
L(//U/-& / - / -  Y t 3 6 - - 3 A ,  
DOE/NBB-O093T 

TR056 

Summary Report of a Workshop on 

PHOTOSYNTHESIS, ENVIRONMENTAL 
CHANGE, AND PLANT ADAPTATION 

Research Topics in Plant Molecular Ecology 

October 24-26, 1993 
Belmont Conference Center, Elkridge, Maryland 

July 1995 

Sponsored by the Offices of 
Health and Environmental Research 

and 
Basic Energy Sciences 

U.S. Department of Energy 



This report has been reproduced directly from the best available copy. 

Available to DOE and DOE Contractors from the Office of Scientific and 
Technical Information, P.O. Box 62, Oak Ridge, TN 37831; prices available from 
(615) 576-8401. 

Available to the public from the US. Department of Commerce, Technology 
Administration, National Technical Information Service, Springfield, VA 22161, 
(703) 487-4650. 

Pnnted with soy ink on recycled papel @ 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither the 
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference 
herein to any specific commercial, product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



DOE/NBB-O093T 
UC-402 
TR056 

PEARL EVERLASTING 
Anaphalis margmitacea 

Summary Report of a Workshop on 

PHOTOSYNTHESIS, ENVIRONMENTAL 
CHANGE, AND PLANT ADAPTATION 

Research Topics in Plant Molecular Ecology 

October 24-26, 1993 
Belmont Conference Center, Elkridge, Maryland 

July 1995 

Sponsored by the Offices of 
Health and Environmental Research 

and 
Basic Energy Sciences 

U.S. Department of Energy 
Washington, D.C. 20585 





Contents 

Executive Summary V 

Introduction: Photosynthesis, Environmental 
Change, and Plant Adaptation 

The Workshop 

Potential Responses to Environmental 
Change by Photosynthetic Organisms 

The Photosynthetic Process 
The Effect of Envbonment on 

Photosynthetic Processes 
Predicting Photosynthetic Responses 

to Environmental Change 

Key Research Issues 
Carbon Dioxide Responses 
Thermal Effects and Acclimation 
Nutrient Limitation 
UV-B Damage 
Interactive Processes 

The Emergence of Tools and Technologies in 

The Molecular Biology Watershed 
Technologies for Gene Analysis and Utilization 
Model Genetic Systems 
Biophysical Instrumentation 

Photosynthesis Research 

Scaling from Molecular to Ecosystem Levels 
The Problem of Scale 
Problems of Extrapolation 

Approaches for Integrating Plant Molecular Ecology 

The Role of the U.S. Department of Energy in 
Climate-Change and Photosynthesis Research 

The Team Approach 
Technology Transfer 

into Environmental-Change Research 

1 

2 

2 
2 

4 

6 

10 
10 
18 
19 
21 
22 

23 
23 
25 
25 
26 

28 
28 
29 

31 

31 
31 
32 

LANCELEAF YELLOWBRUSH 
Ch ysoulmrmus lmrceolafus 



iv Summary: The Significance of Plant Molecular Ecology to 
Understanding Global Climate Change 32 

References 33 

Appendix: List of Workshop Participants 35 

Colophon 37 



Executive Summary 

Life on Earth depends on photosynthesis. At present, an esti- 
mated 400,000 species of algae and terrestrial plants inhabit the 
world. These organisms provide oxygen to and remove carbon di- 
oxide from the atmosphere. Their biomass is used for food, fiber, 
fuel, drugs, and material and chemical feedstocks. The continued 
abundance, productivity, and diversity of plant species is absolutely 
essential for assuring the economic and social stability of human 
civilization. 

As we approach the 21st Century, it is becoming increasingly 
clear that human activities, primarily related to energy extraction 
and use, will lead to marked environmental changes at the local, 
regional, and global levels. The realized and the potential photosyn- 
thetic performance of plants is determined by a combination of in- 
trinsic genetic information and extrinsic environmental factors, 
especially climate. It is essential that the effects of environmental 
changes on the photosynthetic competence of individual species, 
communities, and ecosystems be accurately assessed. 

From October 24 to 26, 1993, a group of scientists specializing 
in various aspects of plant science met to discuss how our predic- 
tive capabilities could be improved by developing a more rational, 
mechanistic approach to relating photosynthetic processes to envi- 
ronmental factors. A consensus emerged that achieving this goal 
requires multidisciplinary research efforts that combine tools and 
techniques of genetics, molecular biology, biophysics, biochemistry, 
and physiology to understand the principles, mechanisms, and limi- 
tations of evolutional adaptation and physiological acclimation of 
photosynthetic processes. Many of these basic tools and techniques, 
often developed in other fields of science, already are available but 
have not been applied in a coherent, coordinated fashion to ecologi- 
cal research. 

The efforts of this research program are related to the broader 
efforts to develop more realistic prognostic models to forecast 
climate change that include photosynthetic responses and feedbacks 
at the regional and ecosystem levels. The workshop specifically 
identified a series of interrelated scientific issues that must be 
undertaken; these include: 

An understanding of the basic mechanisms of the environmental 
factors that determine or limit photosynthesis 
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vi b The effects of increased atmospheric CO, on plant productivity 
and storage allocation in the short and long terms 

b The limitations on the realized quantum yield of photosynthesis 

b The effects of increased UV-B radiation on photosynthetic re- 
sponses 

b The methods by which plants adapt to environmental extremes 
of temperature, water, nutrients, and energy supply 

The workshop recommended that the scientific problems be ad- 
dressed by small teams of researchers with a high degree of 
individual independence, backed by basic research efforts in 
ecology, photosynthesis, molecular genetics, and biophysics. 
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Life on Earth is inextricably tied to photosynthesis. This fundamental 
biological process is the major sink for carbon dioxide, and the sole 
source of oxygen for the atmosphere. Humans depend on photosynthetic 
organisms for food, fiber, and chemical and material feedstocks. Energy 
derived from the combustion of fossil fuels is stored solar energy created 
by photosynthetic organisms millions of years ago. 

Since the beginning of the 20th century, the human population has 
increased exponentially from 1.5 billion to more than 5 billion persons. 
Simultaneously, during this period, human activities have altered natural 
biogeochemical cycles at unprecedented rates by massively reducing liv- 
ing plant biomass and burning fossil plant biomass, which has accumu- 
lated for many eons, to fuel the industrial world. Such drastic changes 
cannot continue indefinitely without causing irreversible and potentially 
disruptive effects not only on the global climate but also on the world's 
ecosystems, which ultimately determine the economic security and social 
stability of human civilization. 

With the rapid approach of the 21st century, developing an integrated 
assessment of the effects and consequences of human energy-related ac- 
tivities on the function, productivity, and viability of photosynthetic 
organisms is essential for future generations, who will increasingly be 
forced to develop renewable energy sources and manage sustainable eco- 
systems. 

One of the great achievements of human civilization is its ability to 
genetically select, breed, clone, and cultivate photosynthetic organisms on 
mass scales for the efficient production of food, fibers, fuels, drugs, and 
material and chemical feedstocks. To sustain this critical flow of energy 
and materials to meet human demands requires an understanding of the 
potential limitations imposed by genetic and environmental constraints on 
photosynthesis. We do not understand the genetic factors that determine 
variations in photosynthetic responses, how these factors are competitive- 
ly selected, or how the bounds of adaptation ate determined. 

It is critical that the combination of genetic and environmental factors 
that limit and control photosynthesis be sufficiently well understood to 
enable prediction of the responses of individual species to given climate- 
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2 change scenarios. While the timing, extent, spatial distribution, and feed- 
backs on climate changes are being studied intensely by climatologists, 
the effects of climate change on the abundance, distribution, fecundity, 
and productivity of photosynthetic organisms remain virtually unknown. 
Developing an undelstanding of the boundaries, limitations, and con- 
straints of physiological ;icclimation and evolutional adaptation of photo- 
synthetic organisms to climatic changes helps develop the scientific 
foundations for evaluating energy policy as well as for understanding the 
consequences of that policy on climate and on sustainable resources. 

The Workshop 

In October 1993, a group of more than 20 scientists (Appendix 1 lists 
the attendees), representing various areas of expertise related to ecology 
and photosynthesis, met to identify key scientific questions and possible 
experimental approaches to understanding the responses of photosynthetic 
organisms to global climate change. The rationale for this workshop was 
a need to develop a mechanistic understanding of photosynthetic respon- 
ses to environmental changes at local, regional, and global levels. The 
workshop provided a fomm for interdisciplinary scientific discussion on 
the productivity and photosynthetic responses of terrestrial and oceanic 
plants. Potential research topics were discussed to try to integrate 
molecular and biophysical methods with ecosystem-response studies. Only 
such a comprehensive research approach can provide the scientific 
information on photosynthetic organisms and related biotechnologies 
needed to evaluate biologically based alternative energy-supply options. 

Potential Responses to Environmental G hange by 
Photosynthetic Organisms 

The Photosynthesis Process 

Photosynthesis is a biological process that converts visible and near- 
infrared light to chemical energy that is used to synthesize organic 
material from inorganic substrates. The basic machinery of the photo- 
synthetic process is reasonably well understood on a molecular level 
(Barber and Anderson, 1994) and is highly conserved in algae and higher 
plants. It consists of a complex network of reactions that can be broadly 
categorized into three basic elements (Fig. 1): (1) a system for harvesting 
light, (2) a system for transforming light energy to chemical energy, and 
(3) a system for directing the chemical energy to the reduction of CO,. 

