


NOTE

The workshop on the needs and opportunities in plant biochemistry was
organized by Dr. Chris Somerville of the Michigan State University/Department of
Energy/Plant Research Laboratory. The convergence was sponsored by the Division
of Energy Biosciences (._the Office of Basic Energy Sciences of the Department of
Energy.

One objective of the workshop was to bring forth ideas about how plant
biochemistry research and training might benefit the peoples of the world. The ideas
outlined are aimed definitely at general efforts with no limitations to specific progr:_ms,
agencies or countries. If anything, the objective is more collaboration and cooperation
with less competitiveness in building a broader foundation of plant biochemistry
knowledge.

The writing and editing of this workshop report was performed predominantly by
Dr. Somerville, with some assistance from Dr. Robert Rabson of the Division of
Energy Biosciences.

lt is the hope of ali those who were involved in the workshop, and many others,
that the report will alert people to the importance of the broad topics and to arouse
sufficient interest on the part of current and potential researchers so that more of the
questions wil! be addressed, lt should also be recognized that while the scope of the
workshop was broad, it was not inclusive of every topic area in plant biochemistry.

Thisreporthasbeen reproduceddirectlyfrom thebestavailablecopy.
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tion, P.O. Box 62, Oak Ridge, TN 37831; prices available from (615) 576-8401,
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EXECUTIVE SUMMARY One of the general conclusions
from the discussion was that certain
areas of plant biochemistry are

A DOE-sponsored workshop was developing at a satisfactory pace
held December 11-13, 1992 in Kona, whereas other areas of strategic
Hawaii to discuss those aspects of importance and apparent opportunities
fundamental research in plant would benefit from greater attention. The
biochemistry deemedessentialtoprovide areas of greatest opportunity, in this
the basic information base necessary for respect, included the following:
exploiting plant biotechnology to meet
future societal needs. Twenty nine - Metabolic engineering based on
scientists, with interests representing the use of transgenic plants to test
many of the various areas of plant theories concerning the
biochemistry, participated (Appendix I). mechanisms that regulate
The workshop was intended to define in biochemical pathways and carbon
both broad and specific terms the current and nitrogen partitioning
state of knowledge in the general area of processes.
metabolic biochemistry, and to identify - Elucidation of the mechanisms
those areas that afford unusual involved in biosynthesis and
opportunity or that are relatively extension of primary and
underdeveloped in comparison with other secondary cell walls, and the
areas of plant biology. Participants relationships between structure
provided critiques of the state of and function of cell wall
knowledge of the major areas of components.
metabolic biochemistry in relation to a - Elucidation of the mechanisms
series of questions that are presented in that regulate the structure of
Appendix II. various starches.

- Characterization of the enzymes
The substance of the discussions and corresponding genes that

concerning these and related topics are catalyze the biosynthesis and
summarized in the following report, modification of fatty acids, and
Because of the breadth of the topic and, identification of the mechanisms
in some cases, the diversity of opinion, that regulate lipid biosynthesis.
no attempt was made to arrive at a - Elucidation of the mechanisms
consensus. Each of the eight sessions of which regulate the translocation
the workshop was recorded by two and accumulation of carbon and
rapporteurs selected from among the nitrogen between different cellular
participants. The following report is compartments and tissues.
largely derived from their notes and from - Characterization of the enzymes
comments made during the workshop, and genes for ali of the steps in at
Other highly knowledgeable non- least one representative pathway
attendees also contributed to this report of terpenoid biosy_thesis, and the
in the form of comments on an earlier use of these materials to
draft, determine the mechanisms that
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regulate flux through the pathway, apace. The explosion of protein
- Elucidation of the mechanisms sequence information and the advent of

that regulate the tissue-specific large-scale cDNA sequencing provides
and stress-induced expression of new opportunities to study key enzymes
biochemical pathways with by working backwards from the gene to
particular reference to pathways the protein. Similarly, the development of
leading to secondary metabolites, several excellent genetic model systems

- Elucidation of biochemical such as Arabidopsis, tomato and maize
m e c h a n is m s i n vo Iv e d i n provides new approaches to isolate
perception, response and genes for many enzymes. As one
adaptation to the environment, participant noted:
This involves the identification of

signal molecules, characterization "Because of its small size Arabidopsis is
of the components of signal not an attractive organism for biochemists
transduction pathways and the accustomedto large quantities of material.
description of metabolic and However, because of the genetic tools
structural changes in response to available in Arabidopsis, it would beunwise
biotic and abiotic stresses, not to use it."

Each of these areas poses unique However, as another participant noted:
conceptual and technical problems.
However, it was concluded that because "Because of the impo_tRRt' differences
of technical innovations, advances in which may occur between species it is not
genetic technology and relevant appropriate tofocus on one model species."
advances in the biochemistry of animals
and microorganisms, many previously This comment generated a lively
intractable problems have become discussion concerning the need for
accessible. In particular, the development balance between understanding one
of new analytical instrumentation and model system in depth and the need to
methods for solubilizing membrane understand the range of possibilities.
proteins has greatly facilitated the There was agreement that the use of
purification of proteins. The development model systems facilitates rapid progress
of facile methods for producing on certain problems. However, since
transgenic plants of many species has model systems necessarily represent
opened up the possibility to directly test only a subset of biological phenomena, it
the role of key enzymes by altering flux is essential to study a range of species.
through pathways by over and
underexpression of these enzymes. The importance of exploiting
Similarly, the proliferation of methods for model systems was apparent in
identifying transcriptional regulators was considering the overwhelming diversity of
seen as creating novel opportunities for the chemical constituents of plants, lt is
the manipulation of secondary not feasible to characterize the
metabolites providing that the isolation of biosynthetic pathway and the associated
genes for biosynthetic enzymes develops enzymology of ali secondary metabolites.
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In this respect, it was suggested that for gain experience in plant biochemistry.
major classes of compounds such as
terpenoids, it may be useful to identify a lt is hoped that the report will
suitable model species, such as tomato, stimulate discussion within the plant
that would permit a molecular genetic biology community and others with
analysis of at leas_ one representative interest in research and will serve to
biosynthetic pathways,.Because genes for highlight some of the exciting scientific
enzymes that catalyze similar reactions opportunities in relatively undeveloped
may have adequate homology so that areas.
they cross hybridize, an effort should be
made to isolate genes for representatives
of the major classes of biosynthetic
reactions. This would facilitate access to
genes and enzymes from divergent
biochemical pathways. Another initiative
that would enhance access to the
chemical diversity of plants is the
development of computer databases
which would provide access to the
available information on the chemical
constituents of plants.

