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Photosynthesis and Water Relations in Brazilian Sugarcane
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Abstract: The expansion of sugarcane (Saccharum spp.) in Brazil has been boosted by the growing demand for bio-fuels
all over the world and requires the occupation of new agricultural areas, including regions with unfavorable agro-climatic
conditions. This observational study makes an analysis of the relationship between stomatal conductance, gas exchange
and photosynthesis in sugarcane fields subject to different ambient conditions and growth phases. It was noted that the
stomatal conductance had a much higher control on photosynthesis than on transpiration. Even under high stomatal con-
ductance, photosynthesis maintained a high correlation to it. Sugarcane had an instantaneous water use efficiency of ap-
proximately 4.4 umol of fixed CO, for each mmol of H,0 expended in transpiration. Lower leaf water potential, besides
leading to an internal reduction of CO,, also reduced the instantaneous carboxylation efficiency, indicating that the photo-
synthesis apparatus was also affected. The variety RB92579, seems to have good water absorption system, because even
under low leaf water potential, it maintained a good stomatal conductance, with a higher transpiration and photosynthesis
than the others varieties. These results suggest that this variety has a tolerance mechanism to endure rather than avoid

drought.
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INTRODUCTION

Sugarcane is one of the most viable alternatives for the
production of biofuels and renewable energy in the world,
notably for tropical countries of great size. In Brazil, where
sugarcane is used basically for the production of sugar and
ethanol, its yield has been growing and, according to the
National Company of Supply [1], the Brazilian sugarcane
crop yield for 2006/2007 should be 475.7 million tons, an
increase of 10.3% over the previous harvest.

The productivity of sugarcane is mainly defined by pho-
tosynthesis activity, given that the accumulation of carbon
skeletons (sugar) in the stem and its size are proportional to
the photosynthetic activity during the entire cycle of the
crop. Therefore, any biotic or abiotic stress during the whole
vegetable phase, mainly in the period of rapid growth, could
diminish drastically the yield of sugarcane, as well as affect
its potential for regrowth and the longevity of the sugarcane
field [2].

Sugarcane has a C, type metabolism for fixation of car-
bon, allowing it to be very well adapted to biomass produc-
tion in tropical regions. However, it depends on favorable
environmental conditions to show its maximum potential
yield, among them, the adequate availability of water
throughout the cycle. Physiologically, sugarcane is economic
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in water use but, even so, has high water consumption, re-
quiring 250 parts of water to make a dry part of its biomass
[3]. A common measure of water use efficiency in sugarcane
industry is the yield of cane produced per ML of water for
the duration of the crop [4]. Kingston [5] found values of
water use efficiency of 12.21 t ML™ in Australia, while Rob-
ertson and Muchow [6] found values from 4.8 to 12.1 t ML™
of water use efficiency from experiments in Southern Africa,
Hawaii and Australia.

Transpiration is primarily regulated by the stomatal open-
ing, and, according to Deng et al. [7], it is the physiological
process that is most sensitive to drought stress in most
plants. But Inman-Bamber and Smith [4] observed that in
sugarcane, the plant growth and leaf extension were more
sensitive to drought than stomatal conductance. In general,
the stomatal close in response to drought before any change
in the water potential or water content of the leaves [8], but
also can close when the vapour pressure deficit between the
leave and the air increases [9]. And, since photosynthesis is
the major source of organic carbon and energy for plant
growth and biomass production, the knowledge of the rela-
tionship between stomatal conductance and photosynthesis
of modern sugarcane genotypes, independent of climate con-
ditions, will be extremely important for understanding the
mechanism that leads to the higher productivity of these

genotypes.

Water deficit is one of the main obstacles to the expan-
sion of sugarcane in the Brazilian northeast and centerwest
and, in some regions, sugarcane cannot be grown without
irrigation. Knowing the relationship among stomatal conduc-
tance, transpiration and photosynthesis is very important for
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selecting more water efficient or more drought tolerant geno-
types by breeding programs.

A more intensive physiological study of the most widely
planted varieties in relation to their photosynthesis, transpira-
tion, stomata conductance and leaf water potential will allow
selecting a more water use efficient genotypes and more
adapted to drought conditions, allowing the occupation of
more arid regions. This is the main problem encountered by
sugarcane production in the Brazilian northeast, given that
the areas available for agriculture with regular rainfall are
being used up.

