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SUMMARY

Drought stress is one of the most severe environmental constraints on plant production. Under environmen-
tal pressures, complex daily heliotropic adjustments of leaflet angles in soybean can help to reduce transpi-
ration losses by diminishing light interception (paraheliotropism), increase diurnal carbon gain in sparse
canopies and reduce carbon gain in dense canopies by solar tracking (diaheliotropism). The plant materials
studied were cultivar BR 16 and its genetically engineered isoline P58, ectopically overexpressing
AtDREB1A, which is involved in abiotic stress responses. We aimed to follow the movements of central and
lateral leaflets in vegetative stages V7-V10 and reproductive stages R4-Rb, integrating the reversible mor-
phogenetic changes into an estimate of daily plant photosynthesis using three-dimensional modeling, and
to analyze the production parameters of BR 16 and P58. The patterns of daily movements of central leaflets
of BR 16 in V7-V10 and R4-R5 were similar, expressing fewer diaheliotropic movements under drought
stress than under non-limiting water conditions. Daily heliotropic patterns of lateral leaflets in V7-V10 and
R4-R5 showed more diaheliotropic movements in drought-stressed P58 plants than in those grown under
non-limiting water conditions. Leaf area in R4-R5 was generally higher in P58 than in BR 16. Drought signifi-
cantly affected gas exchange and vegetative and reproductive architectural features. DREB1A could be
involved in various responses to drought stress. Compared with the parental BR 16, P58 copes with drought
through better compensation between diaheliotropic and paraheliotropic movements, finer tuning of water-
use efficiency, a lower transpiration rate, higher leaf area and higher pod abortion to accomplish the maxi-
mum possible grain production under continued drought conditions.

Keywords: diaheliotropic, DREB1A, drought, leaf area, paraheliotropic, photosynthesis, pod production,
stomatal conductance, transpiration, water-use efficiency.

INTRODUCTION suffer acute water shortages by 2050 (Gobarah et al.,

Lack of water is an environmental factor that strongly lim-
its agricultural production worldwide. Agricultural drought
is a condition in which the amount of water available
through rainfall and/or irrigation and/or retained by the soil
is insufficient to meet the transpiration needs of the crop
(Tuberosa, 2012). The land area under vegetation suffering
from drought will increase due to global warming (Cook
et al., 2014) and more than half the world’s population will
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2015). Improving plant yield under drought is a great chal-
lenge for plant breeding programs, with criteria generally
focused on transpiration efficiency, early flowering and
early vegetative area development (Richards, 1996).

The first criterion for the improvement of plant yield
under drought is a high water-use efficiency (WUE)
(Richards, 1996). Stomatal control of gas exchange
between the leaf and bulk atmosphere represents the key
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to plant water use and photosynthesis (Vialet-Chabrand
et al., 2017). Transpiration, stomatal conductance and pho-
tosynthesis are intrinsically linked gas exchange processes,
all contributing to the dynamics of biomass production
and accumulation (Tardieu, 2003). Improving yield under
drought is therefore the optimized trade-off between water
use and assimilation through stomatal control mecha-
nisms.

The second criterion of Richards (1996) for improving
plant yield under drought is early flowering. This response
is mostly a temporary escape, although positive associa-
tions between plasticity of yield and flowering time across
different levels of water availability have been reported
(Sadras et al., 2009). In soybean (Glycine max (L.) Merr.)
most branch growth occurs between initial flowering and
the beginning of seed fill, so when drought stress (DS)
occurs in this period total seed yield decreases primarily
due to a reduction in branch vegetative growth, which
reduces branch seed number and branch seed yield (Fred-
erick et al., 2001).

The third criterion for improving plant yield under DS is
early leaf area development (Richards, 1996). The leaf area
index (LAI) and leaf arrangements through the plant
canopy strongly affect light interception (Sinoquet et al.,
2000) and leaf photosynthesis (Sarlikioti et al., 2011). Some
species also show complex daily heliotropic adjustments
of leaf angle. Heliotropism is a reversible morphological
characteristic of foliar movements in response to the direct
rays of the sun. Mature leaves are critical for the induction
and maintenance of heliotropic leaf movements (Vanden-
brink et al., 2014).

The ecophysiological significance of heliotropism is
related to plant and canopy processes. Paraheliotropism,
movements that avoid direct sunlight, can reduce transpi-
ration losses by diminishing light interception, and thus
can reduce the negative effects of DS (Kao and Forseth,
1992). Diaheliotropism, movements that track the sun’s
rays, can increase diurnal carbon gain in canopies with a
low LAI (Ehleringer and Hammond, 1987) and reduce car-
bon gain in canopies with a high LAl (Rakocevic et al.,
2010).

Recent studies of heliotropic phenomena have consid-
ered the plant-environment interface in three-dimensional
(3D) space, simulating soybean mitigation of the effects of
UVB (Bawhey et al., 2003). Virtual 3D plants can be used to
estimate diverse plant-environment interactions (Godin
and Sinoquet, 2005). Movement of the 3D plant architec-
ture by plant functions, such as canopy photosynthesis, is
usually based on mechanistic models (Song et al., 2013)
called functional-structural plant modeling (Vos et al.,
2010). Simulation results suggest that manipulation of
stem height, leaf width and leaf angle in rice can optimize
plant and canopy photosynthesis (Song et al., 2013). Simu-
lated photosynthetic rates are sensitive to individual plant

organ distribution (Song et al., 2013), light and the param-
eters of enzyme kinetics in photosynthesis-driving pro-
cesses such as the maximum rate of carboxylation (Vomax)
and the potential rate of electron transport (Jmay) (Walker
et al., 2014).

