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Asymmetrical leaves induced by water deficit show asym-
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In this study we tested the hypothesis that leaf asymmetric growth induced by water deficit in common bean (Phaseolus vulgaris
L.) might be correlated with different net photosynthesis rates between the two opposed leaflets (right and left) considering
a bilateral symmetric plane. In order to induce developmental instability, the drought-sensitive common bean genotype “Jalo
Precoce” was subjected to periods of suspended irrigation during its vegetative growth. Developmental instability was evaluated
by measurements of leaflets asymmetry, and the effects of drought on gas exchanges were taken in both symmetrical leaflets
(right and left) in relation to the central leaflet. Water deficit induced an increase of 80 % in leaf asymmetry. Net photosynthesis
of P. vulgaris was affected by water deficit in two ways, reducing its physiological yield and increasing its variability between
leaflets. Thus, as we hypothesized, the increase in developmental instability, measured by leaf symmetry deviations, was
supported by a variable net photosynthesis distribution in the leaves induced by drought.
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Folhas assimétricas em feijoeiro sob deficiéncia hidrica exibem fotossintese assimétrica: Neste estudo, propomos testar a
hipotese de que um crescimento foliar assimétrico induzido por deficiéncia hidrica em feijoeiro (Phaseolus vulgaris L.) pode
estar relacionado com diferentes taxas de fotossintese liquida entre dois foliolos opostos (direito e esquerdo), considerando um
plano de simetria bilateral. Dessa forma, para testar tal hipdtese, o gendtipo Jalo Precoce, sensivel a deficiéncia hidrica, foi
submetido a periodos de suspensio da irriga¢do em seu estado vegetativo para indugio de instabilidade em seu desenvolvimento.
Avaliou-se a estabilidade do desenvolvimento das plantas pelo uso de medidas de assimetria entre ambos os foliolos esquerdo
e direito, e os efeitos da seca sobre as trocas gasosas nos mesmos foliolos, em relag@o ao foliolo central. A deficiéncia hidrica
induziu um aumento de 80 % na assimetria foliar. A fotossintese foi afetada de duas formas: uma redugdo em seus niveis
fisiologicos e um aumento na variabilidade entre os foliolos direito ¢ esquerdo. Assim, como foi proposto na hipdtese inicial, o
aumento da instabilidade do desenvolvimento, medido pelos desvios de simetria foliar, deve ter sido influenciado diretamente
pela variabilidade das taxas fotossintéticas entre os foliolos.

Palavras-chave: deficiéncia hidrica, instabilidade do desenvolvimento, simetria foliar.

INTRODUCTION

Measures of environmental change effects on plant physi-
ology may be divided into in two categories, 1) instantaneous
physiological measures, such as gas exchanges or chlorophyll
a fluorescence, and 2) integrative physiological measures
over larger temporal scales, such as growth, productivity and,
more recently, developmental instability (Llorens et al., 2002).

Developmental stability is based on the organisms’ ability to
minimize random perturbations during development and is
often used as a measurement of the effects of environmental
perturbations, such as drought, on organisms (Freeman et al.,
1993; Graham, et al., 1993; Moller and Swaddle, 1997).
Fluctuating asymmetry (FA) is widely used in develop-
mental instability studies (Graham et al., 1993; Maoller and
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Swaddle, 1997; Cowart and Graham, 1999). An individual
unable to buffer random disturbances on its development,
either genetic or environmental in origin, may exhibit slight
deviations from perfect symmetry in organs with, a priori,
bilateral symmetry, such as leaves with central veins. Such
deviations are termed fluctuating asymmetry when they are
nondirectional and random (Palmer and Strobeck, 1986;
Moller and Swaddle, 1997). Accordingly, more symmetric
individuals have greater developmental stability and usu-
ally exhibit greater reproductive success, and better survival
rates than asymmetric individuals (Freeman et al,, 1993).
According to Rettig et al. (1997) measures of developmental
instability such as FA may provide a more sensitive indica-
tor of stress than traditional measures (e.g. growth, survival)
because FA has a measurable response at a lower threshold
of stress.

