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Abstract

Je�rey Harborne and his co-workers have played a unique role in the over-all study of plant pigments and of anthocyanins in

particular through their many publications and through Je�rey's editorial work with Phytochemistry. Je�rey has made important
contributions to our understanding of the separation and structural identi®cation of anthocyanins; to co-pigmentation; and to the
role of anthocyanins in systematics and ecology in both reproductive and vegetative tissues. This work has had considerable in¯u-

ence on much of the current research on the genetics and regulation of anthocyanin biosynthesis. # 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

It was a great pleasure to be present at a meeting held
at the Royal Botanic Gardens, Kew in July 1999 in
honor of the retirement of Professor Je�rey Harborne
FRS (University of Reading) as Executive Editor of
Phytochemistry. Throughout his working life, Je�rey
Harborne has made invaluable contributions to the ®eld
of phytochemistry focusing mainly on ¯avonoid com-
pounds. Of special interest is his work on plant pig-
ments and in particular his work on the anthocyanins.
Floral and fruit colors derive from a small group of

pigments principally carotenoids, betacyanins (Centro-
spermae), anthocyanins and other ¯avonoids (¯avones
and ¯avonols). Anthocyanins are responsible for the
wide range of colors in the petals of ¯owering plants
and they may vary the color from salmon- pink,
through scarlet, magenta and violet to deep blue
(Haslam, 1995). They are present in ¯ower petals to
attract pollinators and in fruits and seeds as attractants
for seed dispersers (Willson and Whelen, 1990). Structu-
rally anthocyanins are glycosylated polyhydroxy/methoxy
derivatives of 2-phenyl benzopyrilium (¯avylium) salts.
Six aglycones (anthocyanidins) dominate natural
anthocyanin structures (Fig. 1) and most are substituted
at the 3- and/or 5-hydroxy positions. The three main

chromophores, pelargonidin, cyanidin and delphinidin
occur usually singly or occasionally as mixtures and
essentially all pink, scarlet and orange-red ¯owers contain
pelargonidin, all crimson and magenta ¯owers cyanidin
and all mauve and blue ¯owers delphinidin. Anthocyanins
are hydrophilic and generally present in the plant cell
vacuoles. Anthocyanins are also present in vegetative
tissues, in leaves, stems and roots and in emergent
seedlings. They are visible in the leaves of fall foliage, in
rapidly developing shoots and on the undersurface of
leaves of many tropical understory herbs.
In every aspect of current anthocyanin research, Je�rey

Harborne has acted as a pioneer Ð in the separation
and structural identi®cation of anthocyanins; in genetics
and the inheritance of ¯ower color; in plant systematics;
in pollination ecology and in focusing attention on the
ecological role of anthocyanins in vegetative tissues.
This paper brie¯y discusses some of the work of Je�rey
Harborne and his many collaborators and serves to
illustrate the in¯uence that this research has had and is
having on current research on anthocyanin pigments.

2. Chemical basis of ¯ower color variation

2.1. Chemical identi®cation

Some of the earliest work on anthocyanins, concerning
the chemical and genetic basis of ¯ower color variation,
was carried out byRobert Robinson and his wife Gertrude,
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at Oxford, and by Scott-Moncrie� at the John Innes
Institute, England (Scott-Moncrie�, 1981). It was at this
latter Institute that Je�rey Harborne began his profes-
sional scienti®c career in 1955. Harborne did much of
the early work on chemical identi®cation of anthocya-
nins using both spectral (Harborne et al., 1953; Har-
borne, 1957a) and chromatographic methods (Harborne,
1959). Based on the chromatographic methods, ®rst repor-
ted by Bate-Smith (1948) and Bate-Smith et al. (1953),
Harborne developed suitable solvents for separating pig-
ments with di�erent glycosylation patterns (Harborne,
1957b). Thus, for the ®rst time it became possible to
identify plant anthocyanins and their sugar components
on a micro-scale combining both spectral and chroma-
tographic techniques (Harborne, 1962, 1963a, 1964a,
1965a,b).
In the early 1960's it was also shown that in many

