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The harnessing of solar energy by photosynthesis depends on a safety valve that 
effectively eliminates hazardous excess energy and prevents oxidative damage to the 
plant cells. Many of the compounds that protect plant cells also protect human cells. 
Improving plant resistance to stress may thus have the beneficial side effect of also 
improving the nutritional quality of plants in the human diet. The pathways that 
synthesize these compounds are becoming amenable to genetic manipulation, which 
may yield benefits as widespread as improved plant stress tolerance and improved 
human physical and mental health. 

Photosynthesis Fuels and Protects Life 
on Earth 

By converting solar energy into usable ener- 
gy and building material, photosynthesis sup- 
ports much of the life on this planet (Fig. 1). 
Photosynthesis' role as a carbon sink is also 
important in view of the role of atmospheric 
CO2 in global warming. Yet photosynthetic 
productivity is threatened when the global 
environment turns more extreme. The mech- 
anisms responsible for productivity and sur- 
vival of photosynthetic organisms (plants, 
algae, and photosynthetic bacteria) in stress- 
ful environments are far from being fully 
understood. Understanding these is necessary 
to engineer photosynthetic organisms with 
enhanced stress tolerance. 

Enhancing the photosynthesizers' own 
protective systems may also improve the 
nutritional quality of foods, because funda- 
mental cellular signaling processes and 
protective mechanisms are highly con- 
served. Hence, many plant and algal prod- 
ucts (often collectively termed "phyto- 
chemicals") are able to manipulate human 
cellular signaling and gene expression. For 
example, "phytoestrogens" (a group of 
plant flavonoids) mimic the human hor- 
mone estrogen. Plants produce these fla- 
vonoids as messengers in plant-microbe 
communication. It is less widely known 
that the tables can be turned by adding 
estrogen to soil, thereby fooling soil bacte- 
ria into "concluding" that they are receiv- 
ing a signal from a plant inviting them to 
form a symbiosis (1). Human cells contain 
steroid hormone receptors derived from 
bacterial receptors; the human steroid hor- 
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mones binding to these receptors are struc- 
turally reminiscent of flavonoids but 
evolved much later (2). 

Carotenoid pigments such as zeaxanthin 
and lutein (Fig. 2) protect photosynthesis un- 
der benign conditions as well as under a 
plethora of environmental stresses (3). These 
same pigments have been identified as possi- 
ble protective agents in human vision and 
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increased salinity, and extreme tempera- 
tures thus threaten crop productivity. It is 
hoped that crop resistance to these environ- 
mental stresses can be enhanced by genetic 
engineering. 

Gene therapy in humans as currently im- 
plemented seeks to rectify mutations in single 
genes. Engineering of plants with improved 
nutrient quality and quantity similarly targets 
individual genes or pathways. The engineer- 
ing of plants with enhanced stress resistance 
may require manipulation of complex traits 
and thus takes on the challenge of improving 
evolution's product-a far taller order. 
Therefore, the identification of any individual 
genes conferring an important part of stress 
resistance is highly desirable. Key protective 
mechanisms and the genes involved are be- 
ginning to be identified, as is the case for 
protection against oxidative damage resulting 
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Fig. 1. Interactions of photosynthesis with the environment and humans. The features emphasized 
in this review are highlighted in color. The terms vitamins, antioxidants, and phytochemicals are not 
mutually exclusive. Major groups of phytochemicals (produced by photosynthetic organisms) 
include isoprenoids, phenolic compounds, sulfur compounds, and essential fatty acids. Marine algae 
produce the omega-3 fatty acids that accumulate in fish. +, factors that increase photosynthesis; 
-, factors that decrease photosynthesis. 

immune function and in the prevention of 
cancer and heart disease (4). Improvements 
in amounts or functions of these and other 
phytochemicals may well aid both plant pro- 
ductivity and human health. 