The photosynthetic reduction (i.e., “fixation”) of CO, requires protons 
and electrons. The light-harvesting systems contain pigments (e.g., chloro- 
phylls and carotenoids) that give plants their colomtion. The energy- 
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Fig. 1. The photosynthetic flow of electrons from water to carbon dioxide proceeds against an electrochemical 
gradient of 1.2 V and requires two photochemical events. Four electrons must be transferred, one at a time, to 
liberate a molecule of oxygen and reduce a molecule of CO, to carbohydrate. The process begins with (1) the 
absorption of a photon by the antenna of pigment system II. The energy of excitation is conveyed to a chlorophyll 
molecule in the reaction center of the photosynthetic unit; the molecule is designated P680 because one of the bands 
in its absorption spectrum is at 680 nm. The excited P680 transfers an electron to the acceptor Q, and subsequently 
recovers an electron from the donor 2. After 2 has given up four electrons, it regains them by oxidizing two 
molecules of water. From Q, the electron is passed through a series of carrier molecules, including B (which has not 
been identified), plastoquinone (PQ), and cytochromefiCyt> to plastocyanin ( P o .  Plastocyanin injects the electron 
into pigment system I. The reactionenter chlorophyll of pigment system I, designated P700, is excited through its 
owri antenna pigments and promotes an electron to the acceptor X. Finally, the electron is passed through ferredoxin- 
reducing substance (FRS), ferredoxin (FD), and the enzyme ferredoxinNADP+ reductase (R) to nicotinamide adenine 
dinucleotide phosphate (NADP+), which is thereby reduced to NADPH. NADPH is the primary product of these 
reactions. In addition, during two of the electron transfers, adenosine triphosphate (ATP) is produced from adenosine 
diphosphate (ADP) and inorganic phosphate. One site for ATP generation is between plastoquinone and cytochrome 
3 the other is associated with system 11 but has not been located. The NADPH and the ATP drive the process by 
which CO, is incorporated into carbohydrates (multiples of the unit CH20). There is also a cyclic system of 
photosynthesis in which electrons pass from W O O  to X and then return through various electron carriers to P700; 
in that system, only ATP is produced. 
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transforming system consists of two photochemical reactions working in 
series and connected by electron carriers. The first (PSII) uses light 
energy to split water into protons, electrons, and oxygen, the 1 s t  of 
which is released from plants as a by-product of photosynthesis. The 
electrons and protons are used in the second light reaction (PSI) to 
produce a chemical reducing agent for CO,. The organic acids and sugars 
formed by the reduction of CO, are subsequently converted to other con- 
stituents of living matter, such as amino acids, proteins, lipids, and 
nucleic acids. Organic matter thus represents photosynthetically stored 
solar energy. With the exception of certain rare bacterial species, pho- 
tosynthetic organisms are the only organisms capable of photochemically 
reducing CO,; hence, virtually all nonphotosynthetic organisms depend 
on photosynthetic organisms for their energy. 

The Effect of Environment on Photosynthetic Processes 

By definition, each photosynthetic species is unique and has evolved 
to optimize its ability to reproduce based, in large part, on its ability to 
harvest and use light and to respond to changes in temperature, CO,, 
nutrients, and water levels. The distribution of each species is determined 
by natural climatological conditions that determine light, temperature, 
CO,, nutrient, and water regimes. Important feedbacks between photosyn- 
thetic processes and climate glso exist but are poorly undecstood. Plants 
are variously adapted to survive and reproduce over a wide range of light, 
temperature, nutrient, CO,, and water regimes. Each species also has 
specialized mechanisms -that allow it to acclimate to climate change or 
environmental stress within time frames from seconds to years. Evolution- 
ary selection has led to genetic variability that provides, within bounds, 
for physiological acclimation to environmentally imposed stresses. 

More than 400 million years ago, in the Ordovician and Silurian eras, 
microscopic aquatic plants, which had a tentative foothold on the land, 
started to evolve into large vascular plants with the characteristics of the 
higher plants that dominate terrestrial vegetation today. The evolution of 
a diverse and widespread terrestrial flora presaged a long and marked 
drawdown in atmospheric CO, (Fig. 2). This drawdown ended with a per- 
iod of extended glaciation and a subsequent reduction in terrestrial photo- 
synthesis. The diagenesis of fossilized marine and temtrial photosyn- 
thetic organisms between the Paleozoic and Mesozoic eras, extending 
from 150 to 400 million years before the present, resulted in the forma- 
tion of the Earth’s gas, oil, and coal reserves. The carbon in fossil-fuel 
reserves is estimated to total between 8 and 12 times that in the present- 
day atmosphere. 

For most of the past 150 million years, the Earth was warmer than 
at present and underwent many cycles in temperature, precipitation, and 
sea level. During this period, three major factors determined the Earth’s 
climate: 

b Continental configuration, 
b Variations in. the orbit of the Earth around the sun, and 

The gas composition of the atmosphere. 



The first factor relates to the effect of the continents on ocean circulation 
and its ability to distribute heat from the equator to the poles. The 
second, and perhaps most important factor, is often invoked to explain 
changes in radiative forcing with recurrent perigcities at 18, 23, 44, 
100, and about 250 thousands of years. Such peridcities are closely 
matched in sedimentary records from cores throughout the world (Imbrie 
et al., 1992). The third factor relates feedbacks between the Earth‘s cli- 
mate and the concentration of infmed-absorbing (IR-absorbing) gases, 
especially CO,. Next to water, CO, is the most important IR-absorbing 
gas in the Earth’s atmosphere. The concentration of CO, in the atmo- 
sphere is largely determined by photosynthetic sinks relative to respira- 
tory production. However, it is generally believed that changes in p a l e  
climatological variations in atmospheric CO, were response-s to clima- 
tological changes rather than their causes. 

During the past 160,000 years, atmospheric CO, has ranged between 
190 and 290 ppmv, while global mean temperature has varied by about 
10°C. During this period, sea level has risen and fallen and risen again 
by more than 120 m, alternately exposing and flooding the continental 
shelves. These large and relatively w e n t  (cn a geological time scale) 
fluctuations in the Earth’s climate reveal thak 
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Fig. 2. The ratio of phanerozoic atmospheric carbon dioxide to the present 
level plotted versus time (Berner, 1992). The solid line and dashed uncertainty 
lines are from the theoretical model of Berner (1991). The horizontal bars along 
the abscissa indicate periods of glaciation, which coincide with low CO, levels 
except during the late Ordovician (Sarmiento and Bender, 1994). 5 



6 b Paleological variations in photosynthesis were related to, if not caused 
by, abiotic phenomena. 

b The fluctuations in atmospheric CO, were small, relative to previous 
geological epochs. 

For relatively long periods between glaciations, photosynthesis and 
respiratory processes were closely balanced globally (l3ender et al., 
1994). 

About 400,000 species of algae and higher plants are estimated to 
exist, and photosynthetic organisms have successfully adapted to every 
environment where light and liquid water available at least part of the 
year. The fossil record reveals extensive changes in the spatial distribu- 
tion and abundance of marine and tenestrial plants during the past few 
thousand years. The major determinant of the abundance and distribution 
of plants appears to be climate. Over geological time, the fossil records 
reveal periods of mass extinction and extensive plant growth. Adaptation 
to climatological variability is a consequence of genetic variability. 
Genetic variability is found in key components of the photosynthetic pro- 
cess: light-harvesting, carbon-acquisition, water-use, and thermal-stress- 
tolerance mechanisms. This variability reflects evolutional selection that 
has allowed the same basic photosynthetic processes to adapt to widely 
varying external conditions. Understanding and predicting how environ- 
mental factors select specific traits in the photosynthetic apparatus is a 
key problem in assessing how climate change will affect the biodiversity 
and habitability of the Earth. 

Predicting Photosynthetic Responses to Environmental Change 

During the past 200 years, the concentmtion of CO, in the Earth’s 
atmosphere has risen from about 275 to 360 ppmv at an annual rate of 
about 0.35% (Fig. 3). At the present rate of increase, atmospheric CO, 
will reach twice the pre-Industrial Revolution level within the next cen- 
tury. Such rates of change appear unprecedented in the geological record. 

CO, is a substrate of photosynthesis. A change in its concentration 
can directly affect photosynthetic activity as well as indirectly affect the 
abundance and distribution of individual plant species. Additionally, 
because the concentrations of other “greenhouse” gases (such as methane, 
oxides of nitrogen, and chlorofluorocarbons) are also increasing in the 
atmosphere, the Earth tends toabsorb longwave outbound radiation. This 
absorbtion leads to an overall warming of the planet. In scenarios where 
atmospheric CO, is doubled, climate models predict a 1.5 to 6OC increase 
in average global temperature, with the largest increases in high latitudes 
in the Northern Hemisphere (Fig. 4). If such increases occur, large areas 
of tundra permafrost will thaw seasonally, probably leading to invasion 
by different vascular and lower plants. The changes in heat, forced by the 
changes in gas composition, will necessarily lead to a redistribution in the 
amount and frequency of precipitation. At present, climate models do not 



predict the distribution of ptecipitation with a high d e g e  of confidence; 
nonetheless, precipitation is a critical determinant of terrestrial plant dis- 
tribution and abundance. 

Moreover, while temstrial plants fix 60% of the carbon fixed on 
Earth, the importance of oceanic photosynthetic organisms in the carbon 
cycle must not be overlooked. Although marine phytoplankton only ac- 
count for between 1 and 2% of the total plant biomass, they fix approxi- 
mately 40 billion metric tons of carbon annually. This flux of fixed 
organic carbon is critically dependent on ocean circulation as a so&e of 
nutrients. The coupling of atmospheric circulation to the oceans deter- 
mines (i.e., "forces") both ocean circulation and oceanic photosynthesis. 

