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Abstract
S/nhoes involving mlfldeuxldlzlng bacteria and various metazoan phyla
inate megefaunal assemblagesa cold seepsand hydrothermal vents

wcwldmde The predominant species found living a cold seepsin Monterey Bay

aethe vesicomyid clamsCalyptogena kilmeriand C padifica. Thegrowthand

survival of th&dansdq)aﬁ directly upon the productivity of Iher
dosymbionts, whick

ifide (energy) availability and sulfi

sulfide.
jology are thought to
in symbiont and hoaprodxmon Additiond factors, however, are
pc(et\elly equal inimportance. Here we describe research concerning
productivity of two common clam saeusm relation to environmentally or
physolog\caly limited processes. Although both speciesinhabit sulfide-rich
sediments and depend nutritionally on their symbionts, many aspectsof their life
stylesdiffer considerably. Our resultsindicatethat C padifica isphysiologically
poised for the uptake of sulfide, as measured by incressed sulfide consumption
rates, sulfide binding ability, and interna sulfide levels, aswell as energy
turnover, as measured by sulfide oxidation pcte'\tla ‘sulfur metabolism enzymes,
and bacterial denities Inaddition, C pacifica demonstrates higher rates of
(xxumlllona\daouc metebolism, thenC. kilmeri. Growth rates of C
padifica (3% y?), hwve/er aecmsderebly drmermenc kilmeri (15%yY)
T I

C pacifica greater potential
for processing sulfide. Tt theideathat e
productivity of thesetwo systemsand, for thisreason, we believethey are
constrained by factors other than energy limitation.

Fonhsraﬂ)n

Introduction

|nthe|ae1970‘ss:iu i rered novel deep- on
chemosynthetic processes, fueled primarily by hydrogen sufide, rather than
photosynthetic m‘mn input (Corliss etal. 1979) Despite the poisonous nature
of sulfide, numerous metazoans are known to inhabit assd high sﬂ(lde One
such sulfide-rich ecosystem, teeming with cf E is

Monterey Bay, Cdifomia, USA.

in with cold seepsin Monterey
Canyon were discovered in the 1980'sHigh faunal biomassin theseareasis
supported almost entirely by bacterial chemosynthesis, made possible by high
wmralmsof hydrogen sulfide, available for bacteriad conversioninto

n fact, many seep animals exist in symbiotic relationships with
u'ilnn—flxlng, sulﬂdeoxldlzmg becteria, relying upon these symbionts far
nutrition (review Childressand Fisher, 1992). Thetwo predominant clams
living in such symbioses at the Monterey seepsare Calyptogena kilmeri andC.
pedifica (Barry et al. 1996).

Anatomy

becteridl common sea
environmentsof Thehost ber nutritional
integrationwith thesymbionts which overcomes the problem of food limitation
|nIheda)$a wmt]oﬁsbe\dllfrommsmronmei prmmed

of necessary Thesearar

extremely suocsm asestimatesof biomassand grwvth ratesof s:mephyla
have surpassed those of most anima life on the planet.
Addugtar musdle

antle

Gills(ymbiorts)

with emphasis on Calyptogena kilmeri and Calyptogena pacifica.

Background

i andC. pacifica
Mumerey Bay. They model p y
system:

Both of these speciesinhabit sulfide-rich seep sedimentsand depend nutritionally on their symbionts,
however, many aspectsof their considerably, ing strategiestothrivein
seep environments.

Calyptogenakilmeri Calyptogena pacifica

-
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Invertebrate hosts and microbes form complex symbiotic associationsinvolving tightly coupled
physologlml ’md biochemical procm Figure lillustrates afew of the intermediate steps

1t and host uptake (1-3), bacterial assimilation and
transfer to host (4-7). The organic carbon eventually incorporated by the host, via host
metabolism (8-9), is dlocated to maintenance (10), growth (11),and reproduction.
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Wers:mﬂya(ammed physiological prmmmpanngc paahmtoc kilmeri
th between th pecit