Methods of conventional breeding and marker-assisted
selection are being used to develop plant genotypes with
better tolerance of DS (Mir et al., 2012). Due to the central
role of DREB/CBF transcription factors in abiotic stress
responses and their ability to regulate many target ‘stress-
responsive’ genes, they have become popular in genetic
engineering aimed at improving abiotic stress tolerance to
drought, salt and cold in various plant species. DREB1A
was shown to play a role in promoting the expression of
drought-tolerance genes in some field crops, for example
rice (Dubouzet et al., 2003), bread wheat (Pellegrineschi
et al., 2004), tobacco (Kasuga et al., 2004) and soybean
(Fuganti-Pagliarini et al., 2017). Greenhouse data compar-
ing DREB1A soybean plants under DS and well-watered
conditions suggest that the higher survival rates seen in
DS DREB1A plants are due to lower water use and transpi-
ration rates (Polizel et al., 2011).

Ecophysiological models calculate quantitative pheno-
typic traits (e.g. transpiration rate, organ size and organ
expansion rate or biomass accumulation) from environ-
mental inputs such as temperature, light irradiance or soil
water potential (Tardieu and Simonneau, 1998). In such
models, differences between genotypes are expressed by
variations in the parameters of response curves (Tardieu,
2003). It was hypothesized that the DREB1A soybean iso-
line P58 would show better tolerance to DS than the paren-
tal cultivar BR 16 with regard to gas exchange and
production traits. Our aim was to follow the central and lat-
eral leaflet movements in vegetative stages V7-V10 and
reproductive stages R4-R5 and, using 3D modeling, to inte-
grate those reversible morphogenetic changes into an esti-
mation of daily plant photosynthesis and analyze the
distribution of production parameters in BR 16 and its
DREB1A isoline P58.

RESULTS
Leaf gas exchange

The central idea of gas exchange measurements was to
analyze the absolute and relative modifications of two
genotypes in response to water stress. Under non-limiting
water conditions (NL), the leaf assimilation (A) responses
in stages V7-V10 and R4-R5 of two genotypes, BR 16 (Fig-
ure 1a,c, respectively) and P58 (Figure 1b,d, respectively),
varied sinusoidally through the daily cycle. A slight reduc-
tion in leaf A at midday and during the early afternoon was
perceived (Figure 1, Table 1a). The usual second higher
afternoon peak occurred at 14:00-15:00 h in V7-V10 (Fig-
ure 1a,b) and at 17:00 in R4-R5 (Figure 1c,d). The absolute
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Daily courses were followed in soybean genotype BR 16 for stages (a) V7-V10 and (c) R4-R5 and in its genetically modified isoline BR 16 for stages (b) V7-V10

and (d) R4-R5.

values of A were much larger in the vegetative stages, up
to 18 pmol CO, m~2sec™" (Figure 1a,b) compared with
R4-R5 (Figure 1c,d), when the maximum value was about
6 umol CO, m~2 sec™". The genotype did not influence A
in the observed stages (Table 1a), but the water treatment
had a strong impact over the daily course, especially at
midday and during the early afternoon (Figure 1).

During stages V7-V10 the stomatal conductance (gs) in
BR 16 grown under NL was lower in the morning than in
the early afternoon, which allowed a high A to be main-
tained even in the afternoon (Figure 1a). Under NL, P58
showed a lower g (Figure 1b) than BR 16 (Figure 1a) over
the daily course in stages V7-V10 (Table 1). In stages R4-
R5, P58 had a slightly higher g5 than BR 16 (Table 1, Fig-
ure 1c,d). Both genotypes showed similar daily gs curves,
characterized by higher values in the morning (08:00-
10:00 h) and strongly reduced values in the afternoon
(12:00-18:00 h). Compared with the A curves, the daily
curves for gs in R4-R5 were characterized by early eleva-
tion in the morning (10:00-13:00 h) and later reduction (at
14:00-18:00 h).

Both soybean genotypes significantly reduced leaf A
and gs in response to water-limiting conditions (Figure 1,
Table 1a). Stronger reductions in A and gs were noted in

© 2018 The Authors

BR 16 (41.9% and 63%, respectively) than in P58 (27.3%
and 49%, respectively) during stages V7-V10 (Table 1b). In
stages R4-R5 stages the relative reduction of A was about
48% in both genotypes, but gs was reduced slightly more
in P58 than in BR 16 (30% compared with 26%, respec-
tively) (Table 1b).

The response to DS was a significantly diminished leaf
transpiration rate (E) in both genotypes and all observed
stages (Table 1a, Figure 2b). At V7-V10 under NL, E
reached its maximum at about 13:00 h and decreased
thereafter in BR 16, while in P58 the maximum E values
were attained at about 11:00 h and maintained up to
15:00 h (Figure 2a). Under DS, E was lower in P58 than in
BR 16 at midday (Table 1a, Figure 2a), inducing a lower
relative reduction in E in the genetically modified (GM) iso-
line than in BR 16 in the vegetative stages (45.9% and
33.2%, respectively) (Table 1b). In R4-R5, E was high over
the whole daily cycle (Figure 2b).

Values of WUE were fourfold higher in V7-V10 (Fig-
ure 2c) than in R4-R5 (Figure 2d). They varied with geno-
type, water supply and over the daily course (Table 1a). In
V7-V10, the highest WUE was obtained under DS in BR 16
and the lowest were calculated under NL in BR 16 (Fig-
ure 2c¢). In R4-R5, the highest WUE was calculated under

The Plant Journal © 2018 John Wiley & Sons Ltd, The Plant Journal, (2018), 96, 801-814
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Table 1 anova effects for (a) leaf gas exchange parameters (A, leaf photosynthesis; gs, stomatal conductance; E, transpiration; WUE, water-
use efficiency) and (b) differences in leaf gas exchange between water-stressed and control treatments over a daily light period in stages V7
-V10 and R4-R5 of soybean cultivar BR 16 and its genetically modified isoline P58 cultivated under drought-stress (DS) and non-limiting

water conditions (n = 3)*.

