elements we might have used to enrich the sediment.
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Aquarium Microcosms L@l [1=2

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles + Slides, flat

» Coverslips « Stain:eosinY

* Methylcellulose « Stain: methylene blue
+ pHtestpaper « Thermometer

» Pipettes

MATERIALS YOU PROVIDE

» Gloves « Pond life reference material(s) (see text)
+ Aquarium microcosms (from preceding lab) « Watch or clock with second hand

+ Particulate masks, N10O (see text)
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BACKGROUND

Succession, a fundamental concept in ecology, is the process by which a community
progressively transforms itself from an arbitrary starting point to the steady-state equilibrium of
a stable community. The point at which that equilibrium is reached depends on environmental
parameters and the types of organisms present at the starting point, although not necessarily

their initial numbers.

Our aquarium microcosms represent arbitrary communities.
We hope that those communities are very similar, but we
cannot know that they are identical. For example, one of the
microcosms might contain a few examples of a rare organism,
while another contains none of that organism. If that organism
is, say, a predator upon another species that is present in both
microcosms, the succession we observe in the two microcosms
will be very different. In the first microcosm, stable populations
of the predator and prey organisms will likely develop, while in
the second microcosm the absence of the predator may result
in uncontrolled growth of the prey organism. Or a third organism
may step in to assume the ecological role of predator.

In short, microcosms like ours are somewhat predictable

in terms of succession, but even very small changes in

the community makeup may cause dramatic changes in
succession. In the extreme case, one microcosm may flourish

over a period of weeks to months (if not indefinitely), while
another, apparently identical, microcosm may quickly approach
senescence and die off. That's one of the reasons we suggest
building several of these microcosms. The other reason is that
in the next lab session we'll intentionally alter the environmental
characteristics of some microcosms and compare their
succession to those of a control microcosm.

In terms of subject matter, these microcosm lab sessions
actually belong with the ecology group. However, because we'll
be observing the microcosms regularly over a period of several
weeks to several months, we needed to get the microcosms
started early, so we elected to place these lab sessions in their
own group early in the book.

In this lab session we'll observe and catalog some of the
microscopic life present in our aquarium microcosmes.

PROCEDURE II-2-1: OBSERVE SUCCESSION IN MICROCOSMS

With regard to microcosms, succession is just another word for changes, and much of the
educational value in microcosms comes from observing and documenting those changes

on aregular (and frequent) schedule. Changes can be observed on many levels, from simple
observations of gross changes such as the color and turbidity of the water to detailed
observations of the types, numbers, and other characteristics of the various microorganisms
present in the microcosm and how they change over time.

Obviously, detailed observations require more time than casual
observations. Doing detailed observations and counts requires
a significant commitment of time and effort, particularly if

you have several microcosms. If time is limited, simply do the
best you can, keeping in mind that changes are likely to occur
more rapidly at first and more slowly later in the life cycle of the
microcosms.

Ideally, you should perform this procedure initially on the day
you create the microcosms, repeat this procedure for each of
your aquarium microcosms every day for the first week, then

every two to three days once the microcosms begin to stabilize,
and then once a week after full equilibrium has been reached
(which may occur at different times for different microcosms).

1. Putonyour gloves and goggles.

2. Observe the color and degree of turbidity of the microcosm
and record your observations in your lab notebook.
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( ) 7. Observe the slide at low magnification (40X), and note
If you have a digital camera available, shoot an image as many different organisms as possible. Even at low
of the microcosm. Because we're concerned about magnification, depending on the state of the microcosm,
changes from one observation to the next, try to ensure it's not unusual to observe a dozen or more discrete
that you shoot images consistently each time, using species, nor is it unusual to see only a few. Scan the full
the same background, level and direction of light, and area under the coverslip to make sure you don't miss any
so on. Shoot with natural lighting. If you can disable the species.
flash, do so. Otherwise, hold a finger over the flash while
shooting the image to prevent reflections from the flash 8. Using a pond-life reference manual or Internet resources,
from obscuring details of the microcosm. attempt to identify each species present, or at least the
\_ Y, genus.

3. Carefully remove the lid from the microcosm, disturbing N
thg contents as Iitjle as possible. (It's not gncommon for Quite often, you'll be able to identify the genus but not
mmrqcosms to stink to high heaven—particularly after they the particular species. For example, if an amoeba is
have incubated for sevef'al F:lays or longer—so make sure present and you are certain it is Amoeba proteus, record
you have adequate ventilation.) its presence in your lab notebook by genus and species.

On the other hand, if there's an amoeba present but

you are uncertain as to its species, record it as simply

) . }
Amoeba sp., or if several clearly different amoebae are
WARNING present, identify the multiple species as Amoeba spp.
Remember that you don't know exactly what's growing and assign your own numeric or alpha identifier to each.
in those microcosmes. It's probably not the Andromeda For each species you see, particularly those you can't
Strain, but there might be a real nasty growing in there, identify, make a reference sketch (or shoot an image, if
maybe even several nasties. you have that capability) and note the particulars for the
Use full aseptic precautions each time you open a species, including coloration (if any), shape, approximate
microcosm. Wear gloves, goggles, and (if you really size (and range if different individuals are different
want to be fully protected) an N10O particle mask. sizes), whether or not the species is motile (and, if so,
Wash the gloves in soap and water before removing and how fast), and any unusual features. For example, you
discarding them, and then wash your hands thoroughly might describe a euglena as “shape alternating between
in soap and water. When you remove specimens, sterilize circular and worm-like with almost invisible whip tail,
them before discarding them. Always replace the lid of length ~30 um (about five times width), granular texture
the microcosm immediately when you're not actually with greenish mottling and one small red spot. Moves at
obtaining samples from it. moderate speed.”
. J J

4. Measure the temperature of the water and record it in 9. Scan the entire populated area of the slide and record
your lab notebook. (Do not stir the microcosm; simply dip your impressions of the relative numbers of each species
the thermometer into the water and withdraw it once it present as “very abundant,” “abundant,” “moderate,”
registers the temperature.) “rare,” or “very rare."

5. Use the tip of the thermometer to transfer one drop of the 10. Center a populated area of the slide under the objective
microcosm water to a piece of pH test paper. Record the and perform an actual count of each species visible in the
pH value in your lab notebook. field of view, beginning with those species that move slowly

or not at all. For motile species, do a 15-second count of

6. Use a clean pipette to withdraw a drop of water from the each species. If an individual swims into the field of view

surface of the microcosm. Transfer it to a flat slide, add a
drop of methylcellulose to slow down the fast movers, and
put a coverslip in place.

during the 15-second period, increment your count by one;
if an individual swims out of the field of view, decrement
your count by one. After you complete the count, center
another random populated area under the objective and
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repeat the count. Do that again, for a total of three counts,
and average the number of individuals in each species for
the total sample.

11. Repeat your observations at medium (100X) and high-dry
(400X) magnification, noting and recording any species
that become visible at higher magnification.

At 400X in particular, a wide variety of bacterial species
may be visible. You needn't attempt to determine their
species nor even genera, but do note their form (coccus,
rod, spiral), anything otherwise special about their
appearance, and their relative abundance.

12. To document the original status of the microcosm, label
and date a clean microscope slide, transfer another drop of
water from the surface of the microcosm to the slide, and
spread the drop across the central area of the slide. Flame
the slide to kill the microorganisms present and affix them
to the slide. Stain the slide with methylene blue and then
with eosin Y. Dry the slide and observe it to ensure that all
species you noted are present on the slide.

You needn't use a coverslip for this reference slide unless
you want to make a permanent mount.

13. Using clean pipettes, repeat the preceding steps using
specimens from near the vegetation and from near the
bottom sediment. You will probably find that the relative
abundance of species changes significantly. Some species
may be present in abundance or entirely absent in different
areas of the microcosm.

REVIEW QUESTIONS

If you have time, repeat this procedure for each of your other
aquarium microcosms to establish baseline population
estimates for each of them. Don’t make the mistake of focusing
on plentiful species and ignoring organisms that are not present
in large numbers. Relative population counts will probably
change over time, and those changes may (or may not) be
dramatic.

Schedule follow-up observations now. If possible, observe

them daily for the first week, ideally at the same time of day
each time. Follow-up observations needn’t be as detailed

or time-consuming as this first observation. Just do quick
population estimates for as many species as possible, looking
for obvious changes and trends. For example, a species that
was initially present in small numbers may increase its numbers
significantly over the first few days, while the population of
another that was plentiful initially may decrease noticeably.

If time is limited, focus your attention on only one of your
microcosms, which you can designate as your control
microcosm. You should be able to do a follow-up observation
on the surface, vegetation, and sediment of your control
microcosm in perhaps 15 minutes. If you have more time and
particularly if the initial state of one or more of your other
microcosms differed noticeably from your control microcosm,
it's useful to do follow-up observations on it or them as well.

As time passes, you can change the frequency of your follow-up
observations depending on what changes you see occurring,
and how quickly. During the first few days, changes are likely

to occur quickly. After a week, you can probably reduce the
frequency of follow-up observations to once every two or three
days without missing much. As the microcosms begin to settle
down and near equilibrium, you'll probably find that few changes
occur from one week to the next.

Do not be surprised if one or more of your microcosms dies off.
That's why we made spares.

Ql: What gross changes did you observe in your microcosms as they aged?
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Q2: Did you notice any change in the relative sizes of particular types of organisms as the microcosm aged?

Q3: As your microcosm progresses toward equilibrium, what changes did you observe in terms of the types of organisms present
and their relative populations?

Q4: Interms of the species mix, did you notice any significant changes as the microcosm matured?

Q5: Why is it important to observe aseptic procedures when working with water from a microcosm?

Q6: What safety procedures should you use when working with microcosms?
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Ob ing the Effects of
PoITEI;g:gin NTicroce:gs;Os Lab “'3

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles « Methylcellulose

» Coverslips » pHtestpaper

+ Centrifuge tubes, 50 mL « Pipettes

» Hydrochloric acid + Slides, flat

» Fertilizer concentrate A * Yeast, live (baker’s or brewer's)

+ Lead(ll) acetate

MATERIALS YOU PROVIDE

+ Gloves « Tablespoon
+ Foamcup » Water, spring or boiled tap

+ Pond sediment/vegetation (from Lab II-1)
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BACKGROUND

Any externally applied change to the environment of a community forces changes to occur within
the community until a new equilibrium is reached. For example, after a major flood or a forest
fire, dramatic changes occur to the community and the populations within that community.
Eventually, a new equilibrium is reached, in which the community and populations may or may
not be similar to the original equilibrium. Species formerly present may be absent in the new
equilibrium, for example, and species not originally present in the original community may be
present in large numbers in the new community.

One of the most common causes of such equilibrium changes + Tube B treated with fertilizer to simulate phosphate

is pollution, whether of natural or human origin. Floods, pollution.

hurricanes, forest fires, volcanic activity, and other natural

phenomena often cause dramatic changes to the environment, « Tube C treated with lead(ll) acetate to simulate heavy-

as does pollution of human origin, such as acid rain, drainage metal pollution.

from mine tailings, and so on. Nor are all equilibrium changes

that occur from natural causes abiotic in origin. For example, + Tube D treated with hydrochloric acid to simulate acid rain
algae blooms may cause gigantic die-offs of fish and other pollution.

aquatic creatures, in some cases severe enough to result in

long-term changes to the environment. « Tube E treated by adding live yeast (foreign

microorganisms can shift equilibrium in a microcosm).
In this lab session we'll make up six small microcosms in 50 mL

centrifuge tubes. (We call them nanocosms, although that'’s « Tube F exposed to direct sunlight (yes, excessive light can
not an official term.) We'll make these microcosms as similar as be considered a pollutant).
possible initially, retain one as a control, and then subject the
others to various environmental pollutants, as follows: We'll observe succession over a period of several days in each
of these microcosms and attempt to draw conclusions about
+ Tube Ais the control microcosm. the effects of various pollutants upon the various organisms
present.

PROCEDURE I1I-3-1: BUILD POLLUTED MICROCOSMS

1. Putonyour gloves and goggles. 5. Transfer sufficient mud to each of the centrifuge tubes to
bring the sediment level in the bottom of the tube to the 15
2. Label six 50 mL centrifuge tubes A through F. mL line. Try to make sure that the sediment in each tube
is of similar makeup and that the amount of vegetation is
3. Obtain about 500 mL of spring water. You can substitute about the same.
tap water if you boil it for a few minutes and then allow
it to cool. (Water treatment chemicals kill the same 6. Totubes A, E, and F, add sufficient spring water to bring the
microorganisms we're trying to grow in our microcosms.) water level to the 40 mL line. Cap the tubes, invert them

several times, and then place them aside.
4. Transfer eight rounded tablespoons of the dried sediment

and vegetation you obtained in lab session II-1 to the foam 7. To tube B, add sufficient spring water to bring the
cup. Add sufficient spring water to make a runny mud in the water level to the 35 mL line. Add 1 mL of the fertilizer
cup. concentrate A, which contains phosphates, and then
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10.

sufficient spring water to bring the water level to the 40 mL
line. Cap the tube, invert it several times, and then place it
aside.

. To tube C, add sufficient spring water to bring the water

level to the 35 mL line. Add 1 mL of 0.1 M lead(ll) acetate
solution, and then sufficient spring water to bring the water
level to the 40 mL line. Cap the tube, invert it several times,
and then place it aside.

. To tube D, add sufficient spring water to bring the water

level to the 40 mL line. Cap the tube, invert it several

times, and allow the sediment to settle. Add one drop of

6 M hydrochloric acid, mix the solution and use the pH test
paper to test the pH. Continue adding 6 M hydrochloric
acid dropwise, mixing the solution, and retesting the pH
until the pH of the solution reaches about 5.0. (The amount
of acid you'll need to add varies according to the makeup of
your sediment specimen.)

To tube E, add a breadcrumb size piece of live yeast. Cap
the tube, invert it several times, and then place it aside.

PROCEDURE II-3-2:
OBSERVE SUCCESSION IN POLLUTED MICROCOSMS

11. Incubate tubes A through E at room temperature ina
location where they'll be exposed to daylight but not
direct sunlight. (For better consistency you can use a
plant-grow light if you have one available.) Incubate tube
Fin direct sunlight outdoors or on a windowsill. If outdoor
temperatures are extremely hot or cold, do the incubation
indoors. A tube exposed to direct sunlight will obviously
be warmed by it, but our goal is to avoid temperature
extremes as much as possible.

The pH of tube D may change over time as the acid
reacts with components in the sediment. Our goal is to
reach a reasonably stable acid pH in tube D. On the day
you build this microcosm, retest the pH every hour or
two and then again the morning of the second day. If
necessary, adjust the pH by adding more acid dropwise
until the pH stabilizes.

\

WARNING

Once again, remember that you don’t know exactly
what'’s growing in those microcosms. Use full aseptic
precautions each time you open a microcosm. Wear
gloves, goggles, and (if you really want to be fully
protected) an N10O particle mask. Wash the gloves in
soap and water before removing and discarding them,
and then wash your hands thoroughly in soap and water.
Always replace the lid of the microcosm immediately
when you're not actually obtaining samples from it.

J

Ideally, you should begin this procedure the day after you build
the 50 mL microcosms.

1. Putonyour protective gear.

2. Opentube A, measure the temperature of the water, and
record it in your lab notebook. (Do not stir the microcosm;
simply dip the thermometer into the water and withdraw it
once it registers the temperature.)

3. Use the tip of the thermometer to transfer one drop of the
microcosm water to a piece of pH test paper. Record the
pH value in your lab notebook.

4. Use a clean pipette to withdraw a drop of water from the
surface of the microcosm. Transfer it to a flat slide, add a
drop of methylcellulose to slow down the fast movers, and
put a coverslip in place.

5. Observe the slide at low magnification (40X), and note
as many different organisms as possible. Scan the full
area under the coverslip to make sure you don't miss any
species. If necessary, use medium magnification (100X)
to verify the identity of small organisms. Using your notes
and sketches from the preceding lab session, identify each
species present and record it in your lab notebook.
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6. Scan the entire populated area of the slide and record 9. Repeat steps 1through 8 each day at about the same time

your impressions of the relative numbers of each species for several days or until the microcosms reach equilibrium.
present as “very abundant,” “abundant,” “moderate,”
“rare,” or “very rare.” ( )

Do not be surprised if one or more of your microcosms
dies off within a day or two. We introduced significant

If you have time, you can also use high-dry magnification levels of pollution into tubes B through E, and it's very
(400X) to identify and do population estimates on likely that those pollutants will suffice to eradicate some
bacteria and other tiny organisms. or even most of the species present either directly or

indirectly (for example, by killing off the food source for a
species that was otherwise unaffected or only minimally

7. Using clean pipettes, repeat the preceding steps using affected by the pollutant in question). Conversely, one or
specimens from near the vegetation and from near the more of the pollutants may provide a selective advantage
bottom sediment. for one or more of the species present by killing or

inhibiting competitors, allowing some species to flourish

8. Repeat steps 2 through 7 for each of the other microcosms. at the expense of other species.

\. J

REVIEW QUESTIONS

Q1: Indetail, what effects did you observe from the differing pollutants in the various microcosms?
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Acids, B .
a.:; ;uffaesris Lab I“'

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles + pH test paper

» Acetic acid solution « Pipettes

* Ammonia solution + Reaction plate, 24-well

+ Beaker,50 mL + Reaction plate, 96-well

» Centrifuge tubes, 15 mL (5) » Sodium hydroxide solution
» Hydrochloric acid solution « Stirring rod

MATERIALS YOU PROVIDE

+ Gloves « Scissors
+ Marking pen « Specimens: household materials (see I11-1-3)
+ Paper towels + Water, distilled
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BACKGROUND

Acids, bases, and buffers are fundamental components of the chemistry of life. All lifeforms
use these chemicals in numerous essential life processes, from respiration to digesting food to
maintaining the cellular environments necessary for life, to give just a few examples.

Living organisms use many different acids, bases, and buffers,

from simple compounds to very complex organic molecules. For
example, the gastric juice in your stomach is largely made up of
one of the simplest of all acids, hydrochloric acid, while the DNA
presentinyour cells is actually deoxyribonucleic acid, the most

complex of all acids.

In this lab session, we'll learn how biologists quantify these
chemicals and examine some of the important characteristics
of acids, bases, and buffers.

PROCEDURE I111-1-1: PERCENTAGE AND MOLAR CONCENTRATIONS

A solution is a mixture of two or more components, each of which may be a solid, liquid, or gas.
The solute is the material being dissolved, and the solvent is the material that dissolves the solute.
For example, if you add a teaspoon of sugar to a mug of tea, the sugar is the solute and the tea is
the solvent.

-

\.

N
When solids are dissolved in liquids, the solids are always
considered the solutes, regardless of the amount being
dissolved. Otherwise, by convention, the material or
materials present in the smaller amounts are considered

to be the solute or solutes, while the material or

materials present in the larger amounts are considered

to be the solvent or solvents.

The concentration of a solution specifies the amount of
solute per unit of solvent. There are many ways to specify
concentration, but the five most widely used by biologists are
weight-to-volume percentage, weight-to-weight percentage,
volume-to-volume percentage, molarity, and molality.

Weight-to-volume percentage

Weight-to-volume percentage, abbreviated w/v, is the
number of grams of solute per 100 mL of solution. For
example, a 1% w/v solution of methylene blue contains

1 gram of methylene blue dissolved in sufficient water

to make up 100 mL of solution. W/v percentages are
most often used for stains and other bench reagents
that comprise a solid dissolved in water or alcohol. In
recent texts this method is usually called mass-to-volume
percentage, abbreviated m/v, although the older (and
incorrect) weight-to-volume remains very widely used.

Weight-to-weight percentage

Weight-to-weight percentage, abbreviated w/w or m/m,
is the number of grams of solute per per 100 grams

(not mL) of solution. For example, a 36% w/w solution

of hydrochloric acid contains contains 36 grams of
hydrochloric acid gas per 100 grams of solution. Note that
the w/w percentage may differ significantly from the w/v
percentage because the density of the solution may be
greater or less than 1.00 grams/mL. W/w percentages
are most often used for gases dissolved in water, such

as hydrochloric acid, ammonia, and formaldehyde. This
makes it easy to obtain a specific amount of the chemical
by simple weighing. For example, if you need 3.6 grams of
hydrochloric acid, you can get it simply by weighing out
10.0 grams of the 36% solution.

Volume-to-volume percentage

Volume-to-volume percentage, abbreviated v/v, is
ordinarily used for solutions that contain water and another
miscible liquid such as ethanol, isopropanol, or acetone,
but is sometimes used to specify the concentration of

an aqueous solution of a gas. V/v percentage is simply

the number of mL of solute per 100 mL of solution. For
example, a 70% v/v solution of isopropanol contains 70

mL of pure isopropanol mixed with water to make 100 mL
of total solution. We phrased that very carefully, because
volumes are not necessarily additive and are often greater
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or less than you might expect. For example, mixing 70 mL
of pure isopropanol with 30 mL of pure water does not yield
100 mL of solution.

The preceding three methods of specifying concentration are
common, but all of them share a disadvantage. They are based
on the mass or volume of solute present in the solution, but do
not take into account the fact that different solute molecules
have different molecular masses. Molecules react with each
other in fixed ratios based on the number of molecules rather
than their masses or volumes. For example, two molecules of
sodium hydroxide, NaOH, react with one molecule of sulfuric
acid, H,S0O,, to form one molecule of sodium sulfate, Na,SO,
and two molecules of water, H,0, by the following balanced
equation.

2 NaOH + H,S0, — Na,S0, + 2 H,0

One mole of any chemical compound contains the same
number of molecules, soit's also correct to say that two moles
of sodium hydroxide react with one mole of sulfuric acid to
produce one mole of sodium sulfate and two moles of water.
Because the molecular mass of different compounds varies, the
mass of one mole of different compounds also varies.

( A
SIX OF ONE, 60,000,000,000,000,000,000,000
DOZEN OF THE OTHER

Mole is a group noun, like dozen or gross but larger.
How much larger? If you have a dozen eggs, you have 12
eggs; if you have a gross of microscope slides, you have
144 slides; if you have a mole of molecules, you have
6.0 x 10%* (6 followed by 23 zeros) or 60 sextillion dozen
molecules.

\. J

The mass of one mole of sodium hydroxide is 40.00 grams. (You
can also say that the molar mass of sodium hydroxide is 40.00
g/mol.) The mass of one mole of sulfuric acid is 98.07 grams.
So, for any procedure that involves reacting chemicals with each
other, it's much more convenient to specify concentrations in
terms of moles rather than with mass or volume percentages.

For example, if you want to react a 10% w/v solution of sodium
hydroxide with a 10% w/v solution of sulfuric acid to produce
pure sodium sulfate without an excess of either reactant, you
have some calculating to do to get the mole ratios to come out
right. On the other hand, if the concentrations of your solutions
are specified in moles, the calculations are trivially simple. That
brings up the final two methods of specifying concentration that
are widely used by biologists.

Molarity
Molarity, abbreviated mol/L or M, is the number of moles of
solute per per liter of solution. For example, a solution that
contains 6 moles of solute per liter of solution is 6 molar,
usually abbreviated 6 M.

Chemists usually use fractional molarities to refer to
solutions less concentrated than 1 M. For example, a
chemist would probably refer toa 0.1 M solution as
“tenth-molar” and a 0.01 M solution as “hundredth-
molar.” Biologists often work with much more dilute
solutions than chemists—down into the 0.00001 M range
or less—so biologists often specify concentrations in
millimoles/L (0.001 mol/L, or millimolar, abbreviated
mM) or micromoles/L (0.000001 mol/L, or micromolar,
abbreviated uM). A 1 M solution is 1,000 mM and
1,000,000 uM.

SI VERSUS THE REAL WORLD

The term molarity is officially deprecated; the official S|
unit is moles of substance per cubic meter, abbreviated
mol/m?®. That value is too large to be practical—a 1
molar solution contains 1,000 moles of solute per cubic
meter—but young, pedantic scientists sometimes use
the unofficial Sl-like unit moles of substance per cubic
decimeter, abbreviated mol/dm?, which has the same
value as molarity. That is, a 1 molar solution contains 1
mole of solute per cubic decimeter of solution.

In practice, particularly in the United States, most
scientists continue to use the old-style terminology. The
word molar is simply too useful to give up in favor of the
long, awkward official SI terminology.

\. J

Molality
Molality, abbreviated mol/kg or m, is the number of moles
of solute per kilogram of solvent. For example, a solution
that contains 6 moles of solute per kilogram of solvent
is 6 molal, usually abbreviated 6 m. Molality is useful
when working with procedures that involve the colligative
properties of solutions, such as diffusion and osmosis.
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MOLARITY VERSUS MOLALITY

Remember the difference between molarity and molality.
Molarity specifies the number of moles of solute per

liter of solution. Molality specifies the number of moles
of solute per kilogram of solvent (not solution). At low
concentrations in aqueous solutions, the values for
molarity and molality are very similar. In concentrated
solutions, or those using a solvent other than water, the
two values may differ dramatically.

N\ J

To continue our example from above, a six molar (6 M) solution
of sodium hydroxide contains 240.0 grams (6 moles) of sodium
hydroxide per liter of solution, and a1 M solution of sulfuric

acid contains 98.07 grams (1 mole) of sulfuric acid per liter of
solution. Since we know that two moles of sodium hydroxide
react with one mole of sulfuric acid, if you are using these molar
solutions you can simply mix one volume of the 6 M sodium
hydroxide solution with three volumes of the sulfuric acid
solution to produce a pure solution of sodium sulfate, without
either reactant in excess.

Similarly, if you need 1 M sodium hydroxide, you can simply
dilute one volume of the 6 M sodium hydroxide solution with five
volumes of distilled water. As it happens, we need to do exactly
that to produce solutions that we'll use later in this lab session.

MAKING UP 1 M SOLUTIONS

For the following procedure, we'll need 1 molar solutions of
acetic acid, ammonia, hydrochloric acid, and sodium hydroxide.
The following instructions assume you are using the 6 M
solutions supplied with the kit. If you are using chemicals from
another source, dilute them appropriately. For example, if you
are using concentrated (12 M) hydrochloric acid, add one part

of the acid to 11 parts distilled water to make up a 1 M solution.
If you are using solid sodium hydroxide, dissolve 4.00 grams
of the solid in about 80 mL of water and make up the solution
to 100 mL. (Warning: adding concentrated acids or bases
to water produces considerable heat and may cause the
solution to boil and spatter. Take care to avoid being
burned or splashed.)

( )
Pure distilled water has a pH of 7.0. Unfortunately,
distilled water absorbs carbon dioxide gas from the air to
form carbonic acid, so the pH of distilled water that has
been standing in an open container can be significantly
lower than 7.0. To ensure that your distilled water actually
has a pH close to neutral, either use a freshly opened
bottle or boil the distilled water for a couple of minutes to
drive off the dissolved carbon dioxide and then allow it to
cool in a covered container.

\. J

1. If you have not already done so, put on your goggles,
gloves, and protective clothing. Warning: The
concentrated solutions you’ll be using are extremely
corrosive.

2. Using a clean pipette, transfer 1.25 mL of distilled water
to each of four centrifuge tubes or other small containers
labeled “1 M acetic acid,” “1 M ammonia,” “1 M hydrochloric
acid,” and “1 M NaOH."

3. Using clean pipettes each time, transfer 0.25 mL of
the corresponding 6 M solutions to each of the labeled
containers. Swirl or stir the containers to mix the solutions,
and replace the caps.