Photosynthesis and Global Change 
Environmental stresses such as extreme tem- 
peratures or drought can decrease the produc- 
tivity and survival of plants. Crop plants can 
be particularly affected because they are 
often grown in environments to which they 
are already less than well adapted. Drought, 

from an excess absorption of solar energy, 
discussed in this review. 

Protection of Photosynthesis Against 
Oxidative Damage 
Photosynthesis is all about the collection of 
solar energy and its efficient conversion into 
chemical energy. Yet by their very nature, the 
processes accomplishing this are susceptible 
to damage by any excess solar energy. (Sim- 
ilar considerations apply to other light pro- 
cessors, such as the human eye.) Photosyn- 
thesis as it exists today would not be possible 
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Fig. 2. Biosynthetic pathway of the synthesis of cyclic carotenoids and xanthophyll cycle in plants. 
The xanthophylls participating in thermal energy dissipation are shown in orange. The key 
structural differences between lutein, zeaxanthin, and antheraxanthin are shown in black. The 
enzymes of the xanthophyll cycle, zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxidase 
(VDE), are both members of the lipocalin protein family. VDE is stimulated under excess light 
(shown in red) and ZEP under nonexcessive light (shown in blue). 

without a safety valve, something akin to a 
lightning rod, that dissipates excitation ener- 
gy in a harmless way (as thermal energy) 
whenever more energy is absorbed than can 
be used in photosynthesis. Photo synthesis in 
nature thus operates in a constantly shifting 
balance between efficient capture of solar 
energy and quick loss of that energy when it 
is in excess. The need to dissipate excess 
energy is ever-present. Even forest-floor 
plants, shielded from the sun by an overstory 
of trees, must dissipate excess energy during 
the fleeting moments when rays of sunlight 
penetrate the canopy (Fig. 3). In a sun- 
exposed site, on the other hand, the need for 
thermal dissipation of excess light energy 
continues for much of the day (Fig. 3). These 
two situations illustrate the importance of 
thermal energy dissipation, where the major- 
ity of absorbed sunlight is dissipated as heat, 
even in situations that are by no means ex- 
tremely stressful. Under extreme environ- 
mental conditions (for example, during icy 
winters or scorching, dry summers), many 
native evergreens, while maintaining their 
light-absorbing chlorophyll, suspend growth 
and photosynthesis and dissipate virtually all 
of the light they absorb (5, 6)! Thus, a whole 
host of environmental stresses, all of which 
slow down or arrest growth and photosynthe- 
sis (Fig. 1), enhance the need for photopro- 
tective thermal energy dissipation. 

Among the genes required for thermal en- 
ergy dissipation (6, 7), one encodes a protein 
related to the family of light-harvesting pro- 
teins, the PsbS protein (8) (Fig. 4). Although the 
precise mechanism of its function remains to be 

clarified, the most attractive hypothesis is that 
PsbS senses the presence of excess light and 
then triggers the switch from efficient conver- 
sion of absorbed light by photosynthesis 
to thermal dissipation. 
Solar energy is con- 
verted to chemical en- 
ergy (through photo- 
synthesis) via the 
build-up of a proton 
gradient across the 
photosynthetic mem- 
brane; when more en- 
ergy is absorbed than 
can be used, the pH 
gradient increases. 
This pH signal is ap- 
parently perceived by 
the PsbS protein (9) 
and translated into a 
structural change (8) 
in the light-collecting 
antenna, thus trigger- 
ing thermal energy 
dissipation. The eco- 
logical importance of 
PsbS-dependent ener- 
gy dissipation was ad- 
dressed by Jansson 
and co-workers (10), 
who showed that, in a 
fluctuating light situa- 
tion (Fig. 3, left pan- 
els), the PsbS protein 
is vital for plant fit- 
ness. PsbS-deficient 
mutants had a limited 

seed yield as compared to that of wild-type 
plants, indicating that a gene involved in stress 
resistance has an impact on plant fitness. In an 
environment with fluctuating light levels, the 
PsbS-controlled rapid alternation between effi- 
cient energy capture and effective thermal dis- 
sipation is thus crucial to a plant's success. 
Future studies are needed to determine (i) 
whether overexpression of the PsbS gene fur- 
ther enhances plant fitness under fluctuating 
light and (ii) whether the PsbS protein is also 
essential under long-term extreme stress where 
absorbed light remains continuously excessive. 