Stages V7-V10

Stages R4-R5

Variables A Js E WUE A Js E WUE
(a) ANova effects for gas exchange*
Genotype 0.7722 0.0119 0.4474 0.2028 0.5782 0.0954 0.0112 0.5963
Water treatment 0.0013 <0.0001 <0.0001 <0.0001 0.0023 <0.0001 <0.0001 0.2949
Time (hours) <0.0001 <0.0001 0.3556 <0.0001 0.0004 <0.0001 <0.0001 <0.0001
Genotype x water 0.3179 0.0043 0.1386 0.0873 0.4887 0.4052 0.5204 0.2343
Genotype x Time (hours) 0.9432 0.976 0.8234 0.9880 0.9048 0.8095 0.7359 0.8303
Water x Time (hours) 0.8343 0.0606 0.5153 0.0809 0.3116 0.7148 0.1677 0.3241
Genotype x water x Time (hours) 0.8943 0.7798 0.8343 0.9876 0.7617 0.8848 0.7964 0.5877
(b) anova effects for gas exchange reduction/increase under DS*
Genotype 0.0017 0.0077 0.0032 0.0490 0.9730 0.0462 0.2368 0.0820
Time (hours) 0.0007 0.3496 0.0462 0.9637 0.0003 <0.0001 <0.0001 0.0039
Genotype x Time (hours) 0.5975 0.9382 0.7350 0.3436 0.9995 0.2038 0.6732 0.1632
“P < 0.1 was considered significant and is indicated in bold type.
(a) (b)
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Figure 2. Mean and standard error values (n = 3) of leaf transpiration rate (E, mol H,0 m~2? sec™") and water-use efficiency (WUE, umol mmol~").
Daily courses were followed in the genetically modified isoline P58 of soybean genotype BR 16 cultivated under non-limiting water (NL) and drought-stressed
(DS) conditions. Transpiration rate in stages (a) V7-V10 and (b) R4-R5; WUE in stages (c) V7-V10 and (d) R4-R5.

NL in BR 16 and the lowest was calculated under DS in BR
16 (Figure 2d, Table 1a). No significant increase or
decrease in WUE under DS was calculated for P58, unlike
the significant relative modifications for BR 16 in the vege-
tative and reproductive stages (Table 2b).

Heliotropic movements

Predominant paraheliotropic movements in both geno-
types at two observed stages (Figures 3 and 4) illustrated
the basic tendency of daily heliotropic movements of
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Figure 3. Hourly mean + standard error for cosine of the angle of incidence, cos i, in upper leaves of soybean plants at stages V7-V10 grown under non-limiting

water (NL) and drought-stressed (DS) conditions (n = 10).

(a) Central and (b) lateral leaflets of BR 16 and (c) central and (d) lateral leaflets of its genetically modified isoline P58. The line for cos i = 0.5 is indicated as the
division between paraheliotropic and diaheliotropic responses. Levels of statistical significance between water treatments are indicated by: **P < 0.01;

*P < 0.05; TP < 0.1.

central and lateral leaflets of upper leaves. Thus, we
searched for daily hours characterized by diaheliotropic
leaflet positions.

In stages V7-V10, the central and lateral leaflets of BR 16
under NL were characterized by two diaheliotropic move-
ments, at about 09:00 h and 12:00 h, statistically differing
from DS (Figure 3a,b). Under DS, the central leaflets
showed one diaheliotropic peak at about 16:00 h (Fig-
ure 3a) and lateral leaflets had one diaheliotropic move-
ment at the end of daylight (Figure 3b), all statistically
different from NL. The central and lateral leaflets of BR 16
showed less numerous diaheliotropic movements under
DS than under NL in stages V7-V10.

Under NL, the central leaflets of stage V7-V10 P58 exhib-
ited six daily periods of diaheliotropic movements, from
08:00-10:00 h and from 13:00-15:00 h, which were not sta-
tistically different from that seen under DS (Figure 3c). The
lateral leaflets of P58 under DS at V7-V10 showed one dia-
heliotropic movement at 09:00 h and two in the afternoon
(16:00 and 17:00 h), while under NL conditions parahe-
liotropic movements were exclusively expressed (Fig-
ure 3d). In this stage, P58 showed more diaheliotropic
peaks of lateral leaflets under DS than under NL condi-
tions.

In R4-R5 plants, the central leaflets of BR 16 under NL
showed various diaheliotropic movements at 06:00, 08:00,

10:00, 12:00 and 15:00 h, while under DS only one diahe-
liotropic leaflet position was expressed in the early morn-
ing (Figure 4a). The lateral leaflets of BR 16 in R4-R5 plants
showed five diaheliotropic movements, at 07:00, 08:00,
13:00, 14:00 and 16:00 h under NL conditions, while under
DS these movements were only expressed at 08:00, 10:00
and 14:00 h (Figure 4b). The daily behavior of BR 16 in
stages R4-R5 was like that in stages V7-V10, expressing
fewer diaheliotropic movements of central leaflets under
DS than under NL conditions.

At stages R4-R5 the central leaflets of P58 showed slight
diaheliotropic movements — under NL at 07:00 and 17:00 h
and under DS at 06:00 and 15:00 h (Figure 4c). The lateral
leaflets of P58 at stages R4-R5 under NL exhibited four dia-
heliotropic movements (06:00, 10:00, 12:00 and 17:00 h),
while under DS they showed five diaheliotropic peaks
(07:00, 09:00, 11:00, 12:00 and 16:00 h) (Figure 4d). This
daily heliotropic pattern of lateral leaflets in R4-R5 was like
that expressed in stages V7-V10 (Figure 3d), but with more
diaheliotropic movements of lateral leaflets in P58 under
DS than under NL.

Vegetative and yield parameters

Drought had a significant impact on all observed final vegeta-
tive and reproductive features (Table 2a). It significantly
reduced the final stem height in both genotypes, showing a
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Figure 4. Hourly mean + standard error for the cosine of the angle of incidence, cos i, in the upper leaves of soybean plants at stages R4-R5 grown under non-

limiting water (NL) and drought-stressed (DS) conditions (n = 10).

