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Abstract

In this work, we evaluated changes in the energy dissipation on electron transport chain of photosystems of leaves of four
common bean (Phaseolus vulgaris L.) genotypes (cultivars and landraces) in response to root system flooding. Common bean
plants (BRS Expedito and Irai—cultivars; TB 02-24 and TB 03—13—Iandraces) were grown in soil and commercial substrate
(1:1). At the early reproductive stages, the root system was subjected to flooding by adding distilled water up to 2 cm above
the substrate surface for 4 days. Control plants were kept under normoxia. Chlorophyll a fluorescence, gas exchange, pho-
torespiration, antioxidative enzymes and reactive oxygen species (ROS) were measured in leaves on the 4th day of flooding.
Flooding of the root system reduced gas exchange in all genotypes with strong effects in CO, assimilation. BRS Expedito
genotype had a greater energy dissipation through fluorescence and heat over Irai, TB 02-24 and TB 03-13, with regard of
metabolic regulation through photorespiration to alleviate the excess of ATP/NADPH produced by the electron transport chain
(ETC). On the other hand, the genotypes Irai, TB 02-24 and TB 03-13 induced more efficiently the antioxidative enzyme
system to cope with the deleterious effects of ROS in comparison to BRS Expedito. Further, the dynamic energy dissipation
of the excess absorbed energy by the photosynthetic ETC was differentially dissipated in all four common bean genotypes.
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Introduction

Common bean (Phaseolus vulgaris L.) is one of the most
important food legumes that provide as much as 30% of
the daily dietary protein in some developing countries for
human consumption. However, climate changes are increas-
ing the number of events of soil flooding (Bailey-Serres et al.
2012; Limami et al. 2014), representing a significant threat
to food production (USDA 2015). As the oxygen diffusion
in water is 10* times slower than in air (Armstrong et al.
1994), flooding impairs oxygen supply to the roots, inhibit-
ing root respiration, water uptake, hydraulic conductance,
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and consequently leads to stomatal closure (Aroca et al.
2012; Limami et al. 2014).

Stomatal closure restricts the diffusion of CO, from the
air into the carboxylation sites of Rubisco (Aroca et al.
2012; Herrera 2013; Bansal and Srivastava 2015), decreas-
ing the rate of photosynthesis (Mielke and Schaffer 2011),
and affecting the flow of energy on electron transport chain
(ETC) of photosystems (PS) (Eullaffroy et al. 2009; San-
tos Junior et al. 2015). However, the ability to maintain the
functionality of the ETC machinery under flooding may be
different among plant genotypes.

When photosynthesis is suppressed, photorespiration has
been reported to contribute to the consumption of excess
photon energy and thereby suppress the accumulation
of electrons in the photosynthetic electron transport sys-
tem (Hanawa et al. 2017), which could operate in leaves
of common bean to alleviate plants from photoinhibition
upon flooding. On the other hand, part of the accumulated
electron can flow to oxygen producing reactive oxygen spe-
cies (ROS) (Foyer et al. 2017). ROS trigger oxidative dam-
age of membrane lipids (causing lipid peroxidation) lead-
ing to membrane injuries, protein degradation and enzyme
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inactivation (Gill and Tuteja 2010). To cope with oxidative
damage, plants induce an efficient antioxidative defense sys-
tem (Blokhina and Fagerstedt 2010).

The symptoms of flooding on plants, in general, depend
on the soil O, partial pressure and besides that, plant species
or even genotypes presented a wide variation in their ability
to respond the oxygen deprivation through a series of sev-
eral adaptive mechanisms as a strategy to avoid or postpone
the effects caused by hypoxia to ensure their survival (Bai-
ley-Serres et al. 2012; Kreuzwieser and Rennenberg 2014;
Borella et al. 2017). However, many of these variations in
plant species or genotypes are related to changes in carbon
and nitrogen metabolism under hypoxia. (Rocha et al. 2010;
Anténio et al. 2016; Borella et al. 2017).

In this sense, plant genotypes may use a different way
to dissipate the excess of energy trapped on photosystems
to alleviate the effects caused by flooding. The effects of
low oxygen availability due to root flooding on the photo-
synthetic metabolism of common bean plants are scarce,
irrespective of how different genotypes respond to it. There-
fore, the aim of this study was to investigate how the elec-
tron transport chain of photosystems drives the flow of the
absorbed energy in leaves of four common bean genotypes
(cultivars and landraces) in response to root system flooding.