cases the sugars attached to the anthocyanidins are
acylated with hydroxycinnamic or hydroxybenzoic acids
(Harborne, 1964b). In addition to aromatic acylation, in
the 1980's, new mild extraction techniques demonstrated
the widespread occurrence of acylation with aliphatic
dicarboxylic acids and anthocyanins occurring as zwit-
terions (Harborne and Boardley, 1985; Harborne,
1986a,b; Harborne et al., 1986a,b; Harborne and Self,
1987; Harborne et al., 1987; Harborne, 1988a; Harborne
et al., 1989a; Harborne, 1990; Harborne et al., 1993).
When plants in the Compositae (Asteraceae) which had
earlier been screened for anthocyanins were reinvesti-
gated, it was found that practically all species hadmalonyl
or succinyl groups attached to the ¯oral anthocyanins
(Takeda et al., 1986). In angiosperms, malonylated
residues linked to the glucosyl units are present in at
least a third of all plant species analyzed.

2.2. Co-pigmentation

The observation that the color of isolated anthocya-
nins could be varied by the presence of other substances,
such as ``tannin'', was ®rst made by Willstatter and
Zollinger (1916) and Robinson and Robinson (1931) (in
Haslam, 1993). Je�rey Harborne's work and those of
many others have clearly shown how anthocyanins with

the same chromophoric structure can give rise to many
di�erent colors (Goodwin, 1988; Harborne, 1993).
Co-pigments are important as under very weakly acidic

conditions, pH 4±6, as is typical in cell vacuoles, and in the
absence of other substances, most anthocyanins exist
substantially in stable colorless forms. Between pH 4 and
6, four anthocyanin structural types exist in equilibrium,
namely the ¯avylium cation, the quinonoidal anhydro
base, the colorless carbinol bases and the pale yellow
``reversed'' chalcones. Equilibration between the quino-
noidal and carbinol bases occurs via the ¯avylium cation:

quinonoidal anhydro baseÿ! ÿ flavylium cation

ÿ! ÿ carbinol bases

As the pH is raised, increasing amounts of the anhydro-
base are formed. At neutral pH, the anionic form of the
quinonoidal base (blue) is formed; inmore acidic conditions
the ¯avylium ion (red) predominates (Haslam, 1993, 1998).
Co-pigments may act either inter- or intramolecularly

(Figueiredo et al., 1996). They have little or no color by
themselves but probably stabilize and enhance the color
of the anthocyanins by intermolecular hydrophobically
reinforced p±p stacking of their aromatic nuclei with
those of the pigment (Brouillard et al., 1991; Mistry et
al., 1991). Such p±p interactions are thought to stabilize
the ¯avylium-cation/anhydro-base forms which pre-
vents the usual reaction with water to form the colorless
carbinol-base forms.
Various molecules have been identi®ed as good nat-

ural intermolecular co-pigments including the hydro-
xycinnamoyl esters (mentioned above) such as
chlorogenic acid, galloyl esters (tannins) and ¯avone
and ¯avonol glycosides (Figueiredo et al., 1996). When
ca�eine was tested, it was found to preferentially stabilize
the quinonoidal base (Haslam, 1993). An anthocyanin in
which the anhydro-base form is stabilized is the `heavenly
blue anthocyanin' from the blue petals of the Morning
Glory (Ipomoea tricolor) in which two of the ca�eyl
ester groups are thought to be stacked intramolecularly
with the anthocyanin nucleus (Mistry et al., 1991).
Sugar attachment and methylation are also both prob-
ably important for pigment stability and generally have
little e�ect on ¯ower color per se. Methylation of one or
more of the free hydroxyl groups also improves the stabi-
lity of the anthocyanidin chromophore and is relatively
common in the more highly specialized plant families
(Harborne, 1993).
Also associated with co-pigmentation is the presence

of metal ions (Goto et al., 1986). The presence of metal
ions or metallo anthocyanins with magnesium and iron
have been isolated in the blue pigment, commelinin,
from the petals of Commelina communis and also from
the corn¯ower, Centaurea cyanus while in Hydrangea
¯owers the metal present is aluminium.