(a) Central and (b) lateral leaflets of BR 16 and (c) central and (d) lateral leaflets of its genetically modified isoline P58. The line for cos i = 0.5 is indicated as the
division between paraheliotropic and diaheliotropic responses. Levels of statistical significance between water treatments are indicated by: *P < 0.05; TP < 0.1.

higher impact in BR 16 than in P58, but having a similar effect
on reduction of aboveground vegetative dry matter (DM).

The impact of genotype was observed on main stem
metamer number under DS (Table 2a,b). Metamer number
decreased in BR 16 and increased in P58 under DS. The
number of abortive pods was significantly higher in P58
than in BR 16. On the other hand, the DM of abortive pods
did not differ between genotypes.

The observed yield parameters, as grain DM or DM of
filled and abortive pods, were strongly reduced under DS
compared with NL (Tables 2a and 2b). The grain number
diminished in both genotypes under DS; grain number per
plant was not significantly different between genotypes
under NL but was significantly lower in BR 16 than in P58
under DS.

The number of filled and abortive pods over two axis
orders (main stem first-order axis and branches second-
order axis) observed over three strata of the vertical plant
profile (low, middle, upper) varied significantly (Table 2c,
d). The number of filled pods on the main stem was signifi-
cantly lower than on relative branching structures in low
and middle strata (Table 2d). The opposite situation
between order axes was observed in the upper stratum,
where the branching structure carried a smaller number of
filled pods than the main stem. The production of filled
pods increased gradually over the main stem from low to
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upper strata and decreased over the branching structure
from low and middle strata to the top of the plants. The
distribution of abortive pods on first-order axes showed a
decrease from low and middle strata to the upper stratum,
while on second-order axes the highest number was found
in the low plant stratum, especially in the P58 genotype.

The impact of DS was evident in the final number of
filled and abortive pods, considering originating axis order
and vertical profile (Table 2c). The impact of genotype was
less evident. In the low stratum plants under NL produced
roughly double the number of filled pods in P58 than in BR
16 on second-order axes (Table 2d). No difference in the
number of filled pods on second-order axes in the low stra-
tum was observed in BR 16 plants grown under NL com-
pared with DS conditions. In the middle stratum under NL
a higher number of filled pods were produced in BR 16
than in P58. No difference in the number of filled pods on
the main stem in the middle stratum was observed in P58
plants grown under NL and DS. The number of abortive
pods on second-order axes in the low and upper strata
was significantly higher in P58 than in BR 16.

Estimations of plant photosynthesis over daylight periods

The mock-ups were processed by dividing the daylight into
four distinct periods, based on the general heliotropic
responses of the upper leaves (Figures 3 and 4). The first
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period corresponded to the early morning (06:00-07:00 h)
characterized by prevalent paraheliotropic movements of
central and lateral leaflets, with the exception of the central
leaflets of P58 under NL in stages R4-R5 (Figure 4c). The
second morning period (08:00-10:00 h) considered the
opposite positions among lateral leaflets in P58 and BR 16
in stages V7-V10 (Figure 3b,c); when some avoided direct
sunlight the others moved in a diaheliotropic sense. In the
third daylight period (11:00-15:00 h), both types of leaflets
showed the same significant diaheliotropic peaks, about
12:00 h for stages V7-V10 (Figure 3b) and at 11:00, 12:00,
13:00 and 15:00 h for stages R4-R5 (Figure 4a,c,d). During
the remaining hours of the third daily period, the heliotro-
pic movements were predominantly neutral. The fourth
daylight period occurred during late afternoon (16:00-
18:00 h) and was characterized by diaheliotropic move-
ments at 16:00 h occurring in two observed stages in both
leaflet types and for two water treatments (Figures 3a,b
and 4b,c) and one at 18:00 h in stages V7-V10.

The estimated photosynthesis of the central leaflet (A’)
was obtained by compiling mock-ups in VegeSTAR for four
daily periods in trees (Figure S3) and comparing the esti-
mations with measured values of A, considering stages
V7-V10 and R4-R5 (Figure 1a,c, respectively). The esti-
mated A’ for central leaflets was slightly reduced com-
pared with A, judging by the bias of —0.065 (Figure S3),
and was well adjusted, considering the low dispersion
(RMSE = 1.016).

The well-adjusted estimations at leaf scale (Figure S3)
allowed daily estimations of plant photosynthesis (A,,
umol CO, plant ™ sec™") for the entire daylight period (Fig-
ure 5). There were four scenarios for the same soybean
plant leaf area (LA), each having different leaflet positions.
Soybean mock-ups were compiled for stages V7-V10 (Fig-
ure 5a) and R4-R5 (Figure 5b).

Leaf area was not modified after short-term drought in
V7-V10 (Figure 5a) but after long-time exposure in R4-R5
water limitation significantly reduced LA (Figure 5b). In the
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Figure 5. Mean = standard error values (n = 3) of estimated average leaf area (LA) and daily plant photosynthesis (A,, pmol CO, plant™" s7").

(a) Stages V7-V10 and (b) stages R4-R5. Four daily scenarios and the respective mock-ups were computed for whole day period. Soybean cultivar BR 16 and its
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water treatments and daily period were calculated. P < 0.1 was considered significant and is given in bold type.
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reproductive stages, the GM isoline P58 formed a higher
LA than BR 16, especially under DS (Figure 5b).

