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ABSTRACT

Tropical areas exhibit torrential rains, and when the rate of soil drainage is slower than the rate
of precipitation, rapid flooding can result which can lead to germination failure. The objective of
this study was to evaluate the tolerance of three bean cultivars (IPR-139, Pérola and IPR-Tiziu) to
submersion in water for different time periods (0, 1, 2, 4, 8 and 16 h). Seeds were evaluated for
moisture content, electrical conductivity, leached ethanol, germination percentage and vigour
classification, length and dry weight of roots and shoots, proline content and superoxide dismutase
(SOD) activity (an antioxidant enzyme). Increasing the submersion time resulted in decreased
germination, vigour and growth, with increased electrical conductivity and leaching of ethanol. Just
1 h of submersion was enough for early differences to be evident among cultivars. The SOD activity
was near constant during submersion in all cultivars. Overall, IPR-139 was the most susceptible to
submersion, and IPR-Tiziu was the most tolerant cultivar. The tolerance of IRP-Tiziu was related to the
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high proline content in dry seeds and proline consumption during the submersion period.

Brazil is a continental country with a highly diverse cli-
mate. In the summer, heavy rainfall may occur over a large
part of the Brazilian territory, and under some situations,
crops may suffer from short periods of flooding during
seed sowing to seedling emergence. Flooding is character-
ised by oxygen deprivation, even in soils without drainage
problems, resulting in a limited supply of oxygen for roots,
seeds, micro-organisms and chemical processes, leading
to a less efficient metabolic pathway (anaerobiosis) and to
a rapid depletion of carbohydrate reserves (Banach et al.,
2009; Bailey-Serres & Voesenek, 2008).

Although most terrestrial plants can tolerate light flood-
ing, there are a small number of species which can grow and
reproduce under severe flooding; for example, some tropical
plants or those which occupy coastal marshes and rice. Other
crops such as wheat exhibit modest tolerance to occasional
flooding (Jackson et al.,, 2009). However, the flooding tol-
erance of the crop Phaseolus, of which there are over four
species in agricultural production, has not been well studied
except for some research that has been conducted on the
seeds of Phaseolus vulgaris (Custédio et al., 2002, 2009).

Many seeds experience anaerobic conditions during
phase Il of water uptake (i.e. following imbibition but preced-
ing germination) which is characterised by the accumula-
tion of ethanol and lactic acid (i.e. the anaerobic pathway

products). When tissue disruption occurs due to radicle
elongation, these fermentation products are degraded by
alcohol and lactate dehydrogenase as conditions become
more aerobic. These enzymes are frequently present in dry
seeds but their activity increases by 10-fold or more in ger-
minating seeds (Bewley et al., 2013). When germination is
completed or when conditions become more aerobic, the
enzymes activities and their products are negligible. This nat-
ural period of anaerobiosis can extend from a few hours to
several days and may be prolonged by immersing seeds in
water, which is characterised by the leaching of ethanol into
the surrounding environment (Bewley et al., 2013).

Under anaerobic conditions, the primary products
formed in seedlings are ethanol and two enzymes, alcohol
dehydrogenase (ADH, EC 1.1.1.1) and pyruvate decarboxy-
lase (PDC; EC4.1.1.1), which are involved in the biosynthe-
sis of ethanol (Bewley et al., 2013). A metabolic adaptation
to flooding may also include the production of enzymes of
the lactic and alanine fermentation pathways (Parent et al.,
2008). Furthermore, in lettuce seedlings, anoxia-induced
protein synthesis, decreased ADH activity and decreased
availability of ATP were associated with low flooding tol-
erance (Kato-Noguchi, 2001).

Another consequence of anaerobiosis is the pro-
duction of reactive oxygen species (ROS; for review see
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Bailey-Serres et al., 2012). Hypoxia over a period of eight
days increased the activities of the ROS-scavenging
enzymes superoxide dismutase (SOD), ascorbate perox-
idase (APX) and glutathione reductase (GSR) activities in
tolerant genotypes of 25-day-old Vigna, suggesting the
removal of excess ROS associated with flooding stress
(Sairam et al.,, 2011). Furthermore, the ROS-scavenger
enzymes glutathione-S-transferase (GST), cytosolic APX
and a putative GST were inhibited in rice coleoptiles
under anaerobic conditions (Sadiq et al., 2011). Similar
results have been reported with APX for soybean under
hypoxic conditions (Hashiguchi et al., 2009; Shi et al.,
2008). However, using a membrane marker of peroxida-
tive damage by ROS, rice seedlings were examined during
submersion in water, in the dark, to check whether the
damage was a phenomenon that occurred after submer-
sion or when seedlings were once again in contact with
oxygen. Damage occurred during submersion and was
not associated with prolonged anoxia. In seedlings that
were partially deprived of oxygen and then placed into
contact with oxygen again, peroxidation was suppressed
as an effective control of the ROS production which was
not evident during submersion (Santosa et al., 2007).