Materials and methods
Plant material and growth conditions

Common bean plants (Phaseolus vulgaris L.) of four geno-
types (BRS Expedito and Irai—cultivars; TB 02-24 and
TB 03-13—Ilandraces) were grown in a greenhouse under
natural light (+1.000 umol photons m~ s™') and tempera-
ture conditions (25 +5 °C), previously characterized by our
group as having high (BRS Expedito and TB 02-24) and
low (Irai and TB 03-13) photosynthetic efficiency among
a genotype screening under normoxic conditions (data not
shown). One plant of each common bean genotype was
grown in a single plastic pot (1 L) containing soil and com-
mercial substrate (1:1) and supplied with 20 mL of nutrient
solution three times per week (Hoagland and Arnon 1938).
When plants reached the R1 stage (flowering—early repro-
ductive stage; see Osorno et al. 2014), flooding treatment
was carried out by adding distilled water into the plastic
pot up to reach 2 cm of water above the substrate surface,
to keep the whole root system submersed (control plants
were kept under normoxic conditions). During 4 days of
flooding (period previously selected due to the sensitivity of
common bean plants to flooding—data not shown), physi-
ological parameters were measured daily and at the fourth
day leaves were collected for each plant genotype and kept

@ Springer

frozen (—80 °C) until analysis (all analyses were performed
in the fully expanded first trifoliate leaf).

Chlorophyll index

Chlorophyll index was measured as described by Cassol
et al. (2008), with a portable chlorophyll meter (CL-01;
Hansatech Instruments, King’s Lynn, Norfolk, UK). The
measurements were taken from the fully expanded first tri-
foliate leaf.

Measurements of chlorophyll a fluorescence
transients

Chlorophyll a fluorescence transients were measured in
dark-adapted leaf of plants with a Handy-PEA fluorimeter
(Plant Efficiency Analyser, Hansatech Instruments Ltd, UK).
The measurements were done in intact young leaves (fully
expanded first trifoliate leaf) still attached to the plant and
kept in the dark for at least 30 min in specially provided
clips. The polyphasic fluorescence rise, OJIP, was induced
by one saturating red-light flash (peak at 650 nm) with
3.000 umol photons m~2 s~! and measured during the first
second of illumination (10 ps to 1 s). The OJIP fluorescence
transients are based on the polyphasic fast fluorescence rise
from the lowest intensity F (minimum fluorescence) to the
highest intensity Fy; (maximum fluorescence) (Strasser and
Tsimilli-Michael 2004). The O-step is the initial fluores-
cence level (50 ps), J (2 ms) and I (30 ms) are intermediate
levels, and P (500 ms—1 s) is the peak level, analysed using
the JIP test parameters (For analysis of Chl fluorescence data
see Strasser et al. (2004) and Tsimilli-Michael and Strasser
(2008). The intensity measured at 50 us was considered as
the initial fluorescence (Fy). The plotted fluorescence values
were the average of ten measurements of each treatment.

The JIP test was also applied for the analysis and com-
parison of the OJIP transients using normalizations and sub-
tractions to compare the samples for the events reflected in
the OJ, OI, and IP phases. The transients were normalized
as relative variable fluorescence: Wq;=(F— F)/(Fy—F)),
Wor=F = F)l(Fy—Fy) and Wp=(F,— F)/(Fp—F). In
addition, difference kinetics from relative variable fluores-
cence data were also calculated (AW =Wg,.4ed — Weontrol)s
which reveals hidden bands between the steps W, (K-band;
300 ps) and Wi (L-band; 150 ps) according to Yusuf et al.
(2010).

Gas exchange measurements

Gas exchange was measured in intact young leaves (fully
expanded first trifoliate leaf) still attached to the plant with a
portable infra-red CO, analyser (model LI-6400XT LI-COR,
Inc., Lincoln, NE, USA). The measurements were taken



Acta Physiologiae Plantarum (2018) 40:212

Page3of 14 212

between 10:00 and 11:00 AM, with an in-chamber CO, con-
centration of 380 umol mol~! and a photon flow density of
1.250 umol photons m~2 s~!, using the light source LI-COR
6400-02B attached to the measuring chamber (2 X3 cm)

with a block temperature control set up at 25 °C.
Glycolate oxidase activity

Glycolate oxidase (GO—EC 1.1.3.1) activity was assayed
as described by Bai et al. (2014). Fresh leaf tissue (+0.2 g)
was ground to a powder using a mortar and pestle with lig-
uid nitrogen and homogenized with 5% polyvinylpolypyr-
rolidone (PVPP) and 50 mM Tris—HCI buffer (pH 7.8) con-
taining 0.01% Triton X-100 and 5 mM dithiothreitol (DTT).
The homogenate was centrifuged at 12 000 g for 20 min
at 4 °C and the supernatant used to measure GO activity
which was assayed by following the formation of glyoxylate
phenylhydrazone at 324 nm recorded at 10 s intervals in
a medium reaction containing 50 mM Tris—HCI (pH 7.8),
0.009% Triton X-100 (v/v), 3.3 mM phenylhydrazone HCI
(pH 6.8) and 5 mM glycolate (pH 7.0).