Finally, direct changes in radiation, such as increased W-B fluxes 
brought about by a depletion in stratospheric ozone, directly affect the 
photosynthetic systems of both terrestrial and aquatic plants. 

While the uncertainties in the modeled distributions of the spatial and 
temporal patterns of precipitation in a C02-rich world are extremely 
large, a basic consensus emerges that precipitation and soil moisture will 
decrease in some regions of North America, Africa, Central Europe, the 
Middle East, South America, and Australia. In other regions, precipitation 
and soil moisture may increase. If the model predictions are borne out 
(Fig. 5), the potential impacts on photosynthetic responses could have 
significant impacts on multiple biogeochemical cycles, as well as the 
distribution of plants on land and in the ocean. However, it must be 
stressed that plants produce important feedbacks in climate, they affect 
the water vapor flux and albedo and, hence, the latent and sensible heat 
budgets of the atmosphere. Phytoplankton in the ocean affect the radia- 
tive-transfer properties in the upper ocean by altering the absorption of 
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Fig. 3. Atmospheric carbon dioxide for the past Id years as measured at 
Mauna Loa, Siple Station, and the South Pole (Sarmiento and Bender, 
1994). 
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Fig. 4. The distribution of the change of surface air temperature e C )  simulated near the time of CO, doubling by four coupled ocean-atmosphere general circulation 
models in response to a transient CO, increase. (a) The Geophysical Fluid Dynamic Laboratory results are averaged over years 60-80 and referenced to the 100-year 
average of a control. (b) The Max Planck Institute results are averaged over years 56-65 and referend to the corresponding years of a control. (c) The National Center 
for Atmospheric Research mults are averaged over years 31-60 and referend to the corresponding control years. (d) The United Kingdom Meteorological Office results 
are averaged over years 65-75 and are referenced to the corresponding years of a control. (From Houghton et al., 1992.) 
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solar radiation. Thus, climate-model predictions cannot be accurate if they 
do not account for these biological feedbacks on the radiative-transfer 
processes in the atmosphere. 

Understanding how plants can adapt to these climatologically driven 
processes is a daunting task One key to predicting the future is to under- 
stand the past. As climatological change has occurred in the geological 
history of the Earth, so must the adaptive strategies of the photosynthetic 
apparatus be e n d e d  in the genetic information of the extant organisms. 
During the past decade, a cxscade of molecular biological and biophysical 
information related to specific components of the photosynthetic process 
has emerged. It includes gene sequences, analyses of expression control, 
structural analyses of individual proteins and molecular complexes, 
mechanisms of energy transduction, and developmental processes. 

The genetic information contained within each species is, in effect, 
the “biological diary” that recorded the molecular adaptations that 
occurred in response to past environmental changes. Virtually none of this 
information has been systematically and methodically related to ecological 
issues let alone to global change. The application of molecular and bio- 
physical techniques to ecological processes is an emerging discipline in 
biological science in which multidisciplinary approaches are integrated to 
address complex scientific problems. 

Key Research Issues 

Several key research issues were discussed at the workshop that are 
related to two basic categories of environmental factors: 

Modifiers of photosynthesis, which include C02 concentration, tem- 
perature, water and nutrient availability, and UV-B radiation 

The principal driver of photosynthesis, namely light 

Climatological variability is not expected to affect directly the incident 
spectral irradiance from the sun between 400 and 700 nm (i.e., photosyn- 
thetically active radiation). Hence, photosynthetically active radiation is 
expected to remain constant in the foreseeable future. However, photosyn- 
thetic conversion of the incident radiation to biomass strongly depends 
upon the modifiers. Therefore, significant attention was paid to the uncer- 
tainties in the plants’ mponse to climatological modifiers at the mo- 
lecular, cellular, o r g a n i d ,  community, and ecosysfem levels and to the 
problem of scaling information to achieve understanding at the higher 
levels. What follows is a series of questions, subquestions, and issues 
related to the major climatological modifiers. 

Carbon Dioxide Responses 

The key issue: What are the effects of increased C02 on terreskial and 
aquatic photosynthesis, and how will those eflects influence the 
distribution of individual species? Hydrodictym retidatum 



Although CO, is a substrate for photosynthesis, numerous experimen- 
tal results reveal that the effects of elevated CO, on plant growth are 
complex. 

Plants have two basic carbon-fixing pathways. The simpler of the two 
is the C3 pathway, in which the first products of carbon fixation are 
compounds with three carbons. Economically important C3 plants include 
wheat, rice, barley, sugar-beet, soy, cotton, and most woody trees. A 
second pathway, which evolved much later, initially fixes CO, into com- 
pounds with four carbons. C4 plants include corn, sorghum, sugar cane, 
millet, and pasture and tropical grasses. Because of the specialized 
anatomy that protects the site of net CO, fixation from the external at- 
mosphere, C4 plants assimilate C02 more efficiently, under restrictive 
conditions, than do C3 plants. 

In the present-day atmosphere, photosynthesis is limited by C02 in 
C3 plants. Initially, it was predicted that increases in atmospheric CO, 
concentrations would stimulate terrestrial plant production, especially in 
C3 plants. Short-tern exposure to elevated CO, levels usually confirms 
this idea. However, if plants are chnically exposed to high levels of 
CO, for a few years, they can physiologically acclimate, and photosyn- 
thetic capacity will decrease. This acclimation appeals to be modified by 
nutritional stab as well as by the genetic potential to store fixed carbon 
in biological "sinks," such as wood or mots. When acclimation to CO, 
occurs, it may introduce a negative feedback with respect to how terres- 
trial plants respond to increased levels of atmospheric C02. The molecu- 
lar basis for this acclimation is unknown. 

The acclimation of photosynthesis to elevated CO, levels leads to a 
decrease in either the quantity or activity of the main carbon-fixing en- 
zyme, Rubisco. This effect is observed as a decrease in the maximum vel- 
ocity of carboxylation (VJ and is measured as a decrease in the initial 
slope of assimilation rate, A, as a function of CO, concentration (Fig. 6). 
As CO, levels are increased, the limiting step of photosynthesis shifts 
away from carbon fixation per se to processes limiting to the maximum 
capacity for regeneration of the substrates in the carbon-fixation pathway 
(J-). Thus, some loss of Rubisco activity can occur without any effect 
on photosynthetic rate at elevated CO, levels. Long and Drake (1992) 
showed from theory that termtrial C3 plants grown at the c m n t  atmo- 
spheric CO, levels would have 35% more Rubisco than that required in 
an atmosphere with double the current CO, concentration. Thus, a de- 
crease in Rubisco in plants grown in elevated CO, levels might be 
viewed as an'acclimatory change, allowing the nitrogen contained in the 
amino acids comprising this enzyme to be used in other metabolic path- 
ways. However, gmwth in elevated CO, levels may not only induce a de- 
creased V, but also J-, as illustrated for E. vaginaturn in Fig. 7.  The 
two responses illustrated represent the extremes on a continuum. In one, 
V, and J- are virtually unchanged, so photosynthesis in elevated CO, 
levels is substantially increased. In E. vaginaturn, decreases in V, and 
J- are so great that the photosynthetic rates of leaves grown and mea- 
sured at elevated CO, levels less than those of leaves gmwn and 
meaSured at current CO, levels. While a decrease in V, without a change 
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in J,, would appear to optimize resource use, Sage (1994) surveyed 
studies of photosynthetic acclimation and noted that this pattern was rare 
and that a decrease in V, was more often accompanied by decrease in 

Acclimation of photosynthesis in many previous studies may have 
simply been a result of limitation by restricted rooting volume. Several 
perennial gt-asses grown in the free-air CO, enrichment (FACE) experi- 
ment at Eschikon, Switzerland, acclimate to elevated CO, levels without 
any restriction on rooting volume. Further, cultivars within species in this 
experiment have also been found to show the scale of variation indicated 
between species in Fig. 7. Although attention has focused on Rubisco 
changes, Nie and Long (1992) demonstrated that trees grown in elevated 
CO, levels for 6 years showed changes in a large number of leaf proteins, 
many as yet unidentified. Some of these proteins appear to be involved 
in respiration. These results underscore the need for an improved under- 
standing of the commonly observed phenomenon of reduced respiration 
with growth at elevated CO, levels. 

Thus, acclimation to elevated C 0 2  levels is genetically as well as 
environmentally determined and requires understanding of change in both 
photosynthesis and respiration. Understanding the basis of the variability 
between genotypes will be critical to understanding long-term changes in 
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different ecosystems, will be a key issue in understanding the potential 
for adapting crop plants to the changing atmosphere, and may help to 
elucidate the basic underlying mechanisms. 

W h d  is the molecular basis for the long-term acclimation of photosyn- 
thesis at elevated levels of CO,? 

A combination of biochemical and genetic approaches can demon- 
strate that the end-product inhibition of photosynthetic metabolism or 
direct inhibition by low levels of intermediates in the carbon-fixing path- 
way cannot fully explain the longer-term inhibition of photosynthesis in 
elevated CO, levels. Rather, an adaptive regulation of photosynthesis via 
adjustment of the concentrations of key proteins might be involved. The 
full exploration with molecular biological techniques of this “coarse 
regulation” of photosynthetic capacity, originally indicated by studies of 
ecotypes and ecological studies of photoacclimation, is essential. The 
potential approaches to understanding this effect include: 

t- Prominent leaf proteins that show significant changes with long-term 
growth in elevated CO, concentrations need to be identified, and their 
functional roles in photosynthesis and how these changes relate to 
photosynthetic capacity and the physiological changes observed in the 
leaf need to be determined. Rubisco and its activase (a regulatory pro- 
tein) appear to be key players in these processes. Molecular techniques 
provide an experimental arsenal to fully explore both “coarse” 
(changes in enzyme) and “fine” (allosteric alteration of the enzymes 
and covalent modification) metabolic control processes. 