Retain all of these solutions for use later in this lab session.
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PROCEDURE IlI-1-2: EFFECT OF CONCENTRATION ON PH

Acids and bases are key components of the chemistry of life. For our purposes, we can consider
an acid to be any chemical that, when dissolved in water, increases the concentration of hydrogen
ions (H") of the solution. (Actually, a free hydrogen ion immediately reacts with a water molecule,
H,O, to form a hydronium ion, H;0%, but the effect is the same.) A base is any chemical that, when
dissolved in water, increases the concentration of the hydroxide ion, OH".

In pure water, only a tiny percentage of water molecules
dissociate to form hydrogen ions and hydroxide ions. In any
aqueous solution, including pure water, the product of the
concentrations of the hydrogen and hydroxide ions is 10™.

[H]-[OH]=10™

In pure water, the concentrations of the hydrogen and hydroxide
ions are equal, at 107 molar, or one ten-millionth molar.

[107]-[107] =10

If you add an acid to the water to increase the hydrogenion
concentration to, say, 10, a tiny percentage of those additional
hydrogen ions react with hydroxide ions to form water
molecules, thereby reducing the hydroxide ion concentration.

[H]-[OH]=10%
[10%]-[10%°]=10%

In other words, adding the acid to the water increased the
concentration of hydrogen ions from 0.0000001 molar

to 0.0001 molar, while at the same time reducing the
concentration of hydroxide ions from 0.0000001 molar to
0.0000000001 molar.

Obviously, such tiny numbers are inconvenient to deal with, so
chemists use the pH scale to quantify the acidity or basicity of

a solution. The pH of a solution is the negative base-10 log of its
hydrogen ion concentration. So, for example, if the hydrogen ion
concentration of a solution is 10, that solution’s pH is:

-log(10%) =4

A neutral solution, one that is neither acidic nor basic, has a

pH of 7. Pure water is neutral. An acid solution has a pH lower
than 7, and a basic solution has a pH higher than 7. Each pH
unit corresponds to a ten-fold increase or decrease in acidity
or basicity. For example, a solution with a pH of 4 is ten times
more acidic than a solution with a pH of 5, and a solution with a

pH of 12 is ten times more basic than a solution with a pH of 11.
Although the pH scale is often thought of as extending from O to
14, it's actually open-ended. A concentrated solution of a strong
acid can have a pH lower than O, and a concentrated solution of
a strong base can have a pH higher than 14.

In this procedure, we'll prepare various dilutions of two acids,
acetic and hydrochloric, and two bases, ammonia and sodium
hydroxide. We'll then use pH test paper to determine the pH of
each of these solutions.

POPULATING THE REACTION PLATE

The first step is to populate the reaction plate with various
dilutions of the four solutions whose pH we'll be testing. We'll
use a procedure called serial dilution to produce ten-fold
dilutions from each well to the next. For example, well Al will
contain 1.0 M acetic acid, well B1 0.1 M acetic acid, well C1 0.01
M acetic acid, and so on.

1. Fillthe clean 50 mL beaker nearly full with distilled water.

2. Using a clean pipette, transfer nine drops of distilled water
to each of wells B1 through H1, B3 through H3, B5 through
H5, and B7 through H7 of the reaction plate.

3. Use aclean pipette to transfer a few drops of 1 M acetic
acid to well Al and one drop of 1 M acetic acid to well B1.
Return any acid still in the pipette to the labeled container.

4. Use the pipette to draw up and expel the contents of well Bl
several times to ensure the solution is thoroughly mixed.
Well B1 now contains one drop of 1 M acetic acid mixed with
nine drops of distilled water, which produces 0.1 M acetic
acid.
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5. Transfer one drop of the solution from well B1 to well C1.
Return any solution remaining in the pipette to well B1, and
use the pipette to mix the solution in well C1 thoroughly.
Well C1 now contains one drop of 0.1 M acetic acid and nine
drops of water, for a concentration of 0.01 M.

6. Repeat the serial dilution for the remaining wells in column
1. When you finish you'll have eight wells populated,
Al through H1, with acetic acid dilutions of 1, 0.1, 0.01,
0.001, 0.0001, 0.00001, 0.000001, and 0.0000001 M,
respectively.

7. Using a clean pipette, repeat the serial dilution procedure
with ammonia in rows A through H of column 3 to produce
final dilutions of 1, 0.1, 0.01, 0.001, 0.0001, 0.00001,
0.000001, and 0.0000001 M, respectively.

8. Using a clean pipette, repeat the serial dilution procedure
with hydrochloric acid in rows A through H of column 5
to produce final dilutions of 1, 0.1, 0.01, 0.001, 0.0001,
0.00001, 0.000001, and 0.0000001 M, respectively.

9. Using a clean pipette, repeat the serial dilution procedure
with sodium hydroxide in rows A through H of column 7
to produce final dilutions of 1, 0.1, 0.01, 0.001, 0.0001,
0.00001, 0.000001, and 0.0000001 M, respectively.

Retain the beaker of distilled water and the leftover 1 M solutions
for use later in this lab session.

DETERMINING THE PH OF THE SOLUTIONS

With the reaction plate populated with acids and bases at
various concentrations, the next step is to determine pH values
for each of those solutions.

1. Use scissors to quarter eight strips of pH test paper.
You'll need 32 pieces of pH test paper, one for each of the
occupied wells.

2. Being careful not to slosh solution from one well into
another, dip the tip of the stirring rod into well H1 (the most
dilute acetic acid solution) and touch the tip of the rod to
a piece of pH test paper to transfer the drop of acid to the
paper. Compare the color of the test paper to the color
chart and estimate the pH of that solution as closely as
possible. Record that value in your lab notebook.

3. Dip the tip of the stirring rod into the beaker of distilled
water torinse it. Dry the stirring rod with a clean paper
towel.

4. Repeat steps 2 and 3 to test each of the remaining wells in
columns1,3,5,and7.

The actual pH values you observe and record may vary slightly
from expected values, particularly at the mid-range pH levels,
depending on how accurate your serial dilutions were and how
accurately you interpret the colors of the pH test paper.

Hydrochloric acid is a strong acid and sodium hydroxide is

a strong base, which means they fully dissociate in solution

to form hydrogen ions and hydroxide ions, respectively. The

1 M hydrochloric acid should have a pH value of O, with each
succeeding ten-fold dilution increasing that value by 1. Similarly,
the 1 M sodium hydroxide should have a pH value of 14, with
each ten-fold dilution decreasing that value by 1.

Acetic acid is a weak acid and ammonia is a weak base, which
complicates matters. In concentrated solutions, neither of these
chemicals dissociates fully, so the pH of the acetic acid solution
is higher than you might expect, and the pH of the ammonia
solution lower. Table IlI-1-1 lists the theoretical pH values for
various concentrations of these four chemicals, from 10° molar
(1 molar) to 107 molar (0.0000001 molar).

Table IlI-1-1: Theoretical pH values

10°M 10'M 102 M 10°M 10*M 10°M 10°M 107 M
Acetic acid 2.4 2.9 34 3.9 4.5 5.2 6.0 7.0 1
Ammonia 11.6 11.1 10.6 10.1 9.5 8.9 8.0 7.0 3
Hydrochloric acid 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 5
Sodium hydroxide 14.0 13.0 12.0 11.0 10.0 9.0 8.0 7.0 7
A B Cc D E F G H
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Note that in the most dilute solutions, the pH values for the weak
acid and weak base are very close to those of the corresponding
strong acid and strong base. In such dilute solutions, the weak
acid or base is sufficiently dissociated to provide enough
hydronium or hydroxide ions to establish the pH at the expected
level. Conversely, as the concentration increases, the pH values
begin to diverge. In the highest concentration, 1 M, the weak

acetic acid has a pH of only 2.4, versus the 0.0 pH of the strong
and therefore fully dissociated hydrochloric acid. Similarly, ina
1M solution, the weak base ammonia has a pH of only 11.6, versus
the 14.0 pH of the strong and therefore fully dissociated sodium
hydroxide. This difference in behavior between strong and weak
acids and bases has profound implications for the chemistry of
life.

PROCEDURE I111-1-3: PH OF HOUSEHOLD MATERIALS

To move our study of pH into a more familiar realm, let's take a few minutes to test the pH of
common household materials. If the materials are liquids, test them directly. For solids, dissolve
a tiny amount in a few drops of water in a reaction plate. Quarter pH test strips, and use a fresh

strip for each material.

Here are some materials you might test: water (distilled, tap,
and bottled), saliva, urine, table salt, table sugar, baking soda,
mouthwash, alcohol or hand sanitizer, washing soda, laundry
detergent, chlorine bleach, toilet cleaner, drain opener, window
cleaner, soap, shampoo, juices (apple, grape, grapefruit, etc.),
vinegar, soft drinks (carbonated and uncarbonated), coffee and
tea (with and without milk and/or sugar), and milk.

PROCEDURE I1lI-1-4: BUFFERS

Record your observations in your lab notebook, along with any
conclusions you make concerning the range of pH values found
in food and other biological materials versus those intended for
cleaning and similar purposes.

As we learned in the first procedure, even a tiny amount of acid or base can have a major effect
on the pH of a solution, particularly if the pH of that solution is originally neutral or nearly so. For
example, adding one drop of 1 M hydrochloric acid to nine drops of distilled water reduces the
pH from 7 to 1; adding one drop to 99 drops of water reduces the pH from 7 to 2; and adding one
drop to 999 drops of water reduces the pH from 7 to 3.

Such large variations in pH are incompatible with the biological
processes of life. For example, many enzymes function only
within an extremely narrow pH range, and are denatured
(destroyed) if exposed to a pH much outside that range. Living
things avoid these extremes in pH by using buffers, which
resist changes in pH. Human blood plasma is one example of

a buffer. It ordinarily maintains a pH of 7.40 = 0.05. If the pH of
someone’s blood plasma is outside the range of about 7.3 to
7.5, that person isill; if the pH is much outside that range, the
person is dead.

A buffer solution is a mixture of a weak acid and a strong base or
(morerarely) a weak base and a strong acid. For example, acetic
acid (a weak acid) reacts in solution with sodium hydroxide (a
strong base) to produce sodium acetate. A pure solution of
sodium acetate is fully dissociated into sodium ions and acetate

ions, and has an alkaline (basic) pH. But if you mix that sodium
acetate solution with additional acetic acid—which does not
dissociate fully in solution—you produce a solution that contains
sodium ions, acetate ions, and molecular (nondissociated)
acetic acid.

If you add a small amount of a strong acid to this acetate buffer
solution, it absorbs the additional hydrogen ions by forming
additional acetic acid molecules from those hydrogen ions and
free acetate ions. If you instead add a small amount of a strong
base to the acetate buffer solution, it absorbs the additional
hydroxide ions by breaking down acetic acid molecules into
hydrogen ions and acetate ions. The newly freed hydrogen

ions react with the excess hydroxide ions to form neutral water
molecules. In either case, the pH of the solution changes only
slightly.
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In this procedure, we'll prepare a buffer solution and test its
ability to resist pH changes as we add small amounts of a strong
acid and a strong base.

PREPARING A 0.1 M ACETATE BUFFER
SOLUTION

The first step is to prepare a 0.1 M acetate buffer solution. That
solution will be 0.1 M with respect to sodium acetate and 0.1

M with respect to acetic acid and will have a pH just under 5.0.
We'll use 6 M solutions of acetic acid and sodium hydroxide to
make up the buffer.

Because one mole of acetic acid reacts with one mole of sodium
hydroxide to form one mole of sodium acetate, we'll need to

use twice as much acetic acid as sodium hydroxide. (Half of

the acetic acid reacts with sodium hydroxide to form sodium
acetate, and the other half of the acetic acid remains in solution
as acetic acid.) Because a 6 M solution is 60 times more
concentrated than our target 0.1 M concentration, we'll need to
dilute the solutions by using one part 6 M sodium hydroxide and
two parts 6 M acetic acid to 57 parts of water.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Label a15 mL centrifuge tube “acetate buffer” and transfer
10 or 12 mL of distilled water to the tube.

3. Use a clean pipette to transfer 0.25 mL of 6 M sodium
hydroxide solution to the tube. Swirl to mix the solution.

4. Use a clean pipette to transfer 0.50 mL of 6 M acetic acid to
the tube. Swirl to mix the solution.

5. Fill the tube to the 15 mL line with distilled water. Cap the
tube and invert it several times to mix the solution.

TESTING THE BUFFER SOLUTION

With the acetate buffer prepared, the next step is to test its
resistance to changes in pH and compare that resistance to
that of a nonbuffer solution (ordinary water). We'll use the 1
M solutions of hydrochloric acid and sodium hydroxide we
prepared earlier in this lab session.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Use scissors to quarter 8 or 10 pH test paper strips.

3. Use aclean pipette to transfer 2.0 mL of water to each of
wells Al and D1 of the 24-well reaction plate and 2.0 mL
of acetate buffer solution to each of wells Bl and C1 of the
reaction plate.

4. Add one drop of 1 M hydrochloric acid to well AL. Stir the
contents of the well with the stirring rod, and use the tip
of the stirring rod to transfer one drop of the contents
to a piece of test paper. Record your results in your lab
notebook.

5. Using a fresh piece of test paper each time, repeat step 4
until you have added a total of five drops of 1 M hydrochloric
acid to well AL

6. Repeat steps 4 and 5, but this time adding 1 M sodium
hydroxide to well D1.

7. Repeat steps 4 and 5, but this time adding the 1M
hydrochloric acid dropwise to well B1, which contains
buffer solution. Continue adding acid to well B1 until the
pH starts to show a sharp decrease, or until you run out of
acid.

8. Repeat steps 4 and 5, but this time adding the 1 M sodium
hydroxide dropwise to well C1, which contains buffer
solution. Continue adding base to well C1 until the pH starts
to show a sharp increase, or until you run out of base.

Note the key difference between a buffer solution and an
unbuffered solution such as water. An unbuffered solution
reacts to the addition of small amounts of a strong acid or
strong base by showing large changes in pH. A buffer solution
absorbs small quantities of a strong acid or strong base without
much change in pH. Note also that the capacity of a buffer is
limited. Adding larger amounts of a strong acid or strong base
eventually overwhelms the ability of the buffer solution to resist
changes in pH. Once the buffer solution reaches its capacity, it
behaves as an ordinary, unbuffered solution.
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REVIEW QUESTIONS

Q1: How would you make up 100 mL of 1 M potassium iodide solution?

Q2: Youneed to make up 1L of 1 M sulfuric acid. Your concentrated sulfuric acid is 98% sulfuric acid and has a density as 1.84 g/
mL. Describe two methods for making up the 1 M solution.

Q3: You have a hydrochloric acid solution with a known pH of 3.00. How much of that solution would you dilute with distilled water
to afinal volume of 1 L to produce a 100 uM (micromolar) solution? What would the pH of that solution be? (Assume complete
dissociation of the acid.)

Q4: How did the pH values you observed for food and other material intended for human consumption differ from the pH values
of household cleaners and similar items?
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Carbohydrat
and Lipids Lab IlI-2

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles + d-glucose (dextrose) + Pipettes + Sudan Il stain
» Barfoed's reagent « graduated cylinder, 10 mL « Reaction plate, 24-well » Testtubes

+ Beaker, 250 mL + Gram'siodine stain « Seliwanoff's reagent + Testtuberack
+ Benedict's reagent » Hydrochloric acid « Slides (flat) and coverslips

MATERIALS YOU PROVIDE

+ Gloves » Hair dryer (optional) « Milk (whole) « Softdrink, colorless
(Sprite or similar)
« Butane lighter (or other * Honey + Non-dairy creamer
flame source) » Sucrose (table sugar)

+ Isopropanol + Onion

+ Butter + Vegetable oil
+ Marking pen « Paper bag (brown)

+ Diet sweetener + Water, distilled
* Microscope + Peanut (or cashew, etc.)

» Fruitjuice (unsweetened)
» Microwave oven « Potato
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BACKGROUND

In this lab session we'll investigate two classes of biologically important molecules, carbohydrates

and lipids.

CARBOHYDRATES (SACCHARIDES)

Carbohydrates, also known as saccharides (sack’-uh-rides), are
a fundamental building block of life. Carbohydrates perform
many key biological functions, notably storing and transporting
energy and providing physical structure.

Carbohydrates contain only carbon, hydrogen, and oxygen,
and have the empirical formula C,(H,0),,, where some
number of carbon atoms is combined with some number of
water molecules. (In fact, the structure of carbohydrates is
considerably different than a simple grouping of carbon atoms
with water molecules, but they were named carbohydrates
because the empiric ratio of atoms in their structures
corresponds to hydrated carbon.) Carbohydrates are
categorized as members of the following groups.

Monosaccharides
Monosaccharides, also called simple sugars, are the
smallest and simplest carbohydrates, and are important
both for themselves and as the fundamental building
blocks of larger, more complex carbohydrates. (You can
think of complex carbohydrates as a brick wall in which
monosaccharides are the bricks.) Glucose, fructose,
galactose, ribose, and xylose are examples of biologically
important monosaccharides.

Monosaccharides are classed by the number of carbon
atoms and the functional group they contain. A triose
contains three carbon atoms, a tetrose four, a pentose

five, a hexose six, and a heptose seven. Monosaccharides
that contain an aldehyde group—a carbonyl group (C=0)
bonded to a hydrogen atom and a carbon atom—are
aldoses, and those that contain a ketone group—a carbonyl
group bonded to two other carbon atoms—are ketoses.

These two important characteristics may be combined to
describe both the number of carbon atoms and the type

of functional group in one term. For example, because
ribose contains five carbon atoms and an aldehyde
functional group, itis an aldopentose. Fructose contains
six carbon atoms and a ketone functional group, and sois a
ketohexose.

CHIRALITY

Chirality is the property of handedness. For example, the
structures of a right glove and a left glove are identical
but the gloves are chiral because each is the mirror
image of the other. Many organic molecules, including
monosaccharides, are chiral. The dextrorotary form of a
chiral molecule rotates the plane of polarized light to the
right, and the levorotary form to the left.

The naturally occurring form of glucose rotates polarized
light to the right, and is called D-glucose or dextrose.
L-glucose is useless biologically because hexokinase, the
enzyme that metabolizes D-glucose, is itself chiral and
cannot operate on L-glucose.

\. J

Disaccharides
Disaccharides, also called compound sugars, comprise
two bound monosaccharides, which may be the same or
different. For example, the disaccharide lactose contains
glucose bound to galactose, sucrose contains glucose
bound to fructose, and maltose contains two bound
glucose molecules.

Disaccharides can be hydrolyzed (split) into their
component monosaccharides using enzymes, heat, or

an acid or base catalyst. For example, sucrose can be
hydrolyzed into its component monosaccharides, glucose
and fructose, by heating it in a dilute hydrochloric acid
solution.

Oligosaccharides
An oligosaccharide is a polysaccharide polymer made up of
more than 2 but fewer than 10 monosaccharide units. Many
oligosaccharides are biologically important molecules.
Oligosaccharides are components of many proteins,
glycoproteins, and glycolipids, where they often function
as chemical markers. For example, blood types A and B
contain different oligosaccharides; blood type AB contains
both of those oligosaccharides; blood type O contains
neither.
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Polysaccharides

A polysaccharide is a macromolecule (large molecule)
made up of 10 or more (often many more) monosaccharide
and/or disaccharide units. Two familiar polysaccharides
are cellulose, which plants use as a structural element, and
starch, which plants use to store energy. (Animals store
energy using glycogen, which is structurally similar to
starch.)

Some polysaccharides are easily hydrolyzed into their
component mono- or disaccharides. For example,

the glucose (dextrose) sold in drugstores and health-

food stores is produced by hydrolyzing starch. Other
polysaccharides are very difficult to hydrolyze. For
example, while it is possible in principle to hydrolyze
cellulose into glucose—which would immediately make
biofuels cheap and universally available—in practice it has
so far proven impossible to do so economically.

N\

REDUCING SUGARS

A reducing sugar (more properly, reducing saccharide)
is one that, when in solution, exposes a reactive ketone
or aldehyde group. All monosaccharides (ketoses and
aldoses) are, by definition, reducing sugars. Many di-,
oligo-, and polysaccharides are reducing saccharides.
Sucrose is one example of a nonreducing disaccharide.
The “reducing” part of the name refers to the ability of
these saccharides to react with mild oxidants such as
Fehling's, Benedict's, or DNSA reagent to yield a color
change or precipitate that identifies the presence of a
reducing sugar.

Biologists frequently use four color-test reagents to
discriminate among types of sugars. All of these reagents are
used in the same way: transfer a small amount of the reagent to
atest tube, add a few drops of the specimen, and place the tube
in a boiling water bath for a few minutes.

Barfoed’s reagent

Barfoed's reagent is used to discriminate
monosaccharides. A brick-red precipitate forms within five
minutes if a monosaccharide is present. Disaccharides
generally cause no precipitate even after 10 to 15 minutes
of heating.

Benedict’s reagent

Benedict's reagent is used to discriminate reducing sugars.
A precipitate forms within five minutes if a reducing sugar
is present. The amount and color of the precipitate vary
with the amount of reducing sugar present. With increasing
concentration of the reducing sugar, the precipitate color
varies from green to yellow to orange to brick-red, with the
brick-red color generally occurring at concentrations of 1%
or higher.

Seliwanoff’s reagent

Seliwanoff's reagent is used to discriminate ketoses

from aldoses. An orange to red color forms within five
minutes if a ketose is present. If the ketose is presentin
low concentration, the color may be anything from a straw
yellow to yellowish-orange. Aldoses yield no color change
even after 10 to 15 minutes of heating.

If you're using the kit, you can make up Seliwanoff's
reagent by adding one part 6 M hydrochloric acid to one
part of Seliwanoff's Reagent A solution. For example, to
make up 3 mL of Seliwanoff's Reagent, use a graduated
pipette to transfer 1.5 mL of 6 M hydrochloric acid to 1.5 mL
of Seliwanoff's Reagent A.

Bial's reagent, which we won't use in this session, is
used to discriminate pentoses from hexoses. Bial's
reagent forms a green, greenish-blue, or blue color in
the presence of pentoses, but shows no color change for
hexoses.

Starches can be detected using a dilute aqueous solution

of iodine, such as Gram'’s stain. The brown iodine solution
reacts with starch to form an intense blue complex. Adding
adrop of iodine solution to a few mL of even extremely dilute
starch solution causes a blue coloration to appear; with more
concentrated starch solutions, the blue is so intense it may
appear black. lodine is also used to stain cells for microscopic
examination. Any starch present in the cell is stained black.

-

THE MOLISCH GENERAL TEST FOR
CARBOHYDRATES

In a biology lab, a quick test is sometimes needed to

determine if carbohydrates of any type are present in
a specimen. Molisch's reagent is widely used for this

purpose.
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LIPIDS

Lipids are members of a large group of biomolecules that
includes oils, fats, waxes, sterols, fatty acids, and other

classes. Lipids perform many key biological functions. Like
carbohydrates, lipids are widely used for storing energy and
providing physical structure in cell membranes. Many important
signaling molecules are lipids, as are several vitamins.

Some lipids are hydrophobic (water-hating), which means
they do not mix with water or aqueous solutions. For example,
vegetable oil contains hydrophobic lipids. If you mix vegetable
oil with water and agitate the liquid, it initially forms a
suspension of tiny globules of vegetable oil suspended in the
water. If you allow the liquid to sit undisturbed, it eventually
separates into two layers, with the denser water forming the
bottom layer and the vegetable oil the top layer.

Other lipids are amphiphilic, which means they mix well with
both water and other lipids. The molecular structure of these
lipids has a hydrophobic group on one end of the molecule
and a hydrophilic (water-loving) group on the other end.
Amphiphilic lipids called phospholipids form the structure of the
bi-layer membranes found in many cells. These phospholipids
arrange themselves into a double layer with their hydrophobic
groups in the center of the layer and their hydrophilic groups
facing outward toward the aqueous solutions on both sides

of the membrane, thereby isolating the aqueous areas with a
hydrophobic lipid layer that is impermeable to water.

Lipophilic dyes (fat-loving dyes) such as Sudan Il are the best
general test for the presence of lipids. These dyes are nearly
insoluble in water but readily soluble in lipids (such as oils

and fats). When a lipophilic dye is applied to a specimen that
contains lipids, it is selectively attracted to the lipids, staining
them and leaving parts of the specimen that do not contain
lipids unstained. This property is useful for discriminating lipids
both macroscopically and microscopically.

THE GREASE SPOT TEST

Lipids also have the property of forming “grease spots”
on kraft paper, which is the basis for a frequently used
quick test for the presence of lipids. You can use a liquid
specimen as is. Dissolve a solid specimen in alcohol, and
apply a few drops of the liquid to kraft paper, such as a
brown paper bag. When the solvent (if any) evaporates—
you can use a hair dryer to help it along—any lipids that
were present in the specimen form a translucent grease
spot on the paper.

\. J

We will attempt to resolve the following:

« Thetype or types of sugars present in the various
specimens.

+ Whetheritis possible to hydrolyze sucrose into its
component monosaccharide(s) and, if so, how closely you
might categorize the component monosaccharide(s).

« The presence or absence of starch in the various
specimens.

+ Whetheritis possible to hydrolyze starch into its
component monosaccharide(s) and, if so, how closely you

might categorize the component monosaccharide(s).

« Whether itis possible to identify the presence of starch as
a component of plant cells and, if so, how.

+ The presence or absence of lipids in the various specimens.

« Whether itis possible to identify the presence of lipids as a
component of plant cells and, if so, how.

PROCEDURE Il1-2-1: INVESTIGATING SUGARS

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Prepare a hot water bath by filling the 250 mL beaker about
one third full of tap water and heating it in the microwave
until it comes to a gentle boil. Alternatively, simply bring a
pot of water to a gentle boil on the stove, and use that pot
as your source of boiling water during this procedure.

WARNING: USE EXTREME CAUTION

A microwave oven can actually heat water above
its boiling point without causing the water to boail,
a phenomenon called superheating. The slightest
disturbance can cause superheated water to boil
violently, expelling it from the container.

112 DIY Science: lllustrated Guide to Home Biology Experiments



The water needn't be actually boiling, as long as its
temperature is close to 100 °C. As the hot water bath
cools during these procedures, periodically replace
the water with freshly boiled water to maintain the
temperature near 100 °C.

3. Label a test tube for each of your first six specimens,

including one tube for distilled water, and place the tubes
in the rack.

. Prepare your specimens as described in the footnotes of

Table IlI-2-1. Any specimens that do not include preparation
instructions can be used as-is.

. Transfer about 0.5 mL of Barfoed's reagent to each test

tube.

10.

11.

. Add three drops of each specimen to the corresponding

tube and swirl the tubes to mix the contents.

. Transfer the first six tubes to the boiling water bath and

allow them to remain for five minutes.

. Record your observations in your lab notebook.

. After the tubes have cooled, dispose of their contents by

flushing them down the drain with plenty of water. Rinse
and then wash the tubes.

Repeat steps 5 through 9 for your other six specimens.
Repeat steps 5 through 10 using Benedict's reagent and

Seliwanoff's reagent. (We'll fill out the Gram column in the
next procedure.)

Retain the prepared specimens in the reaction plate and the
(clean) labeled test tubes for the following procedure.