The modifications in leaflet positions over the course
of the day resulted in different values of A, (P-value for
daily period <0.0001; Figure 5). The general late after-
noon leaflet positions avoiding direct sunlight led to a
significant reduction in A, compared with other scenar-
ios in stages V7-V10 and R4-R5 (Figure 5a). In R4-R5 a
significant reduction of A, was also observed in the
early morning scenario (Figure 5b). In V7-V10, the esti-
mated A, was not affected by water availability or geno-
type (Figure 5a) in all plant scenarios. In R4-R5 water
limitation had an effect on the significant reduction of
estimated A, in both BR 16 and P58 in all scenarios
tested (Figure 5b).

DISCUSSION
Heliotropic movements in soybean

All soybean species are members of the Fabaceae family,
characterized by diverse types of leaf movements. The site
of light perception for leaf movements in Fabaceae is
located at the pulvinus. The mechanism of movement is
similar to that of guard cells (Lee et al., 2014), led by an
asymmetric turgor gradient formed between the adaxial
and abaxial motor cells (Satter et al., 1974). Potassium ion
influx coupled with chlorine ions is powered by a proton
gradient that results in osmotic influx. In Fabaceae, oxalate
crystals that occur only in endodermal cells of the pulvinus
help to produce slow movements, while starch grains
always present in endodermal cells of the pulvinus corre-
late with all kinds of movements (Rodrigues and Machado,
2007).

Heliotropic movements occur under well-watered con-
ditions but also under water stress, and are modified by
perception of light, temperature and water vapor con-
ductance in the pulvinus (Fu and Ehleringer, 1989). Since
under the same external conditions the two studied
genotypes differed in their patterns of heliotropic move-
ments, it is possible that differences in genotype in their
pulvinar regions gave rise to distinct perceptions and/or
responses. The pattern of daily movements of BR 16
central leaflets in stages V7-V10 and R4-R5 were similar,
with fewer diaheliotropic movements under DS than
under NL. However, the lateral leaflets in stages V7-V10
and R4-R5 showed more diaheliotropic movement in DS
P58 plants than in plants grown under NL. The preva-
lence of diaheliotropic movements in lateral leaflets of
drought-tolerant GM P58 under stress might be due to
mechanisms triggered under DS by the transcription fac-
tor DREB1A; by binding at the DRE region on promoters
of target genes it can induce defense responses. In the
GM line P58, drought-response genes including GmPI-
PLC (phospholipase C), GmSTP (sorbitol transporter
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protein), GmGRP (glycine-rich RNA-binding protein) and
GmLEAT14 (late embryogenesis abundant) are highly
expressed under DS in the greenhouse (Polizel et al., 2011).
Under DS in field conditions, phosphatase GmPP2C (Gly-
ma14 g195200), a gene related to stomatal closure, alanine
aminotransferase GmAIaAT (Glyma01 g026700 and Gly-
ma07 g045900), a protein evolved in nitrogen metabolism,
1-1-pyrroline-5-carboxylate  synthetase  (P5CS;  Gly-
ma18 g034300) and a putative soybean aquaporin pip1/
UDPgalactose transporter (Glyma12 g066800), proteins
involved in osmotic adjustment under DS, are expressed
more in P58 than in BR 16 (Fuganti-Pagliarini et al., 2017).
Such a genetic background enables P58 plants to get rid of
excess light resulting from higher absorption in diahe-
liotropic central leaflet movements.

The heliotropic responses of glass-greenhouse grown
V7-V10 and R4-R5 BR 16 plants were very similar to those
cultivated under field conditions in low (V4-V6) and of high
(R5) LAI stages (Rakocevic et al., 2010). Similar responses
at more advanced vegetative stages can be attributed to
the fact that plants in glass-greenhouse pots were physi-
cally less densely distributed and experienced less compe-
tition for light than in field conditions. On the other hand,
the values of cos i defining diaheliotropic movements were
lower in glass-greenhouse than in field research conditions
(Rakocevic et al., 2010). This could be explained by the
light modifications under glass-greenhouse conditions,
because heliotropic leaf movements are induced by blue
light (Koller, 1986). Glass reduces photomorphogenetically
active blue light by about 7% (McMahon et al., 1990); how-
ever, even though reduced, leaf movements are still
induced in the glass-greenhouse experiment.

Gas exchange responses and heliotropic movements

The leaf A and WUE experienced slight reduction during
midday hours, as a consequence of general plant
responses to high light incidence and temperature. It
seems that due to high light intensity and high tempera-
tures at midday the pulvinus is already oriented to its
ultimate extreme inducing a paraheliotropic response
(Raeini-Sarjaz and Chalavi, 2008). The sinusoidal daily cyc-
lic response of A is a typical response of soybean cultivars
(Ehleringer and Hammond, 1987). The second afternoon
higher peak in A, which occurred at about 14:00-15:00 h in
V7-V10 and at about 17:00 h in R4-R5, also occurs in vari-
ous soybean genotypes under field conditions (Turner
et al., 1978).

The central and lateral leaflets of BR 16 under NL mani-
fested the response described for soybean (Rosa et al.,
1991), namely diaheliotropism in the early morning and in
the late afternoon when light intensity and air temperature
were lower and paraheliotropism at noon when light inten-
sity and temperature are higher. The morning diahe-
liotropic movements were probably due to optimization of
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carbon gain during the most intensive diurnal assimilation
period in soybean grown under NL, while the afternoon
diaheliotropic response was probably related to the second
peak in photosynthesis. On the other hand, the predomi-
nant paraheliotropism of central and lateral leaflets in V7-
V10 and R4-R5 indicated a strategy for escaping DS. Para-
heliotropism, a plant feature that avoids photoinhibition by
reducing light interception, affects the capacity to maintain
high CO, assimilation rates throughout the day in well-
watered bean plants (Pastenes et al., 2005).