The hypothesis that carbohydrate accumulation resulting from eleva- 
ted-CO, growth plays a role in regulating photosynthetic gene expres- 
sion should be tested. This suggestion is based on a common observa- 
tion that leaves grown in elevated levels of CO, have an altered 
carbohydrate status (i.e., a large accumulation of starch and soluble 
sugars in the source leaves) indicating a sink-source imbalance. 
Showing if and how soluble carbohydrates may repress expression of 
photosynthetic (and possibly respiratory) genes is, however, only part 
of the problem. Allocation of carbohydrates also changes under eleva- 
ted CO,. Increases in root:shoot ratios have often been observed, and 
those species that show the least acclimation of photosynthetic capaci- 
ty are often those able to generate more sinks for the use of the addi- 
tional carbohydrate. At present, the molecular mechanisms underlying 
these changes are only minimally understood. A first step will be un- 
derstanding how growth in elevated CO, levels alters signaling be- 
tween the root and shoot system and between source leaves and sinks 
within the plant. Cytokinin levels in the shoot have long been known 
to influence synthesis and maintenance of the photosynthetic activity. 
How do changes in the activity of sinks, which produce these hor- 
mones, and transpiration, which carries them to the leaves, change 
under elevated CO, levels? Molecular genetics can facilitate answers 
to these questions by selective manipulation in hormone synthesis or 
for changed sink activity. 



t Much laboratory-based evidence indicates that genes involved in 
carbon fixation, such as that encoding the small subunit of Rubisco, 
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are repressed in plants that have accumulated soluble carbohydrates 
(e.g., Sheen, 1994). The mechanism by which carbohydrates repress 
nuclear genes is unknown. Identifjing the receptor proteins and under- 
standing the molecular biology of this repression will be critical to 
understanding how this effect may be modified by the natural envimn- 
ment. Elucidating the molecular bases of this control could also 
provide a basis for the genetic development of crops that are optimized 
to fix carbon at elevated CO, levels. Designing selection methods to 
isolate mutants that have altered responses to high CO, based on the 
results from the first two approaches is also feasible. For instance, if 
the genes for the small subunit of Rubisco are shown to be trans- 
criptionally repressed in response to prolonged high CO, concentra- 
tions, a genetic screen can be used to identify the regulatory genes that 
control this response. In Arubidopsk, such an approach identified 
genetic regulatory mutations that affect the regulated expression of the 
light-harvesting system (Susek et al., 1993; Li et al., 1994; Li et al., 
unpublished). These mutants either do not express the message at its 
proper levels in the light or overexpress it in the dark The approach 
should be generalizable for other photosynthetic genes that are 
involved in the adaptive response of plants to increasing concentrations 
of co,. 

t Respiration has frequently been observed to decrease in elevated CO, 
concentrations. This decrease appears to result from both a long-term 
response (i.e., tissues developed at elevated CO, levels show lower 
respiratory rates) and a short-term response (i.e., tissue grown at 
present-day levels of CO, and then exposed to elevated CO, concen- 
trations show an apparent immediate decrease in respiratory rate). 
Mast of these decreases have been demonstrated by use of gas-ex- 
change systems developed for photosynthesis and therefore for differ- 
ences in CO, concentration of about an order of magnitude greater 
than those produced by plant respiration. Understanding the molecular 
basis of these changes will be critical to both predicting ecosystem 
change and the potential for crop improvement. More information is 
needed on which respiratory pathways are changing and whether the 
respiratory apparatus is altered by CO, (and if so, which genes are 
suppressed). The use of defined respiratory mutants and molecular 
genetic analyses could provide vital clues to the mechanisms of this 
change. 

How do plcrnts regulafe the acquisition of C02? 

In algae, evidence exists of a CO,-concentrating mechanism that ac- 
tively transports inorganic carbon into cells, thereby maintaining a high 
intracellular concentration. In higher plants, gas exchange is regulated by 
guard cells that control stomatal conductance. 

This observation raises a number of intriguing subqudons, the first 
of which is: How do algae actively pump CO, into the cell? The mechan- 25 



16 isms whereby single-celled plants acquire inorganic carbon are unclear. 
In some cyanobacteria and seaweeds, physiological, biochemical, and 
genetic evidence indicates a carbon-concentrating mechanism. How ubiq- 
uitous and effective this mechanism is in providing a high internal 
concentration of inorganic carbon is unknown. Moteover, whether or how 
such a concentrating mechanism could affect the overall bulk chemical 
composition of the cells is not known. 

Potential approaches to understanding the importance of the carbon- 
concentrating mechanisms in microalgae include (1) studies of changes 
in stable-isotope fractionation as a function of inorganic-carbon supply, 
(2) determination of the intracellular pools of dissolved inorganic carbon 
with silicone-oil techniques and 13C nuclear magnetic resonance spectros- 
copy, and (3) molecular-genetic analyses of putative proteins or genes for 
the concentrating mechanism. 

?he second subquestion is: How do stomata sense CO,? Land plants 
live in constant peril of desiccation. The delicate cells that accomplish 
photosynthesis in plant leaves would be killed immediately if they were 
to dry to equilibrium with the atmosphere. Hence, the leaves of terrestrial 
plants are generally coated with a waxy cuticle, impervious to water, that 
is an effective barrier to water loss and that prevents desiccation of the 
cells of the leaf mesophyll. However, plants cannot completely avoid 
evaporation of water from their leaves because they also need to obtain 
atmospheric CO, for photosynthesis. This uptake of CO, occurs by diffu- 
sion through stomata, physiologically regulated pores that penetrate the 
epidermis of leaves. These pores are not selective; water vapor can dif- 
fuse out at the same time that CO, diffuses in. Water drawn from the soil 
thus is exchanged for CO,. While this is localized for each leaf on a 
plant, the process has much wider implications. More than half of the 
water evaporated from the land surface occurs from plants via their sto- 
mata, yet water is often tIie limiting resource for plant growth. Further- 
more, tremendous quantities of air (roughly half the troposphere per year) 
diffuse into and out of leaves and come in contact with the wet surfaces 
of the cells within (which are a major sink for many atmospheric pollu- 
tants like 0,, SO,, and NO,). Models of climate change and biogeochem- 
ical cycles must be able to accommodate these very-large-scale processes 
on small scales. These models are developed to include stomatal function. 

The general mechanism of stomatal regulation is fairly well under- 
stood The guard cells swell or shrink by changes in cell turgor, largely 
driven by the exchange of ions (K+, C1-, malate, and others) between the 
cells and their surroundinp. The changes in turgor cause changes in the 
aperture of the stomatal pore. With the technology of patch clamping, 
several transport mechanisms that drive these movements have been iden- 
tified and characterized. However, much is still to be learned about the 
regulation of these transport processes. Feedback mechanisms seem to 
come into play that result in apparent stomatal responses to (at least) 
light, CO,, atmospheric Iiumidity, and the plant’s water relations. The 
current working hypothesis is that multiple sensory mechanisms, through 
a system of second messengers, modulate the activity of ion channels and 
an ATPase located on the plasmalemma of the guard cell. Some aspects 
of the response to light, CO,, or the phytohormone abscisic acid have Botrydium ganutatum 



been characterized, but we have no idea yet how these various systems 
are integrated into a functional regulatory system with an elaborate feed- 
back control of stomatal conductance. This problem is one of the most 
challenging ones in regulatory biology. 

Stomata close in response to elevated levels of CO,. As a come- 
quence, water-vapor efflux from the leaf decreases, and the leaf's tem- 
perature may rise; mutant plants with CO,-insensitive stomata do not 
show such an increase. Thermal-imaging techniques might be usable in 
isolating mutants with CO,-insensitive stomata, and the tools of molecular 
genetics might be usable in isolating and characterizing the mutation. 
Such an approach may give us the ability to use thermal-imaging tech- 
niques from remote sensors to interpret the stomatal responses of leaves 
and canopies with a mechanistic understanding of interspecific variability 
in CO, sensitivity at both the molecular and physiological levels. 

The third subquestion is: Do stomata acclimate to elevated CO,? To 
address this question, the acclimation of the guard cells must be isolated 
from the acclimation of other cells in the leaf. One possible way of 
achieving this isolation is to study the responses of guard-cell protoplasts, 
particularly their swelling and shrhking in response to stimuli that 
regulate stomata apertures, including CO,. Patch-clamp techniques can be 
used to quantify the magnitude and kinetics of ion transport acrass guard- 
cell membranes. Another possible approach might be to use single-cell 
fluorescence to determine whether the guard cell's photosynthetic elec- 
tron transport differs in acclimated and non-acclimated plants. 

And the fourth subquestion is: How is water-use efficiency affected 
by an elevated CO, environment, and what is the stomatal contribution? 
The relationship between water-use efficiency and CO, concentrations 
seems to be highly variable between species. Interspecific variations may 
be related to the molecular bases of CO, perception and regulation. 
Molecular-genetic approaches, in conjunction with mutation and transfor- 
mation techniques, may allow us to understand how the two gases are 
sensed and their fluxes controlled. 

What selective pressure does the COz/Oz rafio have on the relative a$- 
finity of Rubisco for C02 in different species? 