Table 111-2-1: Detecting and Classifying Saccharides—experimental observations

Barfoed

Specimen

Benedict

Seliwanoff

1 distilled water

2 diet sweetener®

3 fruit juice

4 glucose solution

5 | honey®

6 milk (whole)

7 nondairy creamer®
8 | onion water®

9 potato water®

10 | Sprite soft drink
11 | sucrose'solution
12 | hydrolyzed sucrose®
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a. Dissolve a pinch of diet sweetener in about 2 mL of
distilled water in a reaction plate well.

b. Dissolve two or three drops of honey in about 2 mL of
distilled water in a reaction plate well.

c. Dissolve a pinch of non-dairy creamer in about 2 mL of
distilled water in a reaction plate well.

d. Mash bits of onion with a stirring rod in about 2 mL of
distilled water in a reaction plate well.

e. Mash bits of potato with a stirring rod in about 2 mL of
distilled water in a reaction plate well.

f. Dissolve a pinch of table sugar in about 2 mL of distilled
water in a reaction plate well.

g. Dissolve a pinch of sugar in about 2 mL of distilled water
in a test tube and add two drops of hydrochloric acid. Heat
for 10 minutes in the hot water bath, allow to cool, and
transfer to a reaction plate well.

If you don't use them normally, you can obtain diet sweetener
and nondairy creamer in small packets from any restaurant.

PROCEDURE I11-2-2: INVESTIGATING STARCHES

This procedure has two parts. In the first, we'll test the specimens we used in the last procedure
for the presence of starch. In the second part, we'll test for starch at the cellular level of some

solid specimens.

TESTING SPECIMENS FOR THE PRESENCE OF TESTING FOR STARCH AT THE CELLULAR LEVEL

STARCH

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer about 0.5 mL of each of the first six specimens
listed in Table lll-2-1 to the corresponding test tubes and
place the tubes in the rack.

3. Add one drop of Gram's stain to each of the test tubes.

4. Record your observations in your lab notebook and in Table
I1-2-1.

5. Dispose of the contents of the tubes by flushing them down
the drain with plenty of water. Rinse and then wash the
tubes.

6. Repeat steps 2 through 5 for each of the remaining six
specimens.

Retain the prepared specimens in the reaction plate and the
(clean) labeled test tubes for the following procedure.

1. If you have not already done so, put on your goggles,

gloves, and protective clothing.

2. Transfer a tiny amount of solid potato to a slide, add one

drop of distilled water, and use the stirring rod to crush and
spread the potato to make a smear mount. Heat-fix the
smear mount.

3. Repeat step 2 using a tiny amount of solid onion.

4. Repeat step 2 using a tiny amount of solid peanut.

WARNING

Skip step 4 if you are or anyone else in the vicinity is
allergic to peanuts.

5. Place one drop of Gram's iodine stain on the smear area of

each slide. Allow the stain to work for 30 seconds and then
rinse gently with distilled water to remove excess stain.
Allow the slides to dry naturally or use a hair dryer set to
low to speed drying.
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6. Examine each slide at low magnification to locate a
cluster of cells. Examine those cells at medium and high
magnifications. Record your observations, including
sketches, in your lab notebook. Retain the slides for use in
the next procedure.

PROCEDURE IlI-2-3: INVESTIGATING LIPIDS

This procedure has four parts. In the first, we'll test the solubility of lipids in water and
isopropanol. In the second, we'll use the grease-spot test to detect lipids in our various liquid
specimens. In the third, we'll investigate the effect of Sudan Il stain (a lipophilic dye) on lipids.
In the fourth, we'll use Sudan Ill stain to stain the slides we made in the previous procedure to

determine if we can detect lipids at the cellular level.

SOLUBILITY OF LIPIDS

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer 5.0 mL of water to one test tube and 5.0 mL of
isopropanol to a second test tube. Place the tubes in the

rack. 1.

3. Use a pipette to add 0.5 mL of vegetable oil to each of the

test tubes. Agitate the tubes and replace them in the rack. 2.

4. Allow the tubes to remain undisturbed for a minute or so,
and then record your observations in your lab notebook.

Retain the contents of the isopropanol test tube for the following 3.

sections.

THE GREASE-SPOT TEST FOR LIPIDS

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Draw a 4x4 grid of 5 cm squares on a brown paper 1.

bag. Label the squares for each of the 12 solutions you
tested earlier, plus a thirteenth square for the mixture of

isopropanol and vegetable oil. 2.

3. Transfer one drop of each of the 13 liquids to the
corresponding square. Allow the paper to dry naturally, or
use a hair dryer set on low to speed drying.

4. Hold the paper up to a window or bright lamp, and examine

it for translucent grease spots, which indicate the presence
of lipids. Record your observations in your lab notebook.

THE EFFECT OF SUDAN Ill STAIN ON LIPIDS

If you have not already done so, put on your goggles,
gloves, and protective clothing.

Label four test tubes. Transfer 1.0 mL of distilled water
to the first tube, 1.0 mL of honey to the second, 1.0 mL of
vegetable oil to the third, and 0.5 mL of vegetable oil and
0.5 mL of distilled water to the fourth.

Add two drops of Sudan Ill stain to each of the test tubes,
and agitate the tubes to mix their contents. Replace the
tubes in the rack and allow them to sit undisturbed for

a minute or so. Record your observations in your lab
notebook.

OBSERVING LIPIDS AT THE CELLULAR LEVEL

If you have not already done so, put on your goggles,
gloves, and protective clothing.

Add one drop of Sudan Il stain to the smear areas of the
slides you prepared earlier and stained with Gram's iodine.
Allow the Sudan Il stain to work for 30 seconds and then
rinse gently with distilled water to remove excess stain.
Allow the slides to dry naturally or use a hair dryer set to
low to speed drying.
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3. Examine each slide at low magnification to locate a
cluster of cells. Examine those cells at medium and high
magnifications. Record your observations, including
sketches, in your lab notebook.

REVIEW QUESTIONS

Q1: Inprocedure lll-2-1, what is the purpose of the test tube that contains only distilled water?

Q2: If you obtain a positive result with one of the reagents when testing distilled water, what can you conclude? What action would
you take?

Q3: Which of the specimens you tested in procedure |l1-2-1 contained a monosaccharide? How do you know?

Q4: Which of the specimens you tested in procedure I11-2-1 contained a reducing sugar? How do you know?

Q5: Which of the specimens you tested in procedure I1I-2-1 contained a ketose? How do you know?
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Q6: Based on your tests of hydrolyzed sucrose in procedure lll-2-1, what can you conclude about the monosaccharide
hydrolyzation products present?

Q7: Based on your tests in procedure 111-2-2, which of your specimens contained starch?

Q8: Based on your microscopic examinations in procedure I11-2-2, which of the three specimens contained starch and in what
amounts? Was the starch evenly distributed throughout the cells or localized? How can you tell?

Q9: Based on your tests in procedure I11-2-3, are the lipids in vegetable oil more soluble in water or isopropanol? Which of your 13
specimens contained lipids?

Q10: Based on your microscopic examinations in procedure I11-2-3, which of the three specimens contained lipids and in what
amounts? Were the lipids evenly distributed throughout the cells or localized? How can you tell?

Qll: What do you conclude about the similarities and differences in how potatoes, onions, and peanuts store food energy?
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Proteins, E :
anavitamins  Lab -3

Other than collecting household items, no advance preparation is required for any of the
procedures in this lab session. Procedure 2 requires at least one urine specimen, which you
should obtain immediately before you begin the session. If there will be a significant delay
between obtaining the specimen and doing the lab session, refrigerate the specimen in a full,
tightly capped container until shortly before you begin the session.

~
WARNING
We'll assume that you're healthy and using your own urine, wash your hands with soap and water thoroughly after
which presents no biohazard to you. In fact, urine obtained handling the containers. In any event, wash the outsides of
from any healthy person is sterile unless it is contaminated the containers after collecting the specimens.
during collection. If you obtain urine specimens from others,
\ J

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles + Gelatin (unflavored) + |-Glutamine + Spatula
» Ascorbic acid tablet « Gram'siodine stain + pHtestpaper » Stirring rod
» Beaker,100 mL » Graduated cylinder, 10 mL + Pipettes » Testtubes
+ Beaker, 250 mL » Graduated cylinder, 100 + Reaction plate, 24-well » Testtube clamp
mL
» Biuret reagent « Reaction plate, 96-well » Test tube rack
» Hydrochloric acid
» Centrifuge tubes, 15 mL + Sodium hydroxide

» Lead(ll) acetate
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MATERIALS YOU PROVIDE

+ Gloves + Eggwhite, raw
» Blood from uncooked » Freezer
meat

» Hydrogen peroxide, 3%
» Desk lamp or other strong

light source » Isopropanol, 99%

BACKGROUND

« Marking pen » Starch water (see text)

» Microwave oven » Urine specimen(s) (see
text)
« Paper or cloth, black
» Water, distilled
+ Paper towels

In this lab session we'll investigate three more classes of biologically important molecules,

proteins, enzymes, and vitamins.

PROTEINS

A protein is a member of a class of organic chemical compounds
that are made up of amino acid building blocks. An amino acid is
an organic chemical compound that includes a carboxyl group
(COOH) and an amino group (NH,). In proteins, amino acids link
together in chains, with the carboxyl group from one amino acid
in the chain connected to the amino group of the next amino
acid by a peptide bond.

There are a huge number of different amino acids, but only 20 of
them (22 in some lifeforms) are used as protein building blocks.
Simple proteins may include just a few amino acids in the chain,
while complex proteins may include hundreds or thousands

of individual amino acid building blocks. The sequence (order)
of the amino acids in a protein is defined by the gene that

is responsible for producing that particular protein. Small
changes in that sequence can result in huge differences in the
characteristics and functioning of the resulting proteins.

Although proteins can be thought of as simple chains of amino
acids, the physical reality is different. Rather than existing as
long linear chains, during production most actual proteins

fold in upon themselves to produce molecular structures that
have the form of globes or fibers. These structures, called
conformations, may be relatively rigid and fixed or they may

be flexible and therefore subject to conformational changes.
Proteins of the first sort may be found as structural elements in
cells and other applications where their fixed conformations are
essential; those of the second sort are often used for signaling
and are important elements of the cell cycle.

Most proteins can be denatured by heat, acids or bases, heavy
metals, or other denaturants. For example, when you cook
liquid egg white, the albumin protein present in the egg white is
denatured and precipitates as a white solid.

The process of denaturation unfolds the conformation of
the protein, disrupting its three-dimensional structure and
inactivating it. Depending on the protein and the denaturant
used, denaturation may or may not be reversible.

The term denatured is used in two distinct ways. For example,
changing the pH of a solution slightly may inactivate a
particular protein, but returning the pH of that solution to

the range in which that protein is active may reactivate the
protein. Conversely, making a large change of pH in that
solution may inactivate the protein irreversibly. Some people
use the term denaturation to refer to either reversible or
irreversible inactivation; others use it to refer only to irreversible
inactivation.

Like carbohydrates and lipids, proteins play a key role in life
processes, participating in nearly every cellular process. Some
proteins fill structural roles at the cell and organ levels. Others
are enzymes that catalyze biochemical processes, including
metabolism. Still others play key roles in cell signaling, immune
system responses, and most other critical life processes.

Biologists use numerous chemical and instrumental tests to
detect, identify, and quantify the types and amounts of amino
acids and proteins present in a specimen. The oldest of these
is the biuret test, which is a general test for proteins and can be
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run qualitatively or, with a colorimeter or spectrophotometer,
quantitatively. Other common tests include the Bradford protein
assay, which is more sensitive than the biuret test but does

not respond to all proteins, the cystine test, which detects the
presence of cysteine residues in proteins, and the xanthoproteic
acid test, which is specific to the two amino acids tyrosine and
tryptophan. (We'll use the biuret test and the cystine test in this
lab session.)

ENZYMES

An enzyme is a protein that functions as a catalyst. (A catalyst
is a chemical that increases the rate of a chemical reaction
but is not consumed during the reaction.) In the presence of

a catalyst, a reaction may proceed millions of times faster
than it would in the absence of that catalyst. Nearly all of the
biochemical reactions that occur in cells require enzymes to
proceed at useful rates. About 4,000 different biochemical
reactions are known to be catalyzed by enzymes.

Most enzymes are specific to one reaction. For example, the
enzyme invertase catalyzes the hydrolysis (splitting) of the
disaccharide sucrose (table sugar) into the monosaccharides
glucose and fructose, but has no effect on DNA, while the
enzyme DNA polymerase plays an essential role in DNA
replication, but has no effect on sucrose. Because most
enzymes are so selective, the types of enzymes made in a
cell determine the types of biochemical reactions (metabolic
pathways) that occur in that cell.

Enzyme activity is affected by many factors, including
concentration, pH, and temperature. It can also be increased

or decreased by the presence of other organic molecules.
Molecules that increase enzyme activity, including some
vitamins, are called enzyme activators. Molecules that decrease
enzyme activity, including many drugs and poisons, are

called enzyme inhibitors. As proteins, most enzymes can be
denatured, reversibly orirreversibly.

In this lab session, we'll investigate some of the properties of
peroxidase, an enzyme that speeds up the decomposition of
hydrogen peroxide millions of times. (That's why hydrogen
peroxide foams when you pour it on a cut; the peroxidase
enzyme in your blood catalyzes the decomposition of hydrogen
peroxide into water and oxygen gas, which causes the foaming.)
Hydrogen peroxide occurs naturally, and is a strong oxidizing
agent that damages cells. In the absence of a catalyst like
peroxidase, hydrogen peroxide decomposes very slowly, and
continues damaging cells until it has completely decomposed.
In the presence of peroxidase, hydrogen peroxide breaks down
very quickly into harmless water and oxygen gas.

VITAMINS

A vitamin is an organic compound or group of related
compounds that is a required trace nutrient, but either is not
produced by or is produced in insufficient quantity by an
organism and so must be obtained from the diet. (Many dietary
minerals—such as iron, copper, zinc, and iodine—are also
required trace nutrients, but no organism can produce these
from simpler precursors, so by convention they are considered
essential trace minerals rather than vitamins.)

For example, vitamin C (ascorbic acid) is required by all forms
of plant and animal life. Nearly all species produce sufficient
ascorbic acid for their own needs, so in these species ascorbic
acid is not considered a vitamin. Conversely, a few species—
including bats, guinea pigs, some birds and fish, and some
primates, including humans—produce little or no ascorbic
acid, and so must obtain it from their diets. For these species,
ascorbic acid is a vitamin.

As is true of some proteins, some vitamins must be obtained
from the diet only in some circumstances. For example, humans
require vitamin D, but we also make it ourselves when our skin is
exposed to the ultraviolet wavelengths in sunlight. Under some
conditions, we make sufficient vitamin D to meet our needs, but
in other conditions we may need supplemental vitamin D from
our diets.

Skin color and sunlight intensity have significant effects on
vitamin D production. The ancestors of light-skinned people
originated at high latitudes, where sunlight is weak, while the
ancestors of dark-skinned people originated at equatorial
latitudes, where sunlight is intense. Dark skin contains large
amounts of the pigment melanin, which blocks UV light,
preventing skin damage and melanomas but at the same time
reducing production of vitamin D. Light skin contains little
melanin, which maximizes production of vitamin D, but does
not protect against damage from intense sunlight. Accordingly,
someone with light skin exposed to the strong equatorial
sunlight may overproduce vitamin D (not to mention suffering a
bad sunburn), while someone with dark skin exposed only to the
weak sunlight at high latitudes may produce insufficient vitamin D.

Unlike the other biologically important molecules we've looked
at so far, vitamins are classified by their biochemical activity
rather than by their structures. The biochemical functions of
vitamins are diverse. Some regulate metabolism or cell and
tissue growth. Others function as free-radical scavengers (anti-
oxidants). But most function as enzyme cofactors, which assist
enzymes in their catalytic activities.
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What constitutes a “trace” also differs from vitamin to vitamin.
For example, a multivitamin tablet might contain 100,000
micrograms (pg) of vitamin C, but only 750 g of vitamin A and
only 15 ug of vitamin D3.

In this lab session, we'll use iodometric titration to determine
the concentration of vitamin C in urine, how that concentration
varies from person to person and over the course of time, and
the importance of timeliness in assaying concentrations of
some organic compounds in living organisms.

We will attempt to resolve the following:

+ The presence or absence of proteins in the various
specimens.

« Whether or not general tests for proteins yield positive
results for amino acids.

+ The denaturation of proteins by various mechanisms.

« Whether an enzyme is denatured by extreme temperatures
or heavy-metalions.

+ The effect of pH on the activity of an enzyme and whether
that effect is reversible.

« The presence and concentration of vitamin C in a urine
specimen.

» Whether the concentration of vitamin C in a urine specimen
decreases spontaneously over time.

PROCEDURE I11-3-1: INVESTIGATING PROTEINS

Before you begin, prepare a hot water bath by filling the 250
mL beaker about half full of tap water and heating it in the
microwave until it comes to a gentle boil. Alternatively, simply
bring a pot of water to a gentle boil on the stove, and use that
pot as your source of boiling water during this procedure.

HANDLE WITH CARE

A microwave oven can actually heat water above
its boiling point without causing the water to boil,
a phenomenon called superheating. The slightest
disturbance can cause superheated water to boil
violently, expelling it from the container.

The water needn't be actually boiling, as long as its
temperature is close to 100 °C. As the hot water bath
cools during these procedures, periodically replace the
water with boiling water to maintain the temperature
near 100 °C.

PREPARING SPECIMENS

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Label a centrifuge tube for each of your specimens.

3. Transfer about 2 mL of raw egg white and 10 mL of distilled
water to a labeled centrifuge tube. Cap the tube and agitate
the contents to mix. This solution contains about a 2%
concentration of albumin, the primary protein present in
egg white.

4. Transfer one rounded microspatula spoon of unflavored
gelatin to a labeled centrifuge tube that contains about
10 mL of cold distilled water. Cap the tube and agitate the
contents to mix. Remove the cap and place the tube in
the hot water bath. Allow the tube to heat until the gelatin
dissolves. Remove the tube, capit, place it in the rack, and
allow it to cool to room temperature.

5. Transfer one rounded microspatula spoon of L-glutamine
to alabeled centrifuge tube that contains about 10 mL of
cold distilled water. Cap the tube and agitate the contents
to mix.

DETECTING PROTEINS WITH THE BIURET TEST

The biuret test is a general color test for the presence of
proteins. If a specimen contains a protein or proteins, adding a
few drops of the specimen to a small amount of biuret reagent
causes the color of the reagent to change from blue to violet.
The test is specific for proteins, as opposed to the amino acids
that are the building blocks of proteins. Testing a pure amino
acid with biuret reagent usually results in no obvious color
change or at most a slight darkening of the light-blue color of the
reagent itself.
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1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Place the 96-well reaction plate on a sheet of white paper
under a strong light.

3. Transfer eight drops of biuret reagent to each of wells Al,
A3, A5, and A7 of the reaction plate.

4. Addtwo drops of distilled water to well A1, two drops of
the egg-white solution to well A3, two drops of the gelatin
solution to well A5, and two drops of the L-glutamine
solution to well A7. Note any color changes, and record
your observations in your lab notebook.

( )
The time required for the biuret reagent to react varies

with the concentration of the protein(s) present in the
specimen and other factors. If no immediate reaction
occurs, place the reaction plate aside and recheck it after

10 to 15 minutes. You can be working on other parts of

this lab session while you wait.

& J

TESTING FOR THE PRESENCE OF CYSTINE

Cystine is a dimeric amino acid that is formed by the oxidation
of two cysteine residues linked via a disulfide bond. Cystine

is significant because the disulfide bonds it forms within and
between protein molecules are major determinants in the
conformation of most proteins. At basic pH, cystine reacts with
lead(ll) ions to form an insoluble black precipitate, which is the
basis of the cystine test.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Label two test tubes A and B.

3. Transfer about 1.0 mL of albumin solution to tube Aand 1.0
mL of gelatin solution to tube B.

4. Transfer about 0.25 mL of 6 M sodium hydroxide to each of
the two tubes and swirl the tubes to mix the solutions.

5. Transfer about 0.25 mL of lead(ll) acetate solution to each
of the two tubes and swirl the tubes to mix the solutions.

6. Using the test tube clamp, place the tubes in the hot water
bath and allow them to remain for about five minutes.

7. Carefully remove the tubes from the hot water bath and
place them in the rack.

8. Observe the tubes for the presence of a black precipitate,
which indicates the presence of cystine in the specimen.
Record your observations in your lab notebook.

DENATURING PROTEINS WITH ALCOHOL,
ACIDS, BASES, AND HEAVY-METAL IONS

Denaturing a protein changes it into a different conformation
(physical form). We've already seen that heat is a denaturant
for some proteins. For example, when you fry an egg the
albumin protein in the egg white is denatured, changing from a
colorless liquid to a white gel. There's no way to un-fry the egg
and convert the denatured albumin back into native albumin.
But proteins can be denatured by many other mechanisms,
including strong acids or bases, heavy metals, and alcohols.
Some proteins are more resistant than others to being
denatured by any particular means, and a means that is very
effective for denaturing one protein may be less effective or
ineffective in denaturing a different protein.

One sure sign that a protein has been denatured is that

it coagulates (clumps) and precipitates from solution.

The converse is not true; denaturation, sometimes called
denaturization, may occur without coagulation and precipitation
also occurring.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Place the 24-well reaction plate on a black cloth or sheet
of paper and illuminate it with a desk lamp or other strong
light source.

3. Transfer about 0.5 mL of the albumin solution to each of
wells Al through A6.

4. Transfer about 0.5 mL of the gelatin solution to each of
wells C1 through C6.

5. Transfer five drops of 6 M hydrochloric acid to each of wells
Aland CL.

6. Transfer five drops of 6 M sodium hydroxide to each of
wells A3 and C3.

7. Transfer five drops of 0.1 M lead(ll) acetate to each of wells
A4 and C4.
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8. Transfer five drops of isopropanol to each of wells A6 and
Cé.

9. After 30 seconds have passed, observe each of the wells
carefully for any visual indication that a reaction has
occurred. Record your observations in your lab notebook.

10. If avisible change occurred in wells Al and/or C1 (the
wells to which you added acid), the protein in question
is denatured at low pH. Determine if that denaturation

11

is reversible by transferring five drops of 6 M sodium
hydroxide to each well, Al and/or C1, in which a reaction
occurred. Record your observations in your lab notebook.

If a visible change occurred in wells A3 and/or C3 (the
wells to which you added base), the protein in question is
denatured at high pH. Determine if that denaturation is
reversible by transferring five drops of 6 M hydrochloric
acid to each well, A3 and/or C3, in which a reaction
occurred. Record your observations in your lab notebook.

PROCEDURE IlI-3-2: INVESTIGATING ENZYME CATALYSIS

In this procedure, we'll investigate the phenomenon of enzyme catalysis and examine the
effects of heat, pH, and heavy-metal ions on the activity of an enzyme catalyst. We'll observe the
catalyzed breakdown of hydrogen peroxide solution into water and oxygen, which is evident as
bubbles in the solution. Our catalyst is the enzyme peroxidase, which is present in human and

animal blood.

One molecule of peroxidase catalyzes the breakdown of millions
of peroxide molecules per second, so it's important to use a
peroxidase solution of the appropriate concentration. It there

is too little peroxidase present, the catalytic breakdown will
proceed too slowly; too much, and the peroxide solution will
foam uncontrollably. We'll use uncooked meat juice as a source
of peroxidase enzyme and adjust the concentration of the
solution to provide a usable level of activity.

4.

If your solution is too concentrated, empty half the
contents of the centrifuge tube and add tap water to bring
up the volume to about 50 mL. Retest and repeat the
dilution if necessary until you have a peroxidase solution
with a usable activity level. If your solution is too dilute, add
additional uncooked meat juice and repeat the testing until
the peroxidase concentration is usable.

PREPARE MODIFIED PEROXIDASE SOLUTIONS

PREPARE A STANDARD PEROXIDASE SOLUTION

1. Transfer about 1 mL of uncooked meat juice toa 50 mL
centrifuge tube and fill the tube nearly full with tap water.
Cap the tube and invert it several times to mix the solution
thoroughly.

2. Transfer about 5 mL of drugstore 3% hydrogen peroxide to
atest tube, add one drop of your peroxidase solution, and
swirl the tube to mix the solutions. Observe the intensity of
the bubbling that occurs.

3. If the concentration is correct, numerous individual
bubbles will form rapidly in the peroxide solution. If the
peroxidase concentration is too high, rapid foaming occurs,
and part of the solution may actually be ejected from the
tube. If the peroxidase concentration is too low, bubbles
form slowly, if at all.

1.

Transfer about 5 mL of the standard peroxidase solution to
each of six 15 mL centrifuge tubes labeled A through F.

. Tube A is the unmodified peroxidase solution.

. Cap tube B and place it in the freezer until the solution

freezes. When it has frozen, remove the tube and allow
the peroxidase solution to melt and come to room
temperature.

. Place tube C in a hot water bath at boiling or nearly so,

and allow it to remain in the bath for 10 minutes or so.
Remove the tube and allow the contents to come to room
temperature.

. Add five drops of 0.1 M lead(ll) acetate solution to tube

D. Cap the tube and invert it several times to mix the
solutions.
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6. Add five drops of 6 M sodium hydroxide solution to Tube
E. Cap the tube and invert it several times to mix the
solutions.

7. Add five drops of 6 M hydrochloric acid solution to tube
F. Cap the tube and invert it several times to mix the
solutions.

PREPARE A NEUTRAL SOLUTION OF HYDROGEN
PEROXIDE

The pH of hydrogen peroxide solutions varies significantly,
depending on concentration and the type of stabilizer present.
We want a hydrogen peroxide solution that is at neutral pH or
nearly so for our tests.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer about 80 mL of 3% hydrogen peroxide solution to
the 100 mL beaker.

3. Use the stirring rod to transfer one drop of the solution to
a piece of pH test paper. After a few seconds, compare the
color of the test paper to the color key.

4. If the solution is acidic, add 6 M sodium hydroxide solution
dropwise, with stirring, and continue testing the pH until
it is approximately neutral (approximately pH 7). If the
solution is basic, use the same procedure, but substitute 6
M hydrochloric acid solution.

( )
Work quickly. Adding acid or base to the hydrogen
peroxide solution destroys the stabilizer present in the
solution. Unstabilized peroxide quickly breaks down into
its components (water and oxygen).

Complete this procedure as quickly as possible after you
prepare the neutral peroxide solution. As a final step,
retest some of the peroxide solution with unmodified
peroxidase solution to verify that oxygen bubbles are
still produced. If they are not, that peroxide solution has
already broken down, invalidating your results.

TEST THE ACTIVITY OF PEROXIDASE
SOLUTIONS

1.

If you have not already done so, put on your goggles,
gloves, and protective clothing.

. Label six test tubes, A through F, transfer about 5 mL of the

freshly prepared hydrogen peroxide solution to each tube,
and place them in the rack.

. Transfer one drop of the unmodified peroxidase solution

from centrifuge tube A to test tube A, and return any
unused peroxidase solution to the centrifuge tube. Swirl
the test tube, and observe the formation of bubbles.
Record your observations in your lab notebook.

. Using a clean (or well-rinsed pipette), transfer one drop of

the modified peroxidase solution from centrifuge tube B

to test tube B, return any unused peroxidase solution to
the centrifuge tube, swirl the test tube, and observe the
formation of bubbles. Record your observations in your lab
notebook.

. Repeat step 4 for for the remaining four peroxidase

solutions, C, D, E, and F.

. If the peroxidase solutions in centrifuge tubes E (strongly

basic) and F (strongly acidic) were about as active as the
unmodified peroxidase solution, further adjust the pH

of those tubes to even more strongly basic and acidic by
adding 10 more drops of 6 M sodium hydroxide solution to
tube E and 10 more drops of 6 M hydrochloric acid solution
to tube F. Swirl the tubes and then retest their contents
with fresh hydrogen peroxide solution. Record your
observations in your lab notebook.