Our re thereare
Table 1: Physiological parameters observed inc. ia caand C_kilmeri-
Loicke o gabolics
1 0, Uptake(mmoles/g/h) wo . |s| =0 s |-
Hemaglobin (mM) 13, 01 | 1801 |a) -
2 H 2 Uptakeand Transport SeeTable3 SeeTable3
3 O, Uptake(pnoles/ g/ h) 100 s 60 s| -
€O, Internally () 47. 23 1| 33,08 o~
4 Bacterial density (x 10' g/ g animal) 66¢ 07 8 | s0:03 s| -
5 Sufideconsumption SeeTable3 SeeTabled
6 H ;S Oxidation (turnover by symbionts) SeeTable3 SeeTable3
7 Elemental sulfur (S) level (% of gill) 134 21 7 41424 - ul -
Polysufide (5, ) level (% of gil) 03 01 6| oss01 i -
8 Aerobic (Citrate synthase 1.U] g* indiv) 10, 05 8 | o302 7|
9 Amumzbwmwm&u Ujgtind) | 49. 10 6| 71.08 s |~
anopine dehydra @8 16 26342
% ccne deyrogmies. 065 23 557153 .
Moo
10 pH regulation (H' ATPases[%]) 62,06 2| 23,11 3] »
Hodorodudion
1 Growthrae SeeTabled SeeTabled
~ arrows= higher rates, . arrows = lower rates (* = Sgnificant difference >05%, ~ = sgnificant differ ence >90%).

+C. pacifica demonstrates higher CO,,and O, uptake rates; higher internal CO, levels, moresymbiont
gram of biomass, higher sulfur, ahigher by CSactivity inboth
gill and adductor muscle, and alarger percentage of ATPase activity to the elimination of protons.

+C. kilmeri demonstrates alarger amount of polysulfidesin the ill tissues, a higher anaerobic potential, and a
higher percentageof dehydrogenase activity comprised of ODH actvity.

-
Weinvestigated sulfide-related processesin C. kilmeri and C. pacifica
(noted in pink above) in order to determineif sulfide-limitation, at any step during
sulfide movement, can act to constrain productivity in symbiotic systems.
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Hypothesis

H1: Sulfide availability and sulfide-related physiology
regulate productivity inchemoautotr ophic symbiotic sysems.

In order for chemoautotrophicsymbioses to thrive, symbiontsmust have access to an
electron donor used as an energy source (sulfide), an eiectron acceptor (oxygen or nitrate),
andinorganiccarbon (CO, or HCO;). These upon ism of the
endosymbionts which isfueled by the oxidation of sulfide, and, therefore, dependent upon
sufficient sulfide flux from seafloor seepage or venting.

For thisreason, the supply of sulfideand sulfide physiology are usually considered the most
influential parameters limiting production by symbiont and host.

Table 2: Patterns expected for sulfide-limitation
Sulfide-limited If the productivity of a symbiotic system is.

influenced primarily by theability to process
alfide (energy), than growth ratesof thehast (a
component of host production) should corrdlate
pcsﬂveywllh silf\deuplakerals theability
totransport sulfide, and ability of theg/mbicnt
toextract energy from sulfide (Table2).

H_STransport to symbionts

H_S Oxidation

Growth (or Reproduction)
ArToWSTnTcared Tncreased or Gecreased rates and capacities.

To support bacterial production of organic carbon using sulfide as an energy source:

« thehost must achieve sufficient rates of sulfide uptake and internal sulfide levelsvia
extremely effective sulfide binding mechanisms (Table 3

+ the endosymbiont populations present in these hosts must harness energy from the
oxidation of sulfur compounds, presumably via effective enzymatic pathways (Table 3.

+ thehost uses organic carbon transferred from the symbiontto fuel host processes, such as
growth and reproduction (Table 4

Table 3 desoribes our measurements of involved in acqu
nd binding,

ing mdudlng
tosymbionts and ahs aulfide-related physiology.

Table 3: Sulfide-related parameters observed in C. pacifica ad C. kilmeri-
C. kilmeri

H, SUptake (whole animal -moles. g animal | )
H, SCansumption (gil -nmoles / g animal /)
H,S leveisinternally ( mM)

H, SBinding (above ambient levels)

Zinc (mM)

Blood volume (% of total biomass)

H,S Oxidation (SOxidase[1.U])

APS reductase (11U])

Zn +H,S=zns

HeS (or HS)+0, = 805
07+ AMP = APS+ 26
'Up arrOws = higher rales, Down arfows = lower rates

«C. padifica ratesof H,
under physiologically relevant conditions thanC. kilmeri

by intact gills

+C. paifica demonstrated increased H, S levels internally, resiting from increased sufide binding ability.