Fig. 1. Structure of the aglycone, anthocyanidin. The six most com-

mon anthocyanidins found in natural pigments are: pelargonidin

R0=H, R00=H; cyanidin R0=OH, R00=H; peonidin R0=OMe,

R00=H; delphinidin R0=OH, R00=OH; petunidin R0=OMe,

R00=OH; and malvidin R0=OMe, R00=OMe.
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2.3. Other factors a�ecting pigmentation

Additional factors which a�ect ¯ower color are
vacuolar pH. Both environment and genetic factors
appear to be involved in the control of vacuolar pH.
The pH of the vacuole generally varies between pH 4.5
and 5.5 but can range from pH 2.8 measured in a
Begonia cultivar to pH 7.5 found in Morning Glory cv
Heavenly Blue. The pH in epidermal cells from di�erent
parts of the same ¯ower may also vary (Haslam, 1995).
On aging, there is often an increase in the pH of the
plant cell vacuole leading to an increase in the quino-
noidal base which causes the aging or bluing e�ect. In
petunia, seven genetic loci have been de®ned (pH 1±7)
that, when mutated cause bluing of the ¯ower. These
mutations do not alter the anthocyanin composition but
do increase the pH of the petal extracts (Mol et al.,
1998). Mol et al. (1998) have recently emphasized that
the shape of the epidermal cells is also an important
factor in pigmentation. For example, whether the cell is
conical or ¯at, in¯uences the optical properties of
anthocyanin and thereby the color that is perceived
(Mol et al., 1998). Factors known to in¯uence ¯oral
pigmentation are summarized in Table 1.

3. Distribution of anthocyanins

For more than 30 years, Je�rey Harborne and co-
workers have been working on the systematics of ¯ower
color (Harborne, 1963b, 1988b; Harborne and Turner,
1984). As anthocyanins are almost universal in ¯owering
plants they are chemical compounds that are useful for
systematic purposes both at the family and genus level.
Systematic studies have been made using the distribution
of anthocyanins present in the ¯oral petals of many
major plant groups including Poaceae (Harborne
and Cli�ord, 1967); Umbelliferae (Harborne, 1976);
Onagraceae (Harborne et al., 1976); Commelinaceae
(Harborne and Stirton, 1980); the Araceae (Harborne
et al., 1981); Lamiales (Harborne, 1992a); Leguminosae
(Fabaceae) (Harborne et al., 1970), and the Compositae

(Asteraceae) (Harborne, 1996), and at genus level in
Collomia (Harborne et al., 1982) and Patersonia (Har-
borne et al., 1989b). Many family or genera have char-
acteristic patterns- for example, substitution at the 3-,7- and
30-positions is a characteristic feature in anthocyanins
isolated from orchid ¯owers (Harborne and Williams,
1998) while anthocyanins acylated with p-hydroxy-
benzoic acid appear to occur characteristically in two
unrelated plant families, the Campanulaceae and the
Ranunculaceae (Harborne and Williams, 1995).
Although anthocyanins are almost universal in the

roots, stems, leaves and ¯owers of angiosperms and are
also common in both the vegetative and reproductive
structures of many gymnosperms (Anderson, 1992;
David Lee, personal communication), they are of sporadic
occurrence in other groups of plants. Anthocyanin-like
pigments have been detected in liverworts and mosses
(Markham, 1988, 1990) and pelargonidin and cyanidin
derivatives in the fern Davallia divaricata (Harborne,
1965c).

4. Ecological roles of anthocyanins

4.1. Role of anthocyanins in reproductive tissues

Anthocyanins play a vital role in reproductive tissues
(Harborne, 1980, 1992b). Je�rey Harborne was one of
the ®rst scientists to establish by chemical experimenta-
tion the direct relationship between anthocyanin type
(¯ower color) and pollination ecology. He provided
clear evidence that natural selection for particular colors
in di�erent environments depends upon the most active
pollinators present. (Harborne, 1993). Harborne demon-
strated how selection has worked in two directions: from
cyanidin as the most basic or most primitive type of plant
pigment, to ¯owers with scarlet orange colors (pelargo-
nidin) arising by loss mutations. In the second direction,
gain mutations have occurred in temperate climates pro-
ducing the delphinidin colors common in bee pollinated
families, such as the Primulaceae, Polemoniaceae,
Hydrophyllaceae and Boraginaceae. The further loss
mutation from pelargonidin to give the 3-desoxy-
anthocyanidin- luteolinidin and apigeninidin, only appears
in very advanced tropical angiosperm families such as
the Gesneriaceae and Bignoniaceae. Analysis of the
anthocyanins present in 18 representative members of
the Polemoniaceae showed a clear cut correlation
between ¯ower color, anthocyanidin type and pollinator
(Harborne and Smith, 1978). A more extensive survey
also demonstrated the correlation between anthocyanin
type, pollinator and ¯ower color in the Lamiaceae
(Saito and Harborne, 1992).
Evolutionary changes in ¯ower color can also be

observed at the species level, and any change in color
may have important evolutionary consequences (Weiss,