. If the peroxidase solutions in centrifuge tubes E (strongly

basic) and F (strongly acidic)—either originally or after
adding additional base and acid—were inactive or showed
noticeably lower activity than the unmodified peroxidase
solution, adjust the pH of those tubes to near neutral by
adding 5 (or 15) drops of 6 M hydrochloric acid solution to
tube E and 5 (or 15) drops of 6 M sodium hydroxide solution
to tube F. Swirl the tubes and then retest their contents
with fresh hydrogen peroxide solution. Record your
observations in your lab notebook.
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PROCEDURE I11-3-3: ASSAYING VITAMIN C CONCENTRATION IN URINE

Vitamin C, also called ascorbic acid, is an essential nutrient, the lack of which causes the horrible
disease scurvy. Most mammals produce sufficient vitamin C for their needs; primates (including

humans) and guinea pigs do not.

Humans are doubly unfortunate. Not only do we not produce
as much vitamin C as we need; we don't store it, either. We
must obtain the necessary amount of vitamin C from our diets,
and we waste most of the vitamin C we consume. Very little
vitamin C is metabolized in the human body; most is excreted
unchanged. About 3% of excreted vitamin C is found in the
feces, with the remainder excreted in the urine.

The concentration of vitamin C in human urine can vary
dramatically, from less than 10 milligrams (mg) per liter (mg/L)
to several thousand mg/L. The concentration varies from
person to person and from hour to hour for the same person,
depending on the amount of vitamin C consumed, frequency
and volume of urination, time of day, state of health, and so on.
For healthy people, the normal concentration of vitamin C in
fresh urine ranges from about 100 mg/L to about 1,000 mg/L.

Vitamin C is a strong reducing agent. We'll use this fact to

do a quantitative assay of vitamin C in urine specimens

using a procedure called iodometric titration. An aqueous or
alcoholic solution of iodine is brown. Vitamin C reacts quickly
and quantitatively with iodine, reducing the brown elemental
iodine to colorless iodide ions and oxidizing the vitamin C to
dehydroascorbic acid, which is also colorless. We'll start with
an iodine solution and slowly add urine until all of the iodine has
been decolorized. By measuring how much urine is required to
reach that point, and comparing that value with the amount of a

vitamin C solution of known concentration needed to decolorize

the same volume of the iodine solution, we can determine how
much vitamin C is present in a known volume of that urine
specimen.

One molecule of vitamin C reacts with one molecule of iodine,
producing one molecule of dehydroascorbic acid and two
iodide ions. The gram molecular weight of vitamin C, C4HgOs,
is 176.126 g/mol, and that of iodine, I,, is 253.809 g/mol.
Because we know that one molecule of vitamin C reacts with
one molecule of iodine, we also know that 176.126 grams of
vitamin C reacts with 253.809 grams of iodine. Simplifying this
ratio, 176.126:253.8009, tells us that this reaction consumes
about 0.6939 milligrams (mg) of vitamin C per mg of iodine.
Or, another way of looking at it, 1.4411 mg of iodine reacts
with 1.0000 mg of vitamin C. We'll titrate a known volume of

iodine solution with a solution of urine of unknown vitamin C
concentration, and use this ratio to calculate the concentration
of vitamin C in the urine specimen.

MAKE UP A STANDARDIZED VITAMIN C
SOLUTION

In order to determine the unknown concentration of vitamin C in
a urine specimen, we need a comparison standard with a known
concentration of vitamin C. The easiest way to obtain such a
standard is to dissolve a vitamin C tablet (which has a known
mass of vitamin C) in a known volume of water.

Recall that the normal range for vitamin C in human urine is
about 100 mg/L to 1,000 mg/L. If we make up our standard
solution to a concentration near the center of this range, say
500 mg/L, we can expect that it will contain a roughly similar
concentration of vitamin C as our urine sample and that roughly
similar volumes of the standard solution and the urine should
be needed to neutralize a specific volume of iodine solution. For
example, if a given volume of iodine solution is neutralized by
20 drops of our 500 mg/L standard solution, we'd expect that
same volume of iodine solution to be neutralized by anything
from 10 drops of urine that contains 1,000 mg/L to 100 drops of
urine that contains 100 mg/L.

Try to obtain a vitamin C tablet that includes only vitamin
C as an active ingredient. If your tablet contains an
amount of vitamin C other than 500 mg, such as 100 mg
or 1,000 mg, adjust the volume of water accordingly.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer a 500 mg vitamin C tablet to a 100 mL beaker
that contains about 50 mL of distilled water. Swirl or stir
the contents to dissolve the vitamin C tablet. (Don't worry
if some solids remain undissolved; the tablet may contain
starch or other insoluble binders.)
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. Pour the contents of the beaker into the 100 mL graduated
cylinder. Rinse the beaker two or three times with a few mL
of distilled water and add this to the cylinder to ensure that
all of the vitamin C present in the beaker is transferred to
the graduated cylinder. (This is called doing a quantitative
transfer.)

. Fill the graduated cylinder to the 100.0 mL mark with
distilled water and stir to mix the contents thoroughly.
At this point, the solution contains 500 mg of vitamin
C per 100 mL, or 5,000 mg/L, which is 10 times more
concentrated than we want.

. Allow any solids in the graduated cylinder to settle, and
then carefully pour 10.0 mL of the solution into the 10 mL
graduated cylinder.

. Rinse the 100 mL graduated cylinder thoroughly, and then
transfer the 10.0 mL of solution from the 10 mL graduated
cylinder to the 100 mL graduated cylinder. Rinse the 10 mL
graduated cylinder two or three times with distilled water,
and transfer the rinse water to the 100 mL graduated
cylinder.

. Fillthe 100 mL graduated cylinder to the 100.0 mL mark
with distilled water, and stir to mix the solution. At this

point, the solution contains 50 mg of vitamin C per 100 mL,

or 500 mg/L, which is the concentration we want for our
standard solution.

. Filla15 mL centrifuge tube with the standard vitamin C
solution and cap it. (Vitamin C in solution quickly breaks
down, particularly when exposed to air and light, so
try to minimize such exposure over the course of this
experiment.) Discard the vitamin C solution remaining in
the 100 mL graduated cylinder.

~
PREPARING STARCH WATER

Even tiny amounts of free iodine react with a starch
solution to produce an intensely colored blue-black
complex. This phenomenon is used as an indicator for
the presence of iodine (or starch). You can use any starch
solution for this purpose. (We used some water that we'd
cooked pasta in for dinner the previous evening; it keeps
for a day or so in the refrigerator.) To prepare starch
solution on the fly, simply boil a small amount of potato,
rice, or pasta briefly in half a test tube of water.

ASSAY VITAMIN C CONCENTRATIONS

1.

If you have not already done so, put on your goggles,
gloves, and protective clothing.

. Transfer 2.0 mL of water to each of two clean test tubes,

and place those tubes in the rack.

. Add 10 drops of Gram's iodine to each of the two test tubes

and swirl to mix the contents.

. Working as quickly as possible, draw up a full pipette of the

standard vitamin C solution and recap the centrifuge tube.

. Add the vitamin C one drop at a time to the first test tube

while swirling the tube, keeping track of the number of
drops you've added. As you continue adding the vitamin
C solution, the color of the contents of the tube gradually
fades from brownish to a pale yellow.

. Once the tube contents appear pale yellow, add a few

drops of starch water to the tube. The solution should
immediately turn dark, indicating that some free iodine is
still present.

. Continue adding standard vitamin C solution with swirling

until the solution in the test tube turns colorless (or very
light blue). This may require only one or two more drops of
solution.

. Record the total number of drops of standard vitamin

C solution required to neutralize the 10 drops of Gram'’s
iodine in your lab notebook.

. Repeat steps 4 through 8 using the urine specimen. Given

the known volume and concentration of the standard
vitamin C solution needed to neutralize 10 drops of

Gram'’s iodine and the known volume of urine needed to
neutralize the same amount of Gram's iodine, calculate the
concentration of vitamin C in the urine specimen in mg/L
and record that value in your lab notebook.
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THE COLOR OF PEE

Urine may be anything from nearly colorless to a fairly deep near the endpoint. You'll need to add only a drop or two more
yellow. Urine voided early in the morning is often darker in titrant to complete the titration.

color and urine voided during the day is usually paler. Yellow
urine presents an obvious problem. As you near the endpoint
of the titration, the iodine solution fades to a pale yellow
color, which can easily be masked by the color of the urine
itself. In this situation, the best option is to add the starch
indicator solution before you begin the titration. The intense
blue color of the complex formed by iodine and starch causes
the yellow urine to appear dark blue black. As the color
changes to blue-green and then to green, the titration is very

So why not always add the starch indicator at the beginning
of the titration? Because the color change from dark blue to
colorless is extremely sharp. One drop of titrant may suffice
to turn the solution from dark blue to colorless, so you have
to add titrant very slowly and carefully to avoid missing the
endpoint. If the urine is colorless, you can watch the color

of the solution gradually change from dark brown-yellow to
pale yellow, so you can titrate much faster until the endpoint
approaches.

REVIEW QUESTIONS

Q1: When you tested the reaction of biuret reagent with the various specimens, what was the purpose of adding only distilled
water to well A1? What color changes did you observe with the biuret reagent, and from those observations what do you conclude
about the makeup of the various specimens?

Q2: Inthe denaturation tests, what purpose did wells A2, A5, C2, and C5 serve?

Q3: Why did we adjust the pH of the drugstore 3% hydrogen peroxide to near neutral?

Q4 : What activities did you detect with the standard and modified peroxidase solutions? What do you conclude about each
modification?
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Q5: What key assumption do we make in using iodometric titration to determine the concentration of vitamin C in urine?

Q6: Many texts recommend using a dilute solution of sodium thiosulfate to remove iodine stains. What alternative can you
propose?

Q7: What implication does the high concentration of vitamin C typically present in urine have for the human diet?

Q8: We may have been mistaken about the stability of vitamin C in solution. Design an experiment to determine if vitamin C
in urine in fact degrades when exposed to air and light and, if so, how quickly. Or perhaps the vitamin C concentration in urine
decreases over time, regardless of exposure to air or light. State your hypothesis, the results you expect, and your proposed
experimental procedure.

Q9: Chemicals that are excreted in the urine (whether unchanged or as metabolytes) are said to have a biological half-time (BHT).
That s, after one BHT has passed, half of the material has been excreted, after two BHT's have passed, three-quarters has been
excreted (the original half plus half of a half, or a quarter), and so on. This is important for many pharmaceuticals. For example,

in order to maintain effective serum levels of an antibiotic, the rate at which that antibiotic is excreted must be known and taken
into account. An antibiotic with a BHT of 24 hours might be administered every twelve hours, while one with a BHT of twelve hours
might be administered every six hours, twice as often. Design an experiment to determine an approximate BHT for vitamin C.
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Coacervates Lab I I I'4

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Goggles « Gelatin » pHtestpaper » Testtubes
+ Beaker, 50 mL or 100 mL » Graduated cylinder, 10 mL + Pipettes * Thermometer
» Beaker, 250 mL » Graduated cylinder, 100 « Reaction plate, 96-well » Spatula
mL
» Centrifuge tube, 15 mL « Slides (flat) » Stirring rod
+ Gum arabic
+ Centrifuge tubes, 50 mL + Stain, methylene blue » Stopper (to fit test tube)
» Hydrochloric acid
» Coverslips « Stain, Sudan lll

MATERIALS YOU PROVIDE

» Gloves * Microwave oven
» Balance (optional) « Water, distilled

» Microscope
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BACKGROUND

Scientists believe that life originated from simple molecules, a process called abiogenesis, when
those simple molecules combined into more complex molecules that eventually became complex
enough to be self-replicating. We will never know for certain exactly how this occurred. Even if (or
when) scientists eventually create life in the lab, the most they will be able to assert is that their
method is a way that life on Earth may have originated, not that it is the way.

One of the pioneers in proposing possible mechanisms for N
abiogenesis was a Russian scientist named Alexander Oparin,
who studied coacervates, which are colloidal droplets of
hydrophobic molecules in an aqueous medium. These droplets
are typically about the size of a cell—1 to 100 micrometers (um)
in diameter—and at first glance under a microscope resemble a
cluster of cells. Coacervates form spontaneously in mixtures of
proteins and carbohydrates at specific pH values.

The gelatin is best prepared immediately before use.
Allow it to cool to room temperature before proceeding.
If necessary, you can prepare the gelatin the day before
and store it in the refrigerator. When you remove it from
the refrigerator, immerse the container in a bath of hot
water to remelt the gelatin.

If you don't have gelatin and/or gum arabic, or if you'd

Coacervates are not alive, but they present a simulacrum of like to prepare a coacervate using other types of protein

life as they form what appear to be cell membranes, ingest and carbohydra.te, youcan substitute a level teaspoon
materials from their environment, grow, and reproduce. of table sugar dissolved in about 400 mL of water as the
Although most current abiogeneticists assign higher c;rbohydrate and/or abogt 10 mL of uncooked €8s white
importance to information transfer (e.g., DNA and RNA), diluted to about 125 mL with water as the protein. Always
coacervates may have had a key role in forming the nonliving add the ca.rbohydrate solution to the protein solution
precursors to the first living cells. L when making coacervates. )

In this lab session, we'll prepare and observe a coacervate,
using gelatin as the protein and gum arabic as the carbohydrate.

PROCEDURE I111-4-1: PREPARE AND OBSERVE A COACERVATE

If you have not done so before the session, prepare 1% gelatin and gum arabic solutions as
follows:

1. Transfer about 40 mL of distilled water to a labeled 50 3. Pour the gelatin slurry slowly and with constant stirring into
mL centrifuge tube, and heat it in the microwave until it the hot water in the 50 mL centrifuge tube. Stir until all the
reaches about 60 °C. (Careful: HOT!) gelatin has dissolved and the solution is clear. If necessary,

you can reheat the contents of the tube in the microwave

2. Transfer about 10 mL of cold distilled water to a small and continue stirring until the gelatin solution is clear. Allow
beaker, and gradually stirin 0.5 g (one rounded spatula the tube to cool to room temperature.
spoon) of gelatin powder. Stir thoroughly, making
sure there are no lumps and the powder is completely 4. Repeat steps 1 through 3 with a second tube, substituting
dispersed. 0.5 g (one rounded spatula spoon) of gum arabic powder.
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If you have not done so before the session, prepare a dilute
solution of hydrochloric acid as follows:

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Label al5 mL centrifuge tube “dilute HCI"” and transfer
about 12.5 mL of distilled water to it.

3. Using a plastic pipette, draw up 0.25 mL of 6 M
hydrochloric acid and transfer the acid to the water in the
centrifuge tube. (The graduation lines on the pipette stem
are at 0.25, 0.50, 0.75,and 1.00 mL.)

4. Replace the cap on the tube, invert the tube several times
to mix the solution, and set it aside for now.

To make the coacervate, proceed as follows:

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer 5 mL of the room-temperature gelatin solution to
a test tube, followed by 3 mL of the gum arabic solution.
Stopper the tube and invert it gently several times to mix
the solutions. Do not shake or otherwise strongly agitate
the contents of the tube, which will hinder the formation of
the coacervate.

3. Observe the contents of the test tube against a strong light.

Record the appearance of the contents, particularly with
regard to clarity, in your lab notebook as “Trial 1.”

4. Use the stirring rod to transfer one drop of the liquid to a
small piece of pH paper. Compare the color of the paper
against the scale provided with the pH paper to determine
the approximate pH of the liquid. Record this value in your
lab notebook.

5. Label a microscope slide “Trial 1.” Transfer one drop of
the liquid to the slide, put a coverslip in place, and observe
the slide at low magnification. If anything interesting
appears, center the object(s) and observe them at higher
maghnification. Record your observations in your lab
notebook. Retain the slide for comparison with later trials.

6. Use a plastic pipette to transfer 0.25 mL of the solution to
well Al of the reaction plate.

If you're unable to find any coacervates, don't despair. The
formation of coacervates is strongly dependent on pH. In
subsequent trials, we'll adjust the pH of the liquid by adding
dilute hydrochloric acid until coacervates begin to appear.

7. For trial 2, transfer three drops of the dilute hydrochloric
acid to the test tube. Stopper the tube and invert it gently
several times to mix the solutions. Repeat steps 3 through
6, using well A2 of the reaction plate to store 0.25 mL of the
solution from trial 2.

8. Repeat step 7 for additional trials until the pH of the liquid
in the test tube reaches 3 or lower. After each addition of
hydrochloric acid to the liquid, transfer a 0.25 mL sample
to the corresponding well in the reaction plate.

Once you have determined experimentally the pH level that
is optimum for the formation of coacervates, the next step
is to observe the effect of two biostains on the coacervates
to determine if coacervates, like living cells, have selectively
permeable membranes. The first, methylene blue, is a
hydrophilic (water-loving) stain. The second, Sudan lll, is a
lipophilic (fat-loving) stain.

9. Place one drop of the optimum-pH coacervate liquid on a
microscope slide, add one drop of methylene blue stain,
and position a coverslip over the specimen. Observe the
slide at low, medium, and high magnifications. Note the
effect of the stain on the parts of the coacervate and
record your observation in your lab notebook.

10. Repeat step 9, using Sudan lll stain.
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REVIEW QUESTIONS

Q1: What visual evidence suggests that coacervates are forming?

Q2: Based on your observation of the coacervate slides, what pH level is optimum for the formation of coacervates?

Q3: What correlation did you observe between the clarity of the liquid and the population of coacervates?

Q4: Inwhat ways do coacervates resemble cells?

Q5: What do you conclude from your experiments with the methylene blue and Sudan Il stains?
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Extracting, Isolating,
and Visualizingona @b 1ll-5

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles » Graduated cylinder, 10 mL + Scalpel » Testtubes
» Centrifuge tubes, 50 mL » Methylene blue stain « Sodium dodecyl sulfate, » Test tube rack
10%
« Coverslips + Microscope slides (flat) * Yeast (optional)
« Spatula
+ Eosin Y stain + Pipettes

« Stirring rod
» Funnel » Reaction plate, 96-well

MATERIALS YOU PROVIDE

» Gloves + Cheesecloth (or muslin, + Microscope + Teaspoon
etc.)
» Balance (optional) « Papertowels » Toothpick
+ Isopropanol (see text)
+ Beeforporkliver, raw (or « Saucer » Water, distilled
yeast) + Freezer
+ Table salt
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BACKGROUND

All organisms are made up of cells, from the tiniest species such as single-cell bacteria and
protozoa to the largest animals and plants, which are made up of trillions of individual cells. Every
cell contains DNA, which is the hereditary genetic material that allows cells and organisms to

function and to reproduce themselves.

With very few exceptions (research chimera on the Internet; the
genetic kind, not the mythological kind) DNA taken from any
cell of a particular individual of any species is identical to that
taken from any other cell from that individual, and is unique to
that individual. DNA found in unrelated members of the same
species—for example, you and your best friend (assuming your
best friend isn't a dog or a diamond...) or two rosebushes—is
nearly (but not quite) identical. DNA found in different but
closely related species—for example, lions and tigers or wolves

and coyotes—has greater differences, but is still extremely
similar. DNA found in different, unrelated species—for example,
a human and a cucumber—has still greater differences, but
remains closely similar.

But what does DNA actually look like? Let's find out. In this lab
session, we'll extract liver-cell DNA into a solution, isolate that
DNA, and stain it to visualize it.

PROCEDURE I111-5-1: EXTRACTING AND VISUALIZING DNA

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Transfer five drops of methylene blue stain and five drops
of eosin Y stain to one well of the reaction plate. Use a
toothpick to mix the solutions thoroughly, and place the
reaction plate aside for later use.

3. Make up 50 mL of normal saline by dissolving 0.45 g (one
slightly rounded spatula spoon) of table salt in 50 mL of
distilled water in a 50 mL centrifuge tube, and place the
tube aside for later use.

4. Transfer about 40 mL of isopropanol to a second 50 mL
centrifuge tube. Cap the tube and place it in the freezer to
cool.

99% isopropanol yields the best results, but 91% or
even 70% isopropanol is usable. You can also substitute
ethanol for isopropanol.

5. Obtain ateaspoon-size specimen of fresh beef or pork liver.

( )
It's best to use fresh liver from a butcher or fresh market.
Supermarket liver can be used but may yield inferior
results, depending on its age. Also, you may substitute
dried baker's or brewer's yeast for the liver, although
lysis—breaking down the cell membranes and releasing
the contents of the cells—is more difficult to observe
with yeast.

\. J

6. Use the scalpel to cut the liver into very small pieces, and
transfer the pieces to the saucer.

7. Add about 10 mL of normal saline solution to the saucer,
and use the teaspoon to grind and mash the bits of liver to
produce a suspension of liver cells in the saline solution.

8. Place aclean test tube in the rack, with the funnel atop it.
Fold and refold a small piece of cheesecloth to provide four
layers. Place the cheesecloth in the funnel and pour the
solution from the saucer through the cheesecloth into the
tube to filter out most of the solid material.
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If you don't have cheesecloth, you can substitute muslin
or a similar cotton fabric; we used old, well-washed cloth
from cotton underwear. Do not substitute a paper towel,
which will filter out many of the liver cells in addition to
the larger solids.

9

10.

11.

. Use the stirring rod to transfer one drop of the liver cell

suspension to a microscope slide and position a coverslip
over the specimen. Observe the specimen at low, medium,
and high-dry magnifications. Record your observations in
your lab notebook. Include a sketch of a representative liver
celland its nucleus.

Add one drop of the mixed stains at the edge of the
coverslip, and use the corner of a paper towel to draw
the stain under the coverslip. Observe the specimen at
low, medium, and high-dry magnification. Record your
observations in your lab notebook. Include a sketch of a
representative liver cell and its nucleus.

Use a pipette to transfer 0.5 mL of 10% sodium dodecyl
sulfate (SDS) solution to the liver-cell suspension tube, and
swirl gently to to mix the solutions.

Sodium dodecyl sulfate (SDS) is also known as sodium
lauryl sulfate (SLS). If you don't have SDS or SLS, you
can substitute a concentrated detergent solution, such
as dish-washing liquid.

12

13.

14.

15.

. Repeat steps 9 and 10 to stain and view the liver cells in the
presence of the SDS solution.

Transfer another 0.5 mL of the 10% SDS solution to the
liver-cell suspension and swirl gently to mix the solutions.

Repeat steps 9 and 10 to stain and view the liver cells in the
presence of the SDS solution.

Repeat steps 13 and 14 several times (about five repetitions
should do it) and observe the liver cells in the presence of
increasing concentrations of SDS. As the cell membranes
break down (are lysed) and no longer surround the nucleus,
the integrity of the cells is destroyed and the nucleus and
other cell contents are exposed.

18.

19.

20.

. Using a pipette, transfer about 4 mL of the liver-cell

suspension to a second test tube. Retain the excess liver-
cell suspension in the first test tube until you complete the
next step successfully.

. Holding the second tube at a slight angle, very slowly and

carefully trickle cold isopropanol into the tube until the
liquid level reaches 2 to 3 cm from the top of the tube. The
goal is to cause the isopropanol to form a separate layer
on top of the liver-cell suspension. If you pour too fast, the
layers will mix and you'll have to start over.

Place the tube in the rack and observe the interface
between the liver-cell suspension layer and the isopropanol
layer. You'll see a cloudy whiteness begin to form at the
interface. That whiteness is DNA precipitating out of
solution.

Carefully and gently dip the stirring rod into the test tube
until it penetrates both layers. Slowly spin the stirring

rod between your thumb and finger to spool the DNA
precipitate onto the stirring rod. Continue until no more
DNA is deposited on the stirring rod. Withdraw the rod from
the test tube.

Place one drop of distilled water on a microscope slide.
Use a toothpick to remove a tiny amount of the DNA from
the stirring rod. Transfer the DNA to the water drop and
position a coverslip over the specimen. Add one drop

of methylene blue at the edge of the coverslip, and use
the corner of a paper towel to draw the stain under the
coverslip. Observe the DNA at low, medium, and high-
dry magnification. Record your observations in your lab
notebook, including a sketch of the stained DNA.

If you want to retain the DNA you just isolated for future use,
allow it to dry and then store it in a paper bag or similar porous
container.
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REVIEW QUESTIONS

Q1: What was the result of adding the mixed stains to the liver-cell suspension?

Q2: Methylene blue stains acidic cell structures but leaves basic cell structures unstained. Based on that information, what do
you conclude about cell nuclei?

Q3: What did you observe as you increased the amount of SDS solution you added to the liver cell suspension?

Q4 : How did the appearance of the DNA differ before and after staining with methylene blue? What do you conclude about the
acidity or basicity of DNA?

Q5: What do you conclude about the relative solubilities of DNA in water and isopropanol? Propose a reason why we chilled the
isopropanol.
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Build a Gel Electro-
pl:l:)rezis prae:a:::s Lab I“'6

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Leads, alligator clip (2) * Ruler

MATERIALS YOU PROVIDE

*  Aluminum foil « Plastic containers (see text)
- Batteries, 9V transistor (5, 7, or 9) « Scissors
+ Gel casting comb materials (see text) + Tape (electrical or masking)

+ Marking pen (Sharpie or similar)

BACKGROUND

There's a time-honored custom in science: we scientists build our own apparatus. Not always,
of course, nor even most of the time. Nowadays, anyway. Sometimes it's cheaper, easier, and
faster just to buy what we need. But when we need something to complete an experiment and
that something isn't available or we don't have the budget to buy it, we make do. If that involves
designing and building a piece of equipment, so be it. For the following lab session, we needed a
gel electrophoresis apparatus and power supply, and we didn't feel like spending $300 or $400
to buy one. So we designed and built our own, at a total cost of about $10.
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Like paper chromatography, gel electrophoresis is used

to separate mixtures of chemical compounds. (In biology,

gel electrophoresis is often used to separate proteins or

DNA fragments.) The similarities do not end there. In paper
chromatography, the fixed phase (matrix) is a strip of paper;

in gel electrophoresis, the matrix is a bed or column of gel. In
both cases, the matrices provide resistance to the movement of
molecules. In paper chromatography, capillary action (wicking)
provides the force required to move the mobile phase (solvent)
and analyte(s) through the matrix; in gel electrophoresis, the
force is supplied by an external electrical current, with positively
charged molecules attracted to the negative electrode and vice
versa.

Although gel electrophoresis is conceptually simple,
commercial gel electrophoresis setups sell for $300 and up, and
the gels, buffers, and other supplies they require are not cheap.
If you can afford a commercial apparatus and supplies, there's
no question you'll find it easier and faster to run gels. However,
most homeschoolers and hobbyists can't justify spending
several hundred dollars on a gel electrophoresis apparatus and
supplies. (Check with your homeschool group or co-op, which
may have such an apparatus available to borrow.) Fortunately,
with a few minutes’ work, you can assemble your own apparatus
and supplies for only a few dollars, using items from the kit and
some common household items. Here's what you'll need:

Shallow plastic container
You'll need a shallow, easily cut plastic container to serve
as the gel casting bed. We used the base of a one-quart
Gladware container, trimmed to about 1 cm tall. You can
also use a soap dish or similar container. If you want to cast
multiple gels in one pass, make several of these gel bed
containers.

Deeper container
You'll need another plastic container that's larger and
deeper than the gel bed. We used a sandwich container, but
you can substitute any suitable container. This container
needs to be at least as long and wide as the gel bed
container—although, ideally, not all that much longer and
wider—and at least a centimeter or so taller.

Tape
We'll cut the ends of the gel bed container off, but we need
to be able to seal them temporarily back in place while
casting gels. We used plastic electrical tape, but you can
substitute ordinary masking tape. Once the gel solidifies,
you simply peel off the tape to expose both ends of the gel.
Tape may also be useful in making the comb that's used to
produce wells in the gel.

Comb
No, not the kind you use on your hair. A gel electrophoresis
comb is a comb-like assembly with teeth that are placed
in the gel casting container to produce small wells in the
gel as it solidifies. You can buy a commercial comb for
an outrageous price, or you can improvise your own with
common household materials.

We've made combs from (a) cardboard and aluminum foil
or disposable coffee stirrers, (b) wooden paint stirrers

and nails or disposable chopsticks, and (c) Lego blocks.
The only important things are that the prongs be relatively
smooth (so as not to tear up the solidified gel when they're
removed), roughly 3 mm to 4 mm in diameter (or the
equivalent area if the teeth are square or rectangular), long
enough to reach the bottom of the gel casting container (or
nearly so), and spaced at intervals of roughly 1 cm across
the width of the gel casting container. Use your imagination
and materials at hand.

Aluminum foil
The apparatus requires an electrode at each end of the
larger container. We'll use two pieces of aluminum foil to
make these electrodes. You may also use the aluminum foil
to make the teeth in the comb used to produce wells in the
gel.

9V transistor batteries
The apparatus requires a DC power supply, which can be
anything from 30 or 40 VDC to 150 VDC or more. The lower
the voltage, or the larger the gels, the longer they take to
run.

Five 9V transistor batteries connected in series provide
45 VDC, which is enough to run small gels in a reasonable
time. Using seven 9V batteries for 63 VDC or nine 9V
batteries for 81 VDC lets you run gels faster, or larger gels
in the same amount of time.

Why the odd numbers? Because we'll connect the batteries
in series by snapping the positive connector on one battery
to the negative connector on the next battery, as shown in
Figure IlI-6-1.

( )
For reasonably fast run times, use at least 3V per
centimeter of gel length. For example, if your gel bed
is 156 cm long, your power supply should be at least 45
VDC. (With these parameters, running a gel may require
two or three hours or more, depending on the type and
concentration of the gel.)
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WARNING If you run many gels, the cost of 9V batteries starts to
add up fast, so it's cheaper in the long run to buy a DC
power supply. For smaller gels, any DC power supply that
provides fixed-, multiple-, or variable-output DC voltages
in the range of 50 to 70 VDC or higher at a few hundred
mA will suffice. We've seen suitable single-voltage units
on eBay for $30 to $90, depending on voltage.

Be careful with 9V batteries connected in series.
Depending on your skin resistance and other factors,
even 45 VDC may produce a painful and potentially
dangerous electrical shock. Never touch the power leads
of the battery assembly or touch the liquid in the gel
electrophoresis apparatus while power is connected to it.

Never close the circuit (that is, once they are connected
to the battery stack, never allow the free ends of the
positive (red) and negative (black) leads to contact each Figure I1I-6-1: A 9V transistor battery stack
other. That short circuit can rapidly weld the connection
and cause the batteries to overheat and explode. (It's
safe to connect the positive terminal of one battery to
the negative terminal of the next because the circuit has
not been closed unless you allow the final open positive
and negative terminals to contact each other, such as
by allowing the free end of the connected red lead to
contact the free end of the connected black lead.)

PROCEDURE I11-6-1: MAKING THE GEL CASTING CONTAINER AND COMB

1. To begin, place the marking pen flat on a table and measure  Figure llI-6-2: Marking the gel casting tray for depth
the distance between the table surface and the point of
the pen. Ifitis less than 1cm, place magazines or other
spacers between the table surface and the pen until the tip
of the penis about 1 cm above the table surface.

2. Holding the pen firmly in place, place the smaller plastic
container flat of the table, and bring its surface into contact
with the tip of the pen. Move the plastic container to draw
aline around its exterior that is 1 cm above its bottom, as
shown in Figure I11-6-2.
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3. Use scissors to trim the excess from the plastic container, Place the gel tray aside for now. If you want to cast multiple gels

converting it to a shallow plastic tray. in one pass, make several of these trays before continuing. The
next step is to make the comb. Here's one way to do it (but feel
4. Use the scissors to remove most of both ends of the tray, free to experiment with other methods...).
as shown in Figure ll1-6-3. Retain these cut ends for future
use. 6. Cut a strip of stiff cardboard about 3 cm wide and 2 cm

longer than the width of your gel tray. Draw a centered

line the length of the strip. Place tick marks on that line,
Figure 111-6-3: Removing the ends from the gel casting tray beginning 1.5 cm from each end of the strip and then evenly
spaced at about 1 to 1.5 cmintervals across the width of
the gel bed container.

. Twist pieces of aluminum foil to form stiff cylinders about
2.5 cm long by 3 mm in diameter. (The number you need
varies by the width of your gel tray; make one of these
cylinders for each of the tick marks across the tray width.)
Try to make the surface of the teeth as smooth as possible.

. Make a90° bend in each cylinder 1 cm from one end,
forming an “L" shape, with one leg 1 cm long and the other
1.5cm long.

. Place each cylinder with the bend on a tick mark, and press
the longer leg flat against the cardboard. Securely tape
the longer leg of each cylinder to the cardboard, with the
1cm long leg projecting vertically from the surface of the
5. Hold the ends of the tray in position, and tape them cardboard.

securely back in place, as shown in Figure llI-6-4. These

taped ends will hold the liquid gel in the tray until it's )
solidified. Before running the gel, you'll remove the ends to Calculate the volume of the tray by measuring and
allow current to flow through the gel. multiplying its three dimensions. For example, if your tray

is 7 cm wide by 10 cm long by 1 cm deep, its total volume

is (7 *10 * 1) = 70 cm?, which is the same as 70 mL.

Figure 111-6-4: Taping the ends of the gel casting tray into place When you cast gels, you'll fill the tray to about 0.6 cm (6
mm) to 0.8 cm deep, so each gel tray requires something
between 42 mL (0.6 * 70 mL) and 56 mL of gel.

\§ J

'. ‘i
)/
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PROCEDURE I11-6-2: ASSEMBLE THE APPARATUS

1. Fold aluminum foil over each end of the larger container At this point, you're ready to cast and run gels, which you'll do in
and connect one end of an alligator clip lead to each of the next lab. Incidentally, believe it or not, the apparatus you've
the foil electrodes. (Don't connect the other ends of the just built is fully capable of running gels just as good as those
alligator clip leads to the battery stack until you're actually ~ produced by expensive professional apparatus. It's clumsier to
ready torunagel.) use, certainly, but if you use the same agarose and stains that

are used on professional apparatus, the resulting gels will be

2. Place the gel bed container inside the larger container, indistinguishable.

centered within the larger container. Verify that there is at
least a few millimeters of clearance between each end of
the gel bed container and the corresponding electrode on
the larger container. Also verify that all sides of the larger
container are a centimeter or so higher than the sides of
the gel bed container.
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Simulated DNA
Separation by Gel Lab “I'7
Electrophoresis

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Goggles * Ruler

« Agar « Stain: Hucker's crystal violet
+ Beaker, 250 mL + Stain: Methylene blue

» Graduated cylinder, 100 mL « Stain: Safranin O

« Glycerol « Stirring rod

+ Pipettes « Thermometer

» Reaction plate, 96-well

MATERIALS YOU PROVIDE

» Gel electrophoresis apparatus (from ll1-6) « Sodium chloride (table salt)

» Measuring spoons » Sodium bicarbonate (baking soda)
» Microwave oven « Toothpicks

» Soda bottle (2 liter, clean and empty) « Water (distilled or tap; see text)
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BACKGROUND

We originally designed this lab session to use real DNA, but we decided instead to simulate DNA
fragments of different sizes by using dyes with different molecular weights. Dyes yield reasonably
sharp separations even with ordinary agar and homemade buffer solutions, but achieving sharp
separations with actual DNA requires using expensive agarose, restriction enzymes, and special

buffers.

( )
If you would like to delve further into gel electrophoresis
and DNA analysis, one of the best sources of equipment
and supplies is Edvotek (http://www.edvotek.com).
Edvotek packages many different kits designed to
illustrate various aspects of DNA analysis in a classroom
setting.

If you would like to use the gel electrophoresis apparatus
you built in the preceding lab session to separate real
DNA fragments (from ground beef) but don't want to
buy agarose, restriction enzymes, and so on, download
the original version of this lab session from www.
thehomescientist.com/biology/lab-3-7a.pdf. Completing
that alternate version of the lab session takes longer and
yields blurrier separations than are achieved with the
dyes used in this simulated separation, but you will be
separating actual DNA.

& J

Gel electrophoresis is conceptually similar to chromatography,
but with a slightly different goal. Ordinarily, we use
chromatography to separate different compounds from a
mixture. With DNA gel electrophoresis, the goal is to separate
DNA fragments of different sizes and masses, which are
produced by treating a DNA specimen with restriction enzymes
to cleave it at known locations into fragments.

To imagine the shape and structure of DNA, think of a standard
ladder, with two sides and rungs joining them. Twist the

tops of the sides of the ladder to form two counter-rotating,
interlocked spirals, with the rungs still joining them. In DNA, the
sides of the ladder are made up of molecules of a sugar called
2-deoxyribose, with those sugar molecules bonded together
by phosphate groups. The rungs, called base pairs, are formed
by bonded pairs of four amino acid bases: called adenine
(abbreviated A), cytosine (C), guanine (G), and thymine (T).
Adenine bonds only with thymine, forming an AT base pair, and
cytosine only with guanine, forming a CG base pair.

To visualize the complexity of DNA, imagine that your ladder,
rather than having only a few rungs, has millions or billions of
rungs. Genomic human DNA, for example, has about 3.2 billion
base pairs. Untwisted and stretched out, a single strand of
genomic human DNA would form a “ladder” about 2.4 um wide
and 2 meters long, with 3.2 billion rungs.

The number of base pairs in genomic DNA is unrelated to the
complexity of the organism. For example, while honeybee DNA
has only about half as many base pairs as human DNA (1.77
billion versus 3.2 billion), the fruit fly has about 130 million, E.
coli bacteria about 4.6 million, and the marbled lungfish has
about 130 billion base pairs—more than 40 times the human
count—and DNA from one species of amoeba has 670 billion
base pairs.

Restriction enzymes function like tiny scissors, cutting

the DNA into fragments for subsequent separation by gel
electrophoresis. In effect, a restriction enzyme “looks for” a
specific sequence of base pairs, such as 3 AGG'CCT. When the
restriction enzyme “finds” that specific sequence, it cuts the
DNA at that point.

Because that specific short base sequence inevitably occurs
many times in any DNA molecule, treatment with that one
restriction enzyme cuts that DNA molecule into many
fragments. Because repeated occurrences of that base
sequence may be relatively close together or far apart on the
DNA molecule, the fragments are of differing lengths, typically
from hundreds to thousands of base pairs.

The specific size distribution of the DNA fragments obtained
by treating DNA with a particular restriction enzyme varies
according to the positions of the target base sequence in

that particular DNA specimen. So, for example, treating your
DNA with a particular restriction enzyme results in a different
distribution of fragment sizes than treating your lab partner's
DNA with the same restriction enzyme. The distribution of
fragment sizes in your DNA specimen is unique to you, just as
everyone else’s distribution is unique to them.
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Once the DNA has been cut into fragments by the restriction
enzyme, gel electrophoresis is used to analyze the DNA by
producing a map of the fragment sizes present in the specimen.
A sample of the fragmented DNA is placed in a small well in a
gel, which is then immersed in a buffer solution and subjected
to DC electric current. Because DNA fragments are negatively
charged, they are attracted to the positive electrode, which is
positioned at the far end of the gel from the wells that contain
the DNA solution.

The gel selectively retards the migration of the DNA fragments
toward the positive electrode. Small DNA fragments pass
through the gel relatively unhindered, and so move toward
the positive electrode quickly. Larger fragments move
proportionally more slowly, because the gel provides more
resistance to their progress. If the current is applied until the
smallest fragments just reach the end of the gel nearest the
positive electrode, larger fragments are strung out along the
length of the gel, with the largest fragments barely clear of
the well where they originated. The positions of the various
fragments provide a graphical map of the fragment size
distribution in the specimen.

But DNA fragments are colorless, so it's impossible to track

the progress of the electrophoresis visually. For that reason,
amarker dye is added to the DNA specimen before the
electrophoresis run. The marker dye is chosen on the basis of
how fast it migrates through the gel. By using a marker dye that
moves about the same speed as the smallest DNA fragments of
interest, electrophoresis can simply be discontinued when the
visible marker dye approaches the positive electrode, at which
point the smallest DNA fragments have made about the same
amount of progress through the gel.

At this point, the only visible change to the gel is a band of
marker dye near the positive electrode end. To visualize the
bands of colorless DNA fragments, they're stained using dyes
that are selectively attracted to the fragments. The most
common stain used in professional laboratories is ethidium
bromide, which bonds to the DNA fragments and fluoresces
under ultraviolet light to reveal the DNA fragments as bright
bands against the dark background of the gel.

PROCEDURE I1lI-7-1: PREPARE RUNNING BUFFER

Running buffer is used to make up the gel initially, and later to immerse the gel while doing

the electrophoresis run. The amount of running buffer you need depends on the size of your
electrophoresis apparatus, the size of the gels you make, and the number of runs. Fortunately,
running buffer is very cheap to make up, so you can make it in excess and discard any that's
left over when you complete this lab session. Actually, for our simulation we'll use a very simple
running buffer that wouldn't work very well with real DNA but is suitable for separating dyes.

1. Rinse out the 2 L soda bottle thoroughly and fill it to the 2 L
level with water.

2. Add 1/8 teaspoon of table salt and a heaping tablespoon of
baking soda to the soda bottle, cap it, and invert it several
times to dissolve the solids. Invert the bottle every few
minutes for half an hour or so to make sure the solution is
homogeneous.

( )
For a real DNA separation, we'd use distilled or deionized
water to make up the running buffer and we'd use
different salts but for this simulation most tap water
will work fine. If your tap water is extremely hard or has
much ironin it, use distilled water. Otherwise, tap water
should work.
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PROCEDURE IlI-7-2: PREPARE AND CAST THE GEL

1. If you have not done so already, calculate the volume of
agar gel you need to cast your gel. Multiply the length
and width of the gel chamber in centimeters by the
desired thickness of the gel to determine how many cubic
centimeters (mL) of gel you'll need. For example, if your gel
chamberis 7 cm by 10 cm, and you want a1 cm thick gel,
you'llneed (7 *10 * 1) = 70 cubic centimeters = 70 mL of

gel.

2. Transfer that volume of room-temperature running buffer
to the beaker.

3. Stirinabout 2 g (1/2 to 5/8 teaspoon) of agar powder per
100 mL of running buffer. (The exact amount of agar is not
critical.)

The kit contains 10 grams of agar powder, which is
sufficient to make up 500 mL of 2% agar gel. Agar gel is
used both in this lab and in Lab VII-2. If you need more
agar, you can use agar that is sold by specialty grocery
stores and some Chinese and Japanese restaurants. If
you use agar from the grocery store, we recommend
using a 3% to 4% concentration as a starting point.

You can substitute unflavored gelatin from the grocery
store for dye separations only. (Using gelatin for DNA
separations results in a horrible mess.) Use double the
amount of gelatin suggested on the package, otherwise
following the procedure described for agar. Run gelatin
gels at no more than 63 VDC and keep a careful eye on
progress. If the gelatin overheats it will melt and may
cause a short in the apparatus.

N\ J

4. Carefully heat the liquid in the microwave just until it begins
to foam slightly. Keep a very close eye on the beaker as you
heat it.

\

WARNING

The first time we made up 100 mL of agar in the
microwave, we figured that one minute would be about
right to get the stuff hot but not yet boiling. We intended
to heat it for that one minute and then blip it for 5 or 10
seconds more at a time until it boiled.

At about the 50 second mark, the contents of the beaker
erupted volcanically, with agar foam flowing up out

of the beaker and down its side. We opened the door
immediately, but we still ended up with 25 mL of our agar
on the microwave tray.

The moral here is that if you use the microwave to heat
your agar, do so in very short bursts. You can keep an eye
on the actual temperature by using the thermometer
(carefully) as a stirring rod. It's not actually necessary
for the agar solution to boil. Getting it up near the boiling
point but not actually boiling the solution is a good way
to prevent messy accidents.

J

5. Using a towel or oven mitt to protect your hand from the
heat, remove the agar liquid from the microwave and
set it aside to cool. While the agar cools, set up your gel
electrophoresis apparatus on a level surface. Verify that
the tips of the comb do not contact the bottom of the gel
casting tray.

6. Once the agar has cooled to the point where it feels very
warm or hot to the touch (about 50 to 60 °C), pour the agar
liquid into the gel casting tray to a depth of roughly 1cm.

If there are any bubbles, use the stirring rod to eliminate
them. While the agar is still hot and flowing freely, place

the comb near one end of the casting tray with its teeth

immersed in the liquid agar.

7. Allow the agar to cool and gel completely. Once it has set
up, carefully remove the comb. Try to avoid tearing the agar
gel when you do so. The goal is to have a solid, flat gel with
a series of small neat holes near one end. Remove the ends
from the gel casting tray.
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PROCEDURE Il1I-7-3: LOAD AND RUN THE DYE SPECIMENS

If you want sharper separations with agar gels, you can prerun
the gel. That is, run the gel normally, but without loading
specimens in any of the wells. After 15 minutes or so, disconnect
the power, remove the gel tray from the running buffer, load

the specimens, and rerun the gel. The prerun clears out a lot of
the gunk that's present in agar (but not agarose) and allows the
agar to function more like actual agarose.

A prerun is not necessary for this lab session. If you do a prerun,
you'll probably find that you get much sharper separation of the
dyes, but for our purposes, simply measuring from the well to
the center of the dye cloud is good enough.

1. Transfer nine drops of Hucker's crystal violet stain to one
well of the 96-well reaction plate, nine drops of methylene
blue to a second well, and nine drops of safranin O to a third
well. To a fourth well, transfer three drops each of these
three stains.

We'll use the reaction plate and plastic pipettes rather
than attempting to transfer the stains directly from their
bottles to the wells in the gel because the former method
is much more precise.

2. Transfer one drop of glycerol to each of the four wells
containing dyes. Use a clean toothpick to stir each well until
the dye solution and glycerol is thoroughly mixed.

3. Use aclean pipette to transfer the Hucker's crystal violet
dye and glycerol mixture to one well of the gel to fill the well
about half full. (Depending on the size of your wells, one
drop may suffice.)

4. Repeat the preceding step to transfer the methylene blue,
safranin O, and mixed stain mixtures to three vacant wells
of the gel.

If you have a fifth well in your gel, you can place the
individual stains in wells 1, 3, and 5 and the mixed stains
in both wells 2 and 4 to make it easier to compare
migration distances.

\§

5. Carefully place the gel tray centered in the outer container
(electrophoresis tank). Gently pour sufficient running
buffer into the electrophoresis tank to fill it to a level just
above the top of the gel tray. The goal is to immerse the gel
tray completely in running buffer.

6. Verify that the aluminum foil electrodes are in place on the
electrophoresis tank. Connect the red alligator clip lead to
the electrode nearest the well end of the gel tray and the
black alligator clip lead to the other electrode.

7. Connect the free end of the red alligator clip lead to the
exposed positive terminal on your 9V battery stack.

8. Carefully (shock hazard!) connect the free end of the
black alligator clip lead to the exposed negative terminal on
your 9V battery stack.

HANDLE WITH CARE

Do not allow the red and black leads to contact each
other directly!

A short circuit is very bad news. Depending on the
voltage of the battery stack, the best you can hope for is
a show of sparks and destruction of your battery stack.
It's possible that the clips will weld together, that the
wires will overheat and vaporize, and that the insulation
will catch fire.

J

9. Observe the gel until some migration of the dyes is visible.
If all is well, all dyes should be migrating toward the far end
of the gel. If instead they are migrating toward the near end
of the gel, the polarity is reversed. Switch the positions of
the black and red leads.

WARNING

Depending on the voltage you use, there may be enough
voltage exposed on the running buffer surface to give
you a severe shock. Never touch the apparatus (and
particularly the running buffer) while power is connected
to the apparatus. You can tell it's working because
bubbles appear at the positive electrode.
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10. Continue observing the gel until one of the dyes has 12. Calculate the distances each dye migrated as ratios to

migrated nearly to the far end of the gel. Depending on the the dye that advanced farthest. For example, if dye #1
size, type, and concentration of the gel and the voltage of migrated 10.0 cm, dye #2 7.8 cm, and dye #3 5.3 cm,
the battery stack, this may require anything from a few record the ratios for dye #1 as 1.00, dye #2 as 0.78, and dye
minutes to a couple of hours. When the farthest advanced #3as 0.53.
dye has nearly reached the far end of the gel, disconnect
both leads from the electrodes and the battery stack. Allow ( A
the gel to cool to room temperature before handling it. This calculation is similar conceptually to the R; value
used in paper chromatography. The difference is that in
11. For each well, measure the distance from the middle of the paper chromatography the baseline is the distance that
well to the middle of the corresponding dye streak. Record the solvent front advanced. With gel electrophoresis,
these values in your lab notebook. there is no solvent front, so we use the distance that the
farthest-advanced dye migrated as the baseline value.

REVIEW QUESTIONS

Q1: Thekitalso contains eosin Y stain and Sudan Ill stain. Why did we not use these stains in our gel run? (Hint: research acidic,
basic, and neutral dyes. Second hint: as applied to stains, these terms refer to ionization rather than pH.)

Q2: Could any of the three stains we used be used as marker dyes if we were doing actual DNA electrophoresis? Why or why not?
If not, what common dyes, stains, and pH indicators could be used as marker dyes?

Q3: The gram molecular masses of crystal violet, methylene blue, and safranin O are 407.979, 319.85, and 350.84 g/mol,
respectively. Based on those molecular masses, what ratios of migration distances would you expect?
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Chl hyll and
Pho?czzl;n)t,heasqs Lab IV'

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles « Centrifuge tubes, 50 mL + Hydrochloric acid » Test tube clamp
» Beaker, 250 mL » Chromatography paper « Pipettes » Test tube rack

« Bromothymol blue » Forceps * Ruler (mmscale) + Thermometer

» Centrifuge tubes, 15 mL » Gram'siodine stain « Slides (flat) and coverslips

MATERIALS YOU PROVIDE

+ Gloves + Isopropanol, 70% + Microscope (with » Toothpicks (plastic)
reflection illumination)
» Coin with milled edge + Leaves, various (see text) + UV light source (optional)
(optional) + Microwave oven
+ Light source (see text) » Watch or clock with
+ Cottonballs « Saucer second hand
» Meter stick or measuring
+ Elodea (water weed; see tape + Scissors + Water, distilled
text)

» Soda straw
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BACKGROUND

In this lab session we'll investigate photosynthesis, the conversion of solar energy to stored
energy in the form of saccharides, which is the basis of nearly all life on Earth. (Only nearly all,
because a few deep-sea organisms use energy directly from thermal vents on the sea bottom.)
Photosynthesis depends largely on chlorophylls, a closely related group of organic chemical
compounds that contain a central magnesium atom.

Inits most common form, photosynthesis is a chemical reaction
that converts carbon dioxide and water, in the presence of light
as an energy source and chlorophyll as a catalyst, to glucose (or
another saccharide) and oxygen.

6CO,+6H,0—=CeH,,0,+60,

The products of this reaction, saccharides and oxygen, are the
basis of all animal life. Without the saccharides produced by
plants, we'd starve; without the oxygen, we'd suffocate. Note
the balance. We animals consume the saccharides and inhale
the oxygen produced by plants and exhale the carbon dioxide
that plants in turn use to produce more saccharides and oxygen.

( )
Plants, algae, and cyanobacteria (formerly called blue-
green algae) are autotrophs or self-feeders. They use
photosynthesis to produce food—saccharides and other
organic carbon compounds—from carbon dioxide and
water. Autotrophs comprise about 5% of all species, and

are the producers in the food chain. The other 95% of
species—animals and most other bacteria and fungi—

are heterotrophs, which are the consumers in the food
chain.

Some species of sea slugs, notably Elysia chlorotica,
use chlorophyll from plants they eat to perform
photosynthesis for themselves; no other animal has
been found to have this ability.

PROCEDURE 1V-1-1: OBSERVING CARBON DIOXIDE UPTAKE

In this procedure, we'll observe the uptake of carbon dioxide (carbon fixation) and the release of
oxygen by plants during photosynthesis. We'll do this by establishing various environments in
which the three key elements—sunlight, carbon dioxide, and chlorophyll—are present or absent

in different combinations.

During photosynthesis, carbon dioxide is consumed and oxygen
is produced. We'll use a simple test for the presence of carbon
dioxide. When carbon dioxide is dissolved in water, it produces
a slightly acidic solution. In slightly acidic solutions (< pH 6.0)
the pH indicator bromothymol blue is yellow. In slightly basic
solutions (> pH 7.6) it is blue. Between pH 6.0 and pH 7.6, it
transitions through various greenish shades.

We'll produce a saturated solution of carbon dioxide by the
simple expedient of exhaling through a soda straw into water
that has been tinted with bromothymol blue. As the carbon
dioxide from our breath dissolves in the water, the indicator
turns yellow. If a chemical reaction occurs in that solution that

consumes carbon dioxide, we expect the solution color to
shift toward blue (or at least greenish) as the carbon dioxide is
removed and the pH of the solution increases.

We have no simple chemical test for the presence of oxygen, so
we'll depend on the fact that oxygen gas is much less soluble

in water than carbon dioxide gas. If in fact a reaction occurs
that consumes carbon dioxide and produces oxygen, we

would expect that oxygen to be visible as tiny bubbles in the
reaction vessel. In this procedure, we'll observe the uptake of
carbon dioxide by elodea (a water plant) and determine which
combination of three factors—the presence of carbon dioxide,
the presence of light, and the presence of chlorophyll—are
necessary for photosynthesis to occur.
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We used Elodea (water weed) as our plant. You can
purchase Elodea (also called Anacharis) at a pet store or
aquarium shop, or you can simply gather it from a lake,
pond, or in shallow water near the banks of a stream.

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Label six 15 mL centrifuge tubes as follows:
A. Light — Elodea - CO,
B. Light — Elodea
C. Light - CO,
D. Dark — Elodea - CO,
E. Dark — Elodea
F.Dark - CO,

3. Place 7 cmto 9 cm lengths of elodea sprig into each of
tubes A, B, D,and E.

4. Transfer about 175 mL of distilled water to the 250 mL
beaker. Add sufficient bromothymol blue indicator solution
to the water to tint it a distinct blue or blue-green color and
stir to mix the solution.

5. Filltubes B and E nearly full of the blue solution you
produced in step 4.

If the solution in the tubes is not distinctly colored, return
the contents of the tubes to the beaker and add more
bromothymol blue. It's necessary that the color of the
solution in the tubes be intense enough that any color
changes are readily visible.

6. Add one drop of hydrochloric acid to each of tubes B

and E, and swirl them to mix the contents. If the solution
does not turn yellow, continue adding hydrochloric acid
dropwise, with swirling, just until the solution turns yellow.
Cap the tubes. Note the appearance of the tubes—color,
presence or absence of bubbles, and so on—and record
your observations in your lab notebook. Place tube Bon a
windowsill or other location where it is exposed to direct
sunlight. Place tube E in a drawer or other dark location.