The key enzyme in carbon fixation is ribulose-bisphosphate carboxyl- 
ase/oxygenase (Rubsico) (reviewed by Hartman and Harpel, 1994). Rubis- 
co is thought to be the single most abundant protein on Earth. Rubisco 
can "mistake" 0, for CO,; the net result of this 0, fixation is the 
depletion of the CO, acceptor and production of a carbon compound that 
is physiologically functionless. This process, called photorespiration, 
represents a significant loss of net photosynthetic carbon fixation for C3 
but not C4 plants. As the atmospheric CO, concentrations rise, photo- 
respiration rates may change. A key to understanding and predicting this 
response is related to the species-dependent ability of the enzyme to dis- 
criminate between CO, and 0,. This discrimination effect (called T) 
arises from extremely subtle conformational differences among Rubiscos 
from different organisms, which are genetically directed. 
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18 Organisms that n a t d l y  live under different CO,/O, ratios either 
display variations in T values that are correlated with time or actively 
transport CO, to the active site of Rubisco. Reconciling differences in T 
values with discernible alterations in protein fine structure is essential to 
understand the molecular basis for the CO, selectivity of Rubisco. We 
must understand how these structural determinants of specificity ~IE re- 
lated to the fitness of individual species; and from this knowledge, genet- 
ically engineering a more efficient enzyme may be possible. The selective 
pressure exerted by the CO,/O, ratio may not be apparent from compari- 
sons among higher plants, simply because they may not have evolved 
long enough. With the recent addition of more than 2000 large subunit 
amino-acid sequences to the gene database, comparing T values of addi- 
tional representative samples will be useful, such analyses may allow us 
to correlate structural changes associated with alterations in T. 

Thermal Effects and Acclimation 

A primary effect of global climate change will be on the distribution 
of heat. A relatively small change in seasonally averaged temperature of 
1 to 2OC may, over a long period, strongly influence the distribution of 
individual species. Phytoplankton in the ocean have relatively namw 
temperature tolerances compared with terrestrial plantq for example, cells 
in polar seas commonly thrive at Oo, while 3' is lethal. Conversely, low 
temperatures exclude many tropical and subtropical species from higher 
latitudes. The geographic distribution of higher plants is strongly in- 
fluenced by temperature, and the genetic basis of these response functions 
has been an active area of research for decades. 

What determines the thermal tolerance of individual plant species? 

Many higher plants are subjected to wide seasonal variations in 
growth temperature and may experience temperature-induced injury at 
both extremes (Somerville and Browse, 1991). For instance, many plants 
of tropical origin are injured by exposure to low, nonfreezing tempera- 
tures that do not harm plants from temperate zones. Some plants accli- 
mate so that they can Survive exposure to fmzing if they are first gradu- 
ally exposed to low temperat-. Similarly, with a period of growth in 
progressively warmer conditions, many species acclimate to thermal ex- 
tremes that injure nonacclimated plants. 

In seaweeds and microalgae, thermal acclimation is associated with 
changes in light-harvesting chlorophyll-protein complexes, electron- 
transport capacity, and Rubisco levels (Davison, 1991). Cells or plants 
acclimated to higher temperatures often have higher chlorophyll concen- 
trations and lower Rubisco levels. The molecular-signaling systems that 
respond to changes in temperature appear to be phenomenologically sim- 
ilar to those that signal imdiance-level changes. Neither of these signal 
mechanisms is well undetstood. 

Several experimental approaches have implicated membrane lipid 
composition as a factor in temperature-tolerance mechanisms in both 
algae and higher plants. In broad terms, a reduction in the level of Dintomn h i d e  



membrane ullsaturation (that is, a reduction in the number of double 
bonds in the fatty acids of glycerolipids) reduces low-temperature fitness 
and, in some cases, is associated with incteased tolerance to high temper- 
atures (Browse et al., 1994). For example, mutants of Arabidopsis in 
which saturation of membrane lipids is altered show changes in mem- 
brane stability and in the response of photosynthetic rates td changes in 
temperature. The magnitude of the effects observed in the mutants is 
comparable with observations on natural populations of adapted and 
nonadapted plants. Ultrastructural analysis of chloroplasts from plants 
grown at low temperatures indicated a major reduction in the amount of 
both appressed and nonappressed thylakoids, and this was associated with 
simultaneous reductions in amounts of chlorophyll, lipid, and protein. 
Overall, the results suggest that changes in fatty acids strongly affect 
development at low temperatures. 

It is likely that many other constitutive and adaptive features are 
important in determining the competitiveness and, hence, the distribution 
of a species at mildly elevated temperat-. However, understanding the 
role of membrane lipid composition in plant temperature responses is an 
essential prerequisite to predicting these aspects of environmental change. 
Biochemical, biophysical, and molecular genetic tools are now available 
to facilitate studies of lipid structure and membrane function (Browse and 
Somerville, 1991; Gibson et al., 1994). Comparative genetic and physio- 
logical studies on thermal-tolemce mechanisms need to be applied to 
undetstanding thermal acclimation and stress. 

Nutrient Limitation 

All biogeochemical cycles are coupled, that is, the fluxes of essential 
elements (such as carbon, nitrogen, phosphorous, oxygen, iron, and sul- 
fur) are not linearly interrelated. The ability of any organism to effective- 
ly respond to changes in chemical or physical signals in the environment 
will depend on its nutrient status. When two or more variables are simul- 
taneously encountered, the organism will generally exhibit a hierarchical 
or ordered response. In the case of increased exposure to CO,, we can 
reasonably ask what is the ability of photosynthetic organisms to fix ad- 
ditional carbon under the higher C02 situation. While a priori it might be 
reasoned that such major nutrients as nitrogen, phosphorus, iron, or water 
might become limiting, insufficient data exist to confidently predict the 
expected responses in large ecosystems. 

What effect does nutrient limitation have on adaptafion or acclimation? 

In the oceans, photosynthetic carbon fixation is strongly influenced 
by the distribution of essential nutrients, especially fixed nitrogen and 
iron. Nutrient limitation leads to a decrease in the quantum efficiency of 
carbon fixation. Measurements of variable fluorescence across ocean 
basins reveal the correlation between the flux of nutrients and photosyn- 
thetic-energy-conversion efficiency. The variations in energy-conversion 
efficiency reflect alterations in key proteins in the photosynthetic ap- 
paratus (Falkowski et al., 1992). Biological oceanographers have focussed 
on the fluxes of nutrients to constrain the global carbon cycle. Yet, de- 
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spite decades of ecological research, identifying specific elements that 
limit photosynthesis remains elusive (Kolber et al., 1994). 

Studies to address this problem could proceed in two ways. First, 
carefully chosen model organisms should be studied under defined con- 
ditions in the laboratory. ]Biochemical characterization of the photo- 
synthetic apparatus would examine the components of the light-harvesting 
apparatus as well as the carbon-fixation cycle. Several molecular tools 
would need to be developed to assess the nutrient status of plants in the 
field; these tools would include specific antisera for detecting key proteins 
as well as gene probes to assay mRNA levels. Second, where possible, 
indicators highly s p i f i c  to particular nutrient stresses should be sought. 
For example, it is well known that iron-limited phytoplankton produce 
flavodoxin to replace the iron-containing fedoxin .  Hence, flavodoxin 
represents a highly specific signal for the iron status of such cells; this 
signal may be determined by detecting the protein (with antibodies), or 
the mRNA could be detected by reverse-transcriptasecoupled PCR meth- 
ods (ZaRoche et al., 1993). Analogous molecular markem, which are 
diagnostic of other specific limiting nutrients, can be developed and 
applied to field samples (Fdkowski et al., 1992). This approach, which 
is applicable to both algae and higher plants, has great potential for 
developing a mechanistic understanding of stress responses in plants in 
general, but it requires an initial investment of basic research into the 
stress responses that are relevant to environmental variations. 

In natural terrestrial ecosystems, nutrient (especially nitrogen) 
limitation commonly is found to limit plant growth. On a physiological 
level, nitrogen limitation can reduce the ability of plants to acclimate to 
stress or elevated CO, by forcing a redirection of protein and nitrogen 
from the photosynthetic apparatus to other metabolic processes. Typical 
molecular diagnostics of nitrogen limitation are a reduction in the pool 
sizes of Rubisco and light-harvesting chlorophyll proteins. On long time 
scales (years to decades), nutrient limitation is a form of ecological 
selection pressure that affects the distribution of specific vegetation. The 
molecular basis and biophysical, physiological, and ecological consequen- 
ces of nutrient limitation on terrestrial plant photosynthesis in natural 
ecosystems remains largely unknown. Nitrogen limitation can result in a 
dec- in both translation and transcription, but the sensing systems of 
this stress, and their interactions with other environmental cues, q u i r e  
elucidation. Possible approaches include analyses of mRNA transcription 
and stability, the abundance of charged tRNAs, and the downregulation 
of specific genes in response to posttranslational modification of protein 
or secondary gene products. The molecular-biological approaches should 
be integrated with biophysical and physiological studies to determine 
quantitative effects on photosynthetic tesponses. 

Finally, a significant difference between aquatic and terrestrial photo- 
synthetic organisms in response to nutrient limitation is found in their 
overall composition. The elemental ratios of C/N/P are highly constrained 
in unicellular algae and aquatic ecosystems in general, thereby allowing 
reasonable closure on biogeochemical budgets. In terrestrial ecosystems, 
however, wide ranges of C/N and C/P may be encountered, largely as a 
result of highly variable ratios of nonphotosynthetic storage tissue (e.g., 



wood) to protein-rich photosynthetic tissues. Understanding genetic deter- 
minants of allocation of elements to specific tissues is essential to 
predicting how climate-change scenarios will impact tedal-ecosystem 
structure. 
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UV-B Damage 

What is the effect of elevafed UV-B on photosynthesis, what are the 
photosynthetic hrgets, and what determines the sensitivity of individual 
species to W - B ?  

The prospect of i n c d g  levels of UV-B as the result of changing 
atmospheric composition has broad implications for all living organisms 
because UV-B is absorbed by aromatic amino acids and nucleic acids. 
Terrestrial and aquatic photosynthetic organisms may suffer additional 
damage resulting from the specific UV-B absorption by components of 
the photosynthetic apparatus. From our current knowledge of photosyn- 
thesis, most of this damage is likely to be localized in the Photosystem 
11 (PSII) reaction-center complex. Because PSII is a major site at which 
light energy is photochemically converted to chemical energy, inhibition 
of the photochemical reactions in PSII will cause a proportional decrease 
in photosynthetic rate at all but saturating light conditions. Thus, identify- 
ing the site of UV-B absorption, light-induced damage and repair mecha- 
nisms, and natural photoprotective reactions is critical to understanding 
the overall response of plants to climate change. 

Understanding and quantifying UV-B damage requires knowledge of 
terrestrial and aquatic UV-B light fields (incident intensity at the surface 
of the organism), the cellular and tissue-specific absorption and scattering 
properties of the plant sample that modify the incident-light field, and the 
dose/fluence-dependence of the UV-B-induced damage. Essentially, the 
rate of W-B-induced damage can be predicted from the product of the 
action spectrum of the damage, the incident-light field, and the quantum 
requirement of the photoinduced damage. With these data, predicting and 
modeling the rate and distribution of W-B-induced damage in natural 
systems should be possible. 

Two physiological considerations may decrease or even eliminate the 
depression of photosynthesis in the presence of significant amounts of 
UV-B light. The first involves the production of UV-B absorbers that 
screen other sensitive sites in the cell. Such screening molecules are 
common in algae, plants, and animals, but their protection against UV-B 
damage and the pathways that regulate their expression (accumulation) 
are not understood. Studies of the molecular properties of screefls and the 
regulation of their accumulation should be a high priority if the models 
predict significant damage. 

The second involves mechanisms that repair damaged molecules. The 
repair capacity is likely to differ between species and to be affected by 
nutrient status and temperature. 

The approaches to studying the UV-B-induced damage repair in 
photosynthesis should identify and quantitate damage and its repair as 
well as the molecular mechanisms involved. In addition, molecular and 
genetic techniques should be applied to identify cells and mechanisms 
that produce UV-B scmns. 
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Molecular genetic approaches for understanding the effects of UV-B 
on photosynthesis can be developed. For example, the presence of W-B- 
absorbing screens may alter the scattering and absorption properties of the 
photosynthetically available radiation, thus decreasing the coupling of 
photosynthesis to incident light. In Arabidopss (and other plants) these 
screens are generally the flavonoids, anthocyanins that normally are found 
in epidermal cells of the leaf where, it is thought, they protect the meso- 
phyll layers from harm. -In Arabidopsis, a class of mutants, the it (trans- 
parent testa) mutants, are defective in various enzymes in the biosynthetic 
pathway (e.g., chalcone synthase and chalcone isomerase). These mutants 
are devoid of two distinct classes of phenylalanine-derived, UV-absorp- 
tive secondary products, flavonols and sinapic acid esters, and the plants 
arc hypersensitive to W - B  irradiation (Li et al., 1993). Because all the 
biosynthetic genes have been cloned (e.g., Shirley et al., 1992) and much 
is known about the regulation of expression of chalcone synthase (a rate- 
limiting step, Feinbaum et al., 1991; Kubasek et al., 1992), genetic 
screens for anthocyanin over-expressors or promoter-up chs mutations 
might be developed to produce plants with enhanced protection against 
UV-B. 

Interactive Processes 

In nature, unlike in the laboratory, it is not sufficient to describe 
responses to a single variable because variables usually change in concert. 
For example, an increas’e in CO, is expected to be accompanied by an in- 
crease in temperature. Developing a strategy for understanding multiple 
limitations is highly desirable. 

What are the cellular responses to higher C02 under a variety of 
secondary limitations? 

Understanding the cellular responses to high CO, under a variety of 
secondary limitations underlies any predictive capability about the physio- 
logical and ecological effects of elevated levels of CO, because these 
inevitably are accompanied by changes in other variables, such as temper- 
ature, water availability, and nutrient status. This situation is a classic 
problem of “control theory,” which has been successfully applied to 
biological systems. The link between cellular and ecophysiological 
responses requires a knowledge of long-term effects, whereas cellular 
responses are normally studied in the short term. Separating the short- 
and long-term responses q u i r e s  specific strategies. 

The objective of such studies is to identify control points in net 
photosynthesis and to determine how they change with elevated CO, 
levels. The experimental approach to contml theory is well defined, 
requiring the quanMiable variation of one system parameter and the 
quantitative assessment of the resulting changes in function, such as the 
flow through a metabolic network The observed change in flux reflects 
the importance of the selected parameter in controlling the overall 
process. 
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For the reductive C02 fixation pathway, earlier mearch yielded 

points under optimal conditions. This work must be extended to include 
additional variables, so that the response of the pathway is fully 
characterized in the absence of any prior acclimation. Rubisco activity 
can be easily varied through its intrinsic activation mechanism. However, 
tight-binding or covalent inhibitors must be designed that can target and 
modulate other key enzymes, including the various phosphatases and ribu- 
lose-5-phosphate kinase. The overall characterization also must include 
the response to varied levels of ATP synthesis and the light reactions, 
both of which can be regulated by well-known inhibitors. Inhibition of 
PSII will serve as a simulation of the effect of photoinhibition. At each 
level of inhibition or control of a given step, the net flux to CO, fixation 
then is assayed at different (elevated) CO, levels to determine the net 
control response. 

Similar approaches must be extended to higher levels of organization, 
such as terrestrial plant communities and natural phytoplankton assem- 
blages. For the latter, the deletion of any C02-concentrating mechanisms 
might provide better models for the responses of higher plants. After the 
control characteristics for net photosynthesis have been established, the 
effect of elevated CO, must be assessed to see if the control points shift. 
In cell cultures, the short-term responses can be easily separated from 
longer-term acclimations brought on by prolonged growth under elevated 
C02. Cultures also will provide ideal testbeds for biotechnological 
approaches to component control. 

Such an extension provides us with a major problem in the need for 
homogeneous modulation of component activity. Inhibitors and other 
chemical modifiers are not generally distributed evenly through the 
vascular system. This limitation might be overcome by using antisense 
RNA in transgenic plants to down-regulate the expression of certain 
enzymes throughout the plant. However, the response then involves 
effects of such down regulation on the long-term development of the 
plant and does not allow separation of long-term and short-term effects. 
This situation could be avoided and exploited by placing antisense RNA 
production under the control of tissue-specific and/or inducible promoters. 
In the latter case, once the plants are established, the promoters could be 
turned on by some chemical or physical signal, and the effect of the 
subsequent modulation of activity studied 

considerable insight into which enzymes represent significant control 

The Emergence of Tools and Technologies in 
Photosynthesis Research 

The Molecular Biology Watershed 

The past decade has witnessed explosive growth in developing 
molecular tools and techniques that have been applied to plant science. 
These tools provide the means to determine the genetic basis of plant 
adaptation and acclimation to environmental change and stress. It is no 
longer a fantasy to suggest that "designer plants" can be tailored for 23 



24 specific present and fhbm environments. The concept of understanding 
ecotypic differentiation, long the province of ecophysiology, is being 
replaced by the concept of specific “ecotypic engineering.” The useful- 
ness of this approach depends crucially on the retention and further train- 
ing of persons suitably skilled in the traditional disciplines of ecophysi- 
ology and biochemistry. Application of this information can be used to 
develop plants genetically with improved stress tolerance. Molecular tools 
also can allow an analysis of biodiversity and of the impact of environ- 
mental change on factors limiting plant productivity within complex EO- 

systems, thus providing information about short-term impacts of environ- 
mental change. Comparative genetic analysis potentially allows us to 
understand interspecific and intraspecific variability, as well as phenotypic 
traits that confer sensitivity or tolerance to environmental stress. 

The following is a brief description of some of the available tech- 
niques and their applications: 

Identification of genes controlling plant adcrptation and acclimation to 
environmenhd stress 

Differential cDNA library screening is based on the premise that, if 
a plant acclimates to a change in the environment by inducing or re- 
pressing a gene, the specific genes can be detected by differential 
hybridization of cDNA libkries between a control plant and an acclim- 
ated plant. The approach, which uses PCR amplification techniques, is 
widely applicable and can be used to identify inducible genetic responses 
to specific stresses, individual plant responses in an ecosystem, and genes 
involved in acclimation responses. 

Identificaiion of important genes through mutation analysis in model 
systems 

This approach uses selectable markers and either sitedirected or 
deletion mutation methods to assess the phenotypic importance of a gene 
product. For photosynthetic responses, this approach requires a screen for 
specific traits (e.g., low quantum yield or high quantum yield) as defined 
by an ecophysiologist, and can be used in model systems to find genes 
that then can identify related genes in other plants. This approach also is 
excellent for defining a signal-transduction pathway. 

Identification of important genes in germplasm collections with 
molecular markers 

Germplasm resou~ces represent vast collections of ecotypes from 
different environmental niches and regions around the world. For 
example, the sorghum collection totals 20,000 accessions collected 
primarily in Africa, India, and China. Similarly, large germplasm 
collections exist for maize, rice, and other grains. Screening methods 
could identify genetic variation in adaptation to environmental stress 
within a germplasm collection. Once an adaptation is identified, 
molecular-marker technology can track down the genetic basis of the 
adaptation. This approach can be extended across species lines to search 
for common adaptation mechanisms. 