Hydrogen peroxide content and lipid peroxidation
measurements

Leaves (+0.2 g) were ground to a powder using a mortar
and pestle with liquid nitrogen and homogenized with 0.1%
(w:v) trichloroacetic acid (TCA). The homogenate was cen-
trifuged (12 000 g, 4 °C, 20 min) and the supernatant was
used for the analyses as described by Velikova et al. (2000).
Lipid peroxidation was determined according to Cakmak
and Horst (1991), using thiobarbituric acid (TBA), which
determines malondialdehyde (MDA) as an end product of
lipid peroxidation. The amount of MDA-TBA complex
(red pigment) was calculated from the extinction coefficient
(e=155x10° M~ cm™).

Antioxidative enzyme activity

For the measurement of enzyme activities, leaves (+0.2 g)
were ground to a powder using a mortar and pestle with
liquid nitrogen and homogenized with 5% (w:v) polyvinyl-
polypyrrolidone (PVPP) and 100 mM potassium phosphate
buffer, pH 7.8, containing 0.1 mM ethylenediaminetet-
raacetic acid (EDTA) and 20 mM sodium ascorbate. The
homogenate was centrifuged at 12 000 g (20 min at 4 °C),
and the supernatant obtained was used as a crude enzyme
extract (Azevedo Neto et al. 2006). Superoxide dismutase
(SOD—EC 1.15.1.1) activity was assayed by monitoring the
inhibition of the nitro blue tetrazolium (NBT) coloration at
560 nm. Catalase (CAT—EC 1.11.1.6) activity was assayed
by monitoring the decline in the absorbance at 240 nm.
Ascorbate peroxidase (APX—EC 1.11.1.11) activity was

assayed through ascorbate oxidation at 290 nm. Guaiacol
peroxidase (GPOD 1.11.1.7) activity was assayed by moni-
toring the tetraguaiacol production at 470 nm.

Statistical analysis

Each treatment consisted of a minimum of four biological
replicates for each common bean genotype (cultivar or lan-
drace; the number of biological replicates is indicated in
the figure subtitle), in a fully randomized design. Chloro-
phyll a fluorescence was analysed as described above and
all other data were analysed by one-way analysis of variance
(ANOVA). When F was significant, the treatment means for
each genotype (control and flooded) and the genotypes in
each group (cultivars—BRS Expedito and Iraf; landraces—
TB 02-24 and TB 03-13) were compared by 7 test (p <0.05).
Statistical analyses were performed using the SAS 9.0 statis-
tical software program (SAS Institute Inc. Cary, NC, USA).

Results
Chlorophyll index

4 days of flooding induced a reduction in Chl index in all
four common bean genotypes (BRS Expedito and Irai—
cultivars, Fig. la; TB 02-24 and TB 03-13—Iandraces,
Fig. 1b). The reduction in Chl index was higher in BRS
Expedito (75%) in relation to control, compared to other
common bean genotypes which the reduction ranged about
60% in relation to its respective control (Fig. 1).

Chlorophyll a fluorescence transients analysis

Chl a fluorescence transients measured from the dark-
adapted leaves of common bean plants are shown from 50 us
up to 1 s (on logarithmic time scale), in Fig. 2a, b. All com-
mon bean genotypes exhibited a typical polyphasic Chl a
fluorescence OJIP (W)) transients (the Osg,q, Iy, I30ms and
P, steps are marked in the plot) under normoxic conditions
(control), rising from initial fluorescence (F,) to maximum
fluorescence (F),;). However, plants under flooding condi-
tions showed a marked increase in the curves of relative vari-
able fluorescence at the J and I-steps (2 and 30 ms, respec-
tively), with the most induction of fluorescence at J-step
and the loss of shape curve in BRS Expedito (Fig. 2a) in
comparison to all others common bean genotypes.

The biophysical fluorescence transients depicted in
Fig. 2¢ and d, were analysed by the JIP test to deduce func-
tional and structural parameters of the photosynthetic behav-
iour of the plants subjected to hypoxia (energy distribution
in the photosynthetic apparatus) (Strasser and Strasser 1995;
Strasser et al. 2004). All parameters were normalized to their
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Fig. 1 Chlorophyll index of leaves of four common bean genotypes
(a BRS Expedito and Irai cultivars; b TB 02-24 and TB 03-13 lan-
draces) subjected to flooding of the root system. *Significant dif-