Proline is a multifunctional amino acid that is com-
monly involved in stress responses and has been found
to have antioxidant activity in addition to being a source
of energy or carbon backbones and an important osmolyte
(Szabados & Savoure, 2010). In Aloe vera L. plants growing
in soil with a nutritive solution for 60 days, the formation
of aerenchyma (characterised by programmed cell death)
and the simultaneous proline accumulation (Verbruggen
& Hermans, 2008; He et al., 2012) occurred in response to
the excess of water.

The limited studies on Vigna and Phaseolus have
revealed that these genera do not tolerate flooding in
the early developmental stages, but differences between
cultivars have been observed (Singh & Singh, 2011). The
Cajanus genus has shown high susceptibility to flooding
during germination and in the early and later seedling
developmental stages, and this information is used to
select tolerant genotypes (Choudhary et al., 2011). There
are also varietal differences in seed survival after flooding
(Saka & lzawa, 1999; Lenssen et al., 1999), and it is pos-
sible to discriminate among batches of the same variety
because more vigorous seeds are more tolerant to submer-
sion conditions (Custodio et al., 2002, 2009).

Considering: (i) the importance of common bean as
a staple food in Brazil and the susceptibility of this crop
to flooding, especially in the early growth stages, (i) that
bean cultivars may differ in proline concentration, even in
dry seeds produced under the same conditions (Machado-
Neto et al., 2004) and (iii) the important role of proline as
an energy source (Szabados & Savoure, 2010), it can be

hypothesised that seeds with a high proline content may
respond differently to low oxygen during germination
under flooding than seeds with a lower proline content.
The objective of this study was to evaluate the seed toler-
ance of bean cultivars to submersion in water for different
periods of time.

Material and methods
Seed material

Seeds from the common bean (Phaseolus vulgaris L.) from
two different colour groups were used in this study. Two were
from the carioca (IPR-139 and Pérola) and one was from the
black group (IPR-Tiziu). These cultivars were chosen because
they are modern cultivars, seeds were freely available and
they have different proline contents in the dry seed. After
assessing three batches of each cultivar for germination and
vigour, one of each of the following was selected: IPR-139
(from a seed producer), Pérola (from DSMM - CATI — Avaré/
SP) and IPR-Tiziu (from the company Selegraos - Santo
Anastacio/SP). These batches exhibited the same pattern of
initial germination, which allowed for comparison among
cultivars and water submersion periods.

Seeds were stored in a climate-controlled room at
20 £ 3 °C and 60% relative humidity until the tests were
initiated. Evaluations for initial quality establishment were
moisture content determination, germination test, classi-
fication of seedling vigour, length and dry mass of shoots
and roots, electrical conductivity after 24 h of submersion
and proline content of dry seeds.

Submersion

Seed submersion in water, with no gas control, was con-
ducted over periods of 1, 2, 4, 8 and 16 h (the control
was not submerged) with 10 groups of 50 seeds per time
period and per cultivar, at 25 °C in a growing chamber in
the dark. These treatments were carried out before ger-
mination. Seeds were weighed before being submerged
in a 5-cm water column (75 mL). After each time period,
the electrical conductivity was measured, the water was
drained, and seeds evaluated for moisture content (two
replicates of 50 seeds), and germination test, vigour clas-
sification, length and dry weight of shoot and root, in four
replicates of 50 seeds. One group of 50 seeds was used
to determine proline content and SOD activity in three
replicates. The same number of seeds and replicates were
used for the determination of ethanol in water and in the
tissues. Both the imbibition solution and drained seeds
were conditioned in polypropylene tubes and stored at
-20 °C. The submersion treatment was conducted twice
to confirm repeatability.