Table 1

Modi®cation of ¯oral pigmentation

1. Variation in pigment class

2. Concentration of individual pigments

3. Structural variations within a pigment class

4. Modi®cations of anthocyanidin 3-glycosides:

(a) Further glycosylation

(b) Methylation

(c) Acylation with aromatic compounds (hydroxy cinnamoyl esters)

(d) Acylation with aliphatic dicarboxylic acids (malonate)

(e) Presence of ¯avonol or ¯avone co-pigment

(f) Metal chelation (magnesium and iron)

5. Changes in vacuolar pH

6. Cell shape
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1991). Mutational inactivation of only a few structural
genes may be su�cient to change the type of pollinators
which in turn may result in genetic isolation and possibly
speciation (Vickery, 1995). For example, species of
Mimulus (monkey ¯ower) are reproductively isolated owing
to M. lewisii pollination preference by bumblebees and
M. cardinalis by hummingbirds (Bradshaw et al., 1995).

4.2. Role of anthocyanins in vegetative tissues- protection
from photoinhibition and photo-oxidation

The roles of anthocyanins in vegetative tissues have
been less well studied. Je�rey Harborne regards their
function in vegetative organs as ``an unraveling mystery''
(D. Lee, personal communication). In vegetative tissues,
anthocyanins are not present in the epidermis but in the
vacuoles of cells in the spongy mesophyll. Young leaves
of tropical plants, young, rapidly growing plants,
autumnal leaves (Haslam, 1993) and leaves of plants
under stress are often red in color.
Leaf undersurfaces of many tropical rainforest

understory herbs are red because of the presence of
anthocyanins (Benzing and Friedman, 1981). Their pre-
sence on the undersurface of the leaves is assumed to be
selectively advantageous to plants growing in extreme
shade perhaps because the presence of anthocyanins
increases the amount of available light for photosynthesis
(Lee et al., 1979). However, no mechanism has yet been
discovered by which anthocyanins could backscatter
radiation and increase light-capturing e�ciency in the red
wavelength. Gould et al. (1995) suggest an alternative role
for anthocyanins, namely reducing susceptibility to
photoinhibition. In the understory, plants can be subject
to photodamage by brief ¯ecks of sunlight or intermittent
light. Anthocyanins absorb at the same wavelength as
chlorophyll b in the 520/530 nm wavelength range.
Comparing leaves with the red or green undersurface in
two taxa native to rainforest understory shade, Begonia
pavonina Ridl. (Begoniaceae), from Bukit Lanjang Forest
Reserve, Malaysia and Triolena hirsuta Triana (Mela-
stomaceae) from La Selva Research Station in Costa
Rica, Gould et al. (1995) found that when anthocyanins
are present not only is photoinhibition reduced, but
photosynthesis is increased with higher chlorophyll
concentrations. Anthocyanins reduce the e�ects of high
light intensity by absorption (Gould et al., 1995).
Leaves of young, rapidly growing plants are often red

in color. Under conditions of rapid cell wall elongation
(growth) there is the potential for excess peroxide to
di�use into the vacuole and hydrogen peroxide and
other oxygen radicals are also produced in times of
plant stress. A function for anthocyanins in vegetative
tissues is as antioxidants by reacting with free radicals
and thus interrupting the propagation of new free radi-
cal species or by chelating metal ions such as Fe 2+.

(Cooper-Driver and Bhattacharya, 1998). The produc-

tion of anthocyanins- peroxidase system in the vacuoles
may contribute to the overall mechanisms for protecting
plants from oxidative damage (Yamasaki, 1997).
Many phenolic compounds are being sought for their

antioxidant and antithrombotic properties, as potential
agents against cancer and cardiac diseases. Antioxidant
supplements can signi®cantly improve certain immune
responses. For example, the antioxidant and antiin-
¯ammatory activity of glycosides of cyanidin from tart
cherries has recently been con®rmed and these are being
incorporated into meat products for improved nutritional
qualities (Wang et al., 1999).