Water deficit is an environmental perturbation that could
induce increase in plant developmental instability (Escos
et al., 2000; Otronen and Roselund, 2001; Llorens et al.,
2002; Souza et al., 2004a), inducing asymmetric growth in
leaves. Cellular growth is one of the physiological processes
with higher sensitivity to water deficit, decreasing the
enlargement rate and, consequently, the leaf area (Nilsen
and Orcutt, 1996). Moreover, even mild drought conditions
could constrain the photosynthetic process and transpiration
rate due to decreasing cell turgor, stomatal closing, and the
decreasing of intercellular CO, diffusion (Chaves, 1991;
Cornic, 2000; Flexas et al.; 2004).

Since photosynthesis is a primary process related to
plant growth, providing nearly all of the raw material for
growth (Farquhar and Sharkey, 1994), it is suggested that
higher developmental instability, such as higher leaf FA,
might be correlated with asymmetric net photosynthetic
rates between opposite leaf sides (right and left). Llorens et
al. (2002) studying developmental instability of a heathland
shrub subjected to experimental drought and warming,
showed that leaf FA was a more sensitive indicator of
physiological disturbances than leaf size or gas exchange
measurements. However, this study did not investigate the
relationship between leaf asymmetric growth and different
photosynthetic rates in opposite leaf sides, considering a
plane of bilateral symmetry (e.g., right and left leaf sides in
relation to the central vein).

In this study we tested the hypothesis that leaf
asymmetric growth induced by water deficit in common
bean (Phaseolus vulgaris L.) may be correlated with
different net photosynthetic rates between the two sides of
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leaflets considering a plane of bilateral symmetry. In order
to induce FA, the drought-sensitive common bean genotype
“Jalo Precoce” (Souza et al., 2003) was subjected to periods
of suspended irrigation during its vegetative growth.
Developmental instability was evaluated by measurements
of leaflets asymmetry (Souza et al., 2004a), and the effects
of drought on gas exchanges were taken in both symmetrical
leaflets (right and left) in relation to the central leaflet. Thus,
we expected that plants subjected to water deficit would
exhibit asymmetrical growth and asymmetric photosynthesis
between right and left leaflets compared to control plants (i.e.
plants continuously irrigated).

MATERIAL AND METHODS

Seeds of P. vulgaris were germinated in plastic pots
containing 6 kg of a mixture of organic substrate (Plantmax,
Eucatex-agro) and white silica (2:1). All plants received 500
mL of modified Hoagland solution (McCree, 1986) at the
227 day after germination. The experiment was performed
under greenhouse conditions from January to February 2004,
at Piracicaba, SP, Brazil (22°42°S, 47°38°W). The plants
were divided randomly into two treatments: Control plants
(irrigated every 2 days), and water-stressed plants (with two
periods of suspended irrigation of 13 and 10 days, with one
intermediate watering). For each treatment, 10 replicates
were used.

At the end of the 33" day of growth, measurements
of the width in the widest part of the right and left leaflets
were taken using a Mitutoyo digital caliper (= 0.01 mm) in
the last two youngest totally expanded leaves of each plant.
The symmetry deviations were considered as the width
differences (R-L) among linear segments in the widest area
of right (R) and left (L) leaflets.

For the asymmetry analysis the data were transformed
according to Cowart and Graham (1999). The symmetry
deviations (d) were calculated in the general way as: d
= log x - log x’. This transformation removes mistakes
related to the differences in size scales. Asymmetry
measures of leaves, as a measure of the absolute value d,
were normalized using a Box-Cox transformation. The
transformation d* = (|d| +0.00005)%33 works well for the
normalization of asymmetric data (Freeman et al., 1999).

The symmetry deviations (d), which where significantly
higher in water-stressed plants than in control plants, were
caused by the imposed water deficit, indicating developmental
instability during the development of the plants. Although
there are multiple other parameters to estimate developmental
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instability (Palmer and Strobeck, 1986; Palmer, 1994), in
the present report, we chose d as the asymmetry measure,
because it is a simple and accessible measurement that
provides a suitable and reliable parameter for asymmetry
analysis (Cowart and Graham, 1999). Moreover, this study
is not a classical study on fluctuating asymmetry, but it
rather proposes to integrate two different physiological
measurements in order to improve the understanding about
plant responses to environmental disturbances.

Before proceeding with the fluctuating asymmetry
analysis, we followed the suggestion of Palmer (1994) and
Cowart and Graham (1999) to verify the occurrence of
directional asymmetry. Directional asymmetry, which is a
genetic based trend to develop one side of a trait more than
the other, is mostly an adaptive and functional asymmetry
rather than an indicative of developmental stability
under environmental changes (noise) such as fluctuating
asymmetry. A one-sample t-test (p < 0.05) was used to test
whether mean values of right-minus-left values differd
significantly from zero.