respective control. The sequence of parameters, referring to
the sequential energy transduction indicated per RC (Reac-
tion Centre), the energy fluxes for (light) absorption (ABS/
RC), trapping (TPy/RC), heat (DI/RC), electron transport
(ET/RC) and reduction of the end electron acceptors at the
PSI acceptor side (RE/RC). A similar increase in ABS/RC
which measures the apparent antenna size (total absorp-
tion or total Chl per active RC), TPy/RC which measures
the energy trapping flux per active RC, able to lead a Q,
reduction (Fig. 2c, d), and DI/RC that measures the heat
dissipated per RC (data not shown). However, the highest
increase in both ABS/RC (about twofold higher) and DI/RC
(about threefold higher) was in BRS Expedito upon flooding,
in comparison to control. Regarding the electron transport
flux (further than Q,™) per RC (ECy/RC) and electron flux
reducing end electron acceptors at the PSI acceptor side per
RC (ET/RC) of all plants under flooding were close to the
control, except for ECy/RC that decreased in BRS Expedito
compared to the control (Fig. 1c, d).

Decrease in quantum yields and efficiencies of all com-
mon bean plants were also observed under flooding in
comparison to control (Fig. 2¢, d) for maximum quantum
yield for primary photochemistry (¢p,), efficiency/prob-
ability for electron transport (ET), i.e., efficiency/probabil-
ity that an electron moves further than Q,~ (yg,), quantum
yield for electron transport (¢g,) and quantum yield for
reduction of end electron acceptors at the PSI acceptor
side (RE) (¢g,). On the other hand, the efficiency/prob-
ability with which an electron from the intersystem elec-
tron carriers moves to reduce end electron acceptors at the
PSI acceptor side (RE) (Jg,,) increased in BRS Expedito,
while it was similar in all others common bean plants com-
pared to the control. Regarding the performance indexes,
the performance index (potential) for energy conserva-
tion from exciton to the reduction of intersystem electron
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TB 02-24 TB 03-13

ferences by f test (p<0.05) between control and flooded for each
common bean genotype. *Significant differences by ¢ test (p <0.05)
between the genotypes. Values represent the mean+SD (n=4)

acceptors (PI,g) and performance index (potential) for
energy conservation from exciton to the reduction of PSI
end acceptors (PI,,;) were lower in relation to the control
of all common bean plants under flooding (Fig. 2c, d),
indicating a reduction in the functionality of the electron
transport chain.

When Chl a fluorescence data were normalized between
the steps O (50 ps) and I (30 ms) and presented as relative
variable fluorescence (W), we observed an increase in
the curves that serves to distinguish the sequence of events
from exciton trapping by PSII up to plastoquinone (PQ)
reduction (Fig. 3a, b), with the most increase in plants
from BRS Expedito under flooding, compared to the con-
trol. Figure 3¢, d shows the sequence of events from the
PSI-driven electron transfer to the end electron acceptors
on the PSI acceptor side, starting at PQH, (plastoqui-
nol) (Wyp), which has decreased in BRS Expedito while
remained similar to the control in Irai and TB 03-13.

To evaluate the kinetics differences between the treat-
ments, we employed additional normalizations and cor-
responding subtractions between the steps O (50 ps) and
K (300 ps) (AWqyg), to reveal the presence of L-band
and between the steps O (50 ps) and J (2 ms) (AW)), to
reveal the presence of K-band. The presence of positive
L-band in all common bean plants with the strongest effect
of flooding in BRS Expedito (Fig. 3e, f), indicates a low
energetic connectivity and an inefficient consumption of
the excitation energy and low stability of the system as
much as positive L-band is higher (Yusuf et al. 2010). The
presence of positive K-band in plants subjected to flooding
(Fig. 3g, h), could mean that the oxygen-evolving com-
plex (OEC) becomes leaky and offers access to non-water
electron donors evidenced by a decreased reduction rate
of quinone (Q,), the primary electron acceptor of PSII,
from Q, to Q5.
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Fig.2 Chl a fluorescence transients (OJIP) of dark-adapted leaves of
four common bean genotypes (a, ¢ BRS Expedito and Iraf cultivars;
b, d TB 02-24 and TB 03-13 landraces) subjected to flooding of the
root system. a, b Relative variable fluorescence between the steps O

Gas exchange under flooding conditions

Net assimilation rate (A—Fig. 4a, b) upon 4 days of flooding
decreased substantially in all common bean plants (cultivars
and landraces), reaching negative values. The reduction in
CO, assimilation was the result of an expressive reduction in
stomatal conductance (g,—Fig. 4c, d), and transpiration rate
(E—Fig. 4g, h), the reduction in the genotype BRS Expe-
dito being more expressive when compared to its respective
control. On the other hand, intercellular CO, concentration
(C,—Fig. 4e, f) increased about twofold higher in all com-
mon bean genotypes under flooding conditions.