In considering the career
opportunities for young scientists, many
participants expressed concern about the
limited numbers of permanent research
positions available in plant biology.
However, there was unanimity
concerning the need to recruit excellent
students into plant biochemistry to
ensure the future vitality of the discipline.
lt was generally agreed that the
emphasis should be on increasing the
quality of graduate students in plant
biochemistry rather than encouraging
large increases in number. The most
effective mechanism for increasing the
proportion of high quality students would
be to institute a graduate fellowship
program in plant biochemistry, as well as
providing postdoctoral fellowships
designed to provide opportunities for
chemists, biochemists and others trained
in animal and microbial biochemistry to
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INTRODUCTION been utilized in a strictly empirical
manner. Recognition is now growing of

Why study plant biochemistry? the fact that plants collectively have the
The fact that human life and virtually ali capacity to synthesize a colossal
other forms of life are totally dependent spectrum of potentially useful compounds
on plants should be a sufficient incentive, and that it may be possible to greatly
Plants, including algae, are not only a expand the ways in which higher plants
food source for humans but also provide are utilized. One participant summarized
feed for domestic and wild animals as the opportunities:
well as for aquatic life. Plants also serve
as the fuel resource for most cultures. "Plant research has been linked too closely
This includes the developed world if one to conventional agricultural production of
considers that plants were the origin of food. However, because of new technologies
most of the fossil fuels upon which we it is now possible to create entirely new
now depend. Plants provide fibers for agricultural commodities that can be used
clothing, paper, rope and timber, and are as renewable sources of biomaterials that
the sources of many medicines and will reduce our dependence on petroleum
pesticides. Many other industrial and simultaneously reduce or eliminate the
products such as detergents, plastics, social and economic costs associated with
rubber, lubricants, waxes, paints and current overproduction of a limited number
coatings, dyes, tannins, gums, resins, of commodities."
solvents and industrial feedstocks are

also derived from plants. Also, plants The impetus for considering more
play a crucial role in the stabilization of efficient and expanded uses of higher
the environment by preventing excess plants arises from the development,
erosion, by cleansing the air and by during the past decade, of methods for
absorbing certain pollutants in soils and their rational genetic modification. This
aquatic locations, lt is somewhat technology has matured to the point
paradoxical that despite the broad and where it is now possible to control rather
vital role that plants play in human life, precisely thetiming, tissue-specificity and
the chemistry and biochemistry of plants level of expression of introduced genes.
has received comparatively limited Thus, genetic technology is no longer the
attention. As several participants noted: limitation in considering possible

applications. Rather, in most cases, it is
"The importance of plants has not been the large gaps in our knowledge of plant
well stated. Both scientists and non- biochemistry and related disciplines that
scientists have not been persuaded of the pose the greatest limitation. These gaps
many reasons for acquiring a thorough in our knowledge of plant biochemistry
understanding of plant biology." have several root causes which have

been noted previously by others (se,a the
general preface to "The Biochemi_try of

Clearly, the more than 300,000 Plants" by P.K. Stumpf and E.E. Conn,
species of higher plants represent a Academic Press, 1980). One of the most
resource that until now has generally problematic was summarized as follows
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by one commentator: for their comments. The ideas and
suggestions received in response have

"Far too many people are allowed to been incorporated, where possible, into
believe that, photosynthesis apart, plant this final revised version.
biochemistry is the same as that in other
eukaryotic cells. The unique In addition to the specific topic
compartmentation of plant cells sets them areas, there was discussion of general
apart and we cannot use knowledge of issues such as the need to encourage
animal biochemistry to determine what involvement of young scientists in plant
happensin plant cells." biochemistry. Some of the general items

that were raised are listed below. Each of
Thus, while an integration of the participants received a letter prior to

relevant knowledge gained from animal the meeting that contained a brief
and microbial systems is critical, the discussion of the aims of the workshop in
basic knowledge of plants, particularly orderto provide a chance to contemplate
their biochemistry, must be developed as the issues before the meeting. A copy of
the foundation for new biotechnological theses topics is presented as Appendix
developments. I1.A listing of the participants is provided

in Appendix I.
The purpose of the current

workshop was to outline many of the THE RELATIONSHIP BETWEEN
existinglimitationsin plant biochemistry BIOCHEMISTRY AND BIOTECH-
that must be addressed to promote NOLOGY
progress towards future developments.
The workshopwas organizedbybringing The conceptual and technical
knowledgeable representatives of framework that defines plant
numerous research areas together to biotechnologyis a significantdeparture
discuss what is needed in plant from, but related to, the traditional
biochemicalresearchgenerallyand also agriculturaldisciplinesof plantbreeding,
with specific reference to the different horticultureand agronomy. (Note: The
categoriesofchemicalconstituentsfound term "biotechnology" as used in this
in plants.The discussionstook the form context implies the application of
of introductory descriptions of fields molecularbiologicalproceduresaimed at
followed by open discussionsof many defining mechanisms.) A crucial
differentpointsthat were raised.Someof difference is that traditionalmethods of
the participantswere asked to serve as plant improvementdid notdepend upon
rapporteursof the differentsessions.The detailed mechanisticknowledge of the
remarksoffered by the rapporteurshave underlying biology of a plant trait. By
been edited and are presented in this contrast,thetechniquesof biotechnology
report along with some quotations. In requirea detailed understandingof the
addition,an early draft of this reportwas mechanisticbasis for plant traits. Since
circulated to the workshop participants manyapplicationsof plantbiotechnology
alongwith a substantialnumberof other involve the genetic manipulation of
highlyknowledgeable individualsasking biochemical pathways, it is critical to
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acquire detailed information about many provides a new and tangible reason to
pathways that have hitherto received maintain and understand plant diversity.
relatively cursory attention, or none at all. Only a fraction of the estimated 100,000
Furthermore, although it is common to compoun#s which occur in higher plants
speak of different biochemical pathways, have b_,..-I characterized, including
the cell functions as an integrated unit in 22,000 terpenoids, a few thousand
which the various pathways interact carbohydrates and a broad spectrum of
through complex regulatory mechanisms other substances. This tremendous
that operate at various levels from chemical diversity reflects the existence,
allostery to gene transcription. For this in different plant species, of tens of
reason, afrequent problem hindering the thousands of functionally different
application of plant biotechnology is a enzymes. As the concepts and goals of
lack of specific information about the plant biotechnology evolve, this
ancillary metabolic consequences of a storehouse of enzymatic catalysts can
genetic modification, lt is a common provide the raw materials for many new
experience, of those working in the field, applications in both plant and non-plant
to engage on a seemingly straightforward biotechnology. In many instances plant
modification of a plant by the addition of genes will be used to produce novel
one gene only to discover that progress compounds by expression in microbial
becomes limited by a complete lack of hosts and vice versa.
knowledge about an interacting pathway. The issues pertaining to
This common difficulty imposes a risk in mechanisms that promote the
the commercial applications of maintenance of plant diversity are
biotechnology because of the difficulties beyond the scope of this report.
in assessing the costs associated with However, there was unanimity that efforts
solving problems adjacent to the specific to conserve biodiversity are an essential
objective, aspect of support for the discipline of

Another critical difference between plant biochemistry and biotechnology. In
biotechnology and plant breeding is that this respect, the training of taxonomists
traditional plant breeding concerns the and phytochemists skilled in the
utilization of genetic variation within a characterization of plant constituents
species or close relatives, and more represents a tangible action that may
recently, the possible induction of a help ensure the recognition and
desired mutant. By contrast, because of conservation of plants with unique
the ability to move traits from one chemical constituents, lt was also noted
organism to another, plant biotechnology that extensive germplasm collections for
exploits a much broader range of crop species represent valuable
organisms. Thus, manycharacterswhich resources for plant biochemistry. In a
are only found in wild species have number of instances it has been found
assumed new importance, lt is now that different accessions of the same
possible to envision that these traits may species contain significantly different
be transferred from wild species that are amounts of certain metabolites or
not suited for cultivation, into agricultural, structural compounds. These differences
horticultural or forestry species. This have been very useful in examining the
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functional significance of particular plant such support tied to arguments for short
constituents and may facilitate the term utility.
characterization of the relevant enzymes
and genes. A good example of this is the

As a final point it should be noted major fundamental genetic discoveries
that, although plant biotechnology is made with plants over many years that
inevitably directed towards subsequently laid the foundation for
commercialization of plant-derived understanding genetics and cytogenetics,
products, it is inappropriate to expect including human genetics as it relates to
industry to provide the bulk of support for health.
basic research in the underlying scientific
disciplines, or to be held responsible for
basic research that may lead directly to AN IMPORTANT ROLE FOR
applications. Thus, in the review of grant COMPARATIVE AND ECOLOGICAL
proposals, careful attention must be paid BIOCHEMISTRY
to avoid the negative connotations that
have traditionally been associated with Most biologists study bacteria,
research which is associated with applied fungi and animals. Consequently,
goals. As one participant noted' knowledge of the fundamental processes

in these organisms has advanCed much
"Having an applied goal does not more quickly than in plants. With a few
necessarily harm basic research - much the possible exceptions, ali of the ubiquitous
contrary. A focus on an applied goal biochemical pathways have been
frequently forces one to address d_fficult originally described in microbes or
problems that would be avoided if one was animals. Because of the lower value

merely following the path of least resistance traditionally attached to comparative
as is frequently the case in curiosity driven biochemistry, and the relatively low level
research." of support for plant biochemistry

compared to animal biochemistry, there
The reason for this is that the horizon for has been a disincentive for biochemists

industry is typically short relative to the to investigate the ubiquitous pathways in
time required to solve many fundamental plants. The fact that the plant pathways
biochemical problems. Thus, reliance on are frequently similar to those in animals
industry to establish the research agenda or bacteria appears to have discouraged
in basic sciences will inevitably result in detailed characterization of the pathways
serious gaps in knowledge because of in plants. By contrast, some aspects of
unexpected developments or changes in biochemistry that were relatively unique
priorities. Plant biotechnology is a to plants, such as photosynthetic carbon
powerful tool which has great possibilities dioxide fixation, have been characterized
for societal change. Therefore, at a similar level of refinement to that of
mechanisms must be in place to ensure the central pathways in animals. As
public support for innovative basic noted above, there are now tangible
research in the academic disciplinesthat reasons why it is now desirable to
underpin biotechnology, without having acquire a detailed understanding of many
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pathways in plants. Furthermore, as was plant biochemistry. Special consideration
repeatedly stressed during the meeting should be accorded research grant
by various participants, in order to know proposals that propose to perform a
how broadly useful detailed knowledge specialized service function in this
about a particular pathway is, it is also respect.
essential to acquire comparative Because the literature concerning
information about the differences the chemical constituents of plants is
between plant species. As one vast and dispersed, it has become
participant noted: essential to develop computer databases

that will provide access to the occurrence
"lt is frequently the differences between and distribution of the chemical
species that serves to highlight the existence constituents of plants. As an example,
of an interesting biological phenomenon." databases such as Genbank have

become absolutely essential in studies
For example, various members of the on gene structure. More recently,
same plant family may synthesize very another database, CarbBank, is proving
different molecules as biochemical to be a powerful aid in carbohydrate
defenses against the same biotic or studies. Other databases such as th_
abiotic stresses. Such diversity among PHYTOCHEMCO database of the USDA
quite closely related plants can provide National Germplasm Laboratory appear
important clues about which pathways to be less widely utilized, possibly due to
are most amenable to metabolic the lack of an effective mechanism for
engineering for pest and stress informing the broader scientific
resistance, community about the availability of these

In many cases the most efficient resources. The Federal agencies should
mechanism for increasing the base of convene a workshop to discuss this
comparative information would be to complex issue. The availability of
encourage and facilitate cooperation comprehensive databases would
among researchers working on similar stimulate activity in comparative
problems in different species and to biochemistry by reducing the amount of
foster exchange of information and effort required to identify scientific
biological materials. Recently, there has questions and to locate the necessary
been an effort to enhance such plant material. Such databases could
interchanges through the establishment also be powerful educational devices for
of networks (a segment of the developing an appreciation of plant
DOE/NSF/USDA Joint Program on diversity in students and their teachers.
Collaborative Research in Plant Biology). These databases also enhance more
In addition to increasing communication collaboration among scientists in different
among dispersed research groups, countries both in consolidating and
networks can be used to expand the distributing the information.
range of publicly available metabolic
intermediates, enzymes, antibodies and
reference compounds that will stimulate
research in underdeveloped aspects of
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biotechnology. During recent times,
CAREER OPPORTUNITIES IN PLANT interestin plantbiochemistryhas lagged
BIOCHEMISTRY significantlyand because of retirements

during this decade the pool of
Academic research in science is biochemistsappears to have contracted

performed principally by graduate significantly.Part of the reason for the
studentsand postdoctoralassociates, lt declineininterestin plantbiochemistryis
is mostlygrant supportthat is used to probablyrelatedto the general trend in
pay the stipends of these individuals, biologyas a whole.
When the questionarises as to how to One participant commentedthat
enhance interest and productivityin an there is also a tendency among
importantfield,the inevitableansweristo universities to pursue replacements
increase fundingso that more students among faculty in the most fashionable
and postdoctoralscan be attracted to disciplinesas molecular biology rather
approachsignificantunsolvedproblems, than areas such as plant biochemistry.
Ultimately, however, students and This could result in a certain amount of
postdoctor:_lsaspire to career positions, neglectof plantbiochemistrywithrespect
Therefore, in considering whether to both education and research if new
support for more people should be faculty lack a reasonable background.
recommended, one must consider Great progress in defining
whether there are positions to metabolic pathways was made during the
accommodate the resulting increase in "golden age" of biochemistry in the
flux of students and postdoctorals, middle part of this century. There are
Career opportunitiesfor biologistsare not few, if any, ubiquitous pathways which
narrowlydefined, lt is not uncommonfor are notat leastpartiallydefined.Thishas
a student trained in one biological reduced the incidence of discovery in
disciplineto obtain a career positionin manyaspectsof metabolicbiochemistry.
anotherdiscipline.However,thisflexibility Eventhe discoveryof a completelynovel
varies from one area to another reactionmechanismdoes notelicitbroad
depending upon the perceived general interestin the biologicalcommunity. By
utilityof a particular type of training.In contrast, the problems concerning
this regard, career prospects for well mechanisms of development, signal
trained plant biochemistsappear to be transductionand the regulationof gene
quite bright at present and for the expressionare perceived as providing
foreseeablefuturebased onths key role greateropportunitiesfor the discoveryof
in furtheringbiotechnologydevelopment, new principles.
However, it mustbe addedthat the best Because plant biologists are
prospectsare for individualswho have necessarilyattuned to developments in
been trained in both biochemistryand other biologicaldisciplines this has a
molecularbiology, significanteffect on what is considered

At the same time, it must be an acceptableproblem in plant biology.
recognized that plant biochemistry is a Studentscontemplatinga care6" in plant
critical basic topic that extends well biology perceive these issues and are
beyond its relevance to immediate attracted to developing areas where
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there is a tangible sense of excitement background information. For a young
and discovery. As noted in the researcher confronted with obtaining
subsequent sections, many areas of research support and for attaining
plant biochemistry offer exciting academic tenure, plant biochemistry in
opportunities to exploit recent recent years has not fit easily within the
developments in molecular and cell fashionability category nor has
biology. However, because the pool of substantially demonstrable progress
plant biochemists is now relatively small, always come quickly. Thus, one
and because there hasnot been effective suggestion that emerged was the
dissemination of the exciting encouragement of established scientists
opportunities, there will be a continuing who already have tenure and some other
problem in recruiting the best and support to seek novel scientific
brightest students without steps taken to opportunities to pursue. To promote this,
rectify the situation. The most effective it might be useful to have a small number
way of addressing this need would be to of awards specifically for mid-career
institute a program of graduate and scientists who propose to pursue a new
postgraduate fellowships similar to the avenue of research on an
very successful "NSF Postdoctoral underdeveloped topic. This may be a
Feilowships in Plant Biology" or particularly effective mechanism for
fellowships of the "Life Sciences generating new research initiatives on
Research Foundation". The importance difficult problems. This by no means
of this approach is that it serves to focus should imply that young investigators be
attention on the discipline and can place excluded from involvement in
appropriate emphasis on recruitment of underdeveloped research topics.
students and postdoctorals in chemistry Established investigators are generally
and in other non-plant science better able to absorb the risks inherent in
disciplines. Because fellowships provide initiating research in underworked areas
a considerable degree of independence and possibly on intractable problems.
to promising students and postdoctorals, Another suggestion made during
this mechanism could also be a useful the sessions was that some efforts ought
way of engendering research in to be made to introduce younger
underdeveloped areas, lt was also students in high schools and other lower
suggested that fellowships to bring levels to plant biochemistry. A program
undergraduate students into plant similar to "Fast Plants", which is now
biochemistry laboratories via summer being used in many schools, might be a
internships could be an effective way, in means of accomplishing this generation
the long run, of expanding interest in this of interest among young fellows along
important area. with introducing them to science

Another aspect relating to the generally.
attraction of highly competent academic
researchers to particular problem areas FUNDINGFOR PLANT BIOCHEMISTRY
relates to both the fashionabilityof the
area andthe rate atwhichadvancesmay Research in plant biochemistryis
be made in areas with limited primarilysupportedby programswithin
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the DOE, USDA and NSF. Thuse This promises to be a particularly
agencies are considered to be supportive effective mechanism for overcoming a
of excellent proposals concerning plant number of the problems alluded to in the
biochemistry. In some cases foregoing sections, lt is to be hoped that
biochemistry proposals are not reviewed if this program is effective, it will be
by individuals who possess the degree o_ ongoing.
expertise in the discipline to identify the
most promising ideas, lt would be useful lt is evident that the many
to acknowledge formally this fact by suggestions offered in the report will
assuring that programs include require additional support in order to
biochemists as panel members, implement them. lt should be also be
Similarly, because the NIH review system stated that the magnitude of resources
does not rely on ad hoc reviews, it would required is, in no way, huge. However,
be useful to have plant biochemists the probable dividends in terms of
represented on the Biochemistry and benefits to humans are enormous,
Physiological Chemistry study section,_, including new products, new jobs,
lt might also be useful for one of the betterment oftl_e environment, along with
scientific societies, such as the American much expanded basic knowledge of one
Society of Plant Physiologists, to present of the key components of nature.
a formal position paper to the NIH
explaining the importance and
opportunities in plant biology relating to
health.

Because the field of plant
biochemistry is relatively small and
dispersed, the few centers of excellence
that do exist should be strongly
encouraged to develop research training
programs at the student and postdoctoral
levels. As a complement to this is the
recent DOE/NSF/USDA program of
coordination grants to foster cooperative
activities among geographically
separated researchers by providing funds
to sponsor workshops, the development
of electronic newsgroups, the synthesis
of experimental reagents and the
development of specialized databases.
As one participant noted:

"Such collaborative and interdisciplinary
mechanisms are very important in
preventing different laboratories from
reinventing the wheel"

Plant Biochemistry Research 12



PART II areas are outlined in the following
sections. Although many outstanding

AREAS OF SPECIAL OPPORTUNITY problems remain in other areas, there
was bread agreement that many of these

In view of the fact that some topics are being adequately addressed
aspects of plant biochemistry have been by the existing community of scientific
explored in depth, whereas others are expertise and by the currently available
relatively underdeveloped, one of the mechanisms for providing research
goals of the workshop was to identify support in these areas. For many of
those areas that appear to offer the most these areas no special initiatives appear
promise for a significant advance in to be required in orderto maintain steady
knowledge. This is a complex issue that progress. In part this may be due to the
can be addressed at many levels. To one fact that some of the areas that were
scientist, a significant advance implies recognized to be most advanced, such
cloning and characterizing ali the genes as photosynthesis and nitrogen
in a pathway and understanding how the metabolism, have retained priorities in
genes are regulated. To another, this plant biochemistry for several decades
may mea n obt ai n in g refin ed and have benefitted from a decade of
measurements of the in vivo rates of flux targeted support by Federal agencies
through each of the steps of a pathway and other institutions throughout the
and of the reaction mechanisms and world. However, as an example, there
kinetic constants for ali the enzymes in a are other inorganic biochemical
pathway. Obviously, these and many conversions of ions such as siJ!con,
other types of information are required in calcium and numerous others that are
order to form a complete view of any still quite lacking in understanding and
aspect of mechanistic plant biology, worthy of study. Clearly, the role of
However, since the resources that can plants in transforming mineral elements
be devoted to these questions are has importance in nutrition, in
limited, as are the number of qualified environmental processes and adaptation
investigators, it is legitimate to ask as well as relationships to plant growth.
whether certain areas should be pursued
more vigorously or with greater
immediacy than others. Is an area more Technical Advances
promising because very little is known,
and, therefore, the probability for an Ithasbeensaidthat"Biochemistry
advance is greatest? Or, are the most advances on the leading edge of new
promising areas those that are most technologies". Problems that were
advanced and, therefore, can be intractable are resolved by the
understoodin the greatestdetail? development of new techniques that

In consideringthese and related frequentlyarise in adjacent areas. One
issues, several aspects of plant development that is likely to have a
biochemistryappear to offerexceptional major impact on progress in plant
opportunities for significant progress for biochemistry is the development of large-
a variety of different reasons. These scale cDNA sequencing projects.