The tubes will stand on their caps if you invert them. Just
make sure the cap is tight.

7. Use the soda straw to blow bubbles (gently) into the

solution in the beaker until it assumes a distinctly yellow
color. (Obviously, don't suck any of the solution into your
mouth.)

. Filltubes A, C, D, and F nearly full with the yellow
solution you produced in step 7. Cap the tubes. Note the
appearance of the tubes and record your observations in
your lab notebook. Place tubes A and C on where they are
exposed to direct sunlight. Place tubes D and F in a dark
location. Retain the excess solution in the beaker for use in
the next procedure.

. Observe each of the six tubes every few minutes and
record your observations in your lab notebook.

PROCEDURE 1V-1-2: DETERMINING THE EFFECT OF LIGHT INTENSITY

ON PHOTOSYNTHESIS

In the preceding procedure, we established that photosynthesis requires the presence of
chlorophyll, carbon dioxide, and light. In this procedure, we'll determine the effect of light
intensity on the rate of photosynthesis. We'll measure photosynthesis rate by determining the
amount of time needed for water saturated with carbon dioxide and tinted by bromothymol blue
to change color when exposed to light at differing intensities, indicating that photosynthesis has

consumed the carbon dioxide present.

Lab IV-1: Chlorophyll and Photosynthesis 159



To do that, we'll need an intense light source, ideally one that

is full-spectrum and as close as possible to a point source. We
used a 600W quartz-halogen work light, which among common
light sources comes closest to meeting those criteria. If you
don't have a quartz-halogen light, substitute any bright light
source.

( )
The amount of time necessary for a change to occur
depends on the intensity of the light acting on the
chlorophyllin the Elodea, which in turn depends on both
the actual intensity of the light source and its distance
from each tube. With our 600W quartz-halogen light,
visible changes occurred very quickly; with a less-intense
light source, it may require several minutes or longer for
changes to become evident.

\. J

1. Labelfive 15 mL centrifuge tubes: two as “0.25m,” and one
eachas “0.5m,” “1.0m,"”and “2.0 m."

2. Cut four sprigs of Elodea. It's important to make the sprigs
as similar as possible in terms of leaf area.

3. Place each sprigin one of the centrifuge tubes, leaving one
of the 0.25 meter tubes without a spring. Fill all five tubes
nearly to the brim with the yellow solution from the beaker,
and cap the tubes.

4. Setupyour light source, but leave it off for now. Use
the meter stick to place each tube at the corresponding
distance from the light, inverted and sitting on its cap.
Position each tube so that it will be fully exposed to the light
once you switch it on.

( )
The intensity of a point light source decreases with the
square of the distance. For example, light intensity at

2 meters is one-quarter that at one meter, and one-
sixteenth that at 0.5 meter. If the rate of photosynthesis
varies directly with light intensity, we would expect

the nearest tube to change color quickly, with tubes

at greater distances taking correspondingly longer to
change.

N\ J

5. Note the time to the second and turn on the light.

6. Watch the 0.25 meter tube with the sprig carefully, and
note the elapsed time when you first notice a change in the
color of the liquid in the tube. Do the same for the 0.5 meter
tube, the 1.0 meter tube, and finally the 2.0 meter tube.

7. Record all of your observations in your lab notebook.

PROCEDURE 1V-1-3: CHROMATOGRAPHY OF PLANT PIGMENTS AND
LOCATING CELLULAR ENERGY RESERVES

Although chlorophylls are the primary pigment in most vegetation, there are others. Yellow and
orange carotenoids are present in leaves year-round, but during the spring and summer their
colors are ordinarily masked by the intense green of chlorophyll. Red and purple anthocyanins
are not present in spring and summer foliage, but are actually produced during the autumn color

change.

In this procedure, we'll extract chlorophyll and other plant
pigments from green leaves and use paper chromatography to
separate those pigments. In doing so, we'll discover how many
pigments are present in our leaf specimens. (The number and
types of pigments varies from one plant to another and with the
time of year, so your results may differ from ours.)

Some of the pigments are relatively soluble in alcohol but nearly
insoluble in water, and vice versa. To extract as many pigments
as possible from our specimens, we'll use 70% isopropanol
(drugstore rubbing alcohol), which we expect to be a reasonably
good solvent for all of the pigments present.
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We'll also examine a decolorized leaf microscopically. Plants
store the glucose produced by photosynthesis in the form

of starches. These cellular energy reserves are ordinarily
colorless and therefore difficult or impossible to discriminate
visually. We'll therefore stain a decolorized leaf with Gram's
iodine solution, which reacts with colorless starches to form an
intensely blue-black complex that is readily visible if present.

You can use any type(s) of green leaves available. If you're
performing this procedure at a time of year when the leaves
have changed color or fallen, you can use evergreen needles
or supermarket produce such as spinach. Ideally, you should
obtain deciduous leaves during the spring or summer while
they're green, and then obtain specimens from the same trees
during the autumn leaf color season.

4 )\
We obtained spring/summer and autumn leaf specimens
from two species of maple. For both species, the spring/
summer leaves are the intense green of chlorophyll.

In autumn, the red maple leaves turn red, due to the
presence of anthocyanins, which are absent during

the spring and summer. The golden maple leaves in
autumn are a brilliant yellow color, due to the presence

of carotenoid pigments, which are present in the leaves
year-round, but with their yellow color screened by
chlorophyll during the spring and summer. We expected
anthocyanins to be visible in chromatograms of red
maple leaves only in autumn specimens, while we
expected carotenoids to be visible in chromatograms of
golden maple leaves from any time of year.

\\ J

1. If you have not already done so, put on your goggles,
gloves, and protective clothing.

2. Prepare each of your leaf specimens by cutting the leaves
into small pieces, the smaller the better. Rough squares
about 5 mm on a side are adequate, but even smaller
pieces allow more of the plant pigments to be extracted
quickly. Cut enough leaf pieces to fill a 15 mL centrifuge
tube to at least the 3 mL or 4 mL line loosely packed.

3. Transfer the pieces of each specimen to a labeled 15 mL
centrifuge tube and add enough 70% isopropanol to the
tube to cover the leaf fragments completely. A small excess
of alcohol is fine, but we want the resulting extract to be as
concentrated as possible, so don't use a large excess.

For quick-and-dirty chromatograms, you can skip this
extraction process by transferring plant pigments
directly to the chromatography paper. To do so,

press a leaf against the paper and rub the edge of a
milled coin (such as a US quarter) against the leaf to
produce a line of plant pigment on the paper. Develop
the chromatogram as usual. The results may not be
as good as those using the alcoholic extract, but the
process is fast enough to allow you to run many more

chromatograms if your time is limited.
\ J

4. Cap the tube and allow the leaf pieces to soak in the
isopropanol for at least several days, inverting the tubes
occasionally. It does no harm to allow the extraction
process to continue for weeks or even months. For
example, we obtained summer leaves and allowed them to
continue soaking in the alcohol until autumn leaves were
available.

If you haven't prepared the extracts ahead of time, you
can use hot isopropanol to speed the extraction. Plug the
mouths of the 15 mL centrifuge tubes loosely with cotton
balls and place the tubes in the 250 mL beaker full of tap
water heated in the microwave to about 80 °C (Caution!
HOT!). Much higher than 80 °C will cause the alcohol to
boil too vigorously; much lower will slow extraction. If the
alcohol boils too vigorously, just add some cold tap water
to cool the water bath. If the water cools too much, add a
small amount of boiling water to the bath.

Allow the extraction to continue at or near the boiling
point of the alcohol until most of the color is extracted
from the leaves, which may require several minutes or
more, depending on the type of leaf and the size of the
pieces. When extraction is complete, use the test tube
clamp to transfer the centrifuge tubes to the test tube
rack and allow them to cool.

- J

5. Use the forceps to remove one piece of leaf from the first
centrifuge tube and transfer it to a microscope slide.
Center the specimen on the stage and observe it with
low magnification. Depending on the thickness and level
of decolorization of the leaf, you may or may not be able
to see significant detail using transmitted light. If not,
illuminate the specimen from above with a high-intensity
desk lamp or similar external illuminator. Use medium and/
or high magnification to reveal additional details. Note your
observations in your lab book, and shoot an image if you
are equipped to do so.
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6. Transfer one drop of Gram's iodine stain to the specimen,
allow it to work for 30 seconds or so, and then draw off any
excess stain using the corner of a paper towel. Repeat your
observations and note any differences. If starch is present
in the leaf, it will be visible as intensely blue-black clumps.
Once again, record your observations in your lab notebook
and shoot an image if possible.

. Repeat the preceding two steps for each of your other leaf
specimens.

. Cut one chromatography strip about 2.5 x 9 cm for each

of your extract solutions. About 1 cm from one end of each
strip, draw a light pencil line across the width of the strip. At
the far end of the strip, label it, e.g., “extract A.”

. Spot each strip with the corresponding extract. To do so,

place the strip on a clean flat surface. Dip the tip of a clean
plastic toothpick into the extract solution and transfer the
tiny drop on the tip of the toothpick to the center of the
pencil line, ideally with the pencil line bisecting the spot.

The goal is to make the smallest possible spot on the paper.
The next step is to use paper chromatography to separate the Allow the spot todry.
leaf pigments. Depending on the type of leaf, time of year, and
other factors, your developed chromatograms may show that 4. Repeat the preceding step several times, transferring
anything from two or three to half a dozen or more different more of the extract to the same spot on the paper. The goal
pigments are present in an extract. is to reinforce that spot, making a small spot with a high
concentration of the pigments present in the extract.
Some or all of the following pigments may be visible in your
chromatograms after you develop them: 5. Repeat the spotting procedure for each of your other
extract solutions. Allow all of the spotted paper strips to

» Anthocyanins (red and violet pigments) dry completely.

« Carotenes (yellow to yellow-orange carotenoid pigments)
Chlorophyll A (bluish-green pigment)

Chlorophyll B (yellow to yellowish-green pigment)
Pheophytin A (bluish-gray pigment)

Pheophytin B (bluish-gray pigment; often visible only under
UV light)

Xanthophylls (yellowish carotenoid pigments)

. Prepare as many chromatography vessels as you have
extract solutions by filling 50 mL centrifuge tubes to about
the 5 mL line with 70% isopropanol and capping them. (If
you have more extracts than tubes, don't worry; you can
simply develop the chromatograms in two passes.)

Handle the chromatography paper with gloves. Skin oils
can interfere with the chromatography process.

. Uncap all of your chromatography vessels and quickly

transfer each spotted paper strip to one of the vessels.
Immediately recap the vessels.

. Keep an eye on the development progress, which may

take 15 minutes or more. As development progresses, the
isopropanol is drawn up the paper strip by capillary action
and the pigments begin to separate. When the solvent
front reaches nearly the top of the strips, use forceps to
remove the strips from the chromatography vessels. Place
the strips on a paper towel and immediately make a pencil
mark to indicate the furthest extent of the solvent front
(which will be invisible after it dries).

. For each strip, measure the distance from the index

line to the solvent front line and record it in your lab
notebook. (These values should be nearly identical for all
strips, since they were placed into and removed from the
chromatography vessels nearly simultaneously.)

. Measure the distance from the index line to the center of

each pigment spot on each chromatogram and record
those values in your lab notebook.
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If you have a UV (black light) source available, use it to
view the chromatograms in a darkened room. Some
pigment spots that are invisible under white light may
be quite prominent under UV light. (UV LED flashlights
are readily available for $10 or less, and are useful not
just for biology but for chemistry and forensic science
studies.)

As long as you're at it, use the UV lamp to illuminate one
of the tubes of pigment extract. Note your observations
in your lab notebook.

. J

10. Calculate the R, value for each pigment spot by dividing
the distance from the index line to the pigment spot by the
distance from the index line to the solvent front line. For

REVIEW QUESTIONS

example, if a pigment spot migrated 2.5 cm from the index
line and the solvent front line is 7.5 cm from the index line,
you'd calculate the R; value for that pigment as (2.5/7.5) =
0.33. Record these values in your lab notebook.

s

~

R; value is a dimensionless number that can be
compared to R; values for other chromatograms only

if the combination of substrate (such as this particular
chromatography paper) and solvent is identical. For
example, if you've run several chromatograms in this
procedure, the R; value for the intense blue-green spot

of chlorophyll A should be identical (or nearly so) for
each of the extracts. If we ran chromatograms using a
different solvent (or a different substrate), the R, value for
chlorophyll A might be very different.

Q1: Inprocedure IV-1-1, why did we use a combination of tubes with and without carbon dioxide, Elodea sprigs, and exposure to

sunlight?

Q2: Inprocedure IV-1-1, why did we add a small amount of hydrochloric acid to tubes B and E?

Q3: Inprocedure IV-1-1, based on your observations of the six tubes, what do you conclude?
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Q4: In procedure IV-1-1, propose an explanation for the changes you observed in one or more of the tubes. Why did these changes
not occur in all tubes?

Q5: Inprocedure IV-1-1, what would you expect to happen in tube A if you continued to observe the tube over a period of days,
weeks, or months? Why? Would you expect a different result if you also introduced a snail into that tube?

Q6: Inprocedure IV-1-2, why did we use two tubes at 0.25 meters from the light source, one with and one without a sprig of
Elodea?

Q7: In procedure IV-1-2, what did your observed data indicate about the effect of light intensity on photosynthesis rate?

Q8: In procedure IV-1-2, would you expect the (approximate) linearity in photosynthesis rates to remain true at light intensities
much, much higher or lower than those you tested?
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Q9: The light source we used also produces considerable heat, as do most intense light sources. It is possible that the tubes
nearer the light source were warmed by the light source, and that that higher temperature increased the rate of photosynthesis.
Design an experiment to determine what effect, if any, different temperatures have on photosynthesis rate.

QlO: In procedure IV-1-3, we implied that the extracts obtained in cold isopropanol and hot isopropanol were for practical
purposes identical. What assumption did we make and how might you test that assumption? If that assumption is false, what
evidence would you expect to see?

Qll: If you used the UV light in procedure 1V-1-3, what results did you observe when you viewed the extract solution? Using
Internet resources, research this phenomenon and propose an explanation.

Q12: Using the materials and resources from this group of procedures, design an experiment to determine if photosynthesis
requires only chlorophyll, carbon dioxide, and light, or if it can occur only within a plant.
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Investigating Osmosis Lab IV'Z

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

« None

MATERIALS YOU PROVIDE

» Gloves + Paper towels

+ Balance « Syrup (corn, maple, pancake, waffle, etc.)
» Eggs, uncooked (2) + Tablespoons, plastic or metal (2)

» Foam cups « Vinegar, distilled white

« Graph paper, calculator, or software + Watch or clock with second hand

+ Marking pen

BACKGROUND

In this lab session we'll investigate osmosis, the diffusion of water across a semipermeable
membrane to equalize solute concentrations on both sides of the membrane. A semipermeable
membrane allows the free passage of small molecules (such as water) through the membrane,
while blocking the passage of larger molecules (such as salts, sugars, and other organic
compounds).

If two aqueous solutions of different concentrations are membrane from the more dilute side to the more concentrated

divided by a semipermeable membrane, a phenomenon called side until the concentration is the same (in equilibrium) on both
osmotic pressure causes water molecules to migrate across the  sides of the membrane.
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For example, assume that you make up two sugar solutions,
one with one teaspoon of sugar dissolved in 100 mL of water,
and the other with three teaspoons of sugar dissolved in 100
mL of water. You then place these two solutions in a two-part
container with a semipermeable membrane dividing them.
Because the first solution is more dilute, water molecules
will pass from it through the membrane and into the more
concentrated solution, thereby increasing the concentration
of the first solution and decreasing the concentration of the
second.

The two solutions reach equilibrium when the sugar
concentration is the same in both. Because sugar molecules
cannot pass through the membrane, that means the volumes
of the two solutions must change to effect that change in
concentration. Because the second solution contained three
times as much sugar as the first, its final volume must also
be three times as much as the first solution. This is achieved
when 50 mL of water has migrated from the first to the second
solution, leaving the first solution containing one teaspoon of
sugar in 50 mL of water and the second solution containing
three teaspoons of sugar in 150 mL of water, which of course
means the concentrations of the two solutions are identical.

( )
With respect to two solutions divided by a semipermeable
membrane, scientists refer to the more concentrated
solution as hypertonic and the less concentrated as
hypotonic. If the two solutions have reached equilibrium
(have the same concentration), they are referred to as
isotonic. Note that these three terms are meaningless
except when comparing two solutions against each

other.

Osmosis is an important phenomenon in biological systems.
Semipermeable cell membranes are typically permeable

to molecules that are small and/or nonpolar—including
oxygen, carbon dioxide, water, as well as lipids—while being
impermeable to larger and/or more polar molecules, including
polysaccharides, proteins, and other large organic molecules,
as well as ions. Osmosis and related diffusive processes plays a
role in many biological functions, from water transport into and
out of cells to elimination of wastes to cellular respiration.

In this lab session, we'll prepare two decalcified eggs by
dissolving their shells in vinegar. We'll then determine the mass
of each egg before immersing it for measured times in either
water—which, because it contains essential no solutes, is
hypotonic with respect to the egg—or syrup, which because it
contains a high concentration of dissolved sugars, is hypertonic
with respect to the egg. We'll determine the mass change over
time for each egg and use that data to determine the effects of
osmosis in our controlled environment.

( )
You may have heard the term reverse osmosis, which is a
technique used in some industrial processes, particularly
water desalinization. Reverse osmosis forces water from
the more concentrated solution to the less concentrated
by applying physical pressure or other means. As applied
to desalinization, for example, sea water (which contains
a high concentration of salts) is placed under pressure,
which forces pure water through a semipermeable
membrane, leaving more concentrated sea water on the
pressurized side of the membrane and producing pure
drinking water on the other side.

PROCEDURE 1V-2-1: OBSERVING OSMOSIS IN CHICKEN EGGS

Eggshells are primarily calcium carbonate, a chemical compound that is also familiar in the form
of chalk, limestone, and marble. Calcium carbonate reacts readily with acids to form calcium
salts and carbon dioxide gas. In this procedure, we'll immerse two raw eggs in an acidic solution
and allow the reaction to consume the eggshells, leaving only the raw eggs within the membrane

that surrounds the white and yolk.

1. Place two raw eggs in a large foam cup or other suitable
container.

2. Fill the cup with distilled white vinegar, ensuring that
both eggs are fully submerged, and cover the cup loosely
to allow carbon dioxide gas to escape. (It's okay for the

eggs to be in contact.) Keeping the cup in the refrigerator
may slow down the reaction somewhat, but it also keeps
the eggs from spoiling. That won't matter unless you
accidentally break the egg membrane, in which caseit's
better if the eggs aren’t spoiled.
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3. Observe the eggs periodically. Over a period of three to
four days, the eggshells gradually react with the vinegar
until the eggshells disappear entirely.

~
WARNING

Raw eggs may be contaminated with salmonella or other
pathogens. Wear gloves when handling the eggs and
wash your hands thoroughly with soap and water after
you finish the experiment. Discard both the eggs and the
syrup when the experiment concludes.

J

. When the eggshells are completely decalcified, carefully
pour off the waste solution and use a spoon (gently!) to
remove each egg and place it on a paper towel. Carefully
blot each egg to remove as much of the excess liquid as
possible.

Be extremely gentle handling the decalcified eggs. With
the shells gone, it's very easy to break the membrane
and ruin the experiment.

. Weigh two foam cups and record the mass on each cup.

. Carefully transfer one egg to each of the cups. Reweigh the
cups and subtract the mass of the cup from the mass of the
cup+egg to determine the mass of the egg alone.

. Note the time and fill one of the cups with syrup just
sufficient to cover the egg with a centimeter or so to spare.
Record the time in your lab notebook.

. After a couple of minutes, repeat step 7 for the second egg,
immersing it in water.

10.

11.

12.

13.

. After about 10 minutes have elapsed, note the time and

use one of the spoons to remove the egg from the syrup.
Rinse the egg gently for a moment in a trickle of tap water
to remove as much syrup as possible, and then very gently
blot the egg dry with a paper towel. Reweigh the egg and
record its current mass and the elapsed time in your lab
notebook.

Return the egg to the syrup, again recording the start time
in your lab notebook.

By the time you complete steps 9 and 10, the egg in water
should be nearing the 10 minute mark. Note the time and
use the other spoon to remove the egg from the water. Very
gently blot the egg dry with a paper towel. Reweigh the egg
and record its current mass and the elapsed time in your
lab notebook.

Return the egg to the water, again recording the start time
in your lab notebook.

Repeat steps 9 through 12 every 10 minutes for at least one
hour. If possible, extend the experiment for several hours,
recording data every 10 minutes until you run out of time
or until the mass of one or both eggs remains constant
between cycles.

. After you complete the final mass determination for both

eggs, fill two additional cups with water and syrup to the
same level as the original cups. Compare the appearances
of both unused liquids to the appearances of the liquids
used during the experiment, and record your observations
in your lab notebook.

. Using your data, calculate the percentage mass change at

each weighing for each egg and graph the results.
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REVIEW QUESTIONS

Q1: Which of the eggs gained mass? Which lost mass? Propose an explanation for these mass changes.

Q2: What, if any, changes did you note in the appearance of the water and syrup?

Q3: Using the terms hypotonic and hypertonic, explain what occurred with each of the eggs.

Q4 : canisotonicity (isotonic equilibrium) be reached for the egg immersed in syrup? For the egg immersed in water?

Q5: Explain in terms of osmosis what occurs if you pour table salt on a slug.
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Q6: Using Internet resources, find a practical application of osmosis in food preservation. In terms of osmosis, explain how this
process works.

Q7: What percentage of mass gain or loss did you observe for each of the eggs?
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Investigati
Cell Division Lab IV-3

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ None

MATERIALS YOU PROVIDE

» Microscope (oil-immersion if available) « Prepared slide: animal mitosis (optional)

* Prepared slide: plant mitosis (onion tip)

BACKGROUND

The cell division cycle (or cell cycle) is a fundamental biological process. To understand genetics
and reproduction, you must first understand cell division. Prokaryotes use simple binary fission,
during which one cell splits in two to form two identical cells. The cell cycle in eukaryotes, which
we investigate in this lab session, is considerably more complex.

The eukaryotic cell cycle encompasses three major phases. chromosomes into two identical sets and forming two separate
During interphase, shown on the left in Figure IV-3-1, the nuclei from these chromosomes. Mitosis typically occupies
cell grows, accumulates the nutrients needed for the next about 10% of the cell cycle. During cytokinesis, the cell splits
phase, and replicates its DNA. Interphase typically occupies into two distinct daughter cells. The cycle then continues as
about 90% of the cell cycle. During mitosis, shown in the these daughter cells individually enter interphase and continue
center in Figure 1V-3-1, the cell nucleus divides, separating its to divide.
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Figure IV-3-1: Major events in the eukaryotic cell cycle
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Figure IV-3-2: Prophase of mitosis

Although cytokinesis is often thought of as the final

step in the mitotic stage of the cell cycle, it is actually a N

separate and distinct stage of the cell cycle, occurring

: T Prophase

after the final stage of mitosis (telophase) and before the

cell returns to interphase.
Interphase comprises three phases. During G, Phase or Gap
One Phase, the cell grows and carries on its routine activities.
During S Phase, the cell duplicates its chromosomes, which
as the cell enters this phase are dispersed and invisible with a
standard microscope. Initially, each chromosome consists of
only one chromatid. After DNA synthesis, each chromosome
comprises two genetically identical sister chromatids, attached
at the centromere. During G, Phase or Gap Two Phase, the cell
prepares itself for mitosis.

NTERPHASE
The exact sequence and timing of mitosis steps varies between J
cell types, but mitosis is conventionally divided into four or five
phases. During the first phase, called prophase, the cell exiting
the interphase second gap (G,) stage enters prophase and During the second phase of mitosis, called prometaphase,
begins the mitotic sequence. the nuclear membrane disintegrates, chromosomes form
kinetochores at the centromere, and the microtubules that make

In early prophase, the chromatin condenses (coils) into up the mitotic spindle attach to the chromosomes. Figure IV-3-
chromosomes, which become visible with a standard 4 is a graphic illustration of prometaphase. Figure 1V-3-5is an
microscope. As prophase continues, the two centrosomes image of an actual cell in prometaphase, with the mitotic spindle
(inanimal cells, each made up of two centrioles) separate in green, the condensed chromosomes as a cloud of blue, and

to opposite sides of the nucleus, the microtubules begin to the kinetochores and centromeres in magenta.
lengthen and form the mitotic spindle, and the nucleolus

disappears. Figure IV-3-2 is a graphic illustration of prophase,

with the centrosomes shown in orange and the microtubules in

blue. Figure IV-3-3 is an image of an actual cell in prophase.
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Figure IV-3-3: Prophase of mitosis Figure IV-3-4: Prometaphase of mitosis

~

Prometaphase

Figure IV-3-5: Prometaphase of mitosis

( )
Some texts describe mitosis as occurring in four phases:
prophase, metaphase, anaphase, and telophase. Other

texts place an additional phase, prometaphase, between
prophase and metaphase. Prometaphase incorporates

what four-phase texts include in late prophase and early
metaphase. The reality is that the divisions between

phases are somewhat arbitrary, and it doesn't really

matter if you think of mitosis as having four or five

phases.

N\ J

During the third phase of mitosis, called metaphase, the
centromeres of the condensed and coiled chromosomes align
in animaginary plane called the metaphase plate (also called
the equatorial plate) located at the equator of the cell, with the
telomeres (chromosome ends) drifting away from the equator
toward the centrosomes at the poles. This even alignment
physically organizes the cell in preparation for later division into
two daughter cells. At this point, and before entering the next
mitotic phase, the cell does a literal “self-test” to ensure that
every chromosome is properly aligned at the metaphase plate
and that every kinetochore is properly attached to the mitotic
spindle. Figure IV-3-6 is a graphic illustration of metaphase.
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Figure IV-3-6: Metaphase of mitosis Figure IV-3-8: Anaphase of mitosis

Metaphase

INTERPHASE )

If and only if the cell passes its metaphase self-test, it enters

the fourth stage of mitosis, called anaphase. During anaphase,
the microtubules that make up the mitotic spindle attach to the
centromere of each chromosome and literally pull the sister
chromatids of each chromosome apart toward the centrosomes
at each pole, with the telomeres of each chromosome pointing
toward the equatorial plate. Those microtubules that are not The final phase of mitosis, telophase, begins when anaphase is
attached to kinetochores act to stretch the cell lengthwise into complete. Essentially, telophase is the “clean-up” phase. The

an oval form. Figure IV-3-7 is a graphic illustration of anaphase. cell continues to elongate. Chromosomes uncoil and disperse as
Figure IV-3-8 is an image of an actual cell in anaphase. chromatin. The mitotic spindle breaks down and microtubules
disintegrate. Two daughter nuclei form, one on either side of

the ovular cell, with their nuclear membranes forming from the
Figure IV-3-7: Anaphase of mitosis fragments of the original nuclear membrane. As the new nuclear
membranes form around each chromatid pair, new nucleoli
form. In animal cells, a contractile ring of fibers called a cleavage
furrow develops. which during cytokinesis closes to pinch off the
binucleate cell into two individual daughter cells. In plant cells,
cell wall materials coalesce into a structure called the cell plate,
Anaphase which develops into a full cell wall, separating the two nuclei.
Figure IV-3-9is a graphic illustration of telophase. Figure 1V-3-10
is an image of an actual cell in telophase.