5. Genetic manipulation of ¯ower color

Early in Je�rey Harborne's career, he expressed an
interest in the breeding of blue roses (Harborne and
Rowley, 1958) but producing a blue rose has eluded
traditional breeding techniques. However, an under-
standing of the biosynthetic pathway of anthocyanins
and the enzymes involved, coupled with new DNA
recombinant techniques has opened up a whole new
chapter in manipulation of ¯ower color.

5.1. Biosynthesis of anthocyanins

The synthesis of anthocyanins involves the enzyme,
chalcone synthase (CS) which catalyzes the stepwise
condensation of three malonyl-CoA units with p-cou-
maroyl-CoA to yield tetrahydroxychalcone (naringenin
chalcone) (see Fig. 2). Chalcone isomerase (CI) then
catalyzes the stereospeci®c isomerization of the yellow-
colored tetrahydroxychalcone to the colorless ¯avanone,
naringenin. Flavanones act as intermediates for the
synthesis of ¯avones, iso¯avones and 3-OH ¯avanones
(dihydro¯avonols). Narigenin is converted to dihydro-
kaempferol (DHK) or to a 3-0H ¯avanone by ¯avanone
3-hydroxylase (F3H).
The next stage is the conversion of the dihydro-

¯avonol to the anthocyanin (see Fig. 3). DHK can be
hydroxylated by the microsomal cytochrome P450
enzymes, ¯avonoid 30-hydroxylase (F30H) to produce
dihydroquercetin (DHQ) or by ¯avonoid 30,50-hydro-
xylase (F3050H) to produce dihydromyricetin (DHM)
(Holton and Cornish, 1995). The precise number of
enzymes and their sequence of operation from the
dihydro¯avonol stage to the anthocyanin is still not
entirely clear but it appears that three or more enzymes
are involved. During the ®rst stage, the dihydro¯avonols
are reduced to ¯avan-3,4-cis-diols (leucoanthocyanidins)
by dihydro¯avonol 4-reductase (DFR). Further oxidation,
dehydration and glycosylation of the di�erent leuco-
anthocyanidins by anthocyanidin synthase and anthocyanin
glucosyltransferase produce the corresponding brick-red
pelargonidin, red cyanidin and blue delphinidin glucosides.
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Now that many of the genes encoding anthocyanin
biosynthetic enzymes have been characterized and
cloned from maize, snapdragon and petunia (i.e. chalcone
synthase, chalcone isomerase, ¯avanone 3-hydroxylase,
¯avanoid 30- hydroxylase, ¯avonoid 3050-hydroxylase,
dihydro¯avanol 4- reductase, anthocyanidin synthase,
3-glucosyltransferase, anthocyanin glucosyltransferases,
and methyl transferases) transgenic approaches are now
possible (Mol et al., 1998). This has allowed ¯ower color
to be altered in a highly directed fashion.

5.2. Creation of novel ¯ower colors

The creation of novel ¯ower colors in a number of
commercially important species has been attempted by

producing ¯owers with reduced pigmentation or conversely
by increasing anthocyanin accumulation; introducing
genes encoding novel enzyme activities or by the inacti-
vation of endogenous genes.

5.2.1. Reduced pigmentation Ð antisense or
co-suppression of CS genes
The key enzyme in the biosynthetic pathway that

initiates the diversion of metabolic intermediates into
pigment biosynthesis is chalcone synthase (CS) which
catalyses the synthesis of narigenin from which all other
¯avonoids are derived. Antisense' or co-suppression of
the CS genes have been described in petunia and
in chrysanthemum (Courtney-Gutterson et al., 1994)
resulting in ¯owers with reduced pigmentation.

5.2.2. Increased anthocyanin accumulation Ð
co-suppression of an FS gene
As dihydro¯avonols are the precursors of both

anthocyanins and ¯avonols, the dihydro¯avonols are
potential substrates for the enzymes DFR, F30H and
F3050H, leading to pigment production, and/or for
¯avonol synthase (FS) leading to ¯avonol synthesis.
Therefore competition between ¯avonoid-metabolizing

Fig. 2. Overall scheme for the biosynthesis of phenolic compounds.