Moisture content determination

This was conducted gravimetrically using two replicates
of 50 seeds per cultivar in an oven without air movement
at 105 + 3 °C for 24 h (Brasil, 2009).

Electrical conductivity

Conductivity was determined using a meter (HI 2300, Hanna
Instruments, USA). This was achieved using four replicates of
50 seeds per cultivar that were weighed and placed in plas-
tic containers with a volume of 150 mL. The containers were
filled with 75 mL of deionised water and kept in an incubator
at 25 °C during the studied submersion periods and for the
initial evaluation after 24 h of submersion. A plastic container
that was filled only with water was also evaluated as the con-
trol. After the submersion periods, the electrical conductivity
of the solution was determined and was subtracted from the
water conductivity and divided by the sample weight. The
results are expressed as uS cm=' g' of seed fresh weight
(Vieira & Krzyzanowski, 1999).

Ethanol determination

The method used was gas chromatography (GC, VARIAN
3800) with a flame ionisation detector equipped and a
headspace (Markelov, HS 9000) using a Carbowax 20 M
column (30 m length, .25 mm internal diameter I.D. with
.25-um film thickness). The temperature of the column and
injector was 120 °C and 230 °C, respectively. Nitrogen was
used as a carrier gas in a flux of 25 mL min~'. The sam-
ples were prepared in 20-mL flasks containing n-propanol
(16 g L") as an internal standard and 1 mL of the sample.
The vials were sealed and kept in an auto-sampler for the
alcoholic components volatilisation at 80 °C and 200uL of
the gas were injected in the GC and the run proceeded in
2 min. Five seeds were ground in 10 mL of deionised water
for each replicate. One mL per repetition was used, and the
results are expressed as mg g~ of dried seed.

Germination test and vigour classification

These tests were conducted using four replicates of 50
seeds, which were sown in paper towel rolls embedded
with distilled water (2.5 times the weight of the paper) and
placed in an incubator at 25 °C (24 h dark). Control seeds
(not submerged for any time) and treated seeds (seeds
that were submerged for different times) were germinated
in the same way. Germination counts were performed at
five and seven days after sowing. On the seventh day,
seedlings were classified as strong (morphologically per-
fect) and normal (Brasil, 2009), abnormal and weak (with
minor defects) or dead. Germination was measured as the
percentage of normal and abnormal seedlings relative
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to the number of seeds tested. For vigour classification,
only the percentage of normal seedlings was considered
(Nakagawa, 1999).

Seedling length and dry weight measurements

Four replicates of 10 seeds were germinated as in the ger-
mination test to assess shoot, root, total seedling length
and dry masses. After seven days, the seedlings were meas-
ured, divided into roots and shoots (without cotyledons)
and dried at 60 °C for 72 h for the determination of dry
mass (Nakagawa, 1999). The total dry mass was calculated
as the sum of the dry mass of shoot and root.

Proline content

Three replicates of 800 mg of seeds were analysed fol-
lowing the method of Machado-Neto et al. (2004) using a
spectrophotometer at a wavelength of 520 nm. The pro-
line content was plotted against a calibration curve and
expressed as pg g~' of dried tissue.

Superoxide dismutase activity (SOD, EC.1.15.11)

One gram of seeds was weighed and ground in liquid
nitrogen and then homogenised in 10 ml of 100 mM
phosphate buffer (pH 7.8, 4 °C), containing .4% polyvinyl-
polypyrrolidone, 2 mM dithiothreitol, .1 mM ethylenedi-
aminetetraacetic acid (EDTA) and centrifuged at 12,000 g
for 20 min. The supernatant was collected and stored at
-80 °C until further use. SOD activity was evaluated as
described by Moriya et al. (2015), by adding 100 mM phos-
phate buffer (pH 7.8) to 50 pL of extract containing 13 mM
methionine and 63 UM nitro blue tetrazolium (NBT), with
13 uM riboflavin as a modification. The tubes were incu-
bated at 25 °C for 15 min under fluorescent lamps, after
which the absorbance was measured at 560 nm. Tubes
containing the same medium but not subjected to light
were used as a control. One unit of SOD (mg protein)~
was defined as the enzyme activity that is able to inhibit
the photoreduction of NBT to blue formazan by 50%. SOD
data were normalised by the protein content, following the
method of Bradford (1976)..