NTERPHASE, )
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Figure IV-3-9: Telophase of mitosis Figure IV-3-11: Cytokinesis

INTERPHASE

Meiosis is a specialized type of cell division that occurs in
eukaryotes to produce the gametes (sperm cells and egg

Figure IV-3-10: Telophase of mitosis cells, produced by all animals and some protists) or spores

(in all plants and fungi and some protists) required for sexual
reproduction. Because of the similarity of names, students
sometimes confuse mitosis and meiosis. Although there are
similarities in the mechanisms and the names of the phases, the
two processes are distinctly different in several respects:

» Mitosis is the asexual reproduction of diploid cells; meiosis
is the production of haploid cells (gametes or spores) in
preparation for sexual reproduction.

+ Mitosis is a part of the cell cycle, a circular process with
no beginning or end. New cells produced at the end of the
cell cycle restart the cycle to produce still more new cells.
Meiosis is a process with a starting point and an ending
point. In effect, mitosis runs in a circle, while meiosis runs
irreversibly in a straight line from point A to point B.

Mitosis produces daughter cells that are genetically
identical to the mother cell, with no reshuffling of genetic
material. In meiosis, the chromosomes recombine,
shuffling the genes to produce different genetic
combinations in each gamete.

Mitosis produces two genetically identical diploid cells;
meiosis produces four genetically distinct haploid cells.

Finally, cytokinesis, shown graphically in Figure IV-3-11, occurs

when the cell that has undergone mitosis splits into two new Meiosis starts with one diploid cell that contains two copies
individual daughter cells, each of which then enters interphase of each chromosome, one from each parent of the organism.
to start the cycle anew. (For example, your cells contain 23 pairs of chromosomes,

with one chromosome of each of the 23 pairs originating from
your mother and one from your father.) Meiosis produces four
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haploid cells (gametes), each of which has one copy of each
chromosome. Each of those chromosomes is a unique mixture
of the paternal and maternal DNA from the organism. This
mixing of genetic material ensures that offspring are genetically
distinct from both parents, thereby ensuring diversity in any
population that reproduces sexually.

Chromosomes in ordinary eukaryotic cells occur in pairs.

The nuclei of such cells are referred to as diploid (2N). The

two chromosomes of each pair are called homologous
chromosomes. Each of those chromosomes has the same genes
at the same positions, called loci (singular locus), although each
of the homologous genes may have different alleles (different
variants of the same gene) at the corresponding homologous
loci. Chromosomes in specialized reproductive cells (gametes
and spores) are unpaired, and the nuclei of such cells are called
haploid (IN).

In preparation for meiosis, a cell undergoes a meiotic interphase
stage that is similar to the mitotic G;, S, and G, stages. The cell's
chromosomes are duplicated via DNA replication, producing the
homologous chromosomes in paternal and maternal versions,
each of which comprises two exact copies, called sister
chromatids, attached at the centromere.

Like the cell cycle (including mitosis), meiosis is a seamless and
continuous process, but is for convenience normally treated as
occurring in phases. The names of those phases are the same
as those of the cell cycle—prophase, metaphase, anaphase,
telophase, and cytokinesis—and those phases are similar to the
corresponding cell-cycle phases in mechanism and appearance.
The major difference is that while the cell cycle involves only
one division, meiosis involves two divisions, called Meiosis First
Division (or Meiosis I) and Meiosis Second Division (or Meiosis
1. During Meiosis |, the parent cell divides into two diploid
daughter cells. During Meiosis Il, the two diploid daughter cells
divide into four haploid daughter cells The meiotic phases are as
follows:

» Prophase | - homologous chromosomes condense and
form pairs, with crossing over.

+ Metaphase | — the microtubular structure forms, with the
microtubules attaching to the chromosomes.

» Anaphase | — homologous pairs of chromosomes separate
and the cell elongates.

+ Telophase | — one set of paired chromosomes completes
its migration to each pole.

Cytokinesis | — the binucleate cell splits into two daughter
cells, with each daughter cell receiving one of each pair of

homologous chromosomes.

+ Prophase Il — the meiotic spindle forms between the two
centrioles.

+ Metaphase Il = chromosomes align along the microtubules
of the spindle.

* Anaphase Il - sister chromosomes separate.

« Telophase Il = chromatids arrive at each pole.

« Cytokinesis Il - cell division is complete, with four daughter
cells resulting, each with half the number of chromosomes

of the parent cell.

Figure IV-3-12 graphically illustrates the major events in meiosis.

Figure IV-3-12: Major events in Meiosis
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In this lab session, we'll observe the cell cycle by examining
prepared slides that are stained to show the stages of mitosis
in plant and animal cells. Although the stages of meiosis can
also be observed by examining prepared slides, there's little
point to doing so because the physical appearance of the
various meiotic phases is nearly impossible to discriminate
microscopically from the corresponding mitotic phases.
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PROCEDURE IV-3-1: OBSERVING MITOSIS

Students are often surprised that mitotic phases can actually be seen and discriminated with

a microscope, but the staining protocols for doing so have been in use since the 19th century.
Figure IV-3-13 is a sketch that appeared in the 1900 book The Cell in Development and Inheritance
by Edmund B. Wilson. The original description for this sketch read, “General view of cells in the
growing root-tip of the onion, from a longitudinal section, enlarged 800 diameters. a. non-dividing
cells, with chromatin-network and deeply stained nucleoli; b. nuclei preparing for division (Spireme-
stage); c. dividing cells showing mitotic figures; e. pair of daughter-cells shortly after division.”
Comparing Wilson's sketch with the graphics and images in the preceding section, it's clear that
mitotic phases were well understood (albeit under different names) more than 100 years ago.

Figure 1V-3-13: Sketch of onion root tip Is, showing cells in various
phases of mitosis

\
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The problem with observing mitosis is that the objects you are
viewing are both tiny and three-dimensional. That means you'll
need to use high magnification (400X or 1,000X), and that you'll
spend a lot of time tweaking the fine focus to accommodate the
very shallow depth of focus at high magnification.

As you perform this procedure, record your observations in
your lab notebook. Identify the features that should be present
in each mitotic phase and verify their presence. Sketch the
significant features you observe that are pertinent to each
mitotic phase.

In many plants, including Allium (onion), many or most of the
cells undergo mitosis. If a specimen is properly sectioned and
stained to show mitosis (usually with toluidine blue or Schiff’'s
reagent), the various stages of mitosis are clearly visible in
different cells in the section.

1. Obtain a prepared slide of an Allium root tip in longitudinal
section, stained to show mitosis.

2. Scanthe slide at low magnification to identify an area
where mitosis is occurring (or was, at the time the slide was
made). That area is one in which cell nuclei have distinctly
differing appearances, which are visible even at 40X. Some
will appear small, compact, and roughly circular, while
others will appear broken or fuzzy.

3. Center that area in the field of view and change to high-
dry (400X) magnification. Note the distinctly different
appearance of many of the cell nuclei in the field of view. Do
a count of the cells visible in the field of view, judging which
mitotic phase each of the cellsis in.

Here's what you'll actually see. Figure IV-3-14a through Figure
IV-3-14e show the same 400X field of view of a longitudinal
section of an onion root tip stained with toluidine blue, with
several stages of mitosis visible. The visible differences among
these images are caused by very minor changes in fine focus,
one or two units on our 100-unit fine-focus knob. Even a thin
section has depth, and the extremely small depth of focus at
400X means you'll need to tweak your fine focus constantly to
bring different parts of the same nucleus into focus.
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Figure IV-3-14a: Onion (Allium sp.) root tip sec mitosis, 400X (a)  Figure IV-3-14d: Onion (Allium sp.) root tip sec mitosis, 400X (d)
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4. Locate a nucleus that is in any of the five stages of mitosis
or one that is in cytokinesis. (You needn’t observe nuclei
“in order”; for example, if the nucleus nearest the center
of the field in in telophase, work with telophase first rather
than searching out a nucleus in prophase.)

5. Observe that nucleus at 400X, tweaking the fine focus
as necessary to bring all features into sharp focus
sequentially. Identify as many as possible of the features
that should be present in that stage. If possible, count the
chromosomes. Make a sketch of that phase.

6. If your microscope has an oil-immersion objective, center
the nucleus in question carefully and change to 1,000X
magnification to see if any more detail is visible.
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You don't have to dance with the girl you brung. For
example, the first nucleus you pick may turn out to be a
damaged telophase. Just move along to the next nucleus,
whether or not it's telophase. Keep scanning for “good”
examples of each phase until you've critically examined
and sketched at least one nucleus in each phase.

J

7. Repeat steps 4 through 6 for each of the other stages of

mitosis in plants.

. Obtain a prepared slide of an animal cell section (such as

the traditional whitefish blastula or Ascaris), stained to
show mitosis. Figure 1V-3-15 shows mitosis in a roundworm
(Ascaris sp.) egg at 400X.

. Repeat steps 2 through 7 to observe all of the stages of
mitosis as well as cytokinesis.

REVIEW QUESTIONS

Figure I1V-3-15: Roundworm (Ascaris sp.) egg sec mitosis, 400X

Q1: Does mitosis occur throughout the onion root tip or in only one specific part of it? How do you know?

Q2: When you counted the onion root tip cells, did you find that one or more phases occurred more frequently in your field of view
than others? Did you expect this result? Why or why not?
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Q3: Why do some of the onion root tip cells have little or no chromatin visible?

Q4: Were you able to observe more detail at 1,000X than was visible at 400X?

Q5: The diploid number of chromosomes in Allium is 16. Did your observations of a cell in anaphase confirm this number? If not,
propose an explanation.

Q6: Although mitosis has been widely studied since the 19th century, the actual number of human chromosomes (46, in 23 pairs)
was not definitively determined until 1956. Propose an explanation.

Q7: What structures are present in animal mitosis that are not present in plant mitosis?
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Q8: What, if any, difference is there in the duration of mitosis in plants versus animals? How can you tell?

Q9: How does the division of daughter cells differ between animal mitosis and plant mitosis?

Q10: Inmetaphase, what is the chromatin material that aligns on the equatorial plane for mitosis, meiosis I, and meiosis I1?

Q11: Inanaphase, what is the chromatin material that aligns on the equatorial plane for mitosis, meiosis |, and meiosis 11?

Lab IV-3: Investigating Cell Division 183






Sampling Plant Popula-
tions in a Community Lab V'1

EQUIPMENT AND MATERIALS

You'll need the following items to complete this field session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Centrifuge tubes (specimen containers) * Ruler

» Magnifier

MATERIALS YOU PROVIDE

» Gloves + Plastic bags (specimen containers)

+ Assistant » Pocket knife

+ Camera (optional, with macro feature) « Scissors

* Hammer or mallet « Stakes (see text)

» Marking pen (for labeling) » String or cord (250 feet or 75 meters)

+ Field guides to plants and trees (for your region) « Tape measure (50-foot or 15-meter)
BACKGROUND

In this field session we'll define a survey area and do sample counts of the plant populations
within that area. From those sample counts, we'll estimate plant populations for the area as a
whole.
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Such population surveys are an important tool for ecologists,
who use them to track the rise and fall in populations of various
species in the environment. Like a canary in a coal mine, the
rise or decline in population of a species that is particularly
sensitive to a particular environmental factor may provide

an early warning of significant environmental changes that
otherwise may not have been detected until months, years, or
even decades later.

Other than collecting household items, no advance preparation
is required for any of the procedures in this field session. You
can save time in the field by preparing four 10-meter (32'
13/16") lengths and 16 one-meter (39-3/8") lengths of cord
ahead of time. Tie loops large enough to fit over the stakes in
both ends of each cord, ensuring that the cords are the proper
length when stretched from the end of one loop to the end of the
other.

Although this field session focuses on surveying plant
populations in a community, you can also take advantage
of this field trip to gather other specimens, such as fungi,
insects, and even animals. (Always know and abide by
your local laws and regulations pertaining to contact with
wildlife.)

Wildlife is not defenseless, as anyone who has
encountered hornets or poison ivy can attest. Always
wear gloves, goggles, and protective clothing when you
gather specimens, and always know what specimens
you are gathering. Capturing a garter snake for your
terrarium is one thing; mistaking a water moccasin for a
garter snake is quite another.

PROCEDURE V-1-1: CHOOSING AND PREPARING THE SURVEY AREA

In this procedure, we'll select and prepare a defined area for observing plant populations within a
community. Choose an area with considerable diversity in plants. For example, a well-maintained
lawn is a poor choice because the flora are predominantly one species. In suburban areas, a park

or natural area often provides many suitable locations.

Try to choose an area that has a mixture of trees, shrubs,
grasses, and ground cover (lichens, mosses, etc.) An area that
has parts that are usually shaded and others that are often
sunlit usually provides considerably more diversity than an area
that is exclusively shaded or sunlit. A sampling area that is on
the boundary between a wooded area and a grassy area often
provides more diversity than is common in residential areas.
Figure V-1-1 shows part of the survey area we chose.

Having chosen the survey area, make sure you have permission
to useit. Over the course of a couple hours or more, you will be
driving stakes and possibly shooting images and taking plant
specimens. Many property owners will freely give permission,
particularly if you explain the purpose of your activities and
promise to clean up afterward, but some will not.

WARNING

You will be observing and handling wild plants. Wear
gloves to prevent toxic or irritating plants from
contacting your skin. Do not disturb animal or insect
nests. Do not gather specimens that you cannot identify
at least generally. Wash your hands thoroughly after
handling plant specimens.
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Figure V-1-1: A survey area that exhibits considerable plant
diversity

Once you have permission to use the area, proceed as follows:

1. Choose a section of the area that you expect to exhibit
considerable species diversity and is 10 meters or more
square.

2. Drive stake #1 at one corner of the area you have selected.
Measure 10 meters (32'13/16") along one side of the
square you've chosen and drive stake #2 at that point
to form the first side of the square. Stretch one of your
10-meter cords between stakes #1 and #2.

You can use plant stakes from the garden store, or
anything similar that is large enough and strong enough
to secure the cord on the corners of the square. For
example, tent pegs or large nails are suitable. If nothing
else is available, you can use short sections of small
fallen branches.
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We'll use geometry to ensure that our square is really square.
The diagonal of a square is 1.414 times the length of a side, so
all we need to do is make sure the 14.14 meter diagonal and the
next 10 meter side meet at the same point.

3. Loop asecond 10-meter cord over stake #2, and stretch it
out to about where stake #3 should be placed. Have your
assistant hold the free end of the tape measure on stake
#1, and pull the tape out to 14.14 meters (14 m, 14 cm or 46’
3/8"). The point where the end of the 10-meter cord and
the 14.14 meter mark on the tape measure meet is the next
corner of the square. Drive stake #3 at that point, and place
the loop on the free end of cord #2 over that stake. (Itis not
necessary to be exact, but keep as close as you canto a
true square that's 10 meters on a side.)

4. Repeat step 3, placing one end of another 10-meter cord
on stake #3 and stretching the cord out to about where the
final corner of the square should be. Have your assistant
hold the free end of the tape measure on stake #2, and pull
the tape out to 14.14 meters. The point where the end of
the 10-meter cord and the 14.14 meter mark on the tape
measure meet is the final corner of the square. Drive stake
#4 at that point and place the loop on the free end of cord
#3 over the stake. Finally, use cord #4 to connect stakes
#4 and #1, completing the square.

PROCEDURE V-1-2: SURVEYING THE PLANT COMMUNITY

After defining the survey area, the next procedure is to locate and identify as many plant species
as possible within this defined area. If you have chosen your area well, you should be able to
locate at least half a dozen plant species within the survey area, and possibly many more. (We
identified more than two dozen species in our own survey area.)

Look for plants in the following categories:
» Woody plants - trees, shrubs, and vines

» Herbaceous plants — grasses, weeds, small flowering
plants

« Ground cover — mosses, worts, and lichens (lichens are
technically not plants)

Plants representing all three of these categories were present
in our own survey area, and will likely be present in your survey
area as well. Representatives of two of these categories are
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readily visible in Figure V-1-1, the trees (woody plants) and
the green ground covering (a moss). Figure V-1-2 shows a
representative herbaceous plant.

Figure V-1-2: A representative herbaceous plant

As you perform your survey, keep in mind that specimens of
the same species at different life stages may have different

appearances. For example, although they appear very different,

the small plant shown in Figure V-1-3 is actually a juvenile
example of Acer cappadocium ‘Aureum’, the golden maple tree
shown on the left in Figure V-1-1.

How do we know? Well, not being botanists, we couldn’t swear
toit. (Even botanists can't necessarily identify specimens
absolutely by visual means alone.) But there is some strong

evidence to suggest that this juvenile plant is in fact Acer
cappadocium ‘Aureum’. First, it is growing within the roots of
an adult golden maple. We're reasonably certain of the species
(Acer cappadocium) and cultivar (‘Aureum’) of the adult tree
because its leaves are five- and seven-lobed (versus the three-
or five-lobed leaves of the Acer rubrum (red maple) trees that
also grow in the immediate vicinity, and because we have
watched that tree's leaves change to a brilliant golden color
every autumn for the last 20 years (rather than the bright reds
and oranges of Acer rubrum). The fact that the large upper
right leaf of the juvenile plant exhibits seven nodes makes the
identification nearly conclusive.

Figure V-1-3: A juvenile golden maple tree (with moss visible as
ground cover)

-
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As you make your survey, don't be too concerned if you can't  question is of the genus Acer. We strongly suspect that it is
identify both genus and species of each plant in the survey of the species cappadocium, but we couldn’t swear to that
area. If you can identify the genus of all specimens, you're in a court of law. So, if we were writing a formal scientific
doing well. paper, we would identify this tree as Acer sp. rather than Acer
Species is a fairly slippery concept anyway, with ongoing cappadocium.
debate among biologists about just how to define a species. Biologists use “spp.” to refer to multiple species within
The advent of molecular biology and DNA analysis has had one genus. For example, if a biologist is referring to a
a significant effect on taxonomy. Species that were formerly ~ characteristic shared by multiple (but not all) Acer species,
believed to be closely related based on morphology (physical  she would refer to that group collectively as “Acer spp.” If she
structure and appearance) are now recognized as being only is referring to a characteristic shared by all Acer species, she
distantly related, and vice versa. would use simply “Acer” without any qualification to indicate
When biologists are certain of the genus but not absolutely that she was referring to all species within the Acer genus.
certain of the species, they use “sp.” (unitalicized) to indicate
that uncertainty. For example, we are certain that the tree in

J
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As you do your survey, also log any plant-like lifeforms you
observe. For example, we logged the magnificent example

of the fungi Amanita sp. shown in Figure V-1-4. The cap of

this specimen was about 10 cm in diameter. Such fungi can
disappear literally overnight, so we also took a sample for later
microscopic analysis.

WARNING

Treat all mushrooms as potentially lethal. Many species
of Amanita are among the most poisonous flora known.
Handle them only with gloves, do not inhale the spores,
and never under any circumstance eat mushrooms that
you have picked yourself. Even expert mycologists have
died from consuming misidentified mushrooms.

Figure V-1-4: The fruiting body of Amanita sp.

As you encounter each species, use the guidebooks to identify
it. Record the identity of each species, along with your notes
about its size and other pertinent characteristics in your lab
notebook. If you have a camera, record images of each of the
species for your records. (You can provide scale within the
image simply by including a ruler in the image.) If possible,

shoot multiple images of each specimen, including close-up
images that show details such as leaf structure. In particular,
photographically document any species that you cannot identify
with specificity using the guidebooks.

If you have time (and permission), where practical gather
specimens of each species, or at least of a representative
sample. (No, we don't expect you to carry home a tree...) Ifitis
not practical to obtain a whole specimen, obtain leaves, flowers,
seeds, or other parts of the plant. For small lifeforms (such as
mosses), cut or dig up a small representative specimen. Store
these specimens in tubes or plastic bags, and observe themin
more detail when you get home.

( )
Use tubes or plastic bags only for temporary storage,
when you want to prevent a specimen from drying out.
If you want to preserve specimens (such as mosses,
lichens, flowers, and so on) long-term, do not store them
in sealed containers, which retain water and will allow
the specimen to decay. Instead, store such specimens in
paper bags, cardboard boxes, or similar containers that
will allow water vapor to escape.

PROCEDURE V-1-3: PERFORMING A POPULATION COUNT

Biologists make population counts to record and track the numbers of specific species present
in an area, and to determine the changes in those populations over time. The appropriate size for
the survey area depends on the size and numbers of the species being surveyed. Our survey area
is a square 10 meters on a side or 100 m?, which is appropriate for medium-size species that are
present in moderate numbers. If were were surveying a larger and less common species—oak
trees, for example—we might choose a survey area 1,000 meters on a side, or 1 km?. If we were
surveying a small species that was present in large numbers, we might choose a survey area one

meter on a side, or even 10 cm on a side.

Lab V-1: Sampling Plant Populations ina Community 189



If—and this is critically important—the selected survey area

is representative of the area as a whole, we can determine the
population of the species in the survey area and extend that

by multiplication to determine the population numbers for the
larger area of which the survey areais a part. For example, we
might determine the population of Aconitum sp. (monkshood)
plantsin a survey area 100 meters on a side (0.01 km?) is 22
individuals. From this data, we could estimate the population of
monkshood plants in a larger surrounding area of 1,000 meters
on aside (1km?) as 2,200 individuals.

~
WARNING

If you do have monkshood plants in your survey area,
use extreme caution. Monkshood contains significant
amounts of aconitine, one of the deadliest alkaloid
poisons known. The lethal dose of aconitine for an adult
human is usually stated as between 3 and 6 milligrams
(about 1% of the mass of an aspirin tablet), so ingesting
even a few grams of the monkshood plant may be lethal.
Nor is monkshood the only deadly plant commonly
found in residential yards and flower gardens. Again, use
extreme caution in handling plant specimens.
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But such estimates are inherently imprecise, because it's
impossible to state with certainty that the survey area is really
representative of the surrounding area as a whole. We might, for
example, have chosen entirely by coincidence the one 0.01 km?
area in that larger area that contained any monkshood plants at
all.

To reduce the uncertainty inherent in such estimates, biologists
sample multiple survey areas (called quadrats) within the larger
area. For example, rather than counting the population in only
one 0.01 km? survey area within the larger 1 km? area—which

is to say only 1% of the larger area—a biologist might randomly
choose five 0.01 km? survey areas within the larger area. And
the “randomly” part is important in reducing uncertainty.

In this procedure, we'll establish four Im? quadrats within the
survey area, do population counts of each species for each
quadrat, and extend our results to estimate the population
of that species in the entire survey area. Although it won't be

random in a strict mathematical sense, we'll establish our four

1 m? quadrats simply by measuring specific lengths on the
10-meter lines that define the survey area. (For a distribution
closer to actual random, you can stand several meters outside
your large survey area with your back to it, and toss an object
over your shoulder. Wherever that object lands within the survey
areais the center of your first 1 m? quadrat; repeat the process
to define the remaining three quadrats.

1. Use the measuring tape and marking pen to make four
marks on each of two 10-meter cords that are opposite
sides of the square. Place marks on each cord at two
meters and three meters from each end. That is, each cord
should be marked along its length at the following points: 2,
3,7,and 8 meters.

2. Extend the tape measure between two of the marks
directly opposite each other, and drive in stakes at the 2, 3,
7, and 8 meter marks of the measuring tape.

3. Repeat step 2 for each of the other three marks on the
two 10-meter cords. When you have finished, you should
have 16 stakes driven inside the survey area, forming four
squares, each one meter on a side. Wrap cord around each
of those four sets of stakes to define the four 1 m? quadrats.

4. Referring to your notes, count the number of individuals
present in the first quadrat for each of the species you
found within the larger survey area. For discrete plants,
count the actual number within the quadrat. (If a plant lies
exactly on the quadrat border, count it as 0.5.) For grasses,
mosses, and other ground cover plants, where it is difficult
to discriminate individuals, estimate as closely as possible
the percentage of the quadrat surface area covered by that
plant.

5. Repeat step 4 for each of the remaining quadrats.
6. Using the data you obtain from the quadrat counts,

estimate the population of each species within the larger
survey area.
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REVIEW QUESTIONS

Q1: wWhy did we do counts in four quadrats rather than just one? Why did we not use 3, 5, or (say) 17 quadrats?

Q2: How did you calculate the estimated population of each species within the survey area?

Q3: Wereall three plant categories (woody plants, herbaceous plants, ground cover) represented in your survey area? Which
were the most and least common? Which was the dominant species?

Q4 : Did the species counts differ significantly among the four quadrats? If so, what reasons can you propose for the differences?

Q5: If you returned to the survey area and repeated the population count in one month, what changes (if any) would you expect?
Six months? One year?

Q6: Ifasignificant change to the survey area occurred, what effect would you expect? (For example, imagine that the tree in our
survey area was cut down.)
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Observing the Effect of
Rhizobia on Plant Growth

Lab V-2

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

* Ammonium nitrate!

Fertilizer, nitrogen-free (concentrate A)
Fertilizer, nitrogen-free (concentrate B)
Fertilizer, nitrogen-free (concentrate C)

Graduated cylinder, 10 mL

MATERIALS YOU PROVIDE

Gloves

Balance

Chlorine laundry bleach

Foam cups, 16 0z./500 mL

Lamp, fluorescent plant (optional)

Paper towel

+ Inoculating loop
+ Rhizobia inoculum’
* Ruler, mm scale

« Seeds, bush lima bean

+ Pencil

» Plastic wrap (Saran or similar)

« Softdrink bottle, 2-liter

» Vermiculite (or other sterile growth medium)

« Water, distilled
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If you purchase materials separately rather than using
the kit, make sure to obtain a rhizobia culture that is
suitable for lima beans. Rhizobia is available in many
variants, each of which is specific to a particular plant or
range of plants. For example, rhizobia that is suitable for
alfalfa or clover does not work for lima beans, and vice
versa. Rhizobia cultures sold in lawn and garden stores
may contain a mixture of many rhizobia variants that
works with several plants. Read the label.

If you obtain lima bean seeds separately, make sure
they are not pretreated with rhizobia or an insecticide.
To ensure the seeds you use are not contaminated
(including those provided with the kit), surface-sterilize
them as described later in the session.

N\ J

Commercial fertilizers cannot be used in this lab session
because they contain nitrogen. If you do not have the kit, you
can prepare a suitable nitrogen-free fertilizer by adding the
following to 10 liters of water:

+ 1.0 g of calcium sulfate

« 0.1gofiron(lll) sulfate (ferric sulfate)

BACKGROUND

« 2.0 g of magnesium sulfate
» 8.0 g of potassium hydrogen phosphate (K,HPO,)
+ 2.0 g of potassium dihydrogen phosphate (KH,PO,)

For best results, you should also include trace amounts (a

few milligrams per liter) of salts of boron, chlorine, copper,
manganese, molybdenum, sulfur, and zinc. The three-part
fertilizer concentrate included with the kit is made to a different
formula that includes all of these trace elements, and is
sufficient to produce more than 10 liters of working-strength
fertilizer solution.

The best growth medium is sterile vermiculite, available in small
bags in any lawn and garden store. You can also use sand (sold
in most big-box home centers). If you use sand, wash it first to
remove soluble materials by stirring it up in a bucket full of tap
water and pouring off the water. Repeat this washing two or
three times. After washing, sterilize the sand by spreadingitin
athin layer on a pizza pan or similar oven-safe container and
heating it for at least 30 minutes at 450 °F. Allow the sand to
cool and then transfer it to the planting containers.

Biologists study the interactions of species in ecosystems to learn more about each species
than they could learn by examining that species in isolation. In many cases, there is little or no
direct interaction between species. For example, wolves and grasses neither harm nor benefit
each other other than incidentally. (A wolf may damage a grass population by urinating on it;
conversely, wolf feces may fertilize another grass population.)