Abbreviations: enzymes CS: chalcone synthase; CI: chalcone iso-

merase; F3H: ¯avanone 3-hydroxylase; DRF: dihydro¯avonol reduc-

tase: FS: ¯avonol synthase. Adapted from Cooper-Driver and

Bhattercharya (1998).

Fig. 3. Biosynthetic conversion of dihydro¯avonols to anthocyanins.

Abbreviations: enzymes F30H: ¯avonoid 30-hydroxylase; F3050H: ¯a-

vonoid 30,50-hydroxylase; DFR: dihydro¯avonol reductase: ANS:

anthocyanidin synthase; 3GT: anthocyanin glucosyltransferase.

Adapted from Holton and Cornish (1995).
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enzymes, FS and DFR for common dihydro¯avonol
substrates can shift the ¯avonol:anthocyanin ratio
(Holton and Cornish, 1995). Co-suppression of the FS
gene leads to increased anthocyanin accumulation.

5.2.3. New pigments Ð adding enzymes
In Petunias no pelargonidin derivatives are formed.

This is due to the substrate speci®city of the petunia
dihydro¯avonol 4-reductase (DFR) which is able to
reduce dihydroquercetin and dihydromyricetin but is
unable to reduce dihydrokaempferol. The same enzyme
in Zea mays (maize) has a di�erent substrate speci®city
since it is able to reduce the dihydrokaempferol sub-
strate. A gene encoding the DFR from maize has been
introduced into the petunia mutant Ð resulting in a
change from white to strong brick-red coloration, due
to the pelargonidin that is now being produced.
There is still a strong commercial interest in breeding

stable blue ¯owers. Blue ¯owers are missing from a
number of important ornamental plants, including
carnations, chrysanthemums and roses (Holton and
Tanaka, 1994). None of these plants is capable of syn-
thesizing blue delphinidin pigments, presumably due to
the absence of a gene encoding F3050H (see Fig. 4). A

possible novel way of breeding blue roses is suggested
by Haslam (1993). As ca�eine preferentially stabilizes
the quinonoidal base form of anthocyanins, introducing
the gene for ca�eine synthesis clearly opens up another
avenue for developing a blue rose and other blue ¯owers
(Haslam, 1993). Blue ¯owers are of considerable interest
as the presence of this color invariably involves some
sort of unusual anthocyanin-copigment interaction and
in several cases additional metallo-complexation (Bloor,
1999).

6. Concluding remarks

Currently there is a tremendous resurgence of interest
in ¯avonoids generally and in anthocyanins in parti-
cular. Due to improved analytical techniques, namely
HPLC, NMR and MS, many new anthocyanin structures
are presently being recorded (Harborne and Williams,
1998). The majority of the new structures have both
aliphatic (especially malonyl and acetyl) and aromatic
(p-coumaroyl, feruloyl, ca�eoyl and sinapoyl) substitu-
tion. A signi®cant number of 3,7-disubstituted and
3,7,30 trisubstituted pigments have also been described.
The ®rst macrocyclic anthocyanin has been isolated
from ¯owers of two carnation cultivars (Bloor, 1998) a
malic acid ester of cyanidin 3,5-diglucoside in which the
malyl group is linked to both sugars through the 6-
hydroxy position.
On the molecular side, current work is focusing on the

genetics and regulation of anthocyanin biosynthesis,
vacuolar transport mechanisms, the mechanisms by
which regulatory genes determine tissue-speci®c patterns
of pigmentation (Dooner et al., 1991), and ways to
control vacuolar pH and co-pigmentation (Mol et al.,
1998). Ecologically, we are only just beginning to
recognize the important role anthocyanins play in
growth, stress, and senescence.
Since the early 1950's, Je�rey Harborne has made

outstanding contributions to the study of anthocyanins
(see selected references in this paper). Many of these
papers have been published in the journal ``Phytochem-
istry'', thereby encouraging and shaping the work of
future generations of phytochemists. We owe Je�rey
Harborne and all the other members of the Editorial
Board of ``Phytochemistry'' a great debt for all the work
they have done over the years in stimulating our interest
in plants and their secondary metabolites. Perhaps for
Je�rey one day the dream of creating a blue rose may
®nally come true.
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