Statistical design

The experiment was conducted using a completely
randomised statistical design with four replicates per
treatment. The treatments were arranged in a (3 x 6) fac-
torial design that was composed of three cultivars (IPR-
139, Pérola and IPR-Tiziu) and six submersion periods.
The percentage results were transformed using arcsine
(x.1007")~"2, The data were analysed using an ANOVA F test
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Table 1. Germination (G), Vigour Classification (VC), Proline, Root length (RL), Shoot length (SL), Total length (TL), Root dry mass (RDM),
shoot dry mass (SDM), total dry mass (TDM), electrical conductivity (CE) and moisture content (MC) from the initial evaluation of bean

seed from the cultivars IPR-139, Pérola and IPR-Tiziu.

G VC Proline RL SL TL RDM SDM TDM EC MC
Cultivar % ug g'DW cm g pScm' g’ %
IPR 139 98 a* 90 ab 46.30b 10.52a 7.38ab 17.90 ab .0954a 4169 b 5123 b 138b 12.2
Pérola 93a 80b 41.92b 10.79a 9.36a 20.15a 1220 a .6454 a 7674 a 137b 9.5
IPR Tiziu 98a 96 a 417.57 a 933a 5.63b 1497 b A115a 4177 b 5292 b 106 a 124
F values .735™ 6.193** 62.917** 2.265™ 7.714%* 5.202%* 1.492™ 16.790** 11.908** 5.802*
CV (%) 337 4.86 27.98 7.11 16.00 10.12 13.38 13.50 11.46 11.70

2Equal letters are not statistically different by the Tukey’s test at .05 of probability.

*Significant at .05.
**Significant at .01, respectively, in the variance analysis; ns not significant.
"Not significant.

(p <.05),and the means were compared using Tukey’s test
(p <.05). Polynomial regressions were used for the quanti-
tative data. The significant mathematical models with the
highest determination coefficient (R?) were considered.
Data were analysed using SISVAR software (Ferreira, 2011).
Moisture content was not statistically analysed because
these data followed the tolerance level for established dif-
ferences between samples (Brasil, 2009). Ethanol determi-
nation, proline content and SOD activity were analysed
using the mean =+ standard deviation.

Results and discussion
Initial vigour traits before water submersion

Tolerance to water submersion may be influenced by seed
vigour (Custédio et al., 2002, 2009), and even small differences
in seed vigour may translate into larger differences in seedling
performance (Marcos Filho, 2005). Therefore, it is important
to verify varietal differences and to use seeds with the same
initial quality, as was the case here. The initial evaluation of
each cultivar batch (Table 1) showed equal results for germi-
nation (G%), length and root dry mass (RDM). Seedling vigour
classification (CV) showed that Pérola cultivar was inferior to
IPR-39 and IPR-Tiziu; however, length, shoot and total dry
mass showed the inverse trend.

Seeds of IPR-139, Pérola and IPR-Tiziu had initial mois-
ture contents of 12.2,9.5 and 12.4%, respectively (Table 1).
The drier the seed, the more likely imbibition is to be dam-
aging which can resultin a higher leaching of electrolytes.
Although there were differences in the initial moisture
content of the seeds of IPR-139 and Pérola cultivars, both
showed higher electrolyte leakage in the electric conduc-
tivity test (Table 1).

Seed-water relations and electrolyte leakage during
submersion

After each submersion period, the determination of the
seed moisture content showed that all three cultivars rapidly
imbibed water during the first four hours, followed by a slow

rate of water uptake. After four hours submersion, IPR-139,
Pérola and IPR-Tiziu had 52, 47 and 49% seed moisture con-
tent, respectively. Pérola was the slowest cultivar to imbibe
water. There was no evidence of the primary root during the
submersion periods, showing that there was no progression
of visible germination, i.e. elongation and cell division in the
radicle as a function of the anaerobic process caused by the
submersion. After 16 h of submersion, all cultivars had seed
moisture contents of between 56 and 57% (Figure 1(A)).

Water is essential for cell metabolism during germina-
tion because of its role in enzymatic activity, for the solu-
bilisation and transport of reserves and as a reagent itself.
At the start of imbibition, the movement of water into the
seed occurs down a water potential gradient (Bewley et al.,
2013).The different rates of hydration of the seeds may be
attributed to variations in the coat permeability, as bright
and dark seeds have lower rates of hydration. In this study,
the dark-coated seeds of the IPR-Tziu cultivar were not the
slowest to imbibe water (Figure 1(A)). Another factor that
influences the rate of hydration is the seed chemical com-
position; the higher the concentration of protein and sugar
contents (hydrophilic substances), the faster the seed will
absorb water (Marcos Filho, 2005). This may explain the
water uptake of IPR-Tziu which had the highest concen-
tration of proline of the three cultivars.

The electrical conductivity, which was evaluated after
each submersion period, showed a logarithmic increase
and was most rapid within the initial four hours. No sta-
tistical differences were observed between the cultivars
at one, four and 16 h of submersion. IPR-139 exhibited
the highest conductivity and differed from Pérola by two
hours of submersion; by eight hours IPR-139 maintained
the highest conductivity (Figure 1(B)). Santosa et al. (2007)
concluded that a lack of oxygen, resulting from submer-
sion, causes peroxidative damage to the cell membranes
and this can occur after only a short exposure to a lack of
oxygen. Here, two hours was sufficient to see differences
between the cultivars and prolonged submersion resulted
in increased electrolyte leakage. The elevated conductiv-
ity may also be attributed to the condition of the cellular
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(A) ---- IPR-139 -4 Pérola —*— IPR-Tiziu

70 4

Water content (%)

(B) 110 -

90 1

70 A

Electrical conductivity (uS cm™ g')

(C) 351

1.5 1

Ethanol lixiviated (mg g')

0.5 1

Submersion period (h)

Figure 1. Moisture content (A), electrical conductivity of imbibition water (B) and ethanol determination in imbibition water (C) of three
bean cultivars seeds submitted to different submersion period. (B) Adjusted equations: y (IPR-139) =32.364 In (x) + 12.426 R* = .8877**;
y (Pérola) =33.503In (x) — .16 R? = .8937**; y (IPR-Tiziu) =31.923 In (x) + 4.9115R*=.9201**, Significant equation: *(p < .05); **(p < .01).
In the same period of submersion equal letters are not statistically different by the Tukey’s test at .05 of probability; the absence of a letter
indicates no significance. (C) Error bars are the standard deviation.
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Table 2. Germination and vigour classification of three bean cultivars seeds subjected to different submersion time periods.

Submersion period (h)

Cultivars 0 1 2 4 8 16
Germination (%)A

IPR-139 98 79b 70b 43 b 35b 22b
Pérola 93 93a 84a 62a 47b 28b
IPR-Tiziu 98 93a 88a 51ab 78a 44a
Fvalues .735ns 5.013** 6.974%* 7.199%* 39.126** 10.152%*
Vigour Classification (%)B

IPR-139 90 ab 53b 61b 24b 29b 15b
Pérola 80b 90a 81a 50a 26b 20 ab
IPR-Tiziu 96 a 83a 77 a 26 b 62a 29a
Fvalues 6.193** 33.637** 9.688** 19.519%* 36.066%* 4.579*

AEquations adjusted by polynomial analysis : y (IPR-139) = 79.64 — 4.27x R? = .7764** y (Pérola) = 89.3 — 4.22x R = .9139** y (IPR-Tiziu) = 90.67 - 2.985x
R? = .6199*%; BEquations adjusted by polynomial analysis : y (IPR-139) = 64.02 — 3.64x R* = .6131** y (Pérola) = 80.65 — 4.49x R? = .8022** y (IPR-Tiziu) = 79.81 -
3.448x R? = .5091**;

*p <.05; **p <.01.

Note. In the same period of submersion equal letters are not statistically different by the Tukey’s test at .05 of probability; where letters are absent there are no
significant differences.

Table 3. Root, shoot and total length of bean seedling from three cultivars subjected to different submersion time periods.

Submersion period (h)

Cultivars 0 1 2 4 8 16
Root length (cm)*

IPR-139 10.53 443 3.18b 2.05b 1.34 1.03
Pérola 10.79 416 434ab 4.95a 1.90 1.05
IPR-Tiziu 9.33 4,28 495a 2.77b 2.88 1.86
F values 2.265ns .065ns 3.062* 8.590** 2.280ns .847ns
Shoot length (cm)®

IPR-139 7.38 ab 4.66 2.84 2.15b 1.64 1.13
Pérola 9.36a 4.54 3.90 6.09 a 2.31 .89
IPR-Tiziu 5.63b 5.64 493 3.57b 343 1.30
Fvalues 7.714 %% .803ns 2.413ns 8.804** 1.806" .095 "¢
Total length (cm)¢

IPR-139 17.90 ab 9.08 6.01 420b 2.98 217
Pérola 20.15a 8.70 8.24 11.04a 421 1.94
IPR-Tiziu 1497 b 9.91 9.88 6.34b 6.30 3.16
F values 5.202 ** .295ns 2.895ns 9.421** 2.176ns .327ns

AEquations adjusted by polynomial analysis: y (IPR-139) = 5.766 — .389x R? = .4352** y (Pérola) = 6.697 — .4193x R*> = .5433** y (IPR-Tiziu) = 5.9617 - .3131x
R?=.4917**;BEquations adjusted by polynomial analysis: y (IPR-139) = 4.7882 - .2882x R? = .5470** y (Pérola) = 6.5302 —.3902x R? = .6207** y (IPR-Tiziu) = 5.4697
—.2685x R? = .9340%**; ‘Equations adjusted by polynomial analysis: y (IPR-139) = 10.5535 - .6767x R? = .4829** y (Pérola) = 13.22 - .8096x R? .5869%** y (IPR-Ti-
ziu) = 11.432 - .5817x R? = .7314**, Root Lenght LMS = 0.717; Shoot Lenght LMS 0. 935; Total Lenght LMS =1.596.

Significant equation:

*(p <.05); **(p < .01).

Note. In the same period of submersion equal letters are not statistically different by the Tukey’s test at .05 of probability; where letters are absent there are no
significant differences.

membranes and the capability to reorganise the mem-
branes as imbibition progresses (Marcos Filho, 2005). In
this case, the cultivar with a low initial moisture content did
not exhibit the highest leaching, indicating that the initial
differences in water content (Table 1) were not related to
higher electrolyte leakage during submersion (Figure 1(B)).

Seed and seedling vigour traits during submersion

After just one hour of submersion, the germination of
IPR-139 decreased but there was no change in germina-
tion of IPR-Tiziu and Pérola during the first four hours of

submersion. By 8 and 16 h of submersion, IPR-Tiziu exhib-
ited higher germinability than the other cultivars (Table 2)
but this was not related to a lower electrical conductivity
(Figure 1(B)). The higher performance of IPR-Tiziu after
long-term submersion was also evident in the vigour clas-
sification (Table 2), with fewer plants damaged by eight
and 16 h submersion conditions (Table 2). Also reflecting
the germination behaviour, Pérola had a higher vigour
classification during shorter term submersion (first four
hours). Overall, the vigour classification showed a linear
decrease of 3.64, 4.49 and 3.44%, based on the adjusted
equations based on the appropriated regressions, for each
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Table 4. Root, shoot and total dry mass of three bean cultivars seedlings subjected to different submersion time periods.

Cultivars Submersion period (h)
0 1 2 4 8 16

Root dry mass (g)*

IPR-139 .095 .043 b .028b .044 b .023 b .016

Pérola 122 .081a .059b 099 a .044 ab .016

IPR-Tiziu 112 .097 a 100 a .058b .064 a .018

F values 1.492ns 6.279%* 10.689** 6.679%* 3.503* .019ns
Shoot dry mass (g)®

IPR-139 417 b 135b .092b .095b .074 .047

Pérola 645 a 249 a 218a .308a 110 .055

IPR-Tiziu 418b 246 a .245a 157 b 157 069

F values 16.790** 4.083* 6.462%* 11.649** 1.687ns 127ns
Total dry mass (g)©

IPR-139 512b 178b 120b 139b .097 .062

Pérola 767 a 330a 277 a 407 a 153 074

IPR-Tiziu 529b 342a 345a 215b 221 .088

F values 11.908** 4.899* 7.777** 11.153** 2.267ns .097ns

AEquations adjusted by polynomial analysis : y (IPR-139) = .05803 - .003190x R? = .4494** y (Pérola) = .09792 - .005394x R? = .7119** y (IPR-Tiziu) = .1028 -
.00543x R? = .8872**; BEquations adjusted by polynomial analysