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Agricultural research and development plays an essential role in a nation’s economic development, providing for food
security for an ever-increasing population. In developed countries, the gap between potential and actual yield is largely
closed because of a combination of advanced technologies, high-yielding new varieties and the application of
agrochemicals in highly mechanized production systems. In most of these countries, agricultural production exceeds
national demand, resulting in excess products for export. In many of the developing countries, however, agricultural
productivity is still far below what it should be because of multiple technical and socio-economic constraints. Food
deficits are the norm in poor and middle-income countries, requiring expensive food imports. To partially alleviate this
situation, agricultural research must be strengthened. As branches of basic sciences, plant and crop physiology have
often been criticized for being non-effective in translating their findings into improving crop productivity, which would
enhance agricultural progress. This paper addresses this issue by presenting an assessment of past achievements of
physiological research and their impacts on crop improvement and food production. Shortcomings and limitations of
isolated, non-relevant research are discussed, along with scientist views on how effective physiological research
should be conducted and integrated within breeding-based multidisciplinary research teams. Examples of successful
research in crop physiology and their contributions towards increasing crop productivity are given. All this points to
the need for steadfast funding of basic research by public and private sectors of developed countries.
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Utilidade da pesquisa basica em fisiologia vegetal e em fisiologia da producio em relagdo ao melhoramento das cultu-
ras: uma revisio e uma analise pessoal: A pesquisa e o desenvolvimento agricola tém fungfo essencial no desenvolvi-
mento econdmico das nag¢des, provendo seguranga alimentar para uma populacdo em constante crescimento
demografico. Em paises desenvolvidos, as lacunas entre a producéo potencial e a produgéo real sdo sobremodo estrei-
tas, devido a uma combinacdo de tecnologias avancadas, novas variedades altamente produtivas e aplicagdo de
agroquimicos em sistemas de producdo altamente mecanizados. Na maioria daqueles paises, a produgéo agricola supera
a demanda nacional, resultando em excedentes para a exportacdo. Em muitos paises em desenvolvimento, entretanto, a
produtividade agricola esta ainda muito abaixo de seu potencial devido a limitagdes técnicas e sdcio-econdmicas.
Déficit alimentar é a norma em paises pobres e subdesenvolvidos, os quais requerem vultosas importacdes de alimentos.
Para aliviar parcialmente essa situagdo, pesquisas de cunho agricola devem ser refor¢gadas. Como ramos das ciéncias
basicas, a fisiologia vegetal e a fisiologia da produgdo tém sido freqlientemente criticadas por ndo traduzirem seus
resultados de pesquisa em melhoria da produtividade. Este artigo ¢ focado nesse tema, apresentando uma avaliagdo das
realizagdes pretéritas da pesquisa fisioldgica e de seus impactos sobre o melhoramento das culturas e sobre a producéo
de alimentos. Discutem-se deficiéncias e limitagdes de pesquisas isoladas e de pouca relevancia, juntamente com
opinides do cientista sobre como pesquisas efetivas na area da fisiologia devem ser conduzidas e integradas dentro de
equipes de pesquisa multidisciplinares associadas ao melhoramento vegetal. Exemplos de pesquisas de sucesso na
fisiologia da producéo e suas contribui¢des para aumentar a produtividade agricola sdo apresentados. Todos esses
aspectos apontam para a necessidade de pronto financiamento da pesquisa basica por setores publicos e privados de
paises desenvolvidos.

Palavras-chave: agricultura, ecofisiologia, ecossistemas, estresse hidrico, fotoperiodo, fotossintese C,, hormonios,
melhoramento, produtividade, solo, tolerancia a seca
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INTRODUCTION

At present, there is an increasing agricultural
pressure on the limited natural resources, particularly pri-
me land and fresh water, in many developing countries
(Postel, 1984; Wallace, 2000). This situation will be
further aggravated by the high rate of population growth,
due mainly to the high fertility rate in most developing
countries, coupled with changes in consumption habits
that would result in high demand for food and feed in the
coming few decades (Sasson, 1990; Blake, 1994;
Leisinger, 1995; Cohen, 1997). In view of this pressure it is
necessary to formulate and adopt sound agricultural poli-
cies for sustainable development aided by well-planned
research strategies, and efficient delivery systems for
needed agricultural services and improved technologies
(Buringh, 1977; Wortman and Cummings; 1978; Wortman,
1981). In the 20th century, agricultural research has
contributed immensely in closing the large gap between
potential and actual crop productivity in developed
countries of the temperate zones (Loomis and Connor,
1992). This was largely due to the development of high-
yielding new cultivars and the use of agro-chemicals in
highly mechanized large-scale farming systems, resulting
in greatly increased agricultural output per farmer and
land area (Wittwer, 1979; Critchfield, 1982).

In developing countries, however, agriculture is still a
village-based system with smallholders and labor-
intensive small farms. With the exception of a few cases,
such as the Nile Valley of Egypt (El-Tobgy, 1974), where
productivity is high under irrigation and fertilizer use,
farm yields are largely suboptimal. Besides the low yields,
per capita annual growth rate of food production in low-
and middle-income developing countries is declining and
still lagging behind the annual population growth rate
(Leisinger, 1995). It is anticipated, therefore, that most
increases in agricultural production will come (or should
come) from developing countries, particularly those in
the tropics and subtropics where farm yields are far below
their potential.

Low productivity in most developing countries is
attributed mainly to lack of appropriate and improved
technologies, as well as the existence of biotic and abiotic
stresses (Leisinger, 1995). Added to that, in many
developing countries, especially in Africa, Asia and Latin
America, a large share of the agricultural production is
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carried out by resource-limited small farmers who are
discriminated against by unfavorable national socio-
economic policies (Chambers and Jiggins, 1987,
Chambers et al., 1989). In this case, there are needs not
only to develop more knowledge and better-adapted crop
cultivars but also to alleviate the grievances of the small
poor farmers in particular and the rural sectors in general.
This requires introducing and adopting the necessary
changes and reforms in agricultural and socio-economic
policies (Leisinger, 1995).

The 2006 Nobel Peace Prize was awarded to the
economist Muhammad Yunus and his Grameen
Foundation in recognition of his successful pioneering
efforts to help some of the poorest farmers, first in his
own country, Bangladesh, and later in several other
developing countries in Asia, Africa and Latin America.
This was done by creating a simple micro-credit financial
system without the required inhibiting conditions
demanded by traditional commercial banks. The creation
and effectiveness of Yunus Grameen Bank (or village
bank) illustrated how simple and carefully planned
financing schemes can make a difference in obviating the
many socio-economic constraints and in alleviating
poverty in rural sectors. In addition, it illustrated that
villagers are indeed responsive to new ideas and are
willing to adopt socio-economic changes once they
perceive their positive consequences (Critchfield, 1982).
The agricultural productivity of these resource-poor
farmers has been enhanced and resulted in a better
standard of living, which in turn increased their demands
for improved and appropriate technologies.

Thus, higher priority in agricultural research should
be given by both national and international institutions
to solving small farmer’s problems that constrain crop
productivity as well as the sustainability of agricultural
systems (Chambers et al., 1989), particularly in countries
where national programs are weak or nonexistent.
Involving farmers in the research process, via the new
approach of “farmer participatory research”, is
necessary for increasing research effectiveness and
applicability of new technologies (Hellin et al., 2006;
Leisa, 2006). These research efforts would be further
enhanced by linking and integrating the various
branches of science from the molecular level (i.e.,
reductionistic approaches) to the whole-plant and
ecosystem levels (i.e., holistic approaches) in
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interdisciplinary/interinstitutional teams (Loomis et al.
1979; Loomis and Connor, 1992; Loojin, 1999; Delmer,
2005). Moreover, the use of available research tools in
molecular biology and genetic engineering, as well as
crop modeling, is essential for increasing efficiency of
research (Kramer, 1980; Thornley and Johnson, 1990;
Boote and Loomis, 1991; Shorter et al., 1991; Cohen, 1993;
Evans, 1993b; Leisinger, 1995; Jackson et al., 1996; El-
Sharkawy, 2005).

The standard textbook, Crop Ecology: productivity
and management in agricultural systems by Loomis and
Connor (1992), is an invaluable reference on the
ecophysiological principles, mechanisms, concepts, and
problems encountered in the production processes in
various ecosystems of crops and pastures. Moreover, it
follows quantitative and analytical approaches based on
the biophysics, chemistry and mathematical algorithms
underlying photosynthesis, productivity, soil-plant-
atmosphere relationships and water and nutrient uses. An
equally important recent reference book on various crops
and plantations is the Handbook of Industrial Crops
edited by Chopra and Peter (2005). This book brings
together and assembles a vast amount of information
accumulated by extensive research on perennial crops by
eminent scientists in many countries, particularly in the
tropics. Information given includes many aspects of crop
research such as germplasm conservation, cytogentics,
DNA sequences, breeding, ecophysiology and soil-plant-
water relationships in various cropping systems. These
references, among many others, are useful sources of
information for agronomists, plant breeders and plant
ecophysiologists.

Following up on the recent reviews where field
research was emphasized in order to bring direct impact
on crop productivity (ElI-Sharkawy, 2004, 2005, 2006), this
review discusses and emphasizes the long-debated role
of physiological research in agricultural progress in gene-
ral and in crop improvement and food security in particu-
lar.

AN OVERVIEW OF THE ROLE OF
PHYSIOLOGICAL RESEARCH IN CROP
IMPROVEMENT

Why physiological research is criticized: As branches of
basic sciences, plant and crop physiological research are

often criticized as being detached from practicality and its
role in improving agricultural productivity is considered
limited. This criticism is due mainly to: (1) a lack of
coordination, in some cases, with relevant breeding
programs; (2) an inability to translate most research
findings into yield gains in the field; (3) and a lack, in
most cases, of applicable techniques in plant breeding
where large genetic populations must be handled.

The irrelevance of some physiological research is
better illustrated by studies done in isolation under
mostly unrepresentative environments, particularly when
plants were grown in pots kept indoors, conditions that
deviate from those under which crops are normally grown
(El-Sharkawy, 2004, 2005, 2006). Long et al. (2006)
reported on a large number of field trials conducted on
some C,and C, crops across locations and countries
using the sophisticated Free-Air CO,-Enrichement
(FACE) technique as a tool for studying long-term
responses to elevated atmospheric CO, The percent
increases in both photosynthesis and yield were much
less than was previously observed with plants grown in
pots in greenhouses, suggesting acclimation problems as
pointed out by El-Sharkawy (2005). Kramer (1981) in
discussing effects of elevated CO, on photosynthesis
and dry matter production concluded that: “even though
increasing the concentration of CO, to 600 ppm increases
the rate of photosynthesis of many plants in phytotron
and greenhouse experiments, there is no assurance that
similar increases will occur on a global scale where water
and nitrogen (N) already often limit growth”. Arp (1991),
on the other hand, argued against the use of plants grown
in small pots where root growth is restricted and causes a
buildup of assimilates, resulting in feedback inhibition of
photosynthesis. More recently, Ronchi et al. (2006) found
that in Coffea arabica plants grown in small-size pots,
net leaf photosynthesis decreased (i.e., down-regulated)
as compared to plants grown in larger pots. Such a down-
regulation was due mainly to reduction in Rubisco
activity rather than to build-up of end products or
changes in stomatal conductance. Decreases in Rubisco
activity was attributed, in turn, to inadequate N content
in leaves despite sufficient N being available in the small
pots.

Others (Bernston et al., 1993; McConnaughay et al.,
1993), apparently, do not support abandoning decades of
nonfield-based research and suggested that similar
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conditions that might restrict root growth exist in field.

Nevertheless, these findings have significant
implications for predicting responses to climatic changes
via crop/ecosystem modeling based on data from
inappropriately grown plants. In addition, it points to
how huge resources and efforts could be wasted with the
risk that science and scientists may lose the support and
interest of society. El-Sharkawy (2005) cautioned against
the risk of using data from inappropriately grown plants
and its use in crop modeling to predict responses of
cropping systems to the environment without proper
field calibration. Long et al. (2006) stated that private
sector financial support for this kind of research would be
hard to get. Additional reading concerning such
problems together with the role of physiological research
in improving productivity of crops in different
ecosystems and environments can be also found in the
extensive volume published by the Crop Science Society

of America (Buxton etal., 1993).

Scientist assessment of the role of physiological
research and how it could be more effective and
relevant: Some eminent scientists, particularly plant
physiologists, have demonstrated and discussed the
utility of properly conducted physiological research and
its contribution to improving agricultural productivity
(Evans, 1977, 1993a,b; Kramer, 1980; Schrader, 1980;
Whan et al., 1993). Schrader (1980) discussed the
potential of biochemistry and plant physiology in
improving crop productivity and indicated that multi-
disciplinary research is the most effective means to
ensure sound research products. He pointed out that a
breeding scheme based on physiological and biochemical
traits that make efficient use of nutrients, water, CO, and
solar energy probably will enhance, but not replace or
substitute for, conventional breeding techniques.
Identification and incorporation of useful plant traits
should lead to a more efficient metabolic system and
better-adapted and stress-tolerant cultivars. He also
outlined the many obstacles constraining the application,
in breeding programs, of some of the many important
discoveries in biochemistry and plant physiology. There
is a need to close the gaps separating the reductionistic
approaches employed in basic research and the holistic
approaches followed in plant breeding and crop
management studies. Because of increasing competition
for often limited research funds, integrated approaches

Braz. J. Plant Physiol, 18(4):419-446, 2006

involving multidisciplinary teams have a better chance of
being funded than those tailored around a sole discipline
narrow in scope and aims.

Kramer (1980) stated that plant physiology is a
powerful science and has the potential to contribute to
agricultural progress. Nevertheless, he stated that crop
yields are limited more often by unfavorable
environments than by lack of capacity in physiological
processes. Therefore, relevant research should be done
first in the field where the many limiting environmental
factors can be identified, followed by laboratory research
under controlled conditions to elucidate physiological
processes/mechanisms underlying plant responses to
those limiting factors. Accordingly, this approach
teams composed of

requires interdisciplinary

agronomists, soil scientists, meteorologists,
physiologists, and breeders who are willing to cooperate
in solving specific problems.

The extensive research conducted in phytotrons,
such as the one called “CERES” (controlled environment
research) in Canberra, Australia, have shown both its
scientific and utilitarian value in complementing field
studies (Evans et al., 1985). In addition, phytotron
research at Duke University, USA, on photothermal
effects on several crop plants has helped in elucidating
the genetic control of flowering (Quinby et al., 1973;
McBlain et al., 1987). El-Sharkawy et al. (1992a, 1993),
working in the tropics, studied the effect of temperature
during plant growth on cassava leaf photosynthesis.
Several cassava cultivars from different habitats were
grown in large pots in the open, taking advantage of
temperature variations at different altitudes within short
distances, which obviated the need for phytotrons. The
research revealed important information on
photosynthetic responses to measurement-temperature
and photon flux density under laboratory controlled
conditions. Large differences were found among sets of
leaves, of the same plants, that had developed under
warm and cool climates. Cool-climate leaves with very low
photosynthetic rates were able to partially recover their
photosynthetic capacity after acclimation for several
days in a warm climate. Both cool-climate and then warm-
acclimated leaves had significantly lower photosynthetic
rates, and were light saturated at much lower photon flux
density, as compared with those observed in leaves

developed in the warm climate. Moreover, genotypic
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differences in response to growth-temperature were
apparent with cultivars from low-land, warm humid
climates, such as in Brazil, which presented the highest
rates in all sets of leaves compared to high-land, cool
humid climate cultivars. Screening for cold-tolerance
among a larger group (107 clones) of accessions was
conducted under representative field conditions at high-
land locations (mean annual temperature =~ 18°C) using
portable infrared gas analyzers. Several clones were
identified with significantly higher leaf photosynthetic
rates, as compared with the trial mean, due mainly to
nonstomatal factors (i.e., biochemical/anatomical leaf
traits) (EI-Sharkawy, 2006). These selected clones were
used in a crossing program for breeding for new more
cold-tolerant cultivars.

Evans (1993b), discussing the role of physiology in
enhancing yield potential, stated that: “as a crop
physiologist, I should like to be able to conclude that
ideological selection, based in part on physiological
understanding, will increasingly take over from empirical
selection for the raising of yield potential....however, I
suspect we will continue to rely mainly on empirical
selection for yield potential, with molecular techniques
providing a pre-concentrating mechanism analogous to
the role of the C,-dicarboxylic acid cycle for C,-
photosynthesis”. Another quote of Evans (1977)
apparently in defense of physiological research and
physiologists: “plant physiologists can fairly claim to be
the midwives who help agronomists, plant breeders,
pathologists and entomologists to deliver the extra food
required by population growth and higher living
standards”. Besides the great advances in the field of
plant nutrition and their impacts on agricultural output
for almost a century aided by expanding fertilizer use,
Evans cited several interesting examples of how plant
physiology is contributing to agricultural progress.
Notably among these examples is how the “curiosity-
oriented” research conducted by the eminent Dutch plant
physiologist, Frits Went, while working in the USA, had
led to many discoveries in phytohormones, despite the
hardships in getting funded due to the lack of vision
demonstrated by Went’s research evaluators.

Unfortunately, this short-sighted vision on the part of
some research managers and funding agencies still
prevails today, even in international research centers that
are supposedly committed to the development of

improved technologies needed by developing countries
(Blake, 1994; Kawano and Cock, 2005; El-Sharkawy, 2006).
A case in point is what has been taking place in centers
like CIAT, where in the past decade it suffered from a
severely reduced research budget that led to dispersion
of committed and productive scientists as well as in
dismantling interdisciplinary-based research programs
(El-Sharkawy, 2006). Steadfast funding in support of
science in general and of maintenance research in parti-
cular, as was the case with the Green Revolution, is
crucial and should not be subject to political
manipulation, fashionable trends and bandwagons
(Simmonds, 1991; El-Sharkawy, 2006). Simmonds (1991)
stated: “a bandwagon is merely the obvious response to
anew idea or technique which promises well; if you can 't
beat ’em, join ‘em. And, if the bandwagon is a good one
(allied to competent publicity), it becomes a gravy-train; a
seat on it virtually guarantees funds, grants and other
goodies such as easy (and not too roughly refereed)
publications”. An example is the crop modeling effort, the
early progress of which suffered growing pains. This
effort with an emphasis upon new research represents a
powerful tool for integrating physiological research for
an understanding of how crop or ecosystems behave and
which traits to select for.

The research on Arabidopsis thaliana (Somerville
and Ogren, 1980; Somerville et al., 1982), for example, was
a breakthrough in both plant physiological and molecular
genetic research, providing scientists with a powerful
and easy to manipulate (via mutations) plant system. It
enhanced plant genomic research as well as genetic
engineering that complemented conventional breeding
methods. However, it has also become an unnecessarily
attractive bandwagon, where research funds have been
redirected mostly towards molecular biology at the
expense of essential applied and basic research on crop
improvement, cropping systems and whole-plant biology
(Ryder, 1984). Worse, this fashionable trend in science
has caused many higher education institutes, especially
in developed countries, to close down some disciplines
and whole departments dealing with commodity
improvement and cropping system research. Molecular
biology research is effective only when it complements
and integrates with other fields of science, since the
technology outputs must be tested in whole-plant and
within relevant cropping systems under prevailing
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environments (Francis, 1989; Cohen, 1993; El-Sharkawy,
2005). In general, plant responses to environmental
conditions are complex in nature and relate to many plant
morphological, anatomical, physiological and
biochemical traits, processes and mechanisms, which are
controlled by multiple genes probably located and
expressed in different sub-cellular compartments, array of
cells, tissues and organs. “Cutting and pasting” one or
two genes seems practical for simple-inherited traits, but
such effort might be ineffective when dealing with
complex and quantitatively-inherited traits. Therefore,
the powerful techniques of recombinant DNA and DNA-
markers that locate and transfer genes and gene-loci of
interest (Brown, 1983; Tanksley et al., 1989; Paterson et
al., 1991; Potrykus, 1991; Day, 1993) would require better
understanding of — and linking to — other fields of
science, particularly plant breeding and genetics,
biochemistry and physiology (Ryder, 1984; Ceccarelli and
Grando, 1993; Hunter, 1993; Bartels and Nelson, 1994;
Bohnert et al., 1995). Ryder (1984) wisely remarked: “I
believe very strongly that the technology we call genetic
engineering and its attendant sciences and technologies
should be pursued. The potential benefits are worth the
pursuit. I do not wish to see the support of genetic
engineering undertaken, however, on the basis of broad
edicts, at the expense of other aspects of plant breeding
and its attendant sciences and technologies”.

From a breeding perspective, however, and after
surveying and assessing a long list of published
physiological research, Jackson et al. (1996) found most
research results have little value for breeding programs.
They outlined the necessary steps and attention needed
to make better use of physiological information in crop
breeding focusing on the need to work with relevant
genetic populations, close integration of the
physiological research within an active breeding program
and pointed to the dangers of narrow pre-determined
directions in the physiological research done in isolation.
Whan et al. (1993) also emphasized the need of
integrating breeding and physiological research, and
provided a working example for such cooperation in
Western Australia. The effort resulted in increasing grain
yield of wheat and in the adaptability of cultivars to
moisture-limited environments. Similar experiences where
physiological research played an important role in
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breeding programs took place at other laboratories such
as the International Rice Research Institute in Philippines
(IRRI) (Yoshida, 1972; IRRI, 1990; Virmani, 1996).

Early 20" century interdisciplinary-integrated cotton
research in Egypt and USA: In this regard, it is
noteworthy that about a century ago a major research
program on improvement of the Egyptian long-staple
cotton (Gossypium barbadense L.) was already
established on the basis of a multidisciplinary approach
(Balls, 1907, 1915). Balls (1907) pioneered the application
of the then rediscovered Mendelian genetics as well as in
integrating crop physiological/agronomical research
within the cotton breeding program at Giza Station, with
several substations across the country to test cultivar
adaptability to variations in atmospheric and edaphic
factors (i.e., genotypic X environment interaction). Balls
(1915) discussed in great detail the growth of cotton
(including studies on stomatal behavior in reaction to
cultural practices and climate) as affected by the heavy
clay soils, with moderate levels of salinity, in the Nile river
delta. He reported on the effect of the water table, after it
rose to immerse the lower half of the root system, on fiber
quality. He stated that, “bolls opening ten days later will
have weak but long lint, those opening five weeks later
will have lint both weak and short, with a high ginning
out-turn (i.e., lint percentage in seed-cotton), and those
opening seven weeks later will be worthless in all
respects”. Thus, fiber quality was strongly affected, in
different degrees, by soil and plant water content at
different stages of growth, a topic still researched by
modern-day better-equipped plant breeders,
physiologists and soil scientists.

Similarly, significant contributions of physiological
research to upland cotton (G hirsutum L.) breeding and
improvement were made by Eaton and coworkers in USA
(Eaton, 1927, 193 1a,b, 1955; Eaton and Ergle, 1952, 1954).
They studied the influence of various plant traits, such as
habit of branching, flowering, fruiting, and leaf canopy
shape on cotton growth, yield and fiber quality.
Manipulating fruiting load through fruit structure
removal (i.e., removal of flower buds or squares, flowers
or young bolls) increased plant size with consistent yield
improvement, provided that removal of fruiting forms was
not severe and prolonged. Defloration and defruiting
also resulted in a modified plant shape that resembled
determinate-type cotton cultivars that tend to have a
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shorter fruit-setting period (Eaton, 1927, 1931).
Moreover, they studied the influence of soil moisture,
partial defoliation and light intensity on fiber properties,
carbohydrate and nitrogen levels of cotton plants. Eaton
and Ergle (1952) concluded that fiber strength was
improved by the plant enzyme system favoring rapid
carbohydrate utilization, and by modifications resulting
in high carbohydrate supply in cotton. In addition, a
positive association between the intensity of light that
reached the plants and carbohydrate levels was
demonstrated (Eaton and Eargle, 1954).

This early physiological research has significant
implication for breeding strategy as well as management
practices of upland cotton cropping systems. It had led,
for example, to the search for leaf types, such as okra-
type small and narrow leaves, that may increase light
penetration deep within canopy and reduce boll rots
enhanced by increased humidity (Andries et al., 1969,
1970; Kennedy et al., 1986). Furthermore, the research has
effects of leaf
photosynthetic capacity and canopy structure that may

implications for the potential

enhance the supply of carbohydrates required for higher
yield. Recent field studies in the USA with eight cotton
genotypes differing in leaf size and shape showed that
the two lines with smaller and narrower leaves (“okra leaf
trait”) had higher photosynthetic rates per unit leaf area
at all sun light intensities imposed by shading than the
other six genotypes with normal broad leaves (Pettigrew
et al., 1993; Pettigrew, 2004a,b). Compared to normal
leaftype cottons, okra leaf-type varieties, on average,
exhibited 30% higher photosynthetic rate per unit leaf
area, 14% greater light-adapted PSII quantum efficiency
and 14% greater photosynthetic electron transport rate.
In addition, non-photochemical quenching was 11%
lower in the okra leaf-type genotypes relative to normal
leaftype ones. It was suggested that the concentration of
photosynthetic machinery, as demonstrated by about a
13% increase in chlorophyll concentration in the okra
leaf-type varieties as a result of about 37% decrease in
single leaf area, may partially explain the higher
photosynthetic rates. It is possible, therefore, that in
cotton with narrow leaves, when planted with optimum
density to compensate for reduction in single leaf area,
canopy light interception would be increased, probably
with consequent increases in canopy photosynthesis
and yield.

Training young scientists with multidisciplinary skills
can enhance integration and utility of research: a
personal experience: Fifty years later, Balls’ experience
and approach in scientific research had a great influence
on my professional formation as a young student granted
an Egyptian government scholarship and aspiring to
study cotton in the USA. Knowing that on my return to
Egypt I would probably be stationed at the same place as
Balls, where the last British experts left in the early 1950°s,
I decided to combine in my graduate program both a
breeding and a physiological background at two different
institutes. One institute, Louisiana State University, did
research on breeding of short-staple upland cotton, G
hirsutum L., rain-fed in a hot humid climate, but not
cultivated in Egypt. And the second, the University of
Arizona, did research on physiology/breeding of long-
staple cotton, G. barbadense L., irrigated in hot dry
desert conditions with intense solar irradiance, as in
Egypt. After completing my M.Sc. thesis on the genetic
analysis of F and F, progenies of a cross between widely
different and nearly homozygous parents and proving
that both fiber strength and fiber elongation are
quantitative traits, and probably controlled by more than
11 and five genes, respectively (Tipton et al., 1964a,b), I
decided to change direction. That may have seemed
awkward to my fellow colleagues and surprising for my
thesis supervisor at Louisiana State University, since we
had already harvested sample bolls from F, progeny lines
that awaited fiber analysis for a PhD thesis that would
have taken less than two years, whereas changing a major
field of study and institution would certainly take longer.
Permission to do so was granted by my Egyptian boss,
the Under Secretary, Ministry of Agriculture (El-Tobgy,
1974). It happens that Hassan El-Tobgy, a geneticist
trained at the University of California, recruited me in
1958, a month after I graduated from the University of
Alexandria with a B.Sc. in agronomy, as his research
assistant at the National Research Center, Doki, Giza. I
spent two years doing cytological studies for a
chromosome atlas of the Egyptian desert flora as well as
being trained in cotton genetics under the supervision of
a Dutch-Egyptian lady geneticist, Handrina Anna.

Was the shift worth the trouble I encountered at the
University of Arizona because I insisted on pursuing my
own research project on cotton physiology and
photosynthesis? 1 guess the answer is yes as I was
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fortunate enough to meet a young assistant professor
and physiologist, John D. Hesketh, who joined the
university two months later and together we sailed into
the unknown against hostile winds and waves (El-
Sharkawy and Hesketh, 1986). After completing the PhD
with
presentations, I joined the physiologists R.S. Loomis and
W.A. Williams, University of California, Davis (EI-
Sharkawy et al., 1967, 1968). Perhaps, this story might
help young students, particularly those from developing

several pre-publications and conference

countries with limited resources and support for science,
not to be inhibited by whatever they may consider to be
unfavorable conditions.

Day (1993), in discussing the role of molecular
biological advances in producing improved cultivars via
traditional breeding, emphasized the importance of
integrating the two disciplines as well as training future
plant breeders and molecular biologists with skills in both
fields of specialization. This kind of integration, while
training young scientists, will enable them to easily
appreciate working within interdisciplinary research
teams, and it should be encouraged across other
scientific disciplines.

Why should mavericks and dissenters be tolerated? a
few examples: In the long history of science there are
examples indicating that maverick behavior by some
scientists, aided by a heavy dose of serendipity, often
leads to major discoveries and breakthroughs. A case in
point is my personal experience in the 1960°s while doing
my PhD studies at the University of Arizona within a
pioneering breeding/physiology research project. We
studied factors limiting leaf photosynthesis in relation to
productivity among a wide range of species, including
cotton, wheat, barley, oats, sunflower, sugar beet, tropi-
cal grasses such as maize and sorghum, as well as a weed
amaranth, pigweed (Amaranthus palmeri). That research
has led to many important and surprising discoveries in
the C,/C, syndrome (EI-Sharkawy and Hesketh, 1964a,b,
1965; El-Sharkawy et al., 1965; Muramoto et al., 1965).
Working in hot sunny and dry environments, we
measured leaf photosynthesis of whole irrigated cotton
germplasm in the field and found greater rates, with larger
variations among species and cultivars, than those
obtained in potted and greenhouse-grown plants. For
example, leaf photosynthesis, as measured in normal air
and intense light, of cotton grown indoors was saturated
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at less than 50% of full sunlight; by contrast, the same
plants left outdoors showed almost doubled gas
exchange rates, thus responding to much higher
irradiance levels in addition to showing an upward shift
in their optimum leaf temperatures for maximum
photosynthesis (El-Sharkawy and Hesketh, 1964a; El-
Sharkawy et al., 1965). These important observations led
us to coin this phenomenon “the greenhouse effect”.
All plant physiology textbooks written up to late
1950’s and early1960s showed leaf CO, exchange rates
saturated at less than 40% of full sunlight and with much
smaller rates than those we recorded for the same species
either grown in large pots but left outdoors or in field-
grown plants. I recall when we reported such results at
one of the annual meetings of the American Society of
Agronomy in 1964, an eminent meteorologist-ecologist
sharply criticized us for using the foot-candle unit for
light measurements, ignoring the fact that the foot-candle
unit was still used in research reported in so-called
prestigious journals like the Proceedings of National
Academy of Sciences at the time. At another meeting of
the International Botanical Congress held in USA, 1966,
one eminent photosynthesis biochemist raised hell in a
room packed with more than 200 international scientists.
This was because we presented results showing leaves
of maize and grain amaranth (4. edulis) with no apparent
photorespiration and with the unique leaf Kranz anatomy.
This species was the third discovered C, member in the
family Amaranthaceae and known to be domesticated and
largely cultivated by the Aztecs and the Incas before
Cortez and still cultivated today in minor acreages in the
Andean highland of Argentina, Peru and Bolivia (Connor
etal., 1980; Saunders and Becker, 1983; BOSTID, 1984; El-
Sharkawy and Hesketh, 1986). Our conclusion was that
these species were capable of reassimilating their internal
respiratory CO, via a very efficient photosynthetic
machinery (El-Sharkawy et al., 1967, 1968). That was done
shortly before the C, biochemical photosynthetic
pathway was elucidated (Hatch and Slack, 1966, 1970).
Moreover, both lab and field work allowed us to
correctly link leaf anatomy features, for the first time, with
photosynthetic characteristics in both monocot and
dicot species adapted to different environments. That
research was unfortunately discriminated against by
both the department involved and the scientific
establishment during my reporting to the several
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professional meetings I attended in the USA as discussed
above. Yet, one publication (El-Sharkawy and Hesketh,
1965) highlighting some of these discoveries was
awarded a Citation Classic in 1986 by the Institute of
Scientific Information (ISI), and was among the 20 most
cited articles published in Crop Science up to 1990
according to the ISI evaluation (El-Sharkawy and
Hesketh, 1986; Garfield, 1992,
garfield.library.upenn/edu/classics1986/
A1986C891300001.pdf). Four other companion
publications were equally cited, except more recently by

http://www.

some photosynthesis biochemist researchers, indicating
the originality and significance of the research. In
conclusion, I may say that our research was crucial and
laid a foundation for subsequent anatomical,
physiological and biochemical studies that elucidated the
details of the now called C, photosynthetic pathway, plus
the fact it stimulated a wave of extensive photosynthetic
research afterwards (Hatch and Slack, 1966, 1970;
Jackson and Volk, 1969, 1970; Laetsch, 1974).

Another widely known example illustrating
discrimination in science is the pioneering work of
Barbara McClintock, USA, conducted from 1930 to 1960,
on maize cytological behavior, and chromosomal
aberrations and breakage, in relation to variations in
kernel’s color that had led to the discovery of the so-
called transposable or jumping genes (i.e., mobile genetic
elements). These findings were contrary to the then
widely held concept of physical immobility of genetic
elements across their chromosomal sets (i.e., genes
cannot move) (McClintock, 1942, 1950, 1978; Freeling,
1984; Peterson, 1993). McClintock, single-handedly,
conducted her research using simple light microscopic
and laboratory smearing-staining techniques in
combination with making crosses and observing
segregations in field trials. Despite the great contribution
to maize genetics early on, her work received little citation
at the time in relevant books (as I may recall from my
graduate course on cytogenetics in 1960°s). It was also
discriminated against by the mainstream geneticists for a
long period until the much later advances in DNA
research, and particularly the discovery of restricting
enzymes, had confirmed McClintock’s discoveries. These
discoveries pointed to mechanisms of genetic variations,
and also have laid the foundations for molecular genetic
research and for the development of genetic engineering

technology, i.e., gene splicing and pasting. McClintock
was awarded the Nobel Prize for Medicine and
Physiology in1983 in recognition of her contribution.

More recently, Craig Ventor’s experience with the
human genome research project is another striking
example of how a dissenting scientist can make a
difference. By breaking away from the mainstream human
genome project and taking advantage of more efficient,
but expensive techniques for genomic sequences, Ventor
was not only able to enhance the efficiency of research
output in record time but also made it more cost-effective
and cheaper, thereby saving taxpayer’s money.
Furthermore, his techniques have aided significantly in
studies of plant and crop genomes.

I share, to a certain extent, some of the arguments,
concerns, and conclusions discussed above. But it is
necessary here to point out a few of the many positive
achievements and contributions of basic research in the
fields of plant and crop physiology that have been
translated so far into gains in agricultural productivity
through plant breeding and management of cropping
ecosystems. Furthermore, in view of the increasingly
changing global climate, the role of plant and crop
physiological research in characterizing and predicting
responses of a given plant and crop species as well as
natural and agricultural ecosystems performances under
these dynamically changing environmental conditions
will be even greater (Hesketh et al., 1984; Begonia et
al.,1987,1996,1999; Bazzaz, 1990; Besford et al., 1990;
Teramura et al., 1990; Idso etal., 1991; Ziska et al., 1991,
Acock and Acock, 1993; Chen et al., 1993, Gifford and
Morison, 1993; Hall and Allen, 1993; Patterson, 1993;
Sinha, 1993; Rosenzweig, 1993; Rosenzweig and Parry;
1994; Bunce and Sicher, 2004; Sholtis et al., 2004; Long et
al., 2006).

SOME EXAMPLES OF HOW
PHYSIOLOGICAL RESEARCH HAS
BENEFITED CROP PRODUCTIVITY

Role of growth analysis, leaf area index, crop light
interception models and biological plant ideotypes:
The early British work on leaf area development, leaf area
index, crop growth rate, and net assimilation rate
(Watson, 1947, 1952), and the theoretical analysis by the
Japanese scientists (Monsi and Saeki, 1953, Saeki, 1960)
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of crop irradiance interception in relation to canopy
photosynthesis laid a foundation for crop modeling (de
Wit, 1965; Duncan et al., 1967; Duncan, 1973; Loomis et
al., 1979; Whisler et al., 1986; Penning de Vries et al., 1989;
Boote and Loomis, 1991; Cowling and Field, 2003) and
significantly increased our insights on how cropping
systems work in response to changes in environmental
factors. Moreover, desired morphological, structural and
functional plant traits can be identified using this type of
analysis. This has led to the proposition and formulation
of the so-called plant ideotype concept (i.e., ideal
phenotype) for plant breeding by Donald (1968) based on
characterization and identification of plant traits crucial
to yield formation and enhancement, and that may confer
better adaptation to prevailing environments, in contrast
to the traditional breeding philosophy based on the
empirical approach for selecting only for yield.
According to Donald’s ideotype concept, pre-designed
biological plant models, when developed into new
cultivars, may perform better — and in a predictable
manner — when grown in a particular environment. The
concept was initially formulated for ideotypes targeted to
favorable and less-stressful environments. Hamblin
(1993) discussed the merits and shortcomings of
Donald’s ideotype concept, particularly when applied to
stressful environments. Advances in adopting the
ideotype concept for breeding cultivars adapted to
various environmental conditions have been
demonstrated in cereal crops such as wheat (Sedgely and
Belford, 1991; Buxton et al., 1993; Hamblin, 1993;
Richards, 2000), rice (Jennings,1964; Chang et al., 1967;
Athwal, 1971) and in cassava (Cock et al., 1979; El-
Sharkawy and Cock, 1987; Cock and El-Sharkawy, 1988;
Hershey and Jennings, 1992; Kawano et al., 1998;
Jennings and Iglesias, 2002; Kawano, 2003, El-Sharkawy,

2004, 2006; Kawano and Cock, 2005; Lenis et al., 2006).

Role of dwarf and semi-dwarf plant types in improving
yield of cereal crops: At this point it is worth mentioning
that at the time Donald’s ideotype concept was first
suggested in 1962, and before getting it published in
1968, wheat and rice breeders (Jennings, 1964; Vogel,
1964) had recognized the importance of semi-dwarf plant
types with stiff culms that resisted lodging under high N
levels. In these plant types, larger grain yields were
attributed mainly

to greater partitioning of
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photoassimilates towards panicles and spikes (i.e.,
greater harvest index, Yoshida, 1972; Gifford and Evans,
1981; Snyder and Carlson, 1984) compared with
traditional varieties and land races normally with tall
stems and susceptible to lodging. This work was
stimulated by the earlier discoveries by Asian scientists
of the Norin-10 genes controlling dwarfism in wheat
germplasm and the identification of similar genotypic
characteristics in rice (Chang, 1976; Begonia and
Begonia, 2007). The development of many new high-
yielding short cultivars of cereal crops resistant to pests
and diseases, in combination with improved cultural
practices, resulted in the so-called Green Revolution of
the 1960’s. This breakthrough in agricultural productivity
saved millions from famine in several developing
countries, although the benefits have not been reaped
evenly across countries, regions and crops (Evenson and
Gollin, 2003). Consequently, both a Nobel Peace Prize and
a Japan Prize were awarded to scientists working at the
international research centers in Mexico and Philippines,
respectively. This is another significant example of the
success in applying physiological concepts and
knowledge in a crop breeding program.

Hormones and plant growth regulators: Equally
important contributions of physiological research that
have been translated into improving crop productivity
and cropping system management can be cited in the
case of the discovery of phytohormones and growth
substances/regulators (Leopold and Kriedmann, 1975;
Wareing, 1982; Davies et al., 1986; Mandava, 1988;
Zeevaart and Creelman, 1988; Kutacek et al., 1990; Davies
and Zhang, 1991; Arteca, 1995; Baker and Davies, 1995;
Davis, 2005). Multinational chemical-seed companies
have used the available basic knowledge on plant growth
substances and have embarked on developing a wide ran-
ge of herbicidal chemicals that have great implications for
managing various cropping systems with a resulting
higher productivity worldwide. Moreover, by applying
the recently developed genetic engineering technology
for inserting specific exotic genes underlying resistances
to certain herbicidal chemicals into important crops such
as maize, cotton and soybeans, new cultivars have been
developed for commercial use (known as genetically
modified crops, GMC)(Mazur and Falco, 1989). Currently
these GMC are cultivated on more than 50 million hecta-
res in several countries resulting in greater agricultural
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production. Nevertheless, objections raised against the
development and release of GMC need to be addressed
via careful studies assessing possible hazards and risks
for the environment, human and animal safety, as well as
possible negative effects such as gene exchanges with
undesirable and uncultivated plant species that might
have serious effects on both agricultural and natural
ecosystems.

Hormones have been widely used in crops and fruit
trees for flowering and fruiting manipulation and
development, seed germination, and leaf defoliation such
as in sugarcane plantations. They play a significant role
in post-harvest physiology, processing, storage, and
handling of a string of vegetable and fruit products.
Careful use of hormone-based herbicides have helped in
increasing productivity in a wide range of cropping
systems, although concerns still remain about the long-
term effects of some brands.

Plant responses to daylength (photoperiodism) and
discovery of flowering genes: The early work by many
plant physiologists, i.e., W. Garner, H. Allard, H.
Borthwick, S. Hendricks, W. Butler, H. Cathey, R. Downs,
E. Firer, M. Parker, H. Fredericq, M. Kasperbauer, H. Lane,
N. Norris, H. Siegelman, E. Toole and V. Toole, at USDA-
ARS, Beltsville, MD, USA, on responses of plants to
daylength were responsible for the elucidation of the
physiological and biochemical mechanisms involved.
They identified a photoreversible growth regulatory
system called phytochrome, a pigment that existed in two
forms as controlled by red and far-red wavelengths (Quail
et al., 1995; Casal et al., 1998; Kasperbauer, 1999). This
pigment has important implications for crop growth,
partitioning of dry matter, product quality, yield and crop
management (Antonious et al., 1996; Kasperbauer and
Hunt, 1998; Kasperbauer, 1999, 2000). Such basic
knowledge and mechanisms were crucial in breeding crop
cultivars adapted to different daylengths and eco-zones
(Hay, 1990).

Morphogenesis and genetics of flowering in relation
to photoperiodism and temperature in several plants and
crops have been studied (Zeevaart, 1962, 1976; Hesketh
etal, 1969; Murfet, 1977; Bernier, 1988). Genes controlling
flowering in peas, sorghum and soybeans were identified
(Quinby, 1973; Quinby et al., 1973; McBlain and Bernard,
1987; McBlain et al., 1987; Murfet 1977, 1989). This

research was reviewed recently by Begonia and Begonia
(2007).

Photosynthesis and its relation to crop productivity:
some examples for selection and breeding for high
photosynthesis in cultivated crops: In the past 60 years,
the discovery and elucidation of C,-cycle biochemistry at
the University of California, Berkley, was achieved by the
biochemists: M. Calvin, A. Benson and J. Bassham and
coworkers. Calvin was awarded the Nobel Prize in
Chemistry early 1960’s. Later discoveries of the many
aspects of the C, syndrome were achieved by several
research groups. Most notably, by pioneering:
researchers: (1) at Cornell University in field-grown maize
where high leaf gas exchange rates were reported for the
first time (Musgrave and Moss, 1961; Hesketh and
Musgrave, 1962; Baker and Musgrave, 1964; Moss and
Musgrave, 1971); (2) at the Hawaiian Sugarcane
Plantations where the initial carbon fixation by sugarcane
leaves was detected in C,-dicarboxylic acids (Kortschak
et al., 1965); (3) at the University of Arizona on several
tropical grasses such as maize, grain sorghum and
bermudagrass, and on the dicot pigweed (4. palmeri) (El-
Sharkawy and Hesketh, 1965, 1986); (4) at the University
of California, Davis, where two more dicot amaranth
species, a weedy amaranth (A. retroflexus) and the
cultivated, grain amaranth (4. edulis) (syn. A. caudatus
‘edulis’), were discovered to possess C, photosynthetic
characteristics and have the capacity to reassimilate/
recycle respiratory CO, in CO,-free air and light (EI-
Sharkawy et al., 1967, 1968); (5) in Canada on detached
maize leaves where photosynthesis and photorespiration
were reported to be insensitive to oxygen level (Forrester
et al., 1966); (6) in Australia on sugarcane leaves where
the earlier work at Hawaii was confirmed (Hatch and
Slack, 1966, 1970); and (7) at the University of North Caro-
lina where maize leaves were reported to absorb oxygen
under light proving the existence of photorespiration in
C, species, but at reduced rates compared to C, species
(Jackson and Volk, 1969, 1970; Raven, 1972; de Veau and
Burris, 1989).

Nevertheless, there was an unnoticed earlier report
published in the former USSR on C, photosynthesis in
maize (Karpilov, 1960). Karpilov demonstrated that
illuminated maize leaves in air enriched with *CO, fixed
carbon, over a very short period, in the form of C,-
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dicarboxylic acids malate and aspartate. Another study
relevant to the discovery of C, photosynthesis that went
unnoticed by English-speaking photosynthesis
researchers in the second half of the 20" century was the
German classical book on plant physiological anatomy
describing botanical research done during the second
half of the 19" century (Haberlandt, 1904). Haberlandt,
using the available techniques in the late 1860’s, found
that sugarcane leaves possessed two types of
chloroplast-containing cells: vascular bundle sheath
cells surrounded with mesophyll cells tightly arranged in
form of a girdle or collar, i.e., ‘Kranz’ in German. While
describing this type of leaf anatomy and its potential
function in photosynthesis, Haberlandt prophetically
commented: “...whether there exists some as yet
undiscovered division of labor between the chloroplasts
in the sheath and those in the girdle cells”. A century
later, with the aid of highly advanced research tools/
methodology and knowledge, the Haberlandt prophecy
was confirmed. The research done at the University of
Arizona early 1960°s, unaware of Haberlandt’s work (EI-
Sharkawy and Hesketh, 1965, 1986) was the first to link
‘Kranz’ leaf anatomy to the highly efficient
photosynthetic characteristics observed in several tropi-
cal grasses and in the dicot pigweed (e.g., see Jackson
and Volk, 1970; Laetsch, 1974). Laetsch (1974), in
discussing structural aspects of the C, syndrome, stated
that: “Perhaps the first investigation linking Kranz
anatomy with physiological aspects of photosynthesis
was conducted by El-Sharkawy and Hesketh in 1965.
They found that species with high photosynthetic rates,
which did not leak CO, to the environment in the light,
had Kranz anatomy. These taxa are now known to be C,
plants”.

Unfortunately, some mainstream photosynthesis
biochemists and plant physiologists, who missed the
ground-breaking research at the time, overlooked these
scientific facts and failed to recognize our pioneering
achievements in their later research and publications
(e.g., see Hatch and Slack, 1970; Black, 1973, Hatch, 1992).
Moreover, few books and proceedings on C, -
photosynthesis written by those biochemists and plant
physiologists, particularly in Australia and the USA, not
only ignored our achievements but also attributed the
discovery of leaf Kranz anatomy to other workers (e.g.,
Black et al. 1976; Edwards and Walker, 1983; von
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Caemmerer and Furbank, 1997; Kanai and Edwards, 1999).
A lesson in scientific ethics has yet to be learned. The
younger scientists and coming generations of science
students are best advised to carefully scrutinize relevant
old research and critically evaluate the literature.

These discoveries have stimulated extensive research
into photosynthesis across many countries in search for
applications that might improve crop productivity (Akita,
1976; Zelitch, 1975, 1982; Bassham, 1977; Austin, 1993).
Until recently, however, no direct relation between
photosynthesis and biological productivity has been
demonstrated (Evans, 1993a). The explanation lies in the
many factors and steps involved in the photosynthetic
process at the sub-cellular, cellular, leaf, and crop canopy
levels. Furthermore, environments under which crops are
grown have strong effects on both productivity and
photosynthesis, conditions that mask the possible
association. Another factor behind the difficulty in
detecting a direct relationship between yield and
photosynthesis, particularly in cultivated cereal crops, is
the fact that breeders have traditionally selected for a
higher partitioning ratio of dry matter to increase grain
yield (i.e., higher harvest index) rather than for higher
photosynthesis (Yoshida, 1972; Evans, 1993a,b).

There are many examples of a lack of association, or
even of negative trends, between yield and maximum leaf
photosynthesis (as measured in normal air and saturated
irradiances under favorable environments) attributed to
genetics alone, and independent of environmental effects
(Evans, 1993a). This conflict or ‘paradox’ becomes
understandable and resolvable when the contributions of
the various components of the photosynthetic process
and other plant traits related to yield are assessed and
considered during the selection process. Theoretical
considerations apart, I am of the opinion that assessing
leaf or canopy photosynthesis under the same field
conditions where the crops are grown is the practical
approach for selection for high photosynthesis in
relation to productivity. Moreover, this is the approach
followed so far in conventional plant breeding for yield
improvement. And after all, are not the more
photosynthetically efficient C, species superior, in gene-
ral, over C, plants in both leaf photosynthetic rates and
productivity? Why not then follow, in small steps, the
example of nature in improving plant photosynthesis and
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productivity?

Better techniques and equipment have been
developed recently that greatly enhanced progress in
photosynthesis research under field conditions. The
following few examples of attempts to find a direct
relation between photosynthesis, as measured on single
leaves in the field or using the full canopy, and yield of
some important crops may illustrate both the utility of
research conducted on this most important plant process
and its potential in applied crop improvement research.

Nasyrov (1978, 1981) working in the former USSR,
found a relationship between photosynthesis and
productivity of cotton and related the difference in
photosynthetic rates to biochemical features such as
enzyme activities. He reported higher photosynthetic
rates in hybrids than in the parents, and hoped to
genetically modify photosynthesis based on changes in
carboxylation reactions, including the C, key enzyme
phosphoenolpyruvate carboxylase (PEPC). Arjunan et al.
(1990) in surveying 30 rice genotypes in India found that
grain yield was positively correlated with leaf
photosynthesis measured at the flowering phase in the
field. Peng et al. (1991), working with 22 grain sorghum
lines in the USA, found significant positive correlations
between leaf photosynthesis, as measured before
flowering in the field, and total biomass and yield under
both well-watered and water-limited conditions. Boerma
and Ashley (1988) and Ashley and Boerma (1989) studied
in the USA canopy photosynthesis during seed-filling in
determinate soybean genotypes and found a positive
association of photosynthetic rate with yield. Rates in F_
lines derived from the high photosynthetic F, lines
showed an average 6% greater canopy photosynthesis
than F_ lines derived from the low photosynthetic F, lines.
There was a positive association between canopy
photosynthetic rates of F, lines and the mean of the F,
lines derived from them, indicating genetic inheritance.
Similar results have been reported in Canada with 12
soybean cultivars of similar maturity where leaf
photosynthesis, measured during the grain-filling period,
correlated positively with bean yield (Buttery et al., 1981).
On the other hand, canopy photosynthesis as measured
during the peak root bulking period, but not single leaf
photosynthesis, was found to be positively correlated
with storage root yield in sweet potato (Bhagsari and
Ashley, 1990). In potato research at Idaho, USA, attempts

were made to identify parental materials with high
photosynthetic rates and high tuber production to be
used in crossing programs. The clone (A6948-4) with
both higher photosynthesis and tuber yield than the
traditional cultivar Russet Burbank was identified and
crossed with other clones (Dwelle et al., 1981).
Balakrishnan et al. (1987), working with several pigeon
pea cultivars growing in the field during three different
seasons in India, found significant positive correlations
between leaf photosynthetic rates and total dry matter
and seed yield, when photosynthesis was measured at
the first flowering phase.

Hesketh et al. (1981) evaluated leaf photosynthesis
behavior in the field in the USA, for a large group of
soybean genotypes varying in area per nodal unit and
maturity classes. They measured CO, exchange rate per
unit leaf area (CER) under high photon flux density on
intact plants, as well as the activity of the C, enzyme
Rubisco. The CER values were highest for fully expanded
leaves during the rapid pod-filling period. In addition,
CER was positively correlated with Rubisco activity,
specific activity, soluble protein, specific leaf weight and
chlorophyll content, but was negatively correlated with
area per leaf unit that may imply a dilution in Rubisco
concentration and in other photosynthetic components
as leaf area increased. The authors concluded that
photoperiod or maturity genes for leaf area growth may
interact with genes controlling CER that would result in
major differences in CER values among soybean
genotypes. These data illustrate the “trade off” between
CER and leaf area and point to the importance of using
canopy photosynthesis as the criteria for yield
enhancement in this case.

In comparing a group of old and improved high-
yielding spring wheat cultivars in Israel, Blum (1990)
found that CER of detached flag leaves and
photosynthetic capacity as defined by the ratio of CER/C,
CO,), high
photosynthetically active radiation (PAR), varied

(intercellular when estimated at
significantly among cultivars. The recently developed
high-yielding cultivar V652 had a higher maximum CER,
higher CER/C; and greater leaf water-use efficiency
(WUE) (dry matter/water loss) at high PAR than older and
lower-yielding cultivars, suggesting an upward genetic
shift in photosynthetic characteristics when selection for

yield was performed under the desert high-radiation
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conditions. Also, there is evidence that yield
enhancement in the semi-dwarf high-yielding wheat
cultivars, as compared to tall individuals, may be
attributed to both high harvest index coupled with a
strong grain sink and high leaf photosynthetic rates
(Lupton, 1972; El-Sharkawy, 1975; Ruckenbauer, 1975;
Richards, 2000). Moreover, research at the International
Maize and Wheat Improvement Center (CIMMYT),
Mexico, on assessing the physiological basis underlying
yield improvements in semi-dwarf spring wheat cultivars
released between 1962 and 1988, revealed some
interesting findings (Fischer et al., 1998). Averaged over
three years, measurements of stomatal conductance (g ),
maximum photosynthetic rate per unit flag leaf area
measured in the field in normal air and saturating PAR,
and canopy temperature depression (CTD) were closely
and positively correlated with progress in the six-year
mean yield, with g_having the greatest correlation.
Carbon-13 ('3C) isotope discrimination (A) in grains was
also positively correlated with yield progress, but other
leaf traits such as flag leaf area, specific leaf weight,
percentage nitrogen and greenness were not, nor was
crop growth rate around anthesis. It was concluded,
therefore, that g and CTD should be further investigated
as potential indirect selection criteria for yield.
Richards (2000) reviewed progress in cereal
improvement and discussed the possible role of some
selectable plant traits that may indirectly increase crop
photosynthesis and grain yields. Among these traits are
high g  during stem elongation and greater
photoassimilate partitioning to the reproductive
primordia so as to establish a large potential grain-sink.
Shankar et al. (1990) screened genetically 400 diverse
lines of finger millet (a C, crop) in India for assessing
genetic variability in crop growth rate, net assimilation
rate, leaf area, stomatal characteristics and leaf gas
exchanges. In genotypes with similar dry matter
production and harvest indices but differing in leaf area/
total dry matter ratio (LA/DM), leaf photosynthetic rates
were 45% higher in genotypes with lower LA/DM than in
genotypes with higher ratios. A significant negative
correlation ( =-0.87) existed between leaf photosynthetic
rate and LA/DM ratio, suggesting that higher net
assimilation rates could be attributed to leaf
photosynthetic characteristics rather than dark
respiration. The authors outlined a breeding scheme
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based on selecting lines high in both photosynthetic and
crop growth rates and with low LA/DM ratios targeted to
rainfed conditions. The lower LA/DM ratio, supposedly
without effect on grain yield, and higher leaf
photosynthetic rate would be beneficial in water-limited
environments where total crop transpirational water loss
will be lower and WUE higher.

Rmanujam (1990) working with cassava in India
reported significant positive correlations between leaf
photosynthetic rates measured in the field and tuber
yield under irrigation. El-Sharkawy and coworkers (EI-
Sharkawy et al., 1990, 1993; Pellet and El-Sharkawy, 1993;
de Tafur et al., 1997; El-Sharkawy, 2004, 2006) screened
large cassava breeding populations, including
commercial varieties, land races and breeding lines for
photosynthesis and productivity, under sub-humid,
seasonally dry and semiarid environments in Colombia.
They found positive correlations between upper canopy
leaf photosynthesis, measured during four to six months
after planting, and both total biomass and dry root yield.
The correlations were chiefly attributed to nonstomatal
factors (biochemical and/or anatomical features). Root
dry yield was positively correlated with photosynthetic
nitrogen-use efficiency (i.e., photosynthetic rate per unit
total leaf nitrogen), and negatively with C.. In a two-year
trial in a seasonally dry environment, both root yields and
leaf photosynthetic rates of 16 clones (selected from 127
tested in the first year) were positively correlated with
rates in the first year (El-Sharkawy et al., 1990). Moreover,
under prolonged stress in the field, leaf photosynthesis
was associated with activities of the C, enzyme PEPC in
extracts of the same leaves. Analysis of Ain 15 cultivars
showed a significant negative correlation with
photosynthetic rate of the same leaves, thus providing
further evidence for the possible role of PEPC in cassava
photosynthesis. These findings support the great
potential for the selection for high leaf photosynthesis in
breeding programs. Several parental materials with high
photosynthetic rates were identified for inclusion in
crosses to select for efficient lines in different
ecosystems. Nevertheless, to be effective, selection for
high leaf photosynthesis should be combined with other
yield components and canopy leaf area. In cassava,
harvest index (root yield/ total biomass), storage roots
per plant, and leaf area duration were positively
correlated with productivity (Pellet and El-Sharkawy,
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1993; El-Sharkawy, 2006). Genetic variations in leaf
anatomy and activities of photosynthesis enzymes of
wild Manihot should be evaluated in breeding programs
(El-Sharkawy, 2004, 2006).

Because of the many components involved in the
photosynthetic process, it will be more practical to
identify rate-limiting factors for further studies and
improvement. Noteworthy in this regard is the research
on molecular engineering of C, photosynthesis
(Matsuoka et al., 1994, 2001) and the attempt to transform
C, rice by inserting the gene controlling C, PEPC from
maize (Ku et al., 1999). According to Ku (http://
www.biotech-info.net), such transgenic rice plants
showed a high expression of PEPC within leaves, greater
grain yield, and higher leaf photosynthetic rate per unit
leaf area. The enhanced photosynthesis was mainly
attributed to higher g _rather than to higher activity of
PEPC. However, the high expression of PEPC in rice
leaves, and hence its ability to recycle respiratory CO,
may have reduced, in this case, C, under light. This effect
can increase the CO, gradient between air above leaf/
stomata and that within leaf mesophyll, thus leading to
higher mesophyll conductance to CO, diffusion (Gaastra,
1959). Higher mesophyll conductance would in turn lead
to higher CO, uptake rate. It is known that stomatal
opening is controlled negatively by leaf C,, i.e., the higher
the CO, concentration in the sub-stomatal cavity the
lesser the opening of stomata (Meidner and Mansfield,
1968). Thus, the higher CO, photosynthetic rate observed
in transgenic rice plants with the C, PEPC of maize might
be partially attributed to the enzyme’s ability in directly
fixing atmospheric CO,. Hopefully this kind of research
may lead to a full expression and function of the C, cycle
in C, plants.

Also, photosynthesis research laid the foundation of
— and is still contributing to — crop modeling (de Wit,
1965; Duncan et al., 1967; Duncan, 1973; Baker, 1979;
Loomis et al., 1979; Bunce, 1986; Penning de Vries et al.,
1989; Baker and Landivar, 1991; Boote and Loomis, 1991).
Such models, when built and calibrated on sound data
from crops grown under field conditions, are useful tools
for integrating research results at various organism
levels, as well as for predicting crop responses to
environmental conditions in different ecosystems (El-
Sharkawy, 2005). In view of apparent global climate
changes, both photosynthesis research in agricultural

and natural ecosystems and modeling will become
increasingly important. It appears that C, plants and
crops will benefit relatively more from elevated CO, than
C, species (Bazzaz, 1990; Chen et al., 1995a, Long et al.,
2006) by restraining photorespiration, thus enhancing
the carboxylation reaction by Rubisco in the C, species.
However, such increased photosynthetic activity is
subject to many plant traits and environmental
conditions that may result in a down-regulation in
photosynthesis (i.e., reduced photosynthetic
enhancement at elevated CO,) often observed in some
species during long exposure to high CO, (El-Sharkawy,
2005). Biological productivity is constrained by both
abiotic factors such as soil, nutrients and water, and
biotic factors such as pests and diseases. Moving
potential yield up the curve requires alleviating these
stresses as well as improving photosynthetic capacity of
cultivated crops.

The above discussion indicates the hard work or
research involved in developing an understanding of
how leaves or crop canopies vary genetically in
photosynthesis. Such an understanding of the processes
involved there leads to explanatory models (Loomis et al.,
1979) for process behavior, which possibly can be used to
determine which process traits could be most efficiently
improved in a breeding program. Such models need then
to be improved with further research. The experimentalist
in the field needs to thoroughly understand all the factors
controlling various parts of a carbon, nitrogen, water and
energy budget in the root-shoot-atmosphere system. Soil
and atmospheric environment data should be taken over
a growing season so the research can be used in a model.
One cannot emphasize enough the importance of working
out the factors involved in such budgets. Long et al.
(2006) suggested that the water budget sub-model used
in most models does not predict how plants cope with
water stress in the field. Such discoveries are an
important part of the progress of model development.
Experimentalists lacking a good understanding of
modeling theory may be aware of other factors that are
not being treated properly in prevailing models. A
detailed account of processes and factors involved in
simulating soil-water-plant-atmosphere continuum can
be found in the book of Penning de Vries et al. (1989).
Also, the books by Loomis and Connor (1992) and
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Kirkham (2005) are useful references for more information

in this regard.

Plant-soil-water relations and its implication for
breeding for drought tolerance in water-limited
environments: As stated by Kirkham (2005), out of the
four soil physical factors affecting plant growth (i.e.,
mechanical impedance, water, aeration, and temperature),
water is the most important. In most cropping systems
and environments, water shortages or deficits, whether
intermittent, recurrent, or prolonged occur under rainfed
conditions (see Loomis and Connor, 1992). Plant survival
and crop productivity are subject to the amount, pattern
of distribution and availability of rainfall and soil-water
for crop use. Simply stated, crop productivity is a
function of the amount of water transpired (sometime
including evaporation from uncovered soil), WUE and
harvest index (de Wit, 1958; Fischer and Turner, 1978;
Hanks and Rasmussen, 1982; Stanhill, 1986). In fact,
plant-soil-water relations are likely to be one of the early
and most studied subjects in plant and crop physiology
[for more information see for example: Slatyer (1967);
Nobel (1983, 1991); Kramer and Boyer (1995)].

Yet, criticism and controversy exist about the role and
contribution of such research to plant breeding and crop
improvement (Turner, 1986a; Ludlow and Muchow, 1990).
Some of these shortcomings are attributed, partly, to a
lack of appropriate methodology/technique to screen for
large breeding populations in the field, to the complexity
of mechanisms underlying plant responses to water
deficit, and the related multiple plant traits to select for in
genotypes tolerant to stress (that range from molecular to
whole plant and crop community levels). Modeling the
soil-plant-atmosphere continuum can partly help in
identifying potential plant traits, processes and
environmental factors involved (El-Sharkawy, 2005).

The easiest and most common approach in most
breeding programs for selection to drought tolerance is
to evaluate germplasm under the target environment
using yield and/or yield stability as the main criteria for
selection. The role of physiological research in this case
is limited to identifying desirable plant traits that may
confer some degree of tolerance to drought and, hence,
could be incorporated individually or collectively into
breeding materials. This approach can be further refined
by advanced techniques, that can be easily managed in
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the field and handling large breeding population, such as
canopy heat sensing, leaf chlorophyll fluorescence, leaf
elemental isotope composition, and leaf gas exchange
equipment. A comprehensive treatment of the many
aspects of soil-plant-water-atmosphere interrela-
tionships for many crops can be found in Stewart and
Nielsen (1990) and Buxton et al. (1993). Also, research
advances on WUE, responses to drought and possible
mechanisms and plant traits related to drought tolerance,
particularly in the last decades, have been reviewed in
detail (Lange et al., 1976, 1982; Fischer and Turner, 1978;
Walton 1980; Paleg and Aspinall, 1981; Morgan, 1984;
Davies et al., 1986; Schulze, 1986a,b; Stanhill, 1986;
Turner, 1986a,b; Passioura, 1988; Kreeb et al., 1989;
Ludlow and Muchow, 1990; Boyer, 1996; McDonald and
Davies, 1996).

Moreover, in studying drought physiology of crops,
Kirkham (1983a,b), for example, developed a new research
approach based on plant ideotype. Previously,
researchers usually tried to identify drought-resistant
cultivars by studying many different cultivars of
unknown drought resistance. Kirkham, however,
reversed the process and used two cultivars of winter
wheat — one known to be drought resistant (‘KanKing’)
and one known to be drought sensitive(‘Ponca’) — and
studied their physiology in detail. The goal was to
answer the question “What are the characteristics of
plants known to be drought resistant and how do they
differ from plants known to be drought sensitive?”
Kirkham and coworkers, in a series of publications (1978,
1979, 1980, 1981, 1983a,b, 1984), found that the drought-
resistant cultivar had a higher stomatal resistance to
water vapor diffusion, was more efficient in utilization of
mineral elements in the soil, was more salt tolerant, had a
different hormonal regulation (e.g., it was insensitive to
abscisic acid and had lower water and osmotic potentials
with ethephon), had a higher hydraulic resistance, and
was better able to extract water from drying soil than the
drought-sensitive cultivar. Furthermore, this work was
expanded to consider drought-resistant and drought-
sensitive cultivars of maize and sorghum (Kirkham et al.,
1984; Kirkham, 1988).

There are several more examples that have followed,
to some extent, the ideotype approach in identifying
favorable plant traits for better adaptation to
environment. These efforts have demonstrated some
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practical impact of physiological research on crop
breeding for tolerance to drought. Most notably,
breeding for various crops under water-limited
environments including wheat in Australia, cowpea in
India and Africa, sorghum and wheat in Israel, maize in
Mexico, and cassava in tropical Africa and Latin America
(Fischer and Turner, 1978; Richards and Passioura,
1981a,b; Morgan, 1984; Turner, 1986a; Blum and Sullivan,
1986; Blum, 1988, 1990, 1993; Cock and El-Sharkawy, 1988;
Blum et al., 1989; Blum and Pnuel, 1990; Sedgely and
Belford, 1991; Fukuda et al., 1992-1993; El-Sharkawy et al.,
1992b; Hershey and Jennings, 1992; Bolafios and
Edmeads, 1993a,b; Bolafios et al., 1993; Whan et al., 1993;
El-Sharkawy, 1993, 2004, 2006; Madeley, 1994; de Tafur et
al., 1997; Richards, 2000; El-Sharkawy and Cadavid, 2002;
Hall, 2004).

The many plant traits associated with — and
mechanisms underlying — tolerance to drought varied
among plants with different growth habits, crops and
trees, and with environmental conditions. Such
mechanisms and traits included stress avoidance
behavior as observed in coffee, and other woody species,
via stomatal control of water loss during a dry period
coupled with high atmospheric vapor-pressure deficits,
and deep-rooting (Hernandez et al., 1989; DaMatta and
Ramalho, 2006); differential timing between female-ear
silking and male-tassel pollen grain shedding in maize
(Bolafios and Edmeads, 1993a.b; Bolafios et. al, 1993);
and some osmotic adjustment and morphological and
anatomical changes that affects leaf water loss such as
cuticle waxing, leaf hairs and rolling, and root hydraulic-
resistance such as observed in cereals (Richards and
Passioura, 1981a,b; Morgan, 1984; Passioura, 1988; Blum
etal, 1989; Blum and Pnuel, 1990; Blum, 1993).

Research on cassava has revealed the many plant
traits and mechanisms underlying crop tolerance to
prolonged drought (> three months) in the tropics. Of
paramount importance is the strong stomatal control over
water losses under high evaporative demand conditions
and water shortages. Cassava reacts rapidly to dry air by
partially closing its stomata without major changes in
bulk leaf water potential, and irrespective of soil water
status (El-Sharkawy and Cock, 1984; El-Sharkawy et al.,
1984). These striking responses were observed under
both controlled laboratory conditions and in the field
(Cock et al., 1985; El-Sharkawy, 1990, 1993,2004, 20006).

Cassava is also capable of extracting soil water slowly
from deep soil layers, while leaves are photosynthetically
active at reasonable rates (e.g., stressed leaves had 40-
70% of the photosynthetic rate in unstressed leaves), an
advantage in a prolonged drought of several months.
During drought, the leaf canopy is reduced via shedding
lower leaves and by forming small-sized new leaves, and
hence, less canopy light interception and water losses,
another adaptive trait. After recovery from stress, in wet
cycles, cassava rapidly compensates yield losses by
forming a new canopy with even higher photosynthetic
rates than that of unstressed crops (El-Sharkawy, 1993,
2004, 2006; Cayon, 1997). Under prolonged water
shortage in the field, C, PEPC activity is little changed or
increased while the C, Rubisco activity is significantly
decreased resulting in a higher PEPC/Rubisco ratio.
Under drought with stomata partially closed, PEPC
effectively recycles internal respiratory CO, (EI-
Sharkawy, 2004, 2006), a mechanism that may partially
explain the reasonable yields under semiarid
environments (Fukuda et al., 1992-1993; El-Sharkawy,
1993; de Tafur et al., 1997).

FUNDING BASIC RESEARCH IN
AGRICULTURE IS WARRANTED

As discussed above, basic research in agriculture has
made many major contributions during the 20" century
towards enhancement of biological productivity, food
security and environmental quality improvement.
Funding that research was modest compared to other
areas of public spending in many developed countries,
and its long-term annual economic return (benefit/cost
ratio) was impressive and perhaps exceeded 25-30%. The
current excess of food production in developed countries
is a clear testimony of the relevance of the role of basic
research in enhancing agricultural productivity.
Moreover, the Green Revolution of the 1960s saved some
of the highly-populated countries, such as India and
Pakistan, from possible famine (Athwal, 1971; Evenson
and Gollin, 2003). In view of the anticipated human
population growth in the coming few decades, increasing
demands for food, feed and fibers must be urgently
addressed (Sasson, 1990; Blake, 1994). Moreover, global
climate changes that might negatively affect agricultural

Braz. J. Plant Physiol, 18(4):419-446, 2006



436 M.A. El-Sharkawy

productivity in many parts of the world would further
aggravate deficits in future food supply (Quebedeaux,
1990; Teramura, 1990; Teramura et al., 1990; Titus, 1990;
Wittwer, 1990; Rosenzweig and Parry, 1994). Rosenzweig
and Parry (1994), in assessing the effects of climate
changes on cereal production, found that it will increase
the current disparities between developed and
developing countries. Thus, the developing countries
will experience more deficits in their cereal crop
production. They concluded that: “while some countries
in the temperate zones may reap some benefit from climate
change, many countries in the tropical and subtropical
zones appear more vulnerable to the potential impacts of
global warming”. Since socio-economic benefits from
basic research output, when finally translated at the
market and society levels, normally takes at least 20 to 30
years, steadfast long-term funding is, therefore,
warranted. Most funding for basic research in
agriculture, which is unaffordable by resource-limited
developing countries, has to come from both the public
and private sectors in developed countries. These
countries have the political and moral responsibility to
compensate, partly, for the damaging effects of global
climate changes that are mainly caused by their excessive
consumption of fossil energy (IPCC, 2006, http://
www.grida.no/climate/ipcc/regional/502.htm). The
multinational agrochemical companies, who are
benefiting directly and/or indirectly from genetic
diversity existing in many developing countries,
particularly those in the tropics and subtropics with
fauna —and flora—rich forests (Vaughan and Sitch, 1991),
should freely recycle back some of their profits into
supporting research in these countries.

Maintenance and highly applied research, including
extension-type services, could be conducted by
developing countries having well-established national
research programs, and perhaps supported by some
“non-research” oriented United Nations organizations.
The current situation at CIAT, for example, has devoted
more resources and effort into extension-type services at
the expense of innovative basic research. “Better-
manage”’ international research centers, and committed
innovative scientists, must devote their efforts into
conducting both basic and applied research targeted to
the fulfillment of the need of resource-limited countries.
Hopefully with steadfast funding, this goal can be
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realized in close collaboration with national programs in
developing countries and with advanced research
institutions in developed countries in order to increase
science output and efficiency (El-Sharkawy, 2005, 2006).
At this point, scientists should be held accountable to
taxpayers.

Wortman (1981), a visionary US citizen and plant
breeder who spent a great part of his career in
international agricultural research, pointed to the urgent
need in supporting agricultural research and
development for the benefit of developing countries.
Wortman stated: “we as a nation can encourage our
Agency for International Development, United Nations
agencies such as the UNDP and FAO, and the World
Bank and regional development banks to support efforts
of the poorer and middle-income countries to accelerate
production of staple foods (crops and livestock) and
other primary agricultural products. Increasing world
supply is crucial, and the scope of progress is enormous;
in most countries, current yields are only a fraction of
what they could be”. I must add to this wise statement
made by Wortman more than 25 years ago: developing
countries, as well, should reform their socio-economic
and political systems that are highly corrupt and abusive,
so that the current high level of poverty could be
alleviated. Population growth in developing countries
also needs to be regulated. Without these needed
reforms, science and technological advances will
probably fail in alleviating poverty in developing
countries (Leisinger, 1995). Again, as referred to in the
introduction of this paper, the successful experience of
the 2006 Nobel Peace laureate, Dr. Muhammad Yunus and
his Grameen Bank micro-crediting system, is a case in
point.

CONCLUDING REMARKS

The paper focused on — and discussed — (1) concerns
over the role of basic research in the area of plant and
crop ecophysiology and its impact on crop improvement,
productivity and ecosystems management; (2) the
limitations in applying useful physiological research
findings into the agricultural production system; (3) the
many previous achievements in crop improvement and
management attributed to basic research; (4) the
importance of integrating physiological research with
plant breeding and other attendant sciences; and (5) the
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role of the more desirable and effective (and with more
beneficial cost/benefit ratio) interdisciplinary/
interinstitutional research approach in solving problems
constraining productivity at the farmer level. It also
pointed to the need for providing and maintaining
adequate funding for basic research focused on fulfilling
the demand for improved technology for agricultural
progress and food security, particularly in developing
countries.

The human carrying capacity of mother earth is limited
by: (1) the total available potential arable lands (=3 - 4
billion hectares; Buringh, 1977); (2) the attainable crop
productivity, which is normally below the potential; (3)
the prevailing climatic conditions and its global changes
in the near future; (4) and by the many other abiotic and
biotic constraints. The projected world population, based
on assumed different human-fertility levels, ranges (in
round figures) from 8 to 13 billion by 2050 (Blake, 1994;
Cohen, 1997). This anticipated increase in population
points to the urgent need for an increasing agricultural
productivity to secure and meet the expected food, feed
and fiber demands. Such a goal requires immediate
actions at the national and international levels. Given that
the needed socio-economic reforms worldwide are
fulfilled, adequately-funded agricultural research (both
basic and applied) can increase crop productivity above
the current levels and can ensure enough food, feed and
fiber for the projected world population without the need
to reclaim new less-arable lands nor raping the precious
natural resources in tropical forests. Advances in science
and technology are enormous and its proper application
to agricultural development surely can pay off shortly
within the 21% century. Scientific research had already
proved its success and utility in the 20" century via the
well-known agricultural “Green Revolution” that could be
repeated over again. In the post-genomic era, and with
obviating the negative and devastating effects of global
climate changes, as now observed and documented
(IPCC, 2006), the earth might become even greener and
safer.

Finally, I wish to conclude with a very wise statement
by Mahatma Gandhi: “Earth has enough for our needs but
not enough for our greed”.
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