In V7-V10, the central leaflets of P58 cultivated under DS
showed 4-h periods of diaheliotropism. This sun-tracking
behavior of the central leaflets of P58 compensated for the
reduction in diaheliotropic movements of the lateral leaf-
lets. In R4-R5 fewer diaheliotropic movements were
observed in the central leaflets of P58 under DS than under
NL. Paraheliotropic movements and a reduced LA (accu-
mulated carbon gain invested in leaves) under DS com-
pared with NL could be responsible for the lower A, of
both genotypes at this stage. Integrating key processes at
the plant scale permits predictions of multiscale photosyn-
thesis and carbon partitioning (Weston et al., 2012). In our
study, the integration of A, additionally included daily
modifications of plant structure. Photosynthesis by itself
does not play any direct role in the perception of vectorial
excitation of heliotropic movements (Fu and Ehleringer,
1989). Significant correlations between leaf incident angles
and leaf A have been reported (Rosa et al., 1991; Raeini-
Sarjaz and Chalavi, 2008), helping us to understand why
plants can improve their photosynthetic performance with
paraheliotropic leaf movements (Bielenberg et al., 2003)
that relieve the risk of photoinhibition (Zhu et al., 2015).

The most sensitive gas exchange parameter in the
responses of the two genotypes to water stress was gs. In
V7-V10 gs was lower in P58 than in BR 16, while in the
reproductive stages the situation was reversed. Normally,
paraheliotropic leaves have greater A and gs, leading to
greater daily transpiration (Habermann et al., 2011), as was
expressed in our experiment, especially in BR 16 in V7-
V10. Under water-limiting conditions, E at midday was
lower in P58 than in BR 16, giving a lower relative reduc-
tion in Ein P58 than in BR 16 in the vegetative stages.

For genotypic comparisons, WUE and the harvest index
are drivers of yield (Blum, 2009). A non-significant relative
increase in WUE was calculated for P58 at V7-V10 under
water stress, which together with the lower relative reduc-
tion in E indicates better drought tolerance in P58 than in
BR 16. This physiological behavior of P58 plants had
already been observed in the greenhouse (Polizel et al.,
2011) and in two different field experiments conducted dur-
ing the 2011/2012 (Rolla et al, 2014) and 2013/2014
(Fuganti-Pagliarini et al., 2017) crop seasons. The adaptive
significance of heliotropic movements leads to better water
use in Capparis spinosa (Levizou and Kyparissis, 2016).

The adaptive significance of paraheliotropism is mostly
related to the promotion of carbon assimilation by increas-
ing light-use efficiency rather than enhancing photoprotec-
tion (Habermann et al., 2011). Heliotropic movements of
leaflets in soybean suggest that improvement of photosyn-
thesis, gs, dissipation of excess light energy as a photopro-
tective mechanism and better WUE are strategies to
improve soybean performance.

Heliotropic movements related to architectural and
productive characteristics

Drought significantly reduced all observed final vegetative
and reproductive architectural features. Final stem height,
reduction in aboveground vegetative DM, metamer num-
ber and grain number per plant were less sensitive to DS
conditions in P58 than in BR 16.

Among the productive features on second-order axes,
the soybean plants cultivated under NL conditions pro-
duced roughly double the number of filled pods in P58
than in BR 16. The number of abortive pods on second-
order axes in the low and upper layers was significantly
higher in P58 than in BR 16 (mainly the effect of genotype),
but this resulted in a similar total final DM in both geno-
types. This was caused by the lower weight of individual
abortive pods in P58 than in BR 16, meaning that there
was similar investment of carbon in a relatively greater
number of abortive pods in P58. Such a strategy in P58
could be used to reduce the eventual final loss, by aborting
a high number of pods and achieving the maximum possi-
ble grain production in continued DS conditions. This
means that P58 could have a ‘decision strategy’ depending
on continuation of drought, maintaining the possibility of
producing more pods and grains if drought ends during
the seed-filling stage. This strategy, related to second
Richards criterion (Richards, 1996), could be tested in the
field, because in nature the occurrence of rainfall during
the pod-filling stage is always possible, permitting even
greater expression of AtDREB1A.

In a previous analysis in crop season 2011/2012,
DREB1A soybean plants did not outperform BR 16 in
terms of yield under field conditions but showed superior-
ity in the number of seeds and total number of pods
when stress was applied in the vegetative stages (Rolla
et al., 2014). In crop season 2013/2014, when a severe
drought was registered, P58 plants also had a higher
number of pods per plant than BR 16 and exhibited a final
yield of 1.938 kg ha™' in non-irrigated conditions, greater
than the 1.868 kg ha™' of BR 16 (Fuganti-Pagliarini et al.,
2017). Overexpression of AtDREB1A in soybean appears
to slightly enhance drought tolerance in stages V7-V10
and R4-R5 and could be indirectly related to fine reversi-
ble leaflet movements, improving leaf and plant CO,
assimilation, LA and distribution of pod production in the
plant, thus improving yield.
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Our experiment showed the three main criteria for
improving the yield potential (biomass) in drought envi-
ronments (Richards, 1996; Bhatia et al., 2014) were better
optimization of transpiration, WUE and formation of a
higher LA per plant after long-term DS in the P58 GM iso-
line than in parental BR 16. An approach linking these
physiological traits to empirical breeding for yield could
increase the probability of crosses resulting in additive
gene action for drought adaptation, and a more thorough
characterization of the germplasm would permit more
globalized strategies in plant responses to stress (Bhatia
et al, 2014). Under DS in the vegetative stages P58
showed compensation of prevalent paraheliotropic tenden-
cies in central leaflet movements by diaheliotropic posi-
tions of lateral leaflets. This genotype manifested relatively
lower reductions in A and gs than BR 16 under DS, fol-
lowed by an insignificant increase in WUE and lower rela-
tive reduction in E, which together lead to a higher
capacity to maintain the water status. Leaf gas exchange,
architectural and productive features together indicate
higher drought tolerance in the GM isoline than in BR 16.

Finally we stress that the genetically engineered isoline
P58 was less drought sensitive than the parental BR 16.
DREB1A could be involved in various responses to DS,
from alleviating its impacts through the high frequency of
paraheliotropic movements of central leaflets and the
higher frequency of diaheliotropic movements of lateral
leaflets, to lower transpiration, fine-tuning of WUE and gs,
higher LA and abortion of pods to achieve the possible
maximum grain production under continuous DS condi-
tions.

EXPERIMENTAL PROCEDURES
Plants, micro-climate and drought treatment descriptions

The drought-sensitive Brazilian soybean cultivar BR 16 (Oya et al.,
2004) was transformed by particle bombardment (Rech et al.,
2008) with rd29A:AtDREB1A at the Embrapa Soybean Plant
Biotechnology Laboratory (Polizel et al, 2011). The obtained
plants underwent molecular analysis. The best construct-positive
line (P58), containing rd29A:AtDREB1A, was selected (Stolf-Mor-
eira et al., 2011) and multiplied for further investigation.

The GM line P58 at the Tg generation and the parental BR 16
were seeded on 2 October 2009 (one plant per pot containing
about 3250 ml of sand). Plants were cultivated in a glass-green-
house at Embrapa Soybean, Londrina (23°11' S, 51°10' W, eleva-
tion 612 m), Paran4, Brazil.

The treatments included two genotypes (BR 16 and P58) and
two water treatments (NL and DS). A completely randomized
design with 10 replications for each treatment was applied. From
9 November 2009 to harvesting on 2 February 2010, soil gravimet-
ric humidity was set to and maintained at 15-19% (near to field
capacity) and 5-7.6%, by weighing the pots twice a day and sup-
plementing with water or nutrient solution as needed, following
the procedure for moderate to high soybean water restriction
(Casagrande et al., 2001). All pots received 50 ml of balanced
nutrient solution (pH 6.6) twice a week.
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Gas exchange measurements

Leaf gas exchange (A, net photosynthetic rate, pmol
CO, m2sec " Js, stomatal conductance, mol m~2 sec”": E, tran-
spiration rate, mmol H,0 m~2 sec™") were measured at the central
leaflet of the most recently produced fully expanded leaf in three
representative plants for each treatment, using a portable photo-
synthesis system (LI-6400). Leaf gas exchange parameters were
recorded every hour and performed twice during plant develop-
ment on two particular dates corresponding to stages V7-V10 (11
November 2009) and R4-R5 (14 December 2009). The WUE was
calculated as A/E (Medrano et al., 2015). The daily course of tem-
perature and photosynthetic photon flux density at the upper leaf
level is given in Figure S1 in the online Supporting Information.
Relative reduction or relative increase in gas exchange and WUE
under the water treatments were calculated as the percentage of
each individual value under one water treatment in relation to the
other.

Plant codification for mock-ups reconstructions

Both BR 16 and P58 soybean genotypes are of the determinate
growth type, and their leaves are characterized as multiform
leaves (Champagne et al., 2007). The first stem metamer has two
cotyledonal leaves opposite each other. The second stem meta-
mer has two unifoliate leaves opposite each other and phyllotaxy
of 90° in relation to the cotyledons. Production of adult trifoliate
leaves starts at the third metamer, initiated in spiral phyllotaxy.

All 40 pots with soybean plants were marked, indicating the ori-
entation of cotyledons and the first trifoliate leaves to the north, at
stage V5, to help 3D reconstructions in space under the VPlants
methodology (Pradal et al., 2009). The codification in multiscale
tree-graphs (MTGs) (Godin and Caraglio, 1998) was performed
from the bottom to the top of the plants, which allowed the devel-
opment of the same plants to be followed in three stages: (i) V7-
V10 on 10-13 November 2009; (ii) R4-R5 on 14-16 December 2009;
(iii) harvest on 2 February 2010. Stages (i) and (ii) also corre-
sponded to leaf gas exchange measurements.

The coding was performed at three scales of decomposition
(‘/"): (i) plant (P), (ii) axes (G) and (iii) metamers (C, F, E and D) (Fig-
ure S2). The axis scale of decomposition was used to codify: the
main stem of the first branching order; the second and third
branching (+') order axes; and the long main leaf petioles, permit-
ting the inclusion of their length. At the metamer scale several fea-
tures were differentiated: (i) two small opposite aboveground
cotyledons (C), (ii) juvenile metamer with the first pair of single
leaves with opposite phyllotaxy (F), (iii) branch metamers (follow-
ing one after the other, i.e. E1 <E2 << En), (iv) trifoliate metamer
of the main long petiole (E1) bearing two lateral leaflets assumed
to be of equal size and (v) the central metamer of the trifoliate leaf
composed of the short petiole (D1) bearing a central leaflet. The
plant MTGs contained the following information: length of each
metamer, length and width of leaflets, differentiating information
between the central leaflet and the lateral ones, length of long
(E1) and short petioles (D1), inclination of axes and petioles. The
attributed virtual phyllotaxy of spirally arranged trifoliate leaves
was 170° to avoid overlay, and the branching followed the same
phyllotaxy rules. We codified the number of flowers and initiated
pods in R4-R5, and the number of filled and empty pods after har-
vest.

To compute the impact of heliotropic movements on an hourly
scale, the central and lateral leaflet movements were recon-
structed by modification of the angles of elevation (a) and rotation
() in the MTG. Each leaflet object was constructed from 16
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triangles. The mock-ups were visualized in PlantGLViewer (Pradal
et al., 2009), and exported to VegeSTAR, software that allows the
calculation of leaf area and computing light interception and pho-
tosynthesis (Adam et al., 20086).

Distribution of vegetative and yield parameters

The final main stem height, DM of grains per plant, DM of filled
pods per plant, DM of empty pods per plant and DM of stems and
leaves were measured after harvest (n=10). The main stem
height measurements and main stem length from MTGs served
for general validation of plant size. The distribution of pods was
calculated on a scale of axes (main stem and branches), three
strata of vertical profile (low, middle and upper) and whole plants.
The numbers of filled and empty pods per metamer of the main
stem and per branch as the number of pods per layer were
extracted from MTGs with use of AMAPStudio (Griffon and de
Coligny, 2014).