1.0 +—e— TB03-13 (control) |
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and P (W) on logarithmic time scale; ¢, d Photosynthetic parameters
deduced by the JIP test analysis of fluorescence transients normalized
using as reference the control (n=15)

Effect of flooding on glycolate oxidase enzyme
activity

The activity of glycolate oxidase (GO) was interestingly
different in all common bean plants (genotypes and lan-
draces). An expressive reduction (threefold) of GO activity
was showed by the genotype Irai, while in BRS Expedito
the activity of GO remained close to the activity of the
control (Fig. 5a). GO activity decreased also in both com-
mon bean landraces (TB 02—24 and TB 03-13; Fig. 5b),
however, the reduction was less expressive than in Irai.
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«Fig. 3 Chl a fluorescence transients (OJIP) of dark-adapted leaves of
four common bean genotypes (a, ¢, e, and g BRS Expedito and Irai
cultivars; b, d, f, and h TB 02-24 and TB 03-13 landraces) subjected
to flooding of the root system. a, b Relative variable fluorescence
between the steps O and I (Wy,); ¢, d relative variable fluorescence
between the steps I and P (Wp) and W, in the inset; a, b on loga-
rithmic time scale; e, f average kinetics between the steps O and K
(AWu); 8, h average kinetics between the steps O and J (AW));
(n=15)

Oxidative stress under flooding

The content of hydrogen peroxide was about twofold higher
in leaves of all common bean plants under flooding in com-
parison to their respective control (Fig. 6a, b). Similarly,
there was a significant increase in lipid peroxidation (about
twofold higher) in leaves of plants subjected to flooding of
the root system, in all common bean plants (Fig. 6c, d).

Effect of flooding on the activity of antioxidative
enzymes

Different response to the induction of antioxidative enzyme
in leaves of common bean upon flooding is presented in
Fig. 7. SOD activity increased significantly in all common
bean plants (twofold) in comparison to control, except in
BRS Expedito (Fig. 7a, b). On the other hand, CAT activity
showed a slight increase only in Irai, while it decreased in
BRS Expedito and TB 02-24 (Fig. 7c, d). In a similar way of
SOD, the enzymes APX (Fig. 7e, f) and GPOD (Fig. 7g, h)
increased significantly in all common bean plants, with the
strongest induction in the genotype Irai compared to plants
under normoxic conditions. Intriguingly, the enzyme CAT
showed to be not so responsive to flooding in comparison
with other enzymes.

Discussion

Low oxygen availability due to soil flooding inhibits root
respiration and leads to a change in carbon and nitrogen
metabolism with a considerable decrease in ATP produc-
tion (Rocha et al. 2010; Kreuzwieser and Rennenberg 2014;
van Dongen and Licausi 2015; Anténio et al. 2016). Conse-
quently, water uptake and hydraulic conductance from root
to shoot are impaired, affecting photosynthetic metabolism
(Aroca et al. 2012; Herrera 2013; Bansal and Srivastava
2015). Under these conditions, changes in the dynamic dis-
sipation of the photosynthetic energy are initiated by plants/
genotypes as a mechanism to alleviate the consequences of
low oxygen concentrations imposed by flooding to the root
system (Herrera 2013; Santos Junior et al. 2015). Conse-
quently, the impairment in the ETC leads to ROS produc-
tion and the activation of the enzymatic and non-enzymatic

system to counteract the effects caused by ROS (Blokhina
and Fagerstedt 2010; Aydogan et al. 2015). However, the
specific changes in electron transport chain (ETC) and the
extent to which they occur may differ among the genotypes
subjected to flooding as observed in both group of plants
(BRS Expedito and Irai—cultivars; TB 02-24 and TBO03-
13—Ilandraces) here studied (Figs. 1, 2, 3, 4, 5, 6, 7).

Different responses were evidenced initially with chloro-
phyll content (Fig. 1) and chlorophyll a fluorescence analysis
(Figs. 2, 3). The reduction in chlorophyll content in all geno-
types may be related to a decline in mineral nutrient absorp-
tion and transport through xylem sap to the shoot, especially
nitrogen compounds (Lanza et a. 2014), for chlorophyll bio-
synthesis. Consequently, the decline in Chl content leads
to an impairment in photosynthetic ETC, increasing fluo-
rescence and heat in the genotypes (Fig. 2) and affecting
photosynthetic metabolism (Fig. 4) in plants under flooding
of the root system.

Chlorophyll a fluorescence analysis, normalized as the
relative variable fluorescence curve and the calculation of
the parameters of the JIP test (Strasser and Strasser 1995;
Strasser et al. 2004), demonstrated in BRS Expedito a higher
accumulation of Q,~ (OJ-phase; Fig. 2a) and thermal dis-
sipation of latent heat (JI-phase; Fig. 2a), which are associ-
ated with the blockage of ETC further than Q,~ (Strasser
et al. 2004; Yusuf et al. 2010), and resulting in an increase in
fluorescence emission (W,) in comparison to that observed
in the three others common bean genotypes (Irai, TB 02-24
and TB 03-13) under flooding conditions (Fig. 2a, b).