Also required for thermal energy dissipa- 
tion are the xanthophylls, particularly zea- 
xanthin (synthesized from 13-carotene via 
hydroxylation) and, to a lesser extent, lutein 
(synthesized from a-carotene via hydroxyla- 
tion) (11-13) (Figs. 2 and 4). Plants overex- 
pressing the gene for an enzyme (P-hydroxy- 
lase) in the biosynthetic pathway of zeaxanthin 
formation and showing elevated levels of zea- 
xanthin also exhibit enhanced heat tolerance 
(14). Furthermore, plants overexpressing an en- 
zyme involved in lutein formation (lycopene 
e-cyclase, which converts lycopene to a-caro- 
tene) and showing elevated lutein levels also 
exhibited some enhancement of themal energy 
dissipation (15). 

Plants and algae possess an additional set 
of reactions (a xanthophyll cycle as shown in 
Fig. 2) that rapidly optimizes the concentra- 
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Fig. 3. Changes in light intensity (photons striking leaves, yellow) and in 
the level of thermal energy dissipation (expressed as photons dissipated 
as heat, orange) over the course of a day in the vine Stephania japonica 
growing either under a tree canopy (left) or exposed to full sunlight 
[right; recalculated from (50)]. Thermal energy dissipation was estimated 
from non-photochemical quenching of chlorophyll fluorescence and from 
the degree decreased efficiency of the conversion of absorbed photons 
into photochemistry in photosystem II. Of the photons striking a green 
leaf, typically 85 to 90% are absorbed, and this percentage of the 
photons striking leaves (shown in yellow) can thus be assumed to be 
absorbed. In this vine as well as in most species, a large fraction of this 
absorbed light is dissipated as heat when irradiance is high. Only some 
weeds and crop plants use a greater fraction (typically half) of the 
sunlight absorbed under full-sun exposure. 
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tion of zeaxanthin. When light needs to be 
used efficiently for photosynthesis, the dissi- 
pator zeaxanthin is converted (via the inter- 
mediate antheraxanthin) to a nondissipating 
pigment, violaxanthin, and this process is 
rapidly reversed under excess light (13). Zea- 
xanthin and antheraxanthin are required not 
only for rapidly modulated thermal dissipa- 
tion but also for persistent thermal energy 
dissipation in plants under long-term environ- 
mental stress, during which the xanthophyll 
cycle is arrested in the form of zeaxanthin 
and antheraxanthin (3, 5). 

Although Arabidopsis is an excellent 
model to study rapidly modulated thermal 
dissipation, this species does not exhibit any 
appreciable levels of persistent thermal dissi- 
pation. As is the case for most crop species, 
Arabidopsis may be considered an escapist, 
evading the effects of environmental stresses 
by maintaining growth and metabolic activity 
at any cost and by continuing to use solar 
energy in photosynthesis. However, these 
plants do not survive extreme environmental 
stress. Those plants that do possess a high 
stress tolerance (commonly long-lived native 
plants) are more difficult to target with mo- 
lecular approaches. These plants frequently 
persist through seasonal stress periods in a 
state of suspended metabolism with persistent 
high levels of thermal energy dissipation. 
Comparative studies of plant stress tolerance 
should prove useful for a potential transfer of 
stress tolerance traits from native to crop 
plants. 