Plant BiochemistryResearch 13



Although these projects have only and mechanisticstudiesof plant proteins.
recently begun in the U.S. and Europe, it However, there are a relatively small
is already evident that this approach will number of laboratories involved in protein
result in identification of many hundreds chemistry and virtually none of these are
of new genes by comparison of deduced devoted entirely to plant proteins. For this
amino acid sequences to known proteins, reason, the most promising mechanism
In many cases, relatively small regions of for fostering the development of this area
conserved sequence in an active site is is to encourage collaborations between
sufficient to identify the probable function plant biologists who have defined and
of a gene product. Because of the large purified interesting proteins, and
amount of sequence information enzymologistsor structural biologistswith
available for enzymes from microbial expertise in protein-NMR, Mossbauer
organisms and animals, this approach spectrometry, X-ray crystallography and
will be a very valuable tool for expanding related methods.
the availability of cloned genes for Other developments include the
enzymes that would otherwise be difficult proliferation of genes for transcriptional
to isolate. For instance, cytochrome factors, the development of model
P450s are thought to play a very genetic systems such as Arabidopsis,
important role in plant metabolism, new methods for cloning genes by
particularly in the synthesis of many complementation of microbial mutants,
secondary metabolites. Because these plus others. While the progression of
enzymes are membrane bound, they techniques of molecular biology have
have been difficult to characterize by created exceptional opportunities for
conventional biochemical approaches, advancingplantbiochemicalresearch,at
However, from the first thousand the same time the progressin chemical
randomlysequencedArabidopsis cDNA analyticaltechnologieshas also opened
clones, at least five new cytochrome extraordinaryopportunities.Examplesof
P450 enzymes were identified. The advances in techniquesare to be found
availability of these genes will permit new in mass spectrometry and nuclear
approaches to the investigation and ma gne tic re sona nce (N M R)
manipulationof thisvery importantclass spectrometry.Theseadvancespermitthe
of enzymes. Similarly,it is expectedthat rapid elucidation of the structures of
many other enzymes will become newlydiscoverednaturalplantproducts.
availablebythis route.Byexploitingnew Likewise, techniques such as X-ray
methods for the expression of cloned crystallography,have been combined
plant genes in microbialhosts, it is now with site-directed mutagenesis to gain
routinely possible to produce large more knowledge about how enzymes
quantitiesof enzymes from clonedplant operate at the molecular level. Thus,
genes. Thus, the properties of these there are many new approaches which
enzymescan bestudiedin vitro, whereas can be exploited singly, or in
previouslythiswas impossible, combination, to gain a better

The increasingavailabilityof large understanding of fundamental
quantities of pure proteinshas created mechanisms. This, in turn, should
new opportunitiesfor detailed structural facilitate the identification and
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implementation of possible new link between carbohydrate metabolism
applications, and nitrogen metabolism. Nothing is

known about the molecular basis of this
potentially important regulatory

Metabolic Engineering phen..,.,menon.
Thefirst generation of experiments

One of the most dynamic and utilizing this approach has revealed that,
exciting areas of plant biology involves even in those aspects of metabolism
the production of transgenic plants in where there is substantial depth of
which the level of activity of an enzyme information, it can be difficult to predict
is increased or decreased by altering the outcome of an experiment involving
expression of the corresponding gene. In pathway manipulation. For example, it
many cases the expression of the gene was thought that the cytosolic enzyme
can be decreased by expressing an pyrophosphate-dependent
antisense copy of the gene. Conversely, phosphofructokinase (PFP) plays an
the amount of activity of an enzyme may indispensable role in glycolysis.
be increased by placing the coding However, transgenic potato and tomato
sequence behind a strong promoter or, in plants that contain reduced levels of PFP
some cases, by utilizing a gene for an (caused by expression of antisense PFP
enzyme with altered allosteric properties. RNA) appear to be normal in their growth
The utility of this approach is well patterns and in response to
illustrated by recent experiments environmental perturbation including
concerningthe first enzyme of the starch inorganic nutrient limitation. This
biosynthetic pathway, adenosine unexpectedresulthighlightsthe factthat
diphosphateglucosepyrophosphorylase, plantsare metabolicallyvery flexibleand
Transgenicpotatoeswere producedthat may contain a certain degree of
expressed a bacterialgene encodinga biochemical redundancy. This and a
feedback insensitiveform of the enzyme, number of similar recent experiments
Thisresultodina largeandcommercially emphasizethe importanceof being able
significant increase in starch to applydirecttests of hypotheseswhich
accumulation, thereby conclusively have beendevelopedsolelyonthe basis
demonstrating the key role of this of physiological and biochemical
enzy me in re gulati ng starch evidence, lt seems likely that this
accumulation.Ina complementaryseries approach that will revolutionize our
of experiments, activityof the enzyme understandingof plantbiochemistryand
was strongly reduced in transgenic relatedareas. Furthermore,becausethe
potatoes by expressionof an antisense approachproducesunambiguousresults,
versionof the mRNA for the enzyme. As it is expected to revitalize interest in
a result, the plants produced more many aspects of biochemistry.As one
potatoes, indicating a link between participantnoted:
carbohydratestatus and developmental
control of tuber formation. In addition, "Many meUd_olicpathways that we have
storage protein accumulation was becomefamiliar wit/=es o static series of
strongly suppressed, indicating a tight reactions in textbooks are now found to
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have interesting mechanisms of regulation so that more of the biomass is utilized.
at the enzymatic, transcriptional and At the biological lev_,l, cell walls provide
developmentallevels." the mechanical stabilization of the plant

body. In contrast to animal systems, cell
The use of molecular genetics to migrations do not contribute to the

alter metabolism offers many novel development of the plant body. The
opportunities to understand aspects of morphology of higher plants is, therefore,
cellular metabolism about which little is solely determined by the planes of cell
known, lt should now be possible to division within a plant tissue and the
acquire an understanding of the subsequentthree-dimensionalexpansion
mechanisms that regulate the flux of of the individual cells. Thus, detailed
carbon and nitrogen into the major knowledge of the plant cell wall may also
metabolites. The role of catabolic be essential in understanding the
processes is also poorly defined and mechanisms responsible for the size and
needs to be broadly explored. Since shape of various plants. In view of the
many of the genes for the central large number of uses of plant cell walls,
pathways of carbon and nitrogen there seems little doubt that the cell wall
metabolism have been cloned, there are is an attractive target for modification by
now many excellent opportunities to genetic engineering. However, there are
examine the regulation of primary carbon large gaps in our knowledge of the
and nitrogen metabolism, biochemistry of the cell wall which

currently precludethe rational application
The Cell Wall of biotechnologies to wall modification.

Considerable progress has been
The cell walls of higher plants made in delineating the primary

represent the most abundant form of structures of the quantitatively
biomass. The chemical composition of predominant cell wall components,
the walls determines the structural including pectins, hemicelluloses,
properties of wood and fibers such as cellulose and structural proteins. There
cotton, linen and rayon. Cell walls has also been substantial progress in
provide the major component of forage determining the structural components of
crops and there is abundant evidence lignin, although many elementary
that the chemical composition of the questions about the biosynthesis and
walls strongly affects the digestibility of degradation of lignin remain (See DOE
the plant material and, therefore, the feed publication CONF-8804243, a summary
efficiency. One of the largest industrial report of a workshop on Needs and
uses of cell walls is for paper production, Opportunities in Lignin Research). For
a process that uses large amounts of instance, nothing is known about the
energy and generates relatively large mechanisms that regulate fluxes into
amounts of waste. Improved knowledge various lignin precursors, the
of the structure of the cell wall may mechanisms involved in export of
permit modifications of the papermaking monolignols across the plasma
process so that less chemical waste is membrane, or the mechanisms involved
generated, less energy is required and in polymerization of lignin precursors.
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Similar questions concerning cutin and influences like temperature, wounding,
suberin synthesis are also unsolved. An and pathogen attack is tightly controlled.
inherent problem in studying these and Several hundred genes must be involved
related questions is that intact tissues in the synthesis of cell walls, their
represent a mixture of developmental controlled degradation, and the regulation
states. Recent progress in establishing of both processes. Among other things,
cell cultures ,in which lignin deposition these genes are expected to encode
can be indu_:ed by a change in the enzymes for precursor biosynthesis,
culture conditions provides important new m em b ra ne c a r rie rs, g ly c os y I
opportunities to address many transferases, glycanases, and enzymes
fundamental questions in this area. involved in cross-link formations. A small
Similarly, there is little or no information number of laboratories are currently
about the degree to which the investigating the synthesis of cellulose,
polysaccharide composition of different xyloglucans, mixed-linked glucans and
cell types within a tissue varies. In order lignin. However, no researchers appear
to address this and related issues, it will to be currently investigating the synthesis
be necessary to develop technologies of the other components. Also, no higher
which would permit structural elucidations plant cell wall polymerizing enzyme has
of small amounts of material. Additional yet been solubilized and purified or the
information is also needed concerning corresponding gene cloned. This rather
the organization of the individual surprising fact reflects the difficulties
polymers within cell walls, and the associated with cellwall enzymology, but
degree to which the various polymers also highlights exceptional scientific
interact via covalent and non-covalent opportunities. Significant progress has
interactions. The development of a been made recently in the solubilization
comprehensive collection of monoclonal and partial purification of some
antibodies against cell wall epitopes may polysaccharide synthases, elimination of
be a useful step in this direction. The the proposed role of glycolipids as
availability of such probes would permit intermediate sugar carriers in
the application of powerful new polysaccharide synthesis and detailed
cytological methods to the investigation sub-cellular localization of several of the
of wall organization. Methods must also steps in cell wall polysaccharide
be developed to relate such interactions biosynthesis. Thus, it is evident that the
to the structure and function of the wall. application of new preparative and
What are the roles of the many different analytical methods will permit progress in
kinds of individual polysaccharides and this area.
structural proteins? Plant cell walls are not static

Relatively little is known about the structures, but display a dynamic
biosynthesis of cell wall polymers, lt is behavior in response to environmental
clear, however, that the regulatory and hormonal stimuli. After wounding of
network required for the coordinatecl plant tissues or during pathogen attack,
synthesis of cell wall material in response new cell wall material can be rapidly
to cell cycle, cell type, hormonal control deposited to seal lesions within the
of cell elongation, and environmental affected plant tissue and to retard the
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growth of invading microorganisms, anticipated that pertinent genes will not
Some of these and other responses onlybe useful forexperimentalpurposes
appear to be triggered by cell wall but may lead directly to useful
fragments produced by hydrolytic modificationsof the cell wall of various
enzymes released by the pathogens, fibrespecies.
What are the signal moleculesinvolved
in such responses and how do they In view of the utilityof mutantsfor
triggerbiologicalresponses?Duringfruit dissectingother aspects of biology, it
ripeningand abscissionprocesses,cell seems likelythat a geneticapproachwill
wall polysaccharidesundergocontrolled also contribute to dissection of the
d e g r a d a t io n by e x o - a nd structureand functionof the wall.Several
endoglycanases, and possibly mutantsof Arabidopsis withaltered lignin
transg lycosylases as well as and polysaccharidecomposition have
polysaccharide hydrolases, thereby recentlybeen described,and mutantsof
greatlyreducingthe mechanicalstrength maize are known with phenotypesthat
of the affected wall structures. How is suggestalterationsin ligninand cell wall
the reduction in mechanical strength composition.The developmentof facile
controlled during these developmental methods for the identification of
stages and duringthe cell cycle?There additionalmutants should prove highly
is evidence that wall-derived productive.
oligosaccharide fragments function as
morphogenicsignalmoleculesor havea Blosyntheala of Starch and Lipids
role in modulatinghormoneaction. The
cell wall is also thought to be of Many of the most promising
importance in the interaction of plants applications of knowledge of plant
with symbionts such as rhizobia and biochemistryderive from the fact that
mycorrhiza.What are these signalsand higherplantsare a very efficient source
how do they act? of renewable organic materials. In

There is a pressing need to particular,corn starch,which is both a
identify genes encoding enzymes usefulorganicchemicalandan important
involvedin cell wall biosynthesis.These human and animal food, is currently
genes can be used to modify cell wall producedin largequantitiesat about the
compositionintransgenicplantsin order same cost per pound as crude
to understandthe roleof the proteinand petroleum. Althoughthe uses of corn
non-proteinstructuralcomponents.The starch as a chemical feedstock are
availabilityof genes would also permit currently limited by its molecular
production of large amounts of the composition,it is possible to envision
enzymes in microbialor plant hosts so that with genetic modifications,a broad
that the enzymatic properties can be range of structurallymodified starches
determined.Genesandantibodiesraised and other useful compounds could be
against the gene productscan be used producedfrommaize inhighvolumeand
to study the mechanismsthat regulate at low cost. Many of the genes involved
cell wall biosynthesis.Because of the instarchbiosynthesishave recentlybeen
many usesof plantcellswalls, it is to be clonedand it is, therefore, now possible
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to explore the possibility of creating new However, in the past several years
kinds of starches for use in non-food several enzymes involved in plant lipid
applications by changing the degree of metabolism have been purified to
branching or other modifications of starch homogeneity and a dozen or more genes
structure. For instance, by creating new involved in the early reactions of fatty
kinds of starch, it may be possible to acid and lipid synthesis have been
expand the use of starch as a co- cloned. There is also a substantial
polymer in new biodegradable plastics amount of genetic diversity in plant oil
that contain as much as 80% starch. The composition which has been useful in
increased used of starch and other defining the biosynthetic pathways and in
biopolymers for non-food applications permitting the cloning of several genes
would reduce our dependence on the by genetic methods. This area is
use of petroleum and permit the developing very rapidly and several
increased use of renewable and modifications of plant oils by genetic
environmentally benign materials. Recent engineering have been reported.
progress in producing biodegradable Although a narrow range of fatty
plastics in genetically engineered plants acids is found in field crops, at least 200
may also be seen as a small step in this different kinds of fatty acids are found in
direction, the lipids that are accumulated as

Plant storage lipids are also storage reserves by various wild species.
produced in very large quantities and In general, plant fatty acids can have
represent a chemically versatile form of double or triple bonds at many positions
biomass. Tropical plants such as oil palm along the hydrocarbon chain and these
are very efficient producers of oil. Yields unsaturations may be accompanied or
of up to 14,000 pounds of oil per hectare replaced by various substituents such as
per year have been obtained from this cyclopropenyl, hydroxyl, furan, or epoxy
species. Progress toward increasing the groups. Many of these unusual fatty
oil yield and oil composition of this and acids could be of substantial industrial
other important oil-producing species will use for fuels, lubricants and other usages
depend upon understanding the factors if they could be produced in comparable
that regulate oil biosynthesis. These are quantities and with the same efficiency
thought to include regulatory as edible oils are currently produced in
mechanisms operating at the level of the field crops, lt seems likely that this can
triacylglycerol biosynthetic pathway, be accomplished by transferring genes
developmental mechanismsthatregulate for one or a few fatty acid modifying
the formation of storage tissues, and the enzymes from undomesticated species to
mechanisms that regulate carbon crop species. However, the base of
translocation. Knowledge ofthese factors biochemical knowledge about the
must be based on a foundation of enzymes involved is very thin. No fatty
detailed information about the underlying acid modifying enzyme has been purified,
metabolic pathways.The major metabolic nor any gene for a modifying enzyme
pathways leading to lipid synthesis in cloned from a plant to date. In some
plants have been defined primarily at the cases, this is quite surprising. For
level of radioisotope tracer studies, instance, ricinoleic acid, the main
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constituent of castor oil, is among the "Identification of the proteins involved in
world's most versatile natural products carbon transport, and in the regulation of
and has many dozens of industrial uses source-sink relations, would enhance our
that includes the synthesis of nylon-11, ability to divert carbon to appropriate
lubricants, hydraulic fluids, plastics, organs and increase the amounts of starch
cosmetics, and other materials. Because and oils in tubers and roots."
of several important uses, ricinoleic acid
is considered a strategic material by an The partitioning of pathways
act of Congress. Approximately among organelles at the cellular level
$300,000,000 worth of this material is also poses many relevant problems. The
used each year worldwide. However, individual transporters and what they
very little is known about the transport are not well characterized,
mechanisms by which this fatty acid is particularly innon-photosynthetictissues.
synthesized and stored by the castor For instance, we do not know what
plant, and during the twenty year period intermediates are transported into
from 1972 to 1992, there was only one plastids to support fatty acid
scientific publication concerning the biosynthesis. Similarly, there is still
biosynthesis of this compound, uncertainty about the metabolites which