Plants of BRS Expedito also presented a higher quantum
yield dissipation (F/Fy;) among the studied common bean
genotypes, which can be a result of the ETC blockage and
high specific absorption flow (functional size of the antenna
system) per active reaction centre (ABS/RC), leading to an
increase in the specific energy dissipation flux per active
reaction centre (DI/RC) not used in the photochemical
reactions and dissipated as heat and/or fluorescence. This
differential response between BRS Expedito and the other
genotypes was a mechanism to dissipate the excess of energy
once there was a similar maximum electron trapping rate per
reaction centre (TR/RC). In addition, the blockage in the
ETC causes a reduction in the transport of electrons further
than Q,~ (electron transport flux—ET/RC) to reduce end
electron acceptors at the PSI acceptor side per RC (RE/RC)
due to an impairment caused by the root flooding (Fig. 2c,
d). Santos Junior et al. (2015) described that the increase of
the antenna system size (ABS/RC) in species under flooding
results in decrease in ET/RC, as observed in all genotypes
here studied with regard to strong effects in BRS Expedito.

An increase of ABS/RC (Fig. 2c, d), which is a meas-
ure of the apparent antenna size (which represents the total
absorption or total Chl per active RC), may either suggest
that a fraction of RCs in the genotypes are inactivated by

@ Springer



212 Page8of 14

Acta Physiologiae Plantarum (2018) 40:212

25 -
A
<~ 20 * *
w
[9)]
e 15
S 10!
)
S ]
g s
< O = o
-5
0.8 -
— C * #
I(I)
o 06 .
£
R 04
I
S
=
g 02
(]
e}
0.0 , =
1000 -
E
< 800 *
o]
E *
~ 600 A _}_
o)
)
S 400 |
€
° 7 III III
0 : .
8_
G

E (mmol HoO m2s )
B

*
6 4
*
) I i
0 e—— B |
BRS Expedito Irai

Fig.4 Gas exchange in leaves of four common bean genotypes (a,
¢, e, and g—BRS Expedito and Irai cultivars; b, d, f, and h—TB
02-24 and TB 03-13 landraces) subjected to flooding of the root
system. A—net assimilation rate (a, b); g—stomatal conductance
(¢, d); C—intercellular CO, concentration (e, f); E—transpiration

@ Springer

25 -
= cONtrol
20 * * == flooded
15 -

10

-5 4

0.8 -

0.6 -

04 -

0.2 -

0.0 . —_—

1000 |
800
600 1 1
400

200

0 ———

TB 02-24 TB 03-13

rate (g, h). *Significant differences by 7 test (p <0.05) between con-
trol and flooded for each common bean genotype. *Significant differ-
ences by 7 test (p <0.05) between the genotypes. Values represent the
mean+SD (n=4)



Acta Physiologiae Plantarum (2018) 40:212

Page9of14 212

0.20-A . #
0.15 A

0.10 A

0.05

GO activity
(umol mg‘1 protein min‘1)

0.00

Expedito Irai
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tion (¢, d) in leaves of four common bean genotypes (a and ¢ BRS
Expedito and Irai cultivars; b and d TB 02-24 and TB 03-13 lan-
draces) subjected to flooding of the root system. *Significant dif-

being transformed to non-Q,~ reducing centres or the func-
tional antenna that supplies excitation energy to active RCs
has increased in size as reported by Yusuf et al. (2010). On
the other hand, an increase in ABS/RC does not lead to an
increase in ET, and RE/RC (Fig. 2c, d) to produce reducing
power due to the impairment in CO, assimilation caused by
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a reduction in leaf gas exchange (Fig. 4) as evidenced in all
four common bean genotypes under root flooding conditions.

Besides the specific energy fluxes per RC, a similar effect
in the genotypes were found for quantum yields and effi-
ciencies in plants subjected to flooding with higher negative
effects in BRS Expedito, where, there were a reduction in
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«Fig.7 Antioxidative enzyme activity in leaves of four common
bean genotype (a, ¢, e, and g BRS Expedito and Irai cultivars; b, d,
f, and h TB 02-24 and TB 03-13 landraces) subjected to flooding
of the root system. SOD superoxide dismutase (a, b), CAT catalase
(¢, d), APX ascorbate peroxidase (e, f), GPOD guaiacol peroxidase
(g, h). *Significant differences by ¢ test (p <0.05) between control
and flooded for each common bean genotype. *Significant differ-
ences by 7 test (p <0.05) between the genotypes. Values represent the
mean+SD (n=4)