The precise mechanism of xanthophyll 
action in thermal energy dissipation is un- 
known. An attractive hypothesis is that these 
xanthophylls (zeaxanthin, antheraxanthin, 
and lutein) accept excess excitation energy 
from chlorophyll (16) and subsequently 
readily lose this energy as heat. Irrespective 
of the precise mode of action, xanthophylls 
facilitate the de-excitation of singlet excited 
chlorophyll, thus preventing a transfer of this 
excitation energy (via triplet chlorophyll) to 
oxygen that would otherwise form reactive 
singlet oxygen (Fig. 4). The dissipation of 
excess excitation furthermore counteracts the 
formation of reactive superoxide (resulting 
from a transfer of unused electrons to oxy- 
gen; Fig. 4). Both of these reactive oxygen 
species readily oxidize macromolecules and 
are also part of signal transduction pathways 
that modulate leaf gene expression (Fig. 4). 
Synthesis of key proteins in photosynthesis is 
controlled by lipid messengers, collectively 
termed oxylipins, and redox events (Fig. 4) 
(17, 18). In general, an overproduction of 
reactive oxygen species leads to a net degra- 
dation of key photosynthetic proteins. Fur- 
thermore, lipid messengers derived from ox- 
idized membrane lipids can even trigger pro- 
grammed cell death (Fig. 4) (19). 

In addition to de-excitation of singlet 

chlorophyll, carotenoids can also facilitate 
several back-up defense processes, including 
the scavenging of triplet chlorophyll and of 
singlet oxygen. Furthermore, zeaxanthin in- 
hibits the oxidation of membrane lipids by an 
unknown mechanism. This additional role 
was demonstrated in a study showing that 
double mutants deficient in both zeaxanthin 
and the PsbS protein were highly susceptible 
to lipid oxidation at low temperatures (20). In 
contrast, mutants deficient in the PsbS pro- 
tein (and deficient in thermal energy dissipa- 
tion) but with normal levels of zeaxanthin 

using only this back-up route. Under ex- 
tremely excessive light, this up-regulation of 
tocopherol content is not sufficient for sur- 
vival, and only the presence of zeaxanthin 
can prevent massive lipid oxidation (20). 
Synergistic effects between carotenoids and 
vitamin E (typically a-tocopherol, although 
there is a whole group of tocopherols) have 
also been noted in human physiology, and 
novel mechanisms of action-with an em- 
phasis on signal transduction-are being 
sought for antioxidants in this area as well. 

The genetic engineering of plants with an 
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Fig. 4. Scheme showing the different possible fates of sunlight absorbed in the light-collecting 
antenna. Light energy absorbed by chlorophyll, and resulting in the formation of singlet excited 
chlorophyll ('Chl*), can be used (green arrow) in photosynthetic electron transport and carbon 
fixation or, if in excess of what can be used, is dissipated as heat (orange arrow). Dissipation of 
excess light as heat suppresses the formation of singlet excited oxygen (O02*, formed via 
conversion of 'Chl* to triplet excited Chl, 3Chl*, and subsequent transfer of energy to oxygen) as 
well as superoxide (0,-). Singlet oxygen and superoxide are part of lipid and redox signaling 
pathways (shown in purple) that are stimulated when 'Chl* is insufficiently removed by the 
combined action of photosynthesis and thermal dissipation. There is direct evidence for the 
repression of proteins involved in light collection and photochemistry by reactive oxygen and lipid 
messengers (17, 18), but evidence for up-regulation of proteins involved photoprotection by similar 
signals is indirect (feedback loops shown in blue). Carotenoids and vitamin E counteract the 
stimulation of these pathways via multiple mechanisms. Factors required for thermal dissipation 
are zeaxanthin (Z), antheraxanthin, and possibly lutein (not shown here), as well as the PsbS 
protein and a sufficiently large proton gradient (ApH) across the photosynthetic membrane. These 
factors facilitate the switch from an efficient conversion of solar energy to electron transport when 
all of the absorbed light can be used in photosynthesis to an efficient conversion of solar energy 
into thermal energy under excess light. Augmentation of the transmembrane pH gradient under 
excess light simultaneously induces the conversion of violaxanthin to zaxanthin (Z) and antheraxin 
and is sensed by the PsbS protein that triggers the thermal dissipation process. 

were able to keep the levels of lipid oxidation 
low. Mutants deficient in thermal energy dis- 
sipation had elevated levels of vitamin E (ca- 
and y-tocopherol), which also has the ability 
to scavenge singlet oxygen and inhibit lipid 
oxidation (21). We conclude that thermal en- 
ergy dissipation is the preferred defense 
mechanism under excess light stress. When 
this route is not available, tocopherols act as 
a back-up to allow survival under moderate 
levels of excess light. However, the de- 
creased fitness in PsbS-deficient plants (10) 
indicates that a hefty price is attached to 

enhanced antioxidant capacity can be expect- 
ed to have a dual effect on stress response. 
For one, onsite protection against oxidative 
damage should increase. In addition, messag- 
es resulting in degradative processes, and 
possibly cell death, may be dampened (Fig. 
4). Moreover, it may turn out that the con- 
trasting adaptive strategies employed by spe- 
cies with different life spans relate to differ- 
ences in this signaling network. It will be 
important to test these possibilities through 
molecular approaches. 

Moreover, enhanced carotenoid or vita- 

www.sciencemag.org SCIENCE VOL 298 13 DECEMBER 2002 



SCIENCE'S COMPASS 

min E content improves the nutrient qualit 
of plant-based foods. Classic breeding creal 
ed the attractive, bright red tomato with it 
high content of (intensely red) lycopene (Fig 
2) that turned out to possess cancer-fightin 
properties (22). Zeaxanthin and lutein hav 
roles in protecting human vision and othe 
aspects of human health. Green parts of wild 
type plants after harvest typically contai 
high levels of lutein but, due to the continu 
ing action of the xanthophyll cycle 
(Fig. 2), retain mere traces of zeaxan- 
thin. Yet zeaxanthin is highly desir- 
able, because it is preferentially accu- 
mulated and incorporated into the 
parts of the mammalian retina exposed 
to high irradiance (23) and may thus be 
more useful in human diets than the 
readily available lutein. Arrest of the 
xanthophyll cycle to allow accumula- 
tion of zeaxanthin would thus be a 
desirable trait to incorporate into crops 
that provide leafy foods. Early 
progress in this direction is apparent in 
Arabidopsis, algae, and tomato. Xan- 
thophyll cycle mutants that accumu- 
late zeaxanthin have already been pro- 
duced in model plants and algae (7), 
and these traits can be transferred to 
crop plants. Tomato fruit with an in- 
creased zeaxanthin content has recent- 
ly been engineered [by overexpression 
of lycopene P-cyclase and P-carotene 
hydroxylase (24)]. One might ask: 
Why not simply grow existing food Fij 
crops in the presence of environmental siE 
stress to enhance antioxidant content? di! 
Environmental stress can severely th 
diminish crop productivity. Further- an 

more, additional plant defense com- ta 
pounds with adverse effects on human di! 
health are likely to be formed under pr 
the influence of environmental stress. be 
Selective engineering of plants with ri 
enhanced antioxidant content should ar 
be the safer route. a 

ph 
cc 

Protection Against Oxidative ph 
Damage in Humans (5 
Oxidative stress and/or disturbances in tih 
cellular redox balance have been iden- Vc re 
tified as key elements underlying a eil 
plethora of human diseases (Fig. 5) fla 
(25-28). A shift toward more oxidiz- 
ing conditions generally promotes cell 
proliferation [(29), as in cancer] and inflan 
mation [(30, 31), as in heart disease, diabete, 
autoimmune diseases, and neurodegenerativ 
diseases] and even affects neurotransmitte 
levels [and processes underlying variou 
mental disorders (32, 33)]. Mechanisms ir 
volved include reactive oxygen species in ( 
modulation of gene expression via key sign; 
transduction processes that turn out to I 
redox-regulated (Fig. 5) and in (ii) DNA dan 

age-causing mutations (not depicted in Fig. 5) 
in genes for key regulatory proteins. Further- 
more, singlet and triplet excited molecular spe- 
cies are formed in many physiological reactions 
in humans as well. An early response to an 
increase in reactive oxygen species is an up- 
regulation of endogenous antioxidants (as is 
depicted for plants in Fig. 4). However, unlike 
plants, humans are unable to synthesize the full 
complement of required antioxidants and are 
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g. 5. Scheme showing key redox-modulated path% 
gnal transduction, their relationships to human diseas 
sorders (ADHD, attention deficit hyperactivity disordi 
eir generalized patterns of modulation by oxidan 
itioxidants as well as omega-6 fatty acids (particulal 
lidonic acid) and omega-3 fatty acids (particularly eicc 
enoic acid and docasahexaenoic acid). Neurodegen 
seases, age-related macular degeneration, and the 
ocess itself are modulated similarly but are not 
.cause they fall into more than one of the depicted < 
is (cell cycle, immune system, and neurotransmitter d) 
tion). Major groups of dietary antioxidants-phytoch( 
e vitamin C (ascorbic acid), isoprenoids (vitamin E 
lerols, terpenes such as limonene, and carotenoids), p 
impounds [phenolic acids such as cinnamic acid an( 
lenols such as flavonoids (57)], and organosulfur comn 
2). It should be noted that antioxidants can promote 
{e stress at excessive concentrations. One mechani 
lved is an induction of cytochrome P450 (that gel 
active oxygen species during oxidative breakdown c 
gn" substances) by high concentrations of 1-carot 
ivonoids (53, 54). 

i- dependent on antioxidants obtained from their 
s, diet. Dietary antioxidants and phytochemicals 
re with related functions are thus potential protec- 
er tive agents that can counteract oxidizing species 
is and potentially reestablish a healthy cellular 
1- redox balance (Fig. 5). Antioxidants and ome- 
i) ga-3 fatty acids act synergistically in the mod- 
al ulation of signal transduction (Fig. 5) (34, 35) 
)e and in the protection of human vision (4, 36) 
i- and many other functions (37). Key antioxi- 

dants as well as the essential omega-3 fatty 
acids are synthesized by plants and algae. The 
switch of affluent nations away from plant- 
based food lowered the dietary intake of anti- 
oxidants and other phytochemicals and is 
thought to be a major factor in promoting these 
"redox imbalance diseases" (Fig. 5) (38). 

The precise molecular mechanisms of 
action through which many of these phyto- 
chemicals act remain poorly understood, and a 

number of clinical trials with high-dose, 
single-component supplements (such as 
p-carotene) have had disappointing re- 
sults. However, other carotenoids may 
be more promising, particularly lyco- 
pene as well as zeaxanthin and lutein. 

Kdants; There is evidence supporting a protec- 
,ga-3 
acids; tive role for lutein and zeaxanthin in 
hew delaying chronic diseases, including 

age-related vision loss via macular de- 
generation and cataract formation, can- 
cer, and heart disease [reviewed in (4)]. 
The classic antioxidant function of scav- 
enging oxidants and re-reducing oxi- 
dized macromolecules is often assumed 
for these carotenoids, but other functions 
are waiting to be identified and are likely 
to involve direct interactions with signal- 
ing molecules. Future studies should ex- 
amine whether the roles of lutein and 
zeaxanthin may parallel those of the vi- 