When species do interact directly, one species may benefit

to the detriment of the other, a state called parasitism. For
example, tapeworms may infect a wolf. The tapeworms benefit;
the wolf is harmed. In another type of direct interaction, called
commensalism, one species benefits without benefit or harm to
another species. For example, squirrels build nests in oak trees.
The squirrels benefit by having a secure haven from predators
while the oak trees neither benefit nor are harmed by the
interaction.

The final type of direct interaction between species is called
mutualism, in which each species benefits from the presence of
the other. For example, woodpeckers eat insects that infest the
bark of trees. The woodpecker benefits from the tree providing a

ready source of food, while the tree benefits by the woodpecker
keeping down the population of insects that might otherwise
damage the tree.

Note that while one type of interaction between species

may be commensalist, another type of interaction between
those same species may be mutualist. Returning to the oak
trees and squirrels provides such an example. The oak trees
provide acorns as a food source for the squirrels, benefiting
the squirrels. In turn, the squirrels bury acorns over a wide
range. Some of those acorns are forgotten and subsequently
germinate, benefiting the oak tree. Overall, then, the
relationship between oak trees and squirrels is mutualist.
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Also note that when more than two species are involved, the
type of interaction depends on the species-pairing point of view.
From an insect-tree POV, the relationship is parasitic; the insect
benefits to the detriment of the tree. From a bird-insect POV, the
relationship is also parasitic; the bird benefits to the detriment
of the insect. From a bird-tree POV, the relationship is mutualist;
both benefit at no detriment to either species.

In this lab session, we'll examine a mutualist relationship
between a plant, the bush lima bean, and a bacterium called
rhizobia. Legumes, including the bush lima plant, are commonly
infected by rhizobia, which form colonies as nodules in the root
structure of the plant. The bacteria benefit by having a nice cozy
nodular home amongst the plant’s roots. These nodules do no
harm to the plant, and in fact benefit it greatly.

To understand why, it's important to understand that plant
growth requires six macronutrients (arbitrarily defined as those
that typically make up 1% or more of the dry weight of the plant)
and 10 micronutrients, some of which are present only at sub
ppm (parts per million) levels. All 10 of the micronutrients—
boron (B), calcium (Ca), chlorine (Cl), copper (Cu), iron (Fe),
magnesium (Mg), manganese (Mn), molybdenum (Mo), sulfur
(S), and zinc (Zn)—must be obtained from the soil. Three of
the macronutrients—carbon (C), oxygen (O), and hydrogen
(H)—are obtained from carbon dioxide gas and water. Two

of the remaining three macronutrients—phosphorus (P) and
potassium (K)—must be obtained from the soil.

The final macronutrient, nitrogen (N), may be obtained from the
soil or from atmospheric nitrogen with the aid of nitrogen-fixing
bacteria, such as rhizobia. From a plant’s point of view, nitrogen

is both abundant and rare. Nitrogen is abundant in the sense
that our atmosphere is about 79% nitrogen gas. Unfortunately,
plants cannot use nitrogen gas directly but must obtain itin

the form of soluble nitrates in the soil, which may be present

in inadequate amounts to sustain plant growth. That's where
nitrogen-fixing bacteria come in. They convert atmospheric
nitrogen gas into soluble nitrates, making the nitrogen available
to plants.

In this lab session we'll investigate the growth of the common
lima bean, Phaseolus lunatus, under controlled conditions. We'll
grow two plants in vermiculite, which is a sterile, nutrient-free
type of soil that provides only support for the plant. We will
provide each plant with nutrients in the form of a fertilizer that
contains all of the nutrients named above with the exception

of nitrogen. We'll inoculate one of the seeds with rhizobia

before planting it, and plant a second seed as a control without
rhizobia, and compare the growth of the plants with and without
nitrogen-fixing bacteria present.

~
This experiment requires successful germination and
growth of two lima bean plants, one with and one without
rhizobia present. If you start with only two seeds, there

is a reasonably high probability that one of the plants will

fail to germinate, ruining the experiment. Planting two

(or more) seeds each without rhizobia and with rhizobia
greatly increases your chance of success.

J

PROCEDURE V-2-1: GROW LIMA BEANS WITH AND WITHOUT RHIZOBIA

1. If you have not already done so, put on your goggles and
gloves.

2. Rhizobia is very common in the environment, so we need to
make sure that our lima bean seeds are not contaminated.
To surface-sterilize the seeds, prepare enough of a mixture
of one part chlorine laundry bleach to 10 parts water to
filla foam cup to depth of 5 cm or so. Immerse the lima
bean seeds in the diluted bleach solution and allow them
to soak for a couple of minutes, swirling the contents
periodically. Empty the bleach from the cup, and rinse the
seeds thoroughly in running tap water to remove all bleach
residue. Allow the seeds to drain on a paper towel until you
need them.

3. Prepare and label two 16-ounce (500 mL) foam cups. Use a
pencil to poke several small drainage holes in the bottom of
each cup. Cover the holes with a single layer of paper towel.

4. Fill each foam cup with vermiculite to within 2 cm from the
top.

5. Press alima bean seed into the center of the vermiculite in
the first cup to a depth of about 2 cm. Cover the seed with
vermiculite. Gently pour distilled water onto the surface of
the vermiculite until water comes out of the drain holes on
the bottom of the cup. Set that cup well aside from your
work area.
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10.

. Press alima been seed into the center of the second cup
and use the inoculating loop to transfer a small speck of
rhizobia to the well containing the seed. Cover the seed and
rhizobia with vermiculite. Again, gently pour distilled water
onto the surface of the vermiculite until it drains from the
holes in the bottom of the cup.

. Wash your hands thoroughly before proceeding. If you have
an alcohol-based hand sanitizer, also use it to ensure that
no rhizobia is transferred to the first cup.

. Place both cups under a plant grow light or on a windowsill
or other area where they'll get sunlight for most or all of the
day.

. Record the details in your lab notebook.

Water both cups with distilled water daily. Allow the water
to drain completely each time, and then cover the cup with
plastic wrap between waterings until the seeds germinate.
Observe the two cups at least daily. Note any indications
of germination, such as the first appearance of stem or
leaves, in your lab notebook. If you have a digital camera,
make a photographic record of your observations.

ENDNOTE

11.

12.

After the seeds germinate, transfer 20 mL of fertilizer
concentrate A from the kit to an empty, clean 2-liter soft
drink bottle and half-fill the bottle with water. Transfer 4.5
mL of fertilizer concentrate B to 500 mL of water, swirl to
mix the solution, and add that solution to the 2-liter bottle
with swirling to mix the solutions. Transfer 2 mL of fertilizer
concentrate C to 500 mL of water, swirl to mix the solution,
and add that solution to the 2 L bottle, swirling to mix the
solutions. (Do not be concerned if there is some cloudiness
or a slight precipitate in the mixed solutions.) Water the
young plants every day or two, alternating between distilled
water and the fertilizer solution. (If there is cloudiness or

a slight precipitate in the fertilizer solution, agitate it to
resuspend the precipitate before each use.) Use enough
liquid to dampen the vermiculite thoroughly. Do not cover
the cups with plastic wrap once the seeds have germinated.

After six weeks, measure the heights of both plants and
record it in your lab notebook. Carefully remove the plants
from the cups, and gently shake off and rinse off all of the
vermiculite, making sure to retain all of the root structure
and nodules. Allow the plants to dry completely and then
weigh them. Record the weight of each plant in your lab
notebook.

1.

Ammonium nitrate is included only in kits shipped to Hawaii. Rhizobia innoculum is included in kits shipped to the other 49 states. Kit users
in the continental US and Alaska can use the instructions provided in this chapter to complete this lab session. Kit users in Hawaii ONLY
should modify these instructions as follows: rather than using rhizobia, make up the nitrogen-free fertilizer solution as described later in
this session. Use half of that solution to grow lima beans without nitrogen. To the other half of the solution, add about a quarter teaspoon
of ammonium nitrate per liter of the diluted nitrogen-free fertilizer working solution to make a fertilizer solution that includes nitrogen, and

use that solution to fertilize the other half of your lima bean seedlings.
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REVIEW QUESTIONS

Q1: Why did we use vermiculite rather than potting soil or ordinary soil from a lawn or garden?

Q2: Inthe absence of any information about the bacteria, what three hypotheses might you make about the effect of the bacteria
on plant growth? Which of these hypotheses is more or less likely? Why?

Q3: What differences did you expect in the two cups? Why? Did your observations confirm or falsify your predictions? Could
rhizobia infection of the magic beans account for the extreme size and rapidity of growth of Jack's beanstalk?

Q4 : What are the controlled, independent, and dependent variables in this experiment?

Q5: We used height and mass as a proxy in this experiment, on the reasonable assumption that they would fairly represent the
actual question, which is more difficult to answer. What is that question, and why is it more difficult to answer?

Q6: Istheinteraction between the plant and bacteria commensalist or mutualist? Explain.
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Air Pollution Testing Lab V-3

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

» Microscope slides

MATERIALS YOU PROVIDE

» Gloves « Plastic wrap (Saran or similar)
« Saucers or similar containers « Spray bottle (optional)
» Microscope « Watch or timer

» Petroleum jelly (Vaseline or similar)
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BACKGROUND

Air pollution takes many forms. It may result from natural processes or human activity. Gaseous
air pollutants such as carbon monoxide, nitrogen oxides, sulfur oxides, and hydrocarbon vapors
are produced by automobile exhausts and industrial processes, as well as by wildfires and other
natural processes. Solid air pollutants, called particulates, are produced by erosion, volcanoes,
fires, and other natural processes and by human activities such as construction, road traffic, and
diesel exhaust. In fact, some “particulates” are lifeforms, such as insects, spores, and pollens.

Most living things can tolerate significant levels of many
common air pollutants without suffering noticeable harm. In
fact, low levels of some materials that are ordinarily considered
pollutants may actually be beneficial to some organisms, but
chronic exposure to higher levels of these pollutants may harm
these and other organisms. Even short-term exposure to high
levels of some pollutants may cause acute distress or even
death, depending on the organism, the pollutant, and the level
of exposure.

In short, whether or not a particular material is considered

a pollutant depends on the nature of that material, its
concentration level, and the organism in question. For example,
some people are severely allergic to ragweed pollen. If you are
one of those people, there's no question. Ragweed pollen in the
air is a pollutant from your point of view. Conversely, most other
organisms, including most people, are unaffected by even heavy
concentrations of ragweed pollen. To them, that pollenis not a
pollutant, but simply a part of the natural environment.

Similarly, some plants tolerate acid environments much better
than other plants. The presence of sulfur oxides and nitrogen
oxides in the atmosphere causes acid rain, favoring the growth
of acid-loving plants at the expense of other plants that do

not tolerate acid conditions as well. From the point of view

of the acid-loving plants, the gases that cause acid rain are

not pollutants, but instead provide them with a competitive

advantage against other plants. As long as the levels of sulfur

oxides and nitrogen oxides is relatively low, that is. At elevated
levels of those pollutants, the rain is so acidic that it kills even

the acid-loving plants.

In this lab session, we'll test the air at various locations for the
presence of particulates. We'll use particle traps, the same
method that environmental scientists actually use in the field.
A particle trap is simply a covered vessel that contains a sticky
surface. At each of our sampling locations, we'll remove the
cover from a fresh particle trap, expose the sticky surface

to the ambient air for a measured time, and then replace the
cover. Back in the lab, we'll examine the sticky surface with

a microscope and observe the numbers, sizes, and types of
trapped particles.

Other than collecting household items, no advance preparation
is required for any of the procedures in this lab session. You

can save time on the day of the lab by preparing particle traps
ahead of time. Actual field and lab time will vary according to the
number of sampling areas to be tested and the time required to
visit those locations. If you limit yourself to half a dozen nearby
sampling areas and run the particle traps simultaneously, you
should be able to complete the lab in one two-hour session.
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PROCEDURE V-3-1: BUILDING PARTICLE TRAPS

In this procedure, we'll build as many particle traps as we intend to use. (We recommend four

to eight traps as a reasonable number to balance time requirements against data diversity.)
Because it's important that the traps contain no particles initially, it's best to build the traps
indoors in an area where air is not circulating. If possible, turn off the central heating or air
conditioning while you build the traps. If you have a spray bottle available, fill it with tap water and
mist the air in your work area to clear the air of particulates.

1. Obtain as many shallow vessels (saucers, dessert plates, 3. Immediately place the coated slide, sticky side up, in one of
shallow bowls, etc.) as you intend to build traps. Label each the containers and cover the container to protect the tacky
container A, B, C, and so on. surface of the slide, making sure to allow nothing to contact

the surface of the slide.
2. Label a clean microscope slide to correspond to one of
the containers. Place a tiny drop of petroleum jelly about

25mm from one end of the slide, centered on the width Plastic wrap works well to cover shallow bowls and

of the slide. Use the edge of a second slide to spread the similar containers. If you're using flatter containers such
petroleum jelly to cover a 25mm square area in the center as saucers or dessert plates, substitute sheets of thin

of the first slide. cardboard to avoid the danger of the plastic contacting

the slide surface.

[t's easy to apply too much petroleum jelly. Use just

enough to cover the center third of the slide with an 4. Repeat steps 2 and 3 to build as many particle traps as
extremely thin layer of petroleum jelly. you intend to use. It's a good idea to build one or two spare
traps in case of accidents.

5. Place the particle traps aside until you are ready to use
them.

PROCEDURE V-3-2: POSITIONING AND EXPOSING THE
PARTICLE TRAPS

Choose as many locations as you have particle traps. Aim for diversity in locations. For example,
you might want to expose traps in your kitchen, garage, laundry room, and yard or garden.
Consider removing the grill from a ventilation duct and placing a trap there (with the central heat
or air running). Other possible locations are a busy street or road, perhaps at an intersection, a
park or wooded area, a shopping center, and so on.

If your results are to be comparable, it's important to use the minutes or one hour) has passed, immediately replace the cover
same procedure for each trap. Place the trap in the selected on the trap, making sure that no particles present on the cover
position, note the time, and remove the cover from the trap. are transferred to the trap.

Record the number/letter of the trap and the location in your lab
notebook. After a standard amount of time (we recommend 30
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PROCEDURE V-3-3: COUNTING AND IDENTIFYING PARTICLES

When you return to the lab, set up your microscope.

Use canned air or a puffer to displace any

dust present on the microscope or surrounding work area. Again, try to minimize air currents,
and mist the air in your work area to help particulates settle out. Handle the particle trap slides
with gloves to avoid transferring particulates from your hands to the slides, and avoid breathing

on the slides.

1. Rotate the low magnification objective into position, and 2. Observe each particle visible in the field of view. Record

place the first slide on the stage with the center part of the
tacky area under the objective.

the count, size distribution, type, and any other data you
observe in your lab notebook.

4 N\ 4
In doing particle counts, the two major factors that must
be kept constant are the exposure time and the sampling
area in which particles are counted. We've fixed the first
of these variables by exposing each trap for the same
period. We'll fix the second by observing a standard
sampling area for each slide, defined by the field of view
of the low-magnification objective. The fact that we must \_

N
Most or all of the particles may be difficult or impossible

to identify. Others may be identifiable by category. For
example, dust particles may appear under magnification

like tiny rocks, and it's possible that you'll find tiny

insects such as dust mites. Large spores and pollens

may be visible at low magnification as tiny dots.

position each slide on the stage before we can count
particle densities is sufficient to randomize the sampling
area. Don't reposition the slide to look for more- or less-
dense particle accumulations, because doing that makes
the sampling area nonrandom.

3. After you finish the count at low magnification (but not

before), center any unidentifiable small particles in the field
of view and observe them at medium or high magnification.
You probably won't be able to identify any of them
specifically, but you may be able to identify some or all of
them by class, such as spores, pollen, and so on.
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REVIEW QUESTIONS

Q1: Which of your locations showed the highest and lowest levels of particulate pollution?

Q2: Ifone of your particle traps showed no trapped particles, can you conclude that no air pollution exists in the area where you
exposed the trap? Why or why not?

Q3: What step could we take to increase the reliability of our data for each of the tested locations?
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Soil and Water
Polllution Testing Lab V'4

EQUIPMENT AND MATERIALS

You'll need the following items to complete this lab session. (The standard kit for this book,
available from www.thehomescientist.com, includes the items listed in the first group.)

MATERIALS FROM KIT

+ Goggles » Reaction plate, 24-well

» Centrifuge tubes » Sodium borate solution, 0.1% w/r to boron
« Hydrochloric acid « Turmeric reagent

+ Pipettes

MATERIALS YOU PROVIDE

+ Gloves + Specimens (see text)
+ Desk lamp or other strong light source « Water, distilled

« Paper towels
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BACKGROUND

Soil and water pollution takes many forms. It may be chemical or biological. The source may be
natural—as, for example, when heavy metals leach from a crumbling rock face or scat from wild
animals contaminates an apparently pristine mountain stream—or the result of human activities
such as manufacturing, mining, or even simply doing a load of laundry.

Environmental scientists and technicians frequently test soil
and water specimens to determine if they are contaminated by
specific pollutants, ranging from specific bacteria, protozoa, or
fungi to heavy metals to organic solvents to inorganic ions such
as phosphates or nitrates.

These tests are often done in two phases. The first phase, called
screening tests, often uses color-test reagents. Screening

tests are fast, inexpensive, and can usually be done in the field.
Negative results from a screening test are normally accepted as
evidence that a particular pollutant is not present in a specimen
at levels high enough to be of concern. A positive screening
testis accepted as evidence that the pollutant in question is
probably (but not certainly) present at levels high enough to be
of concern. (For many pollutants, including many heavy metals,
any level high enough to be detected by a screening test is by
definition high enough to be of concern.) A positive screening
test is normally followed by instrumental testing, which is more
sensitive and more accurate than a screening test, but is also
more expensive, time-consuming, and must normally be done in
aformal lab.

For example, our municipal water authority constantly tests
our drinking water for a wide range of heavy metals (chromium,
lead, and so on) as well as for various biological contaminants,
such as E. coli bacteria. If a screening test indicates the
presence of chromium ions at any level, that specimen is
immediately subjected to instrumental testing. Similarly, a
positive screening test for coliform bacteria (such as E. coli)

is cause for immediate followup tests, including culturing and
possibly DNA analysis of the culture to determine which E. coli
variant is present.

In this lab session, we'll test soil and water specimens for the
presence and concentration of boron, a light element that is
widely distributed in soil and water. Most people are familiar
with two boron compounds: sodium borate (borax) and boric
acid. Borax is widely used as a laundry supplement, and boric
acid is used for purposes as diverse as making eye drops, killing
small rodents, and treating insect infestations on rosebushes.

At the levels common in soil and water specimens—typically
one ppm or less—boron is innocuous. In fact, as we mention

in another lab session, boron is an essential micronutrient for
plant growth. Nonetheless, at the much higher concentrations
sometimes found in soil and water samples, boron hinders
the growth of many plants. For that reason, environmental
scientists may need to test boron levels in soil and water
samples.

The standard screening test for boron, called the curcumin test,
has been in use for more than 100 years. This test depends
on the fact that boric acid reacts with an organic chemical
called curcumin, which is found in the spice turmeric, to form
an intensely colored red complex called rosocyanine. The
curcumin test is extremely sensitive, able to detect boron

at levels of one part per million or less. It's also sufficiently
selective to yield reliable results. (Some other chemicals yield
a positive curcumin test, but none that are likely to be found in
environmental samples.) Finally, the curcumin test is fast and
costs only pennies per test.

The curcumin test is specific for boric acid, as opposed to boron
in the form of borate salts, which yield negative results with
curcumin. For this reason, the first step in the curcumin test is
to acidify the specimen with hydrochloric acid, which converts
any borate salts present into boric acid.

( )
Most biological water testing depends on E. colias a
proxy for microbial contamination because E. coliis
the longest-lived among the species that commonly
contaminate water supplies. If E. coliis absent, it's
assumed that all other common microbial pollutants
are also absent. If E. coli is present, even one of the
nonpathogenic variants, it is assumed that other,
pathogenic microbes may also be present. That
specimen is cultured to determine the types and
numbers of microbes present.
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PROCEDURE V-4-1: OBTAINING SOIL AND WATER SPECIMENS

In this procedure, we'll gather soil and water specimens that we'll later test for the presence and
concentration of boron. Depending on your local environment, you may later find that all, some,
or none of your specimens contain boron at levels that are detectable by the test we'll use.

N
HANDLE WITH CARE
Always wear gloves when gathering soil or water
specimens. In particular, water specimens may contain
pathogenic bacteria, protozoa, fungi, or other dangerous
organisms.
. J

1. Obtain at least two or three water specimens from different
sources, such as a pond, stream, ditch, and so on. Label a
centrifuge tube with the date and source of the specimen.
Simply fill the tube with the specimen and recap it.

2. Obtain at least two or three soil specimens from different
sources. Simply transfer about a tablespoon of soil to a
labeled and dated centrifuge tube and recap the tube.

If you run out of centrifuge tubes, substitute clean soda
bottles, plastic bags, or similar containers.

4. Puton goggles and gloves.

5. Uncap each water specimen container and add two drops
of hydrochloric acid. Recap the container and invert it
several times to mix the solutions.

6. Uncap each soil specimen container, fill it nearly full of tap
water, and add two drops of hydrochloric acid. Recap the
container and invert it several times to mix the solutions.
Allow the solids to settle.

( A
If you have a balance, you can obtain quantitative results

by weighing the soil specimens and measuring the

volume of water added. For example, you might use 10 g

of soil and 40 mL of water and subsequently determine

that the boron concentration in the water is 20 ppm.
Assuming that all of the boron in the soil has dissolved in

the water, you can calculate that a boron concentration

of 20 ppm in 40 g of water means that the boron
concentration in your 10 g of soil must be 80 ppm.

. J

3. When you return home, rinse each of the specimen
containers thoroughly in running tap water to remove any
external contamination and wash your hands thoroughly.

7. Place the containers aside until you are ready to test the
specimens.

PROCEDURE V-4-2: TESTING THE REAGENTS

Before analyzing specimens, careful scientists test their reagents to make sure that they perform
as expected. Before proceeding to specimen analysis, we need to verify that our curcumin
reagent reacts as expected with a specimen known to contain boron.

1. If you have not already done so, put on your goggles and
gloves. Review the hazards of each chemical you will use.

2. Place the 24-well reaction plate on a white paper towel
under a desk lamp or other strong light source.
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3. Transfer 1 mL of distilled water to each of wells Al, B, C1, hydrochloric acid. By observing which well or wells exhibit a
and D1. color change, we can determine which of the chemicals or
combination of chemicals causes that color change.

4. Transfer five drops of the sodium borate solution to each of
wells Bl and D1.

5. Transfer one drop of 6 M hydrochloric acid to each of wells
Bland Cl1.

At this point, well Al contains only distilled water, well B1
contains sodium borate and hydrochloric acid, well C1 contains
hydrochloric acid, and well D1 contains sodium borate but no

1. Add two drops of the turmeric reagent to each of wells Al,

B1, C1, and D1.

2. Observe the color changes, if any, in each of the wells, and

record your observations in your lab notebook.

PROCEDURE V-4-3: MAKING BORON CONCENTRATION COMPARISON

STANDARDS

In this procedure, we'll set up two 3X3 arrays in the reaction plate. We'll later use the center
wells of these arrays for testing actual specimens. Each of the eight surrounding wells will have
a different concentration of boron ions, so we can easily compare the center specimen well with

each of the eight adjacent wells in each array.

1. If you have not already done so, put on your goggles and
gloves. Review the hazards of each chemical you will use.

2. Place the 24-well reaction plate on a white paper towel
under a desk lamp or other strong light source.

3. Using a graduated pipette, transfer, as accurately as
possible, 1.0 mL of distilled water to each of wells A2, A3,
B1,B2,B3, C1,C2,and C3.

4. Transfer, as accurately as possible, 1.0 mL of the sodium
borate solution to well Al and another 1.0 mL of the sodium
borate solution to well A2. Mix the solution in well A2
thoroughly by stirring it with the tip of the pipette and by
drawing up and expelling the solution several times.

At this point, we have 1.0 mL of sodium borate solution in well
Al. That solution is 0.1% with respect to boron, which can
also be stated as 1,000 parts per million (ppm) boron. Well A2
contains 2.0 mL of solution that is 500 ppm with respect to
boron.

1. Draw up 1.0 mL of the solution in well A2 and transfer it to
well A3. Mix the solution thoroughly. Well A2 now contains
1.0 mL of 500 ppm boron, and well A3 2.0 mL of 250 ppm
boron.

. Draw up 1.0 mL of the solution in well A3 and transfer it to

well B3. Mix the solution thoroughly. Well A3 now contains
1.0 mL of 250 ppm boron, and well B3 2.0 mL of 125 ppm
boron.

. Draw up 1.0 mL of the solution in well B3 and transfer it to

well C3. Mix the solution thoroughly. Well B3 now contains
1.0 mL of 125 ppm boron, and well C3 2.0 mL of ~63 ppm
boron.

. Draw up 1.0 mL of the solution in well C3 and transfer it to

well C2. Mix the solution thoroughly. Well C3 now contains
1.0 mL of ~63 ppm boron, and well C2 2.0 mL of ~31 ppm
boron.

. Draw up 1.0 mL of the solution in well C2 and transfer it to

well C1. Mix the solution thoroughly. Well C2 now contains
1.0 mL of ~31 ppm boron, and well C1 2.0 mL of ~16 ppm
boron.

. Draw up 1.0 mL of the solution in well C1 and transfer it to

well B1. Mix the solution thoroughly. Well C1 now contains
1.0 mL of ~16 ppm boron, and well B1 2.0 mL of ~8 ppm
boron. To keep the solution level in all wells equal, draw up
1.0 mL of the solution in well Bl and discard it.
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At this point, we have eight wells that contain boron solutions,
with each well half as concentrated as the preceding well. The
concentrations in this first 3X3 array range from 1,000 ppm
down to about 8 ppm. The next step is to create a second 3X3
array of wells that contain concentrations ranging from 4 ppm
down by halves. To avoid small fractions, we'll shift to using
ppb (parts per billion) to specify concentrations for this second
array. A concentration of 4 ppm is the same as 4,000 ppb, so
that's where we'll start.

1. Transfer, as accurately as possible, 1.0 mL of distilled water
to each of wells A4, A5, A6, B4, B5, B6, C4, C5, and C6.

2. Transfer, as accurately as possible, 1.0 mL of the 8 ppm
sodium borate solution from well B1 to well A4 to produce
a solution that's about 4 ppm (4,000 ppb) with respect to
boron. Mix the solution in well A4 thoroughly by stirring it
with the tip of the pipette and by drawing up and expelling
the solution several times.

3. Repeat the serial dilution procedure to produce
concentrations of ~2,000 ppb (A5), ~1,000 ppb (A6), ~500
ppb (B6), ~250 ppb (C6), ~125 ppb (C5), ~63 ppb (C4), and
~31 ppb (B4).

4. Add one drop of turmeric reagent to each of the 18

populated wells in the two arrays. The center wells (B2 and
B5), which contain only distilled water, provide a reference
to compare the other wells against. Those two wells should
have a noticeable yellow color, which is the natural color of
the reagent. Depending on lighting conditions, the yellow in
those wells may be too pale to see clearly. If that's the case,
add one more drop of the turmeric reagent to wells B2 and
B5. If that's sufficient to show the contents of those wells
as clearly yellow, also add one more drop of the turmeric
reage