maximum quantum yield for primary photochemistry (¢p,),
quantum yield for electron transport (¢g,), quantum yield
for reduction of end electron acceptors at the PSI acceptor
side (¢g,), efficiency/probability for electron transport, i.e.,
efficiency/probability that an electron moves further than
Q4™ (¥g,) (Fig. 2c, d) as a result of the blockage in electron
transport (ET) in the ETC. On the other hand, a decrease in
ET leads to an increase in the efficiency/probability with
which an electron from the intersystem electron carriers
moves to reduce end electron acceptors at the PSI accep-
tor side though it did not result in increase in ¢y, and REy/
RC, which probably influenced in lower NADPH and ATP
production (Strasser and Strasser 1995; Strasser et al. 2004;
Yusuf et al. 2010). Decrease in NADPH and ATP production
is associated with decrease in CO, assimilation (Fig. 4) by
Rubisco and the excess of the reducing power and adenylate
energy charge is dissipated through photorespiration as evi-
denced in the BRS Expedito genotype (Fig. 5).

The performance indexes (P55 and P1,;), that describe
the operation of the electron transport chain from the absorp-
tion of the photon to the reduction of the PSI final acceptors
(Tsmilli-Michael and Strasser 2008) were highly reduced
in all common bean genotypes (Fig. 2¢, d) under flood-
ing. Reductions in performance indexes are correlated to a
decrease in density of the reaction centre, capture efficiency,
and electron transport efficiency under root flooding evi-
dencing a lower functionality of the electron transport chain
compared to plants under normoxia (Fig. 2c, d).

To support the effects of the root flooding on photosyn-
thetic ETC, fluorescence data were normalized between
the steps O (50 ps) and I (30 ms) and presented as relative
variable fluorescence (W), where an increase was evi-
denced in the sequence of events from exciton trapping
by PSII up to plastoquinone (PQ) reduction (O-I phase;
Wq from O to 1; Fig. 3a, b), as showed by an increase in
TRy/RC (Fig. 2). On the other hand, reduction in ETy/
RC caused reduction in the PSI-driven electron transfer
to the end electron acceptors on the PSI acceptor side,
starting at PQH, (plastoquinol) (I-P phases; Wy > 1,
insert graph in the Fig. 3c, d), in all four common bean
genotypes subjected to flooding in comparison to plants
under norméxia conditions. In the main plot (Fig. 3c, d),
fluorescence normalized as I-P phase, the reduction of
the end electron acceptor was lower in BRS Expedito in

comparison to its respective control and in relation to the
results showed by the other genotypes, as demonstrated
by RE,/RC (Fig. 2c, d), which may lead to a decline in
NADPH and ATP production.

Reduction of the energy connectivity of PSII [indi-
cated by the presence of the positive L-band; normalized
between the steps O (50 us) and K (300 ps), as Wpg], was
more accentuated in the genotype BRS Expedito which
implies in lower system stability and lower energy utiliza-
tion (Fig. 3e, ), reducing the efficiency with which absorbed
energy is transmitted between PSII units (Tsimilli-Michael
and Strasser 2008), increasing the dissipation of the energy
absorbed via heat (data not shown) and fluorescence (Fig. 2)
as reported by Stirbet and Govindjee (2011) and Santos Jun-
ior et al. (2015). The presence of positive K-band [normal-
ized between the steps O and J (2 ms), as W] in flooded
plants (Fig. 3g, h), reflects either an increase of the func-
tional PSII antenna size, and/or an inactivation of the oxy-
gen-evolving complex (Yan et al. 2013), as evidenced by an
increase in ABS/RC (Fig. 2c, d) in all genotypes.

Damage to the oxygen-evolving complex leads to an
imbalance in the energy flux in PSII, increasing the time
of excited states of chlorophyll molecules from the reaction
centre of the photosystem, which increases the probability of
singlet oxygen ('0,) formation and, consequently photooxi-
dative damage (Foyer et al. 2017). In addition, reduction in
the functionality of the ETC caused by flooding limits the
production of NADPH and a reduction in the net assimila-
tion rate of CO, (A; Fig. 4a, b). This fact is associated with
reduction in gas exchange caused by stomatal closure and
reduction in transpiration rate (E; Fig. 4g, h) also reported
by Bansal and Srivastava (2015), due to reduction on water
absorption by roots and transport of water through xylem sap
to the shoot (Aroca et al. 2012; Herrera 2013).

Besides that, stomatal conductance (g,; Fig. 4c, d) is
affected, limiting the diffusion of CO, from the air into the
carboxylation sites of Rubisco enzyme (Ahmed et al. 2002;
Bansal and Srivastava 2015), limiting CO, fixation (Fig. 4a,
b) in all genotypes. On the other hand, intercellular CO,
concentration increases (C;; Fig. 4e, f) due to increase in
the respiration rate though CO, is not used for Rubisco once
there is a limited NADPH production caused by a blockage
in the ETC of the PSII (Figs. 2, 3). The limited NADPH and
ATP produced by the photosynthetic ETC is then dissipated
via photorespiration (Fig. 5), contributing to increasing C;
(Fig. 4e, f), observed in common bean plants under flood-
ing. Dissipation of the reducing power and adenylate energy
charge through photorespiration is commonly reported in
pants under stress (Brautigam and Gowik 2016). Thus, as
the activity of the enzyme GO (estimation of photorespira-
tion) remained constant in plants of cv. BRS Expedito under
flooding (Fig. 5), this process may be operating in this cul-
tivar to alleviate the effects caused by stress flooding, while
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it does not operate well as evidenced by a decline in the GO
activity in other genotypes (Irai, TB 02-24 and TB 03-13).

Studies with the Arabidopsis thaliana suggested that
the cyclic transport of electrons around the PSI may help
the production of ATP (Tikkanen et al. 2014). This process
may be functioning in BRS Expedito, once photorespira-
tion is a process that requires a higher ATP/NADPH ratio
(Foyer et al. 2012). Cyclic transport of electrons around PSI
to increase ATP production is supported by an increase in
@R, under flooding conditions in BRS Expedito, while this
parameter remained similar to the control in Irai, TB 02-24
and TB 03-13 (Fig. 2c, d).

The genotypes Irai, TB 02-24 and TB 03-13 presented
the value of dy, under flooding equal to that found in control
plants (norméxia). This may be due to maintenance in the
lower production of NADPH by the ETC, also demonstrated
by the higher rate of reduction of the final electron acceptors
of the PSI (Wp). Thus, NADPH production would help the
induction and maintenance of the activity of the enzyme of
the ascorbate—glutathione cycle (APX enzyme; Fig. 7e, f)
to cope with the effects caused by ROS in flooded plants
(Blokhina and Fagerstedt 2010).

The decrease in ET(/RC due to the blockage in ETC
allows electron leakage and ROS production, once there is
an increase in TRy/RC (Fig. 2). The higher production of
ROS, such hydrogen peroxide (Fig. 6a, b) and possibly anion
superoxide, trigger oxidative damage to lipid membrane,
causing lipid peroxidation, as observed in all genotypes
(Fig. 6c, d), leading to membrane injuries, protein degrada-
tion and enzyme inactivation (Gill and Tuteja 2010). The
content of hydrogen peroxide is also a result of the detoxi-
fication of superoxide produced by the photosystems due
to the activity of SOD (Gill and Tuteja 2010), in Irai, TB
02-24 and TB 03-13 (Fig. 7a, b), and via GO activity in
BRS Expedito (photorespiration; Fig. 5), in peroxisome
(Briutigam and Gowik 2016). In addition to the direct pro-
duction of H,0, via a pool of plastoquinones (Gururani et al.
2015; Ivanov et al. 2018), in all genotypes.

Moreover, the antioxidative enzyme system is bet-
ter activated/induced in Irai, TB 02-24 and TB 03-13 in
comparison to BRS Expedito. These genotypes induce
more efficiently the activity of SOD, APX, CAT, and
GPOD (Fig. 7a-h) to scavenge the ROS produced during
the period of flooding (Fig. 6a—d). Differences between
common bean genotypes under flooding conditions were
reported by Aydogan and Turhan (2015) regarding antioxi-
dative enzymes, besides that, we suppose that these varia-
tions resulted from the breeding process resulting in the cv.
plants, like BRS Expedito, in contrast with landrace plants.
Among the antioxidative enzymes, SOD is the main enzyme
that acts on the detoxification of superoxide in H,O,. H,0,
is then converted to O, and H,O via the action of CAT or
H,O by the action of APX (via ascorbate—glutathione cycle)

@ Springer

or GPOD (Azevedo Neto et al. 2006; Gill and Tuteja 2010;
Ivanov et al. 2018), to mitigate damages such as lipid peroxi-
dation, verified by the quantification of MDA-TBA (Figs. 6,
7).

Therefore, flooding of the root system may reduce the
hydraulic conductivity of water to the shoot, leading to a
reduction in stomatal conductance and transpiration rate
which impair CO, assimilation in leaves of all genotypes.
Further, the dynamic energy dissipation of the excess
absorbed energy by the photosynthetic ETC is differen-
tially dissipated in all four common bean genotypes. BRS
Expedito genotype has a greater energy dissipation through
fluorescence and heat over Irai, TB 02-24 and TB 03-13,
with regard of metabolic regulation through photorespira-
tion to alleviate the excess of ATP/NADPH produced by the
ETC. On the other hand, the genotypes Irai, TB 02-24 and
TB 03-13 induce more efficiently the antioxidative enzyme
system to cope with the deleterious effects of ROS in com-
parison to BRS Expedito.
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