Leaf water potential (y,,) of control and water-stressed
plants was measured in periods of 3 days by the dew point
method, using a microvoltimeter (HR-33T, Wescor, Logan,
USA) coupled to the sampling chamber (C-52, Wescor,
Logan, USA).

The measurements of gas exchanges in the right and left
leaflets were taken in three mature and totally expanded leaves
randomly chosen in each water regime. The measurements in
both leaflets were taken simultaneously using two Infra Red
Gas Analyzers (model LI-6400, Li-Cor, Lincoln, USA). The
measurements of net CO, assimilation (A, umol CO, m2.s),
stomatal conductance (gs, mol H,0.m2.s"), transpiration
(E, mmol H,0.m?2.s™!) and intercellular CO, concentration
(Ci, umol.mol'!) were recorded every 10 s during 15 min,
following protocol of acquisition of gas exchanges time
series developed by Souza et al. (2004c). The water use
efficiency [WUE, umol CO,.(mmol H,0) '] is the result of
A normalized by E.

The measurements were recorded under laboratory
conditions and the environmental sample cuvete of the LI-
6400 was maintained constant throughout the measurements
with 30°C of temperature, 800 pmol.m2.s! of PAR
(photosynthetic active radiation), and 370 ppm of CO,. The
leaf-to-air vapor pressure difference was 1 kPa maintained
by a dew point generator (Li-610, Li-Cor, Lincoln, USA)
attached to LI-6400. Before scoring the measurements, plants
were moved to laboratory and placed under environmental

measurements conditions until gas exchange stabilization.
The photosynthesis deviations between right (Ar) and left
(Al) leaflets were calculated as the differences between net
CO, assimilations measures between both leaflets (Ar — Al).

For the comparison of asymmetry averages and gas
exchanges parameters between the control plants and the
plants under water deficit, one way variance analyses
(ANOVA, p <0.05) were carried out.

RESULTS AND DISCUSSION

Effects of water deficit on gas exchanges: Leaf water
potential measured under control and drought conditions
were significantly different (p < 0.05) and averaged,
respectively, -0.5 MPa and -1.1 MPa.

Decreasing water potential also significantly affected
(p < 0.05) net CO, assimilation (A), stomatal conductance
(gs) and, consequently, transpiration rate (E) (table 1). CO,
intercellular concentration, however, was not affected (p
> 0.05) by water deficit (table 1). The decreases in A and
gs are often shown as normal responses of plants to water
deficit (Chaves, 1991; Souza et al., 2003; Flexas et al., 2004).
Because partial stomatal closure tends to affect transpiration
more than net CO, assimilation (Nobel, 1999), an increase in
water use efficiency (WUE) is an expected response to water
stress (Larcher, 1995; Nobel, 1999). In the present study we
observed an increase of 77.35 % in WUE in plants under
drought conditions (table 1).

The stabilization of Ci values indicated that availability
of CO, was not a constraining factor responsible for the
reduction in A. Therefore, it is likely that water deficit may
have directly affected the photosynthetic process. However,
such hypothesis must be interpreted with caution because
water deficit may lead to unreliable Ci measures due to
patchy stomatal conductance (Kaiser, 1987). Furthermore,
the photosynthetic apparatus may be resistant to mild water
deficit. In such cases a reduction of Ci is often observed,
caused by gs decreasing, leading to a considerable increase
in photorespiration (Cornic et al., 1992; Cornic and Fresneau,
2002).