The objective of the study was not to relate the plant gas
exchange and the ambient condition, as drought or soil fertil-
ity, for example, but to compare different physiological pa-
rameters at a specific time in a same plant leaf blade, regard-
less of ambient conditions. As a result, it can be expected a
mathematical model between two parameters in any ambient
condition and not only in a specific experimental design.

While the need for observational studies is generally ac-
knowledged, there is, however, serious disagreement on the
strength of results to be inferred from individual observa-
tional studies [10], but it is largely used in biological studies
[11].

Understanding of how gas exchange (CO, and H,0) and
plant water status are related in natural conditions in sugar-
cane fields can be extremely important for choosing the va-
rieties and the utilization of cultivating practices, mainly
irrigation, which may maximize the use of natural resources.
This study makes an analysis of the relationship among leaf
water potential, stomatal conductance, transpiration and pho-
tosynthesis at the same leaf plate of field-grown sugarcane,
independent of climate conditions, from some of the most
planted varieties in the Brazilian Northeast.

MATERIALS AND METHODS

This research was an observational study as so did not
follow a experimental design, but made an analysis of sugar-
cane gas exchange measured in plants cultivated in varied
soil, climatic and growth stage condition to represent sugar-
cane cultivation as a whole in natural conditions. Hence, the
climatic and soil conditions were not recorded. Measure-
ments were taken in plant and ratoon sugarcane crops at dif-
ferent year seasons (dry and wet season) and at different
sugarcane fields along the coastal region, between Coruripe
(10°07°58.8” S and 36°10’33.9”) and S&o Luiz do Quitunde
(9°19°04.8”S and 35°33’50.5”0) in the state of Alagoas,
Brazil. In all, 28 different sugarcane genotypes with different
growth stage were evaluated. At least, four measurements
were made in each genotype, and in each ambient condition,
resulting in up to 308 readings obtained for each parameter
evaluated (see below). In each plant (replication), all pa-
rameters were evaluated in the same time. This was impor-
tant for generating mathematical equations that explain the
relationship among parameters in this observational study.

Three of the varieties most cultivated in the region,
RB72545, SP79-1011 e RB92579, were chosen to make
comparisons. In each plant, all parameters were evaluated in
the same time. This was important for generating mathe-
matical equations that explain the relationship among pa-
rameters.
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The photosynthesis, stomatal conductance and transpira-
tion was measured with a portable infrared gas analyser
(IRGA - ADC, model LCi, Hoddesdon, UK). The youngest
fully expanded leaf (with ligule shown up) was chosen to
seal the gas-exchange cuvette (5.8 cm?) around the leaf at a
point approximately 2/3 from the ligule and the tip of the
blade. All measurements were made between 8 AM and 2
PM, with photosynthetic photon flux density exceeding 1800
umol m?s™,

Immediately after gas exchange measurements, the leaf
water potential (Pw) was measured using the same leaf
blade that the gas-exchange measurements were taken from
with a pressure pump (Soil Moisture Equipment, USA).

The data were analyzed by regressions adjusted by the
program Table Curve™ of AISN Software.

RESULTS AND DISCUSSION

Significant advances in the study of stress physiology in
crops have been made by correlations between environ-
mental factors and the crop response to it and cultivation
practices. In the case of this study, we made and analyses of
the correlation among conductance, transpiration and photo-
synthesis, regardless of the environmental conditions and the
physiological state (Fig. 1).

At a more detailed level, the stomata had a strong influ-
ence over transpiration (R2 = 0.89, Fig. 1A). When the sto-
matal conductance were divided into two groups, for con-
ductance lower than 0.10 mol m? s, its control over transpi-
ration was linear and with higher correlation coefficient
(Y=0.417+39.870X, R?=0.93). For stomatal conductance
greater than 0.10 m™2.s™, the control of stomata over transpi-
ration was decouple and did not occur in a direct and propor-
tional way (Y=8.30 — 0.44/X, R?*=0.47). In this case, the
variability of transpiration response to the stomatal opening
could be in consequence of the variability of vapour pressure
deficits between the leaf and the atmosphere, which could
significantly influence the leaf transpiration [4,12,13]. On
the other hand, this could also occur due to the variations of
water vapour exchange as a function of the degree of open-
ing, size and stomatal pore depth and arrangement and den-
sity of the stomata [14, 15].