Starch and lipids are accumulated are transported into amyloplasts to
in nonphotosynthetic tissues where their support starch synthesis. Lack of
synthesis is dependent upon the knowledge about these fundamental
availability of fixed carbon and nitrogen aspects of cellular metabolism poses a
from leaves. The engineering of plants strong impediment to attempts to divert
for production of novelty starches, lipids carbon into novel compounds. Thus, it is
and other compounds will therefore essential to develop a detailed
require knowledge of the biochemistry of understanding of the mechanisms which
developing storage tissues and the regulate flux of carbon and nitrogen from
developmental processes required for one cellular compartment to another and
their formation. Basic knowledge of these from one tissue to another.
factors may lead to novel strategies to
augment overall productivity by
increasing the number of storage organs Terpenoids
per plant or by prolonging the synthetic
phase of the desired macromolecule or There are currently more than
specialty chemical. The transport of 20,000 terpenoid structures reported, the
metabolites and partitioning of carbon majority of which are from higher plants.
and nitrogen among organelles is a Many of these that have value as
central part of metabolic biochemistry medicinals, polymers (e.g. rubber),
that is poorly understood. For instance, solvents, flavorings, fragrances o_
very little is known about the proteins coloring agents. Certain terpenoids have
that mediate the loading of sucrose into also been implicated as antimicrobial
or out of the phloem during transport agents and as regulators of insect
throughout the plant. As one participant behavior or development. In spite of the
noted: prominence of these compounds in the
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plant kingdom, relatively little work has approaches to this problem are
been undertaken, as yet, on the isolation applicable. Additionally, the availability of
of genes for terpene biosynthetic genes for an entire pathway in an easily
enzymes. Many of these are thought to transformed organism would greatly
be membrane bound and are, therefore, facilitate a detailed analysis of this
difficult to purify. Few laboratories in the problem usingmoleculartechniques once
world are actively engaged in the putative rate-limiting steps have been
enzymology of plant terpenoids. In view identified. Given the tremendous diversity
of the importance of this diverse family of of the terpenoid pathway, the selection of
natural products, progress in their several "model species" for detailed
enzymology was considered a priority, metabolic and molecular studies would

An overwhelming problem with be particularly useful. Tomato was
terpenoids is that there are so many suggested as a possible mod_,l system
different representatives, lt is not because of the excellent genetic
possible to characterize ali the pathways, resources available in this speci=.s.
Fortunately, in spite of the large number Many terpenoids are accumulated
of chemical structures, it is estimated that in glands, ducts, trichomes, lactifiers or
a family of only a few hundred enzymes other specialized structures. Thus,
may be required to convert the attempts to enhance the level of
ubiquitous precursors to representative accumulation of economically important
members of the major classes of terpenoids, such as taxol, may also
terpenoids. Furthermore, many of these depend upon knowledge of the
enzymes may be structurally related mechanisms that regulate the
enzymes with slightly different proliferation of these special structures.
specificities such as has been observed The development of a suitable genetic
for cytochrome P450s in animals, and system would also greatly facilitate
fatty acid desaturases in plants. Thus, it progress on this aspect of the general
seems likely that if a gene for a key problem.
enzyme, such as a sesquiterpene
cyclase, were available, this gene could Cell-SpecificMetabolism, Biochemical
be used as a heterologous probe to Adaptation, and Secondary
identifygenesfor structurallyrelatedbut Metabolism
catalyticallyheterologousenzymes from
a large number of species. Thus, a Higher plants collectively
systematiceffortshouldbe undertakento synthesize an enormous spectrum of
isolate a gene for each representative chemicalconstituentswhicharegenerally
enzyme catalyzingthe principalreactions consideredto be secondarymetabolites
involved in the synthesisof the major because they do not appear to play an
classes of terpenoids, essential role in the growth and

Anotherpriorityfor this area is to development of the plant. Many
obtain informationon the mechanisms secondary metabolites have medicinal
that regulate flux through the pathway value or other economicuses, many are
and into the varioustypes of terpenoid importantin plantdefense mechanisms
products. Several classical biochemical or in abiotic stress responses, and some
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confer important holticultural qualities to enzymes accumulates, it will become
plants. The biosynthesis of certain possible to use this information to isolate
classes of these compounds, such as genes for enzymes from diverse species
anthocyanins, or certain alkaloids such that catalyze similar reactions. Thus,
as nicotine or the Vinca alkaloids, have careful consideration should be given to
been studied in great detail. Other elucidating the series of reactions that
classes of compounds, such as most lead to the formation of particular
alkaloic_sand di- and tri-terpenes, have compounds, and the purification of
received comparatively little attention, relevant enzymes.
Because of the chemical diversity of There are many instances in
secondary metabolites, it is necessary to which it would be desirable to increase
identify an efficient mechanism to obtain the amount of accumulation of a
biochemical information about this class secondary metabolite. A notable
of compounds that would complement example is the current necessity of
the extensive ongoing research processing 750,000 Ib of bark from
concerning the identification and Taxus brevifolia to produce 50 Ib of the
structural elucidation of new compounds, anticancer diterpene taxol. In some

One approach to this issue arises instances increased expression of a
from a consideration of the origin of single enzyme is sufficient to cause
chemical diversity in plants. The increased accumulation of a secondary
angiosperms are thought to have evolved metabolite. For example, Atropa
during the last 150 - 200 million years, belladonna, normally accumulates high
Thus, the chemicai diversity of secondary levels of the anticholinergic tropane
metabolism represents the result of a alkaloid, hyoscyamine, but has low levels
fascinating process of evolution of new of the more valuable alkaloid
enzymes. By extrapolation from studies scopolamine. Introduction of a
of animal and microbial systems, it is constitutively expressed gene for
apparent that many enzymatic reactions hyoscyamine 6_-hydroxylase from
associated with secondary metabolism Hyoscyamus niger in transgenic A.
are catalyzed by structurally related belladonna plants resulted in plants that
enzymes that have evolved slightly accumulated high levels of scopolamine
different substrate specificities, in their leaves. Such examples
Furthermore, some of the enzymes notwithstanding, the essential problem in
involved in secondary metabolism have most cases is that the compounds of
broad substrate specificity so that the interest are produced by a multienzyme
specificity of a particular reaction is pathway inwhich itis probably necessary
controlled by the availability of substrate, to increase the amount of activity of
One implication of these principles is that many enzymes in order to effect
it may prove rewarding to complete a increased flux through the pathway. The
detailed characterization of a results of several recent experiments
representative enzyme from each major suggest that in at least some
family of related enzymes involved in the multienzyme pathways, ali the enzymes
synthesis of secondary metabolites. As of the pathway are under transcriptional
structural information about these control of a small number of trans-acting
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factors. This raises the possibility of many secondary metabolites are thought
producing transgenic plants in which to be involved in disease and pest
overexpression of atranscriptional factor resistance or in stress tolerance.
causes a corresponding increase in the Accordingly, the accumulation of these
level of expression of the enzymes of a compounds is frequently strongly
complex pathway. An example of this stimulated by exposure of a plant to
principle was the recent demonstration of biotic or abiotic stress. There are a large
the production of high levels of number of intriguing unanswered
anthocyanins in various tissues of maize questions concerning the mechanisms by
by the introduction of a gene for the Lc- which the biosynthetic pathways are
transcriptional factor that was placed induced and the role of the secondary
under control of a constitutive promoter, metabolites in the stress response. For
Constitutive expression of this example, it is not known whether
transcriptional factor resulted in the different plant species use similar signal
accumulation of high levels of transduction pathways to induce
anthocyanins in tissL _.S,such as roots, expression of different secondary
which do not normally accumulate metabolites in response to a particular
pigments. Thus, by analogy, it seems stress. The answer to this and related
likely that the isolation of trans-acting questions could have broad academic
factors that regulate accumulation of a n d a p p li e d s i g n i f i ca n ce f o r
other classes of secondary metabolites understanding adaptive mechanisms in
may have broad utility in increasing plants.
accumulation of related metabolites in

heterologous species. There are now Perception, Response and Adaptation
several powerful new approaches to the to the Environment
isolation of such transcriptional factors.
However, the application of these and Plants are normally exposed to a
related methods for enhanced production wide range of environmental conditions
has been impeded by the dearth of which may include exposure to biotic as
biochemical information available, well as abiotic stresses. The analysis of

These examples illustrate the the various mechanisms involved in the
encouraging fact that there is the perception, response and adaptation to
possibility for a strongly synergistic environmental changes requires a broad
relationship between the extensive spectrum of approaches which include
research concerning mechanisms of biochemical analyses. Although there is
gene regulation, and the research substantial activity in this area, which is
concerning mechanisms that regulate the generally pursued under the rubric of
accumulation of secondary metabolites, signal transduction, much of this work is
Mechanisms that would encourage focused on mechanisms of gene
collaboration between researchers expression. One participant expressed
concerned with gene regulation and the view, which was echoed by several
those concerned with understanding the others:
regulation of secondary metabolism are
likely to be very productive. Furthermore, "Studies of signal transduction in plants
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are currently too narrowlyfocusedongene stimulatethe search for additional signal
e_pression. There is a pressing need to moleculesandsuggestthatthisaspectof
understand the underlying biochemical plant biology is in comparatively good
mechanisms. However, this problem seems health.
to have fallen between the cracks because
biochemists think it is cell biology and cell The other aspect of the general
biologists think it is biochemistry. Perhaps problem of environmental response
this is an area where we need mechanisms concernsthe elucidationof the changes
that will encourage interactions between incellularmetabolismand cell structure.
individuals with &'fferent expertise." lthas become increasinglyapparent that

adaptationto biotic stresses or abiotic
In extending this discussion another stresses caused by extremes of
participantnoted: temperatureor soil water content, high

salt, mc_alsand other factors results in
"There is a need to make the connection changes in cell composition and
between small molecu',e biochemistry, and metabolism.The increasedavailabilityof
cell biology. Plant; have developed different sensitive analytical techniques for
smafi second messengers than animals and structuraldeterminationshould facilitate
this needs to be explored by scientists who the elucidation of the biochemical
are knowledgeable about analytical changes which occur in response to
methods." variousstresses.Also, it is now possible

to directlytest the role of such changes
As an example of an underdeveloped bythe productionof transgenicplantsor
area of potentiallygreat importance it mutantswhichhave alteredcapabilityto
was noted:ha_,,as inanima!s,lipidshave undertakesuch changes. For instance,
been implicatedas signal moleculesin membranelipidcomposit;r_nisthoughtto
plant_; recent work has implicated be importantintheabilityof higherplants
inositollipidsand jasmonicacid insignal to survivetemperaturestress. Because
transductionoathways. However,almost manyof the sameenzymesparticipatein
nothingis knownabout the pathwaysof both membrane and storage lipid
inositollipidsynthesisanddegradationin synthesis, the concurrent progress in
plants, and there is very little current developinggenetic methods to modify
activityinthis_,rea."rnisis an area which storage oil composition has converged
is badly in need of more inteasive with axperimentsdesigned to test the
investigation.Orl the other hand, the role of fatty acid unsaturation in
recent discoveryof the role of jasmonic temperature acclimation. Similarly,
acid as a signalmolecule in plantsalso progress in defining the details of
emphasizes the fact that plants have carbohydratemetabolism has permitted
acquired completely novel signal the productionu; transgenicplantswith
molecules. This is a!so evident from increased salt tolerance due to the
recent work on the elucidation of accumulationof increasedlevelsofsugar
nodulation factors and from evidence alcohols.Becausemanyof the stresses
implicating cell wall fragments as experiencedby plantsare not problems
elicitors.These discoveriesare likelyto for animals,it seems that this area may

Plant Biochemistry Research 24

t"



producenovel biologicalprinciples.Also,
since various stresses are generally
consideredto be the major limitationsto
plant preductivity, improved
understanding of the underlying
biochemistry may afford new
opportunities for rational plant
improvement.
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Appendix II the associated metabolic pathways. On
the other hand, research

WORKSHOP ON OPPORTUNITIES IN resourcesare limited. How should the
PLANT BIOCHEMISTRY priorities for research support be
SUGGESTED LIST OF DISCUSSION established? What criteria should be
TOPICS used?

8. What are the human resources
1. What is the level of knowledgeof key supporting research activities in plant
metabolic pathways; what are the biochemistry? What mechanisms would
iii-defined reactions ofthepathwaysand be effective in stimulating increased
how valid are the commonly accepted research in this area? What are the
pathways? career opportunities for young

investigators?
2. What are the regulatory mechanisms
governing the flux through key metabolic
pathways?

3. How prevalent is the existence of
alternate or redundant pathways, and
what are the determinants of flux into
one or another of the pathways?

4. What are the roles of cellular
structures, tissue differentiation, and
temporal development in regulating
metabolism?

5. What are the contemporary issues
pertaining to assimilatory processes and
to the biosynthesis and catabolism of
lipids, carbohydrates, polysaccharides,
proteins, phenolics, terpenoids, and
secondary metabolites?

6. Is it possible to identify uniquely
favorable organisms or experimental
approaches for the study of the various
metabolic pathways? Are there new
research technologies that offer novel
opportunities for rapid progress?

7. The diversity of plant natural products
is enormous as are
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