~Increased sulfide binding ability inC. pacifica i presumably due to higher concentrations of zinc (which binds
sulfide 1:1) and alarger % blood (as related to total body mass), than C. kilmeri .

+C. pacifica sgnificantly higher and activity thanC. Kilmeri . Sulfide
i in the oxidati i pathway providing the most reducing power), andAPS
MP

Table4 describes our measurementsof productivity-related parameters.

Table 4: Production patterns observed mC pacificaand C. kilmeri .
Production
Rept oduction (gonad —as % o total weigh)
Growth rate (% yr”)

iminary one season, reved i
differences in gonad biomass (both ~ 5-6% as:a% of totalbiomass).

~Mark and recapture studies have provided an mvmua gmwlh rate of 159% y* forC. kilmery
3% 1998).

=) Thesetwo symbictic systems donot appear tobesulfidelimited. C.kilmeri livesin R
higher sulfide levels and C. pacifica hasa greater ability totake up sulfide. Data show
that internal sulfidelevelsaresufficient for bacterial productivity in both speciesand
that growth ratesof the hostsdo not correlate with sulfide-related physiology.

=)

Factorsregulating productivity in chemoautotr ophic symbioses;
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Conclusion
C. pacifica, the symbiotic system with an apparent increased capacity for
energy throughput (Table 3) has considerably lower growth rates (Table 4),
indicating a dependence of productivity upon parameters other than sulfide.

\' Our resultssuggest that an increased ability to acquire and process
sulfide does not result in increased host productivity.

ALTERNATEHYPOTHESES

Studies of energy flow and allocation in biological systems are important for

L ling key factors that guide physi ‘wml adaptations and structure.
All organi: to pathwayscritical for survival, however,
some species possess diverse strategies of energy acquisition and expenditure.

Itis possible that C. pacificaand C. kilmeri experience differencesin the amount of
carbon flux through the systems as well as the proportion of energy used for maintenance
(Figure 2), leading to differencesin overall productivity.

H2: Decreased carbon flux through the system islimiting ~ Figure2

carbon
co transfer

2\ N
H,s === | symbiont host \\

HZ1: Not limiting
H3: Increased ener gy allocated to maintenance limits productivity

Growth

Reproduction

Factorslimiting productivity (swo Futur e Dir ections)
H2: carbon flux from symbiont to host limits productivity in C. pacifica

Analternative, but largely unexplored, view of symbioses suggests that when sulfide is not
limiting, carbon flux (and factors regulating flux) from environment to symbiont to host
may become more important in controlling productivity.

C. pacifica . kilmeri

Maitenance
o=
Carbani Reproduction  Carbonii Reproduction

Growth Growth

Matenance:

When sulfide levels are sufficient (which may be the rule rather than the exception) the
ability to process carbon may regulate productivity in many chemosymbioticsystems. For
example, increased carbon flux would result in increased growth forC. kilmeri (Fig 3).
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Preliminary resultsdifferences

between C. kilmeri and C. pacifica

relate to inorganic carbon (#1 and #2) and
organic carbon transfer (#3), indicating the
potential for carbon-limitation at some step
in the movement of carbon from environment to symbiont to host.

We expect that an investigation into carbon cycling, rather than sulfide or
oxygen, will resolve the discrepancy between growth rates and the potential
for energy production observed in these vesicomyid species.

H3: Energy expenditure on maintenance limits productivity in C. pacifica.

All organisms contend with tradeoffs between the use of energy for growth and
reproduction versus maintenance pathways. A primary use of maintenance energy islikely
to bethe elimination of bacterial waste products.

C. padifica C kimai
- 57 Maintanence: Maintenance
1: Carboni Reproduction  Carbani Reprodudion
v Grouth Growth
For the animal host, sulfide exposure can result in extremely acidic internal conditions.
In these systems, an accumulation of protons, from bacterial sulfide oxidation createsa
tremendous need for efficient proton elimination, requiring energy expenditure on

maintenance, rather than growth (Fig 4).
oy

ATPase

Preliminary results. C. pacificademonstrates an increased
ability for proton regulation, via high levels of H-ATPases.

A large amount of energy (up to 30-50% of the total energy budgel) can be required for
the maintenance of ion homeostasis and it is expected that energy devoted to ion
regulation constrainsproductivityin C. pacifica.