Analysis of specific exotic model species PLANTAINLEAF BU?TERCLJI-' 
Ranunadus alismaefilius 

This approach would search for species that occupy unusual niches, 
thus providing a valuable source of genetic information in relation to 
adaptation of the photosynthetic apparatus to environmental extremes. The 
approach has been used with some success to look at thermal tolerance 
in plants. 

Technologies for Gene Analysis and Utilization 

Antisense and cosuppression 

This approach uses a genetic system to misdirect the plant into 
mailing less messenger RNA for a specific protein. It requires a plant- 
transformation system that can produce a range of responses conespon- 
ding to the suppression of specific gene expression. The approach is 
powerful in testing hypotheses related to the importance of specific 
enzymes in complex metabolic pathways, such as the Calvin cycle and 
C4 photosynthesis. 

Expression studies and biochemical analysis 

This approach analyzes gene expression (e.g., mRNA and protein) in 
response to stresses. It can be extended to investigate gene promoters that 
connect gene expression to signal-transduction pathways. Overexpression 
(i.e., promotor modification) and site-directed mutation can be used in 
conjunction with an antisense and cosupptesSion approach to biochemical 
and physiological analyses of protein function. 

Status indicators and populafion probes 

Plants often produce specific proteins or mRNAs in response to given 
stresses; often, the stress responses are common for different species. This 
approach would use specific probes that correspond to genes induced in 
response to a specific limitation. It can be used to assess the spatial and 
temporal extent of a limitation in a natural ecosystem. DNA fingerprints 
of genetic markers that allow individual species to be detected and their 
abundance quantified in natural ecosystems potentially allow assessment 
of genetic drift and variability. 

Model Genetic Systems 

Much of our understanding of photosynthesis has resulted from the 
intense efforts of diverse groups of researchers on model plants. Though 
model organisms are chosen on the basis of genetic convenience not eco- 
logical relevance, they provide access to fundamental metabolic processes 
involved in the genetic responses of plants to changes in their environ- 
ment. While it is sensible and necessary to study crop plants and plants 
from the ecosystems under analysis, those plants have disadvantages for 25 



26 molecular and genetic experimentation. In contrast, model plants general- 
ly have small nuclear genomes, are transformable, and have short genera- 
tion times. For instance, Arubidopsis thulium is a small, flowering, 
dicotyledonous plant with a small genome (about lOOx smaller than most 
crop plants), a near absence of dispersed repetitive DNA, and a gener- 
ation time of about five week, in addition, it can be easily transformed 
(genetically modified). Many mutations that affect hormone synthesis and 
action, many different enzyme activities, numerous developmental pro- 
cesses, and seved responses to the environment have been identified. 
These mutations are the springboard for cloning fundamental regulatory 
genes that govern these processes. Generally, Arubidopsis genes have 
functional homologs in other plants. Because Arubidopis is a small plant, 
many genetically identical individuals can be studied in controlled growth 
environments to assess their responses to well-defined changes in growth 
conditions. Arubidopsis also is of interest for ecological studies because 
many ecotypes have been collected from around the world with different 
requirements for characteristics, such as germination and flowering. 
ChIamydomunas is a green alga that has been used extensively to study 
nuclear-chloroplast interactions during photosynthetic growth. Its advan- 
tage is its well characterized excellent genetics, coupled with the fact that 
it has only one chloroplast per cell. The chloroplast genome can be 
altered by transformation or by altering the endogenous gene activity. 

Important examples OF applying model systems to resolve key 
problems in photosynthesis include: 
w The expression of carbonic anhydrase genes in cyanobacteria to estab- 

lish the role of this enzyme in C02-concentrating mechanisms (Price 
and Badger, 1989) 

The engineering of the reaction-center proteins of PSII, such as D1, in 
attempting to understand its roles in photoinhibition . The development of pigmented nutrients that have high photosynthetic 
efficiencies (Heifetz et d., 1992) 

Biophysical Instrumentation 

Paralleling the developments of molecular genetic tools and 
techniques, the miniaturization of electronics and the developments in 
microprocessors have led to development of sophisticated and sensitive 
biophysical instruments that can be applied to understanding photosyn- 
thetic responses. Two classes of new instrumentation are needed: those 
for intensive analysis of genetically engineered organisms under con- 
trolled conditions and those for extensive analysis of key processes under 
natural conditions in extensive natural ecosystems. A special class of 
portable equipment for "gmund truth" observation of leaf or algal cell 
photosynthetic activity under field conditions will have a key role in 
integrating cellular to ecosystem activities. Sorastruin sphuloswn 



Fluorescence PRAIRIE FLAX 
Linum leroisii 

Perhaps the most frequently used technique in photosynthesis research 
is based on following the changes in chlorophyll fluorescence. Such 
techniques as fluorescence induction, pump-and-probe, fast repetition rate, 
and fluorescence lifetimes can be used to derive information nondestruc- 
tively and in real time about the quantum efficiency of photochemical 
energy conversion. Instruments are available for use in aquatic and terres- 
trial systems, and they have been used to assess local and regional 
changes in quantum yield under ambient conditions. The basic pump-and- 
probe and lifetime fluorescence techniques can be applied from fixed- 
wing-aircraft LIDAR systems, which would provide large spatial cover- 
age. For timeseries analyses in the ocean, battery-powered moored 
fluorometefi have been successfully deployed in many areas, and they 
could readily be configured to retrieve variable fluorescence data. In 
terrestrial systems, local measurements could be conducted via automated 
systems. Such systems, which are not yet developed, would require proof- 
of-method experimental work 

Optical spectroscopy 

Spectrophotometric methods afford investigations of kinetics and pool 
sizes of a wide range of photosynthetic reactions and substrates in vivo. 
Key among these needs are portable devices for measuring the inter- 
conversion of the xanthophyll pigments (absorbance change at 508 nm), 
and the conformational change in thylakoid membranes associated with 
ApH generation and the energy status of the chloroplast (absorbance 
change at 535nm). Both parameters indicate and participate in the 
reversible down-tegulation of PSII efficiency that underlies dynamic 
photoinhibiti&. Flash-lamp-based instruments have been designed and 
used under field conditions with crop plants. Such instruments are 
especially attractive because they offer high sensitivity under ambient 
irradiance; however, they are not yet commercially available. Developing 
automated systems, coupled with flash-lamp spectrophotometers, could 
provide valuable insight into the dynamics of key reactions under ambient 
conditions. 

Gas exchange 

One of the most powerful integrative analytical tools in photosyn- 
thetic research is likely to be rapid-response gas-exchange systems with 
small chambers and resolving times of seconds. Pioneered by Laisk and 
his colleagues (1992), these instruments now are fitted with rapid- 
response, infrared gas analysis for CO,, and zirconium oxide analyzers 
for O,, or are coupled to mass spectrometers. When fitted with the full 
array of optical sensors for fluorescence and absorptance, these instru- 
ments can simultaneously analyze, in vivo, key photosynthetic processes, 
from light reactions and poising of the redox state of the electmn- 
transport system to terminal acceptors of C 0 2  and O2 exchange. Com- 
parative studies could be used to interpret the genetic controls of 27 



28 photosynthetic processes (thereby providing a correlative, mechanistic 
understanding of how genotypic differences are related to phenotypic 
ones) and of interspecific adaptive strategies in the photosynthetic 
apparatus. 

Electron paramagnetic resonance 

Electron paramagnetic monance (EPR) spectroscopy can demonstrate 
the presence of specific metals and radicals and thereby elucidate their 
role in the primary charge separation and stabilization process. Indeed, 
recent studies suggest that manganese EPR will give insights into the 
functional stability of the water-oxidation process, especially in relation 
to its malfunction as a generator of H202. Subsequent scavenging of 
H202 via the ascorbate peroxidase system, assessed by EPR measurement 
of the mono-dehydro-ascorbate radical, also is proving a fruitful approach 
to the genetal problem of oxidative stress. Such methods, coupled with 
biochemical studies of proteins, should allow cornlation of variations in 
photochemical yields with Ihe abundance of specific proteins. However, 
proof of causality may q u i r e  antisense or mutation studies. 

Thermoluminescence 

Thermoluminescence systems allow sensitive analyses of environmen- 
tal damage to the photosynthetic apparatus. In laboratory studies, this 
technique has been applied to identifying sites of damage of photoinhibi- 
tion. The basic apparatus can be easily miniaturized and applied to 
terrestrial and aquatic systems and, in conjunction with measuring 
variable fluorescence and analyzing the abundance of specific proteins, 
can be used to understand the molecular basis of many environmental 
stresses on primary photocliemistry. 

Scaling from Molecular to Ecosystem Levels 

The Problem of Scale 

A major problem in ecology is developing strategies for scaling 
information. To be of utmost use, the mechanistic information developed 
by plant molecular ecologists must relate small-scale processes to large- 
scale phenomena (Falkowski and LaRoche, 1991). Such relationships 
must be described mathematically for use in prognostic models of global 
change. Presently, estimates of global photosynthetic carbon fixation are 
poorly constrained, their range for oceanic photosynthesis varies from 27 
to 50 gigatons of carbon fixed annually. Problems of scaling photosyn- 
thetic processes have especially hamped  progress in temtrial eco- 
systems, where sampling problems are daunting. In oceanic systems, the 
use of towed instruments for spatial surveys in conjunction with intensive 
analyses at selected points has facilitated the application of biophysical 
and molecular biological techniques to very large scales (thousands of 
kilometers; Falkowski, 1994). Addaria &&i 



The estimates for the temstrial biosphere range from 45 to 60 
gigatons. The spatial and temporal distribution of plant biomass can be 
assessed on a global scale through satellite information, and finer scale 
variations in biomass can be determined from local or regional informa- 
tion. Relating biomass to photosynthetic rates requires an understanding 
of the distribution of spectral irradiance within the ocean, field, or canopy 
as well as measurements of the quantum efficiency of carbon fixation. 
Integrated-systems approaches that use multidisciplinary tools can help to 
overcome this scaling problem. 