The photosynthetic activity of sugarcane depends greatly
on stomatal conductance (Fig. 1B). This was more evidenced
for stomatal conductance less than 0.10 mol m? s™, where
the photosynthetic response of sugarcane was linear
(Y=0.55+146.534X, R?=0.92). As the stomatal conductance
was increased, photosynthesis began to respond exponen-
tially (Y=-29.694+83.03X%?""* R?=0.74). Du et al. [16] also
showed that the reduction of stomatal conductance, in con-
sequence of moderate drought stress, is the main factor that
reduces photosynthesis in sugarcane.

When we established a correlation between transpiration
and photosynthetic activity we found it was positive and
adjusted itself to a linear regression model (R=0.91, Fig.
1C), mainly under a low transpiration rate (Y=-
0.4723+3.694X, R=0.91) with transpiration less than 5 mmol
m?s?, possibly reflecting the control of gas exchange by the
stomata (Fig. 1A, 1B). With a high rate of transpiration, the
correlation with photosynthesis rate was highly variable
(Y=4.9148+3.577X, R=0.624). This behavior reinforces the
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idea that, as the stomatal opening increases, control over the
water vapour and CO, exchanges through the stomatal pores
is lost, and it is not possible to make precise inferences about
the efficiency of CO, fixation by the photosynthetic appara-
tus [17].

On the other hand, this variance of photosynthesis, when
transpiration was greater than 5.0 mmol m? s™, suggests a
great genotype variability of the photosynthetic activities
under high rates of transpiration. The gas exchange mecha-
nisms, in special photosynthesis, governed by the stomata,
and associated with morphological characteristics, are of
fundamental importance for the tolerance of the plant to wa-
ter deficit and could vary significantly among genotypes.
However, these correlations are not taken into consideration
in plant breeding programs, since this information generally
includes only commercial varieties [4].

The relation between photosynthesis and transpiration
represents the instantaneous water use efficiency (WUE;)
(Fig. 1C). The angular coefficient of the linear relation
showed a value close to 4.4 umol CO, fixed for each mmol
of H,O spent in transpiration qualified at several vapour
pressure deficit (VPD), with mean VPD of 4,4 kPa; in other
words, for each gram of fixed CO,, 92 grams of water were
spent. The WUE; was also strongly negative correlated to
VPD (Fig. 1C, insert), while the correlation of VPD with
transpiration or photosynthesis was weak (date not shown).
Similar results of WUE; were noted by Vu et al. [18], who
found values between 3.8 and 5.8 umol mmol™, according to
the age of the leaf of the sugarcane variety CP73-1547.
Other C4 species, Andropogon gerardii and Sorghastrum
nutans, showed values between 4.3 and 5.3 umol_mmol™,
well above the values seen for C3 species such as Aster eri-
coides, Echinacea angustifolia, Amorpha canescens,
Lespedeza capitata and Psoralea tenuiflora, the values for
which were between 1.7 and 2.2 umol mmol™ under the
same environmental conditions [19].

These values were instantaneous, however, do not reflect
the WUE behavior during the crop cycle. The WUE; is
highly variable during the day and the season of the year.
The “Valéncia” oranges have a value between 1.8 and 2.2 in
the summer and 3.8 and 5.2 in the winter, depending on the
time of day and the rootstock used [20]. In Chamaecytisus
proliferus, a shrub of the Canary Islands, the WUE; varies
between less than 1.0 to 4.0 umol mmol™, depending on the
time of day and season of the year. In our study, the WUE;
was not measured during the whole day, but only from 8 AM
to 2 PM, but the measurements were made under different
environmental conditions (different VPD), and using several
genotypes; thus the value of WUE; of 4.4 umol mmol™ may
be considered representative for sugarcane.

It is interesting to note that the stomatal conductance had
a much better control over photosynthetic activity than over
transpiration (Figs. 1A, 1B). This suggests that the breeding
programs intended to improve sugarcane productivity, re-
gardless of the water deficit, should give preference to geno-
types with a higher stomatal conductance, independent of its
transpiration rate. Besides, for greater stomatal conductance,
greater amplitude of response in photosynthetic activity oc-
curred in relation to the stomatal conductance (Fig. 1B),
which would facilitate the selection of more productive

genotypes.
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Fig. (1). Relationship between stomatal conductance (A), transpira-
tion (B), and photosynthesis in 28 sugarcane genotypes, n=360.