Heliotropic leaflet movements in soybean

Heliotropic movements were monitored in 10 plants for each treat-
ment, on the same dates when leaf gas exchange measurements
were performed. Leaf elevation and azimuth were measured on
the central leaflet of the most recent fully expanded leaf. Leaflet
position was defined by the cosine of the angle of incidence (cos
i), which is the cosine of the angle between a normal to the sun’s
direct rays and the leaflet lamina (Prichard and Forseth, 1988).
This expresses the proportion of the direct beam that is incident
on the leaflet. Therefore, a cos i of 1 describes a leaflet with its
adaxial surface perpendicular to the direct beam, a value of —1
denotes a leaflet with its abaxial surface perpendicular to the
direct beam (diaheliotropic position), while a value of 0 represents
a leaflet which is parallel to the direct solar beam (paraheliotropic
position). The cos i was calculated using the equation of Prichard
and Forseth, 1988:

cosi = cosfi- cosz + sinfi - sinz - cos(as — a) (1)
where fis the leaflet angle from the horizontal, zis the solar
zenith angle, agis the solar azimuth angle and a is the leaf
azimuth.

The measurements were performed using the methodology
developed by Rakocevic et al. (2010), estimating the leaflet
angles from digital images of each plant taken horizontally and
azimuthally every hour. Digital image shots were taken during a
1-day cycle from 06:00 to 18:00 h under settings that took 1040
pictures in each of 2 days, representing stages V7-V10 and R4-
R5. The first image was taken from ‘above’ (camera pointing ver-
tically down, to measure a) and the second one was taken ‘side-
ways’ from north to south (camera pointing horizontally, to
measure f).

The leaflet angles registered in the digital images were deter-
mined in the laboratory using GIMP 2.8 software. For a south is
0°, east is —90°, west is +90° and north is —180 or +180° (Ehler-
inger and Hammond, 1987). The solar angles were computed
using the software VegeSTAR. The resulting daily sequence files
contained data on solar angle for each minute computed for
two dates of observation for the coordinates of Londrina-PR,
Brazil.

Integration of photosynthesis at the plant scale

The estimation of leaf photosynthesis by VegeSTAR software is
based on Farquhar's model (Farquhar et al., 1980), and the soft-
ware allows the integration of photosynthesis at the plant scale.
To compute light interception and photosynthesis VegeSTAR

requires information about the environment (azimuth and height
of the sun, global radiation, diffuse radiation, air temperature
and air [CO,]). The variation in physical and meteorological
parameters during the two specific dates representing stages V7-
V10 and R4-R5 were taken from micro-environmental measure-
ments (irradiance and temperature) or computed by VegeSTAR
(azimuth and height of the sun). Vemax, Jmax and dark respiration
(Ry) are also necessary for the estimation of photosynthesis at
leaf and plant scales using VegeSTAR (Adam et al., 2006). For
simulations we used values of Ry from light curves of BR 16 and
the DREB isoline (Table S1), and modeled Vinax and Jmax (Gilbert
et al., 2011).

The simulated rate of leaf photosynthesis (A, umol
CO, m2sec”") was first adjusted to the measured values of A
for each of the four daily periods defined by heliotropic move-
ments (see Results), in three representative plants of two geno-
types under two water availability treatments in which the leaf
photosynthesis was measured. Validation was done using the
following procedure: (i) the mock-ups of representative plants
were ‘fixed’ in their heliotropic movements at four particular
times (07:00, 09:00, 13:00 and 16:00 h) representing four daylight
periods defined after data analyses (see Results); (ii) for each of
the four daily periods in V7-V10 and R4-R5 a sequence
demanded by VegeSTAR software was built, varying the physical
and meteorological parameters over 10-min intervals; (iii) Ry,
Vemax and Jmax varied between DS and NL conditions, stages,
daylight periods and genotypes (Table S1), approximating the
outputs to the measured A values; other parameters of the
implemented VegeSTAR equations were used as software default
values; (iv) the measured central leaflets of the upper leaves
were identified in the VegeSTAR output, which contained the
computed LA and its relative A’ for each of 16 triangles of each
leaflet that comprised the soybean foliage; (v) the mean A’ value
for 16 triangles comprising a virtual central leaflet was used for
comparison with measured A.

Once A’ was validated, A, (plant photosynthesis) was calculated
as the integration considering leaf area (m?) of each leaf triangle
and its A". A, was computed for the whole daylight period from
06:00 to 18:00 h following a daily sequence. Four forms of each
plant (scenarios) were considering for the four daylight periods of
divergence in heliotropic responses.

Statistical analyses

Statistical analyses were performed with the R language and soft-
ware (2017). aNovA ‘Ime’ and ‘Im’ functions were applied to test
the significance of genotype, water availability treatment and hour
of the daily cycle associated with leaf gas exchange, cos i and
mean leaf photosynthesis per plant for vegetative and reproduc-
tive parameters. When the ‘Ime’ function was used, the plant repli-
cation was used as a random factor. The Tukey test was applied
to analyze the impact of genotype and water treatments on the
number of filled and abortive pods in each stratum and axis order
that supported pods. The package ‘qpcR’ was used for RMSE cal-
culation. The anova P-values are shown in tables following the
respective figures, or as significance codes for cos i.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Daily courses of photosynthetic active radiation and
temperature in the glass-greenhouse corresponding to stages V7-
V10 and R4-R5.

Figure S2. lllustration of soybean plant coding.

Figure S3. Comparison between the measured net photosynthesis
and estimated values for central leaflets in stages V7-V10 and R4-
R5.

Table S1. V,ax, Jmax and Ry applied in scenarios for estimating
A, for stages V7-V10 and R4-R5 stages.
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