The leaf water potential values of the plants under water
deficit (around -1.1 MPa) and the low gs values suggested
that, considering the genotype “Jalo Precoce”, the plants were
under mild to severe drought (Souza et al., 2003). Moreover,
this study was carried out from January to February, which is
a typical summer period in tropical and sub-tropical regions
with high levels of temperature and irradiance, which could
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cause a synergetic disturbance in the plants. Under these
conditions, it is likely that the photosynthetic apparatus
might have been damaged by water deficit, decreasing net
CO, assimilation. According to Cornic et al. (1992) leaves
with low water potential can lead to a pre-disposition of the
photosynthetic apparatus to photoinhibition. Furthermore,
plants subjected to mild or severe drought conditions may
show damage to the thylakoid membranes affecting electron
transport of the Z-scheme (Kaiser, 1987). A straightforward
correlation between decreasing stomatal conductance and the
yield of the photosystem II has been observed (Medrano et
al., 2002; Parry et al., 2002). Water deficit may also cause
damage to the biochemical fixation of CO, in the Calvin
cycle decreasing both activation and activity of the ribulose-
1,5-biphosphate carboxylase/oxygenase (Rubisco), primarily
due to the action of inhibitors (Medrano et al., 2002; Parry
et al., 2002). The reduction in Rubisco efficiency may be
caused by an increase in mesophyllic resistance due to
stomatal closure, constraining CO, uptake into chloroplasts,
which could increase the oxygenase action of Rubisco with
a consequent increase in photorespiration. Moreover, the
ribulose-biphosphate regeneration may also be reduced by
drought due to a decrease in ATP synthesis by ATPase. These
integrated effects suggest a down-regulation mechanism of
the photosynthetic apparatus as a whole affected by water
deficit (Medrano et al., 2002).

Effects
photosynthesis between right and left leaflets:

of water deficiency on leaf symmetry and
Leaf
deviation from symmetry observed in both water regimes
showed a statistical normal distribution as evaluated by the
Kolmogorov-Smirnov test (data not shown). Moreover, a
one-tailed t-test used to verify the presence of directional
asymmetry, supported the presence of fluctuating asymmetry
in the character evaluated, instead of directional asymmetry
(Cowart and Graham, 1999).

Plants grown under water deficit exhibited (p < 0.05)
more asymmetric leaves than plants grown under constant
irrigation (table 2). In general, symmetry deviations between
the widest parts of the right and left leaflets increased by 80
% in the leaves developed under water deficit. These results
indicate a remarkable effect of drought-induced stress on
plant development stability (Llorens et al., 2002).

According to Meller and Swaddle (1997) increases in
the variability of cellular growth rates under sub-optimal
conditions is a source of developmental instability and it
might induce asymmetric growth of plant organs with bilateral
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symmetry. Furthermore, Souza et al. (2004b,c) have shown
that environmental constrains, such as low air humidity and
water deficit, tends to induce an increasing irregularity in
the dynamics of net photosynthesis, which is a fundamental
physiological process related to growth. Therefore, we could
suppose that such irregular photosynthetic rates may be a
source for asymmetrical growth in P. vulgaris.

The differences in net CO, assimilation rates between
right and left leaflets were also significantly higher (p <0.05)
in plants under water deficit. Deviations of A in plants under
drought condition were about 117 % higher than in plants
growing under control conditions (table 2).

The results in table 2 showed the same trend between
leaf asymmetric growth and differential net photosynthesis
between right and left leaflets in P vulgaris under water
deficit. The variability in the net photosynthesis could be
caused by patchy stomatal conductance, which is increased
under water deficit (Cardon et al., 1994), leading to a non-
uniform growth in the leaflets, increasing the leaf asymmetry.
These results reinforce the relationship between growth and
net photosynthesis, even if some growth analyses do not
have photosynthesis at the leaf level as an explicit variable
(Farquhar and Sharkey, 1994).

Table 1. Results of gas exchange measurements of P. vulgaris
plants under water deficit and irrigated conditions. (net CO,
assimilation (A) pmol.m2s’!, transpiration (E) mmol.m
2571, intercellular CO, concentration (Ci) pmolL-! of
CO,, stomatal conductance (gs) mol H,0.m2s'!, water
use eficiency (WUE) = AJ/E). Statistically significant
differences (Tukey test, p < 0.05) between means in
control and water deficit are represented by different
superscripts.

A E gs Ci WUE
Control 15728 508 034 277.122  3.09
Water deficit ~ 4.88>  0.89  0.05b 264.892 548

Table 2. Results of leaf symmetry deviations (LSD) and
differences in net photosynthesis (DA) between right
and leaf leaflets in plants of the genotype Jalo Precoce
(P. vulgaris) under water deficit and irrigated conditions.
The values shown below are in a logarithmic scale.
Significant differences (Tukey test, p < 0.05) between
means are represented by different superscripts.

DA LSD
Control 0.041b 0.020>
Water deficit 0.0892 0.036?
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of P
was affected by water deficit in two ways, reducing its

Summarizing, net photosynthesis vulgaris

physiological yield and increasing its variability between
leaflets. Thus, as we hypothesize in this study, the increase
in developmental instability, as measured by leaf symmetry
deviations, is supported by a variable net photosynthesis
distribution in the leaves.
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