The water status of the leaf is essential for the mainte-
nance of photosynthetic activity. In sugarcane, even if the
stomatal conductance showed a high positive and direct cor-
relation with photosynthesis, low variation of the leaf water
potential occurs with photosynthetic activity above 20 umol
m?s™ (Fig. 2A). Similar results were reported by Meinzer et
al. [21] in sugarcane, where the stomatal conductance was
seen to reduce in response to water depletion in the soil
without significant changes in the soil water potential.
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On the other hand, when the leaf water potential was
about -1.5 MPa, photosynthetic rates were less than 20 umol
m? s, Studies showed that the water potential of sugarcane
at midday without water limitation is -1.0 MPa [22, 23] and
is -1.5 MPa for sugarcane under water deficit [22]. These
results suggest that the leaf water potential may be consid-
ered a good indicator of the water status of the plant that
maximizes its photosynthetic activity.

The internal leaf CO, concentrations seems to be limited
by photosynthetic activity between 5 and 25 umol m? s*
(Fig. 2B), which corresponds to stomatal conductance below
0.3 mol m? s (Fig. 1B) at the lowest photosynthetic activ-
ity. Meinzer et al. [24] and Saliendra et al. [25] found a
Ci/Ca ratio relatively constant under adverse environmental
conditions for sugarcane. With the photosynthetic rate below
5.0 umol m? s, an increase in the Ci/Ca ratio occurred (Fig.
2B). These results probably indicate that direct damage on
the photosynthetic apparatus had occurred, so that no more
assimilation of CO, had taken place. At the same time, along
with the reduction of photosynthetic activity a reduction in
the instantaneous carboxylation efficiency was noted (Fig.
2C). Du et al. [16] noted that in sugarcane under moderate
stress (leaf water potential down to -0.9 MPa), the reduction
in photosynthesis was due to the reduction of stomatal con-
ductance. However, when stress became severe (leaf water
potential around -1.2 MPa), the levels of pyruvate and the
activity of the enzyme pyruvate orthophosphate dikinase fell
drastically, demonstrating that there was also a metabolic
injury.

The RB72454, SP79-1011 and RB92579 varieties come
from breedings made in different years and are still used
today as standards for most of the sugarcane breeding pro-
grams in Brazil. Currently, due to its high productivity under
rainfed conditions, the RB92579 variety is one of the most
planted varieties in Northeastern Brazil. With the intention
of better understanding the behavior of these varieties under
rainfed conditions, a comparative study was made of the
relations between the stomatal conductance and photosyn-
thesis and between transpiration and photosynthesis in these
three varieties (Fig. 3).

The RB92579 variety had the greatest transpiration rate
among the three varieties under high stomatal conductance
(Fig. 3A). The RB72454 variety had the highest transpiration
rate under low stomatal conductance (Fig. 3B). However,
with stomatal conductance above 0.3 and 0.4 mol m™ s, this
variety started to show lower rates of transpiration (Fig. 3A).
Silva et al. [26] showed that the RB92579 variety has practi-
cally double the root density than SP79-1011 and RB72454.
The higher transpiration rate and root density of RB92579
may be responsible for its good productivity in drought con-
ditions, as observed in drought years by farmers. In the same
conditions, the SP791011 variety has the characteristic of
rolling up the leaf [27], which helps it to reduces transpira-
tion independent of the stomatal conductance (Fig. 3B). Ac-
cording to SMIT and SINGELS [23], a rapid stomatal clos-
ing, rolling up of leaves and osmotic adjustment are possible
mechanisms for drought tolerance in sugarcane.

It is possible that the greater capacity for water intake of
the RB92579 variety is due to the greater hydraulic conduc-
tivity of its roots in relation to the other varieties, since this
characteristic is variable among the sugarcane genotypes

Endres et al.