Problems of Extrapolation 

What fraction of sunlight reaching the surfcrce of the earth is absorbed 
by photosyntheticpigments? How i s  it distributed over the surfixe of the 
Earth ? Among what types of photosynthe&c organisms is it dMibuted? 
How can photosynthetic investigations be extrapolated from the cell to 
the leaJ canopy, and population levels? 

The integrated effect of environmental stress on the overall 
photosynthetic performance of plants is manifested as an a l t e d  effi- 
ciency of photosynthetic energy conversion &e., the rate at which light 
energy is transformed into chemical energy). Efficiency can be related 
directly to CO, assimilation through the quantum yield The maximum 
achievable quantum yield is approximately 0.11 mol of 0, per mol of 
absorbed photons @jorkman and Demmig, 1987). Most plants, most of 
the time, exhibit lower quantum yields because of intrinsic factors, such 
as photompiration and photoinhibition (which are the unavoidable 
inefficiencies in the biochemical reactions of CO, fixation and in the 
photochemical reactions of PSII, respectively), and because of extrinsic 
factors, such as nutrient limitation, temperature stress, and pathological 
conditions. In the ocean, large-scale variations in the quantum efficiency 
of PSII can be related to the availability of nutrients. While these effects 
can be readily detected from changes in variable fluorescence, their 
molecular bases are unknown. In terrestrial plants, the variability in 
quantum yield appears to arise primarily from supraoptimal irradiance 
levels and drought stress; again, the molecular bases m poorly 
understood. 

While large variations in quantum yield clearly exist in natw,  a 
major problem has been extrapolating from measurements on cells or 
leaves to canopy and ecosystems. Three basic tools help breach the 
problem of scaling: analysis of optical signals, study of biogeochemical 
processes, and scteening of molecular populations. 

Optical signal analyses 

ROSE PUSSYTOES 
Antermaria rose0 

Plant coloration is distinctive for both terrestrial and marine systems 
and can be detected from satellite color images. Satellite data routinely 
are used to derive the spatial and temporal variations and changes in plant 
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30 biomass, and recent algorithm development allows key species to be de- 
tected if they posses unique optical properties. Satellite data integrate 
truly global data on synoptic time scales and can be directly related to 
real-time, gmund-truth measurements. This latter capability offers the 
potential for interngating plant physiological status based on biophysical 
optical methods. For example, fluorescence is a very Sensitive measure 
of physiological state that is directly Elated to the molecular ecology of 
light absorption and use. Both steady-state and time-resolved fluorescence 
techniques  IS very useful in examining the effects of light, CO,, and 
other metabolic gradients in the leaf on photosynthetic function in vivo. 
For the whole leaf, prompt and delayed fluorescence can be used to ex- 
amine stomatal limitations and function. Fixed-wing aircraft carrying 
passive and active sensors can be used to describe variations in optical 
signals, such as fluonxcenoe and imdiance reflectance, from largescale 
systems. In conjunction with independent measurements of gas exchange 
and diagnostic molecular-marker measurements, tempo& and spatial 
variations in the processes limiting and controlling photosynthetic rates 
for individual species, comnunities, and ecosystems can be extrapolated 
from small-scale process studies. 

Biogeochemical processes 

Photosynthesis leads to a fractionation of both stable isotopes of 
carbon and oxygen. The isotopic fractionation of carbon discriminates 
against the heavier 13C in the atmo$here; this discrimination is greatest 
for terrestrial C3 plants. The carbon isotopic composition of the atme 
sphere can be used to differentiate terrestrial and marine photosynthetic 
processes. In conjunction with stableoxygen isotope analyses, the 
changes in sinks of atmospheric CO, can be quantified and related to 
regional and latitudinal gradients in limiting lactors. While the molecular 
basis of carbon-isotope fractionation is reasonably well understood and 
is related to a discrimitlation by Rubisco, the basis for oxygen 
fractionation is obscure (Bender et al., 1994). 

Molecular population analyses 

A major, underdeveloped potential to help in scaling is the scraning 
and analysis of genetic variability of key natural photosynthetic genes. 
While tools for such analyses exist, the resources to apply them to natural 
ecosystems have not been forthcoming. Such analyses should include an 
understanding of how the control elements in the genetic information are 
related to the signaling processes at a molecular level. Such an under- 
taking requires intensive, carefully controlled experiments to identify key 
genes or gene families that regulate, respond to, or feedback to the 
aforementioned modifiers of photosynthesis. The spatial variations in 
these key elements can be related via herbarium and preserved samples 
to genetic drift and selection. This latter process will allow us to make 
some prediction about the fitness and competitive ability of key species 
of olants in a new. changing environment. * Y Y  



Approaches for Integrating Plant Molecular 
Ecology into Environmental-Change Research 

RYDBERG PENTSEh4ON 
Pmtstemon rydbergii 

Plant molecular ecology does not exist in a vacuum. The questions 
posed at the workshop are part of a larger class of questions related to the 
effects of, and feedbacks on, climate change and ecosystem responses. In 
this context, DOE and other agencies with climatechange programs must 
coordinate ecosystem-process studies and abiotic radiative-transfer- 
modeling studies. This integration is essential to the success of any 
research prognostication. 

The Role of the U.S. Department of Energy in Climate-Change and 
Photosynthesis Research 

The U.S. Department of Energy, Office of Health and Environmental 
Research, has a major goal of quantitatively assessing the effects of 
energy extraction and usage on the global environment. Programs in 
atmospheric radiation measurement and in terrestrial and aquatic ecology 
are directed to improving and understanding scenarios of global climate 
change. Additionally, and importantly, OHER has major research efforts 
in molecular biology, specially in relation to gene-sequencing technology 
and structural biology. The office of Basic Energy Sciences, Division of 
Energy Biosciences, funds basic research on plant stress and photosyn- 
thesis. Heretofore, these seemingly diverse programs have not been 
systematically coordinated and directed towards a single research area. 
The research topics developed at the workshop would allow such a coor- 
dination and would greatly expand the intellectual and scientific resources 
towards a critical research area. Furthermore, interaction between DOE 
and other federal agencies with a stake in global change research, such 
as NSP, NOAA, EPA and USDA, will increase through molecular- 
ecology research programs. 

The Team Approach 

It became clear at the workshop that no one individual, or group of 
individuals working independently, can effectively address all of these 
research issues in their normal programs. Although the lone researcher 
With unique, oftentimes unfashionable, insight will continue to fire our 
imaginations and redirect the paths of research, progress along these paths 
will depend on well orchestrated interdisciplinary collaborations. Biolo- 
gists genemlly are not accustomed to, nor supported in, this approach to 
research. If we are to effectively address the largescale issues of bio- 
logical sustainability, a major cultural change will be needed. 

While plant molecular biology has grown explosively during the past 
decade, much of this attention has been directed towards biotechnological 
applications, not photosynthesis research per se. This problem is especial- 
ly acute in the United States. In fact, many plant molecular biologists pay 
little attention to the basic questions in photosynthesis mearch, let alone 
their relevance to environmental processes. To help to bridge the gap, it 31 
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would be useful for the various scientific societies and organizations to 
develop more interdisciplinary review d o n s ,  where the basic questions 
in plant molecular ecology can be described and discussed within the 
larger scientific community, with the goal of fostering more interdis- 
ciplinary research collaborations. 

Technology Transfer 

Finally, an additional impediment to finthering progress is the poor 
transfer of tools and technologies across traditional disciplinary boun- 
daries and the commercialization and distribution of the needed tools and 
technologies to the larger scientific community. Two areas of d i s c k o n  
emerged at the meeting: 

w The resou~ces devoted to developing and improving tools and technol- 
ogies for plant molecular biology are minuscule by comparison with 
similar m u r c e s  devoted for molecular studies of human health. 
Multiple use of biological, biophysical, biochemical, and structural 
biological tools and tesources would give an immediate impetus for 
understanding plant responses to environmental change. Moreover, it 
can be plausibly argued that plant molecular ecology is absolutely 
relevant to human health: the questions posed at this workshop bear 
directly on the health and welfare of all future generations of humans. . While the transfer of technology recently was championed by DOE, 
the impact on plant biology has been marginal. Transfer of one-of-a- 
kind instruments to the market via patents and SBIR incentives must 
be more aggressively encouraged. This technology transfer, which 
appears to be more readily accomplished in Germany and Japan, is 
essential to developing the scientific infrastructw to answer global 
questions on a global scale. 

Summary: The Significance of Plant Molecular 
Ecology to Understanding 
Global Climate Change 

While it may be beyond the scope of human endeavor to fully under- 
stand the complexity of the Earth's climate and biota, let alone the 
relationship between them, future energy policy decisions must be based, 
insofar as possible, on sound scientific inference. A major problem in 
predicting ecosystem responses at a species level is a lack of under- 
standing of the adaptive msnses and feedbacks that have evolved to 
cope with environmental stxss. While this impediment has been recog- 
nized for decades, the research efforts to tackle the problem have been 
primarily anecdotal and poorly integrated In the 8 ~ e 8  of photosynthesis, 
an extraordinary opportunity is to systematically and integratively elu- 
cidate the basic adaptive responses at the genetic, biochemical, physio- 
logical, organismal, and ecosystem levels. Such an integration is essential 
to relate any physical climate-change scenario to biosphere responses and, 
ultimately, to the environmental quality and economic security of the 
f u t w  citizens of the world. 
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