D"HD tamin E tocopherols. Vitamin E was ini- 
rdWase tially recognized for its antioxidant prop- 
Wexia erties, scavenging of reactive oxygen, 
says of and reduction of oxidized membrane lip- 
ses and ids. However, much more specific and 
er), and selective effects of tocopherols are now 
its and recognized. Tocopherols interact direct- 
iry ara- ly with key signaling proteins, for exam- 
Dsapen- 
erative ple, inhibiting lipoxygenases [LOXs 
e aging (19)] and interacting in multiple ways 
shown with protein kinase C (33). LOXs oxi- 

catego- dize specific membrane lipids to precur- 
ysregu- sors of lipid messengers (oxylipins in 

tmicals Fig. 4), such as the plant stress hormone 

henolic henolic Jasmonic acid and leukotrienes and sim- 
d poly- ilar messengers that trigger inflamma- 
pounds tion and cell death in humans. Vitamin E 
oxida- thus also has "nonantioxidant" func- 

ism in- tions, and similar notions exist concem- 
nfera r ing lutein and zeaxanthin in human 

tene or health. Suggested functions for lutein 
include roles in the up-regulation of pro- 
teins (connexins) involved in cell-to-cell 
communication (39) as well as a role in 

the selective promotion of programmed cell 
death in cancer cells (40, 41). 

Closer inspection reveals that the inhibi- 
tion of signal transduction can involve the 
same principal antioxidant effects, only fo- 
cused directly on a signal transduction pro- 
tein. In the example of LOX, Vitamin E 
reduces LOX's catalytic iron (that must be in 
oxidized form to allow LOX activity). In fact, 
although not widely noted, there are several 
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studies showing that p-carotene also inhibits 
LOX activity (42, 43). At higher concentra- 
tions, however, p-carotene can stimulate 
LOX activity (42). This may be one of the 
reasons why high-dose P-carotene supple- 
ments produced adverse effects in clinical 
trials. Future study should examine the effect 
of zeaxanthin on LOX activity in animals and 
plants and the possibility that zeaxanthin may 
afford inhibition without stimulation at high- 
er concentrations. 

Another avenue for future research into 
health-promoting effects of these xantho- 
phylls are specific zeaxanthin- or lutein-bind- 
ing proteins that may participate in signal 
transduction. In plants, xanthophyll-binding 
proteins include, in addition to light-harvest- 
ing proteins, the (lipocalin) proteins of the 
xanthophyll cycle (Fig. 2) (44). In animals, 
several lipocalin proteins are involved in im- 
mune function (45). Because immune func- 
tion is stimulated by lutein, investigating a 
possible binding of lutein and zeaxanthin by 
lipocalins in the human immune response 
may prove rewarding. 

Lastly, and in addition to the antioxidant 
and signal transduction functions of carote- 
noids, these versatile molecules also have 
profound effects on the structure of their 
environment. Carotenoids engage in structur- 
al interactions with lipid membranes and pro- 
teins [critically reviewed in (46)] and bind to 
the protein tubulin in the retina (47), enhanc- 
ing visual acuity (48). Structural roles of 
carotenoids may have been the first to evolve 
(49). As evolution proceeded, many more of 
the properties of these molecules fit new 
functions that research is now venturing to 
study. We have much to lear about these 
colorful molecules. 

Conclusions 
Efforts to enhance plant antioxidant content 
may serve a dual purpose. We may be able to 
manipulate plant response to environmental 
stress (and hopefully enhance stress tolerance 
in certain scenarios) while simultaneously en- 
hancing the nutritional quality of food plants. 
Furthermore, in light of the complex yet par- 
allel functions of antioxidants in plants and 

humans, new mechanistic hypotheses should 
incorporate information from both plant 
physiology and human physiology. In the 
carotenoid field, this is already beginning. 
Carotenoid functions as antioxidants must be 
reconciled with carotenoid functions in signal 
transduction and redox-modulation of key 
signaling proteins. Protecting photosynthesis 
in the face of environmental stress as well as 
protecting human health against environmen- 
tal or pathological stress requires improved 
understanding of molecular functions and the 
intersection between stress, disease, and 
physiology for both plants and humans. 
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