[28]. These authors found a good correlation between hy-
draulic conductivity and anatomical characteristics in sugar-
cane. They concluded that the hydraulic conductivity of the
H69-8235 variety, considered to have good tolerance to
drought and saline stress, had a broader metaxylem, which
facilitates axial conductance, and a higher ratio between the
stele and cortex indicating higher radial conductance. This
suggests that the hydraulic conductivity is associated with
simple anatomical characteristics that could be used in
breeding programs with the intention of selecting genotypes
that are more tolerant to the water deficit.
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The RB92579 and RB72454 varieties have the highest
photosynthetic rates under wide stomatal conductance range
(Figs. 3C and 3D). This fact could be related to the greater
density of stoma of these two varieties in relation to SP79-
1011 [27]. And, under drought stress, the rolling up of leaves
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of the SP79-1011 variety may make the diffusion of CO,
more difficult to the interior of the leaf, lowering the photo-
synthetic rate.

The RB72454 variety had greater instantaneous effi-
ciency in water usage (Fig. 3E). However, under low transpi-
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ration, the RB92579 variety was more efficient (Fig. 3F).
The fact that the RB92579 variety has good water adsorption
and is very efficient in water usage, mainly under water defi-
cit, could partly explain its high productivity under drought
conditions.

Leaf water potential measures water tension in the leaf
xylem. By this means, one gets an idea of the leaf capacity to
extract water from the soil. In most species, the stomata are
very sensitive to variations in leaf water potential [29-32]. Of
the three varieties of sugarcane, the stomatal conductance
and the photosynthetic rate of the RB92579 were found to be
less sensitive to variations in the leaf water potential, with a
slope coefficient of the linear relation of 0.37 mol m™* s*
MPa™ and 33.5 umol m™* s* MPa™, respectively (Figs. 4A
and 4B).

However, all varieties showed a similar transpiration
response as a function of leaf water potential (Fig. 4C), be-
tween 8 and 9 mmol m™ s* MPa™, the RB92579 variety had
the capacity to maintain a higher transpiration rate in relation
to the others under the same water potential. For example, on
fixing a leaf water potential at -1,5 MPa, the RB92579,
RB72454 and SP-79-1011 varieties showed transpiration
rates of 3.44, 2.25 and 0.35 mmol m? s™, respectively (Fig.
4C). Similarly, at the same leaf water potential (-1,5 MPa),
the varieties showed stomatal conductance of 0.108, 0.061 e
0.0 mol m? s and photosynthetic rates of 11.8, 7.2 and -1.0

~umol m? s?, respectively. These results suggest that the
RB92579 variety has a lower leaf osmotic potential than the
others, facilitating water conduction from the soil to the
leaves and resulting in greater stomatal conductance and
photosynthetic rate.

The difference in response of the RB92579 variety to leaf
water potential suggests that this variety has a strategy dif-
ferent from the other two varieties for resisting to drought by
an reduction in leaf water potential without greatly reducing
stomatal conductance and photosynthesis (Figs. 4A and 4B),
besides having a more developed root system [26]. Thus,
RB92579 succeeds in extracting more water from the soil in
order to maintain its high transpiration rate (Fig. 3A), with-
out greatly reducing the photosynthetic activity.

While the RB72454 and SP791011 varieties showed a
rapid response of the stomata to the reduction in leaf water
potential and the SP791011 by having a characteristic of
rolling up of leaves [27], making them less tolerant to
drought but having greater control over water economy.

CONCLUDING DISCUSSION

Inman-Bamber (1986), cited by Inman-Bamber and
Smith [4], studying varieties of sugarcane in South Africa,
found that the variety most tolerant to drought stress practi-
cally closed almost all the stomata when leaf water potential
reached -1.4 MPa, while most sensitive varieties this hap-
pened when leaf water potential reached -1,8 MPa. These
results led the author, and Inman-Bamber and Smith [4] in
their review, to conclude that the most tolerant sugarcane
varieties to water deficit tend to avoid water loss by closing
the stomata. However, the opposite mechanism seems to be
present in the RB92579 variety, which has a higher root den-
sity [26] allowing it to keep the stomatal open over a broad
range of leaf water potential, suggesting that this variety has
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mechanism allowing it to withstand the water deficit instead
of avoiding it, as Inman-Bamber and Smith [4] suggest. It
would be interesting then, to place these varieties in the same
experimental field to better test and compare their drought
tolerance. The combination of these characteristics in breed-
ing programs perhaps may be a good way of improving the
crop tolerance to water deficit.
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Fig. (4). Relationship between leaf water potential (W) and sto-
matal conductance (A), photosynthesis (B) and transpiration (C) in
sugarcane varieties RB92579 (n=40), RB72454 (n=28) e SP79-
1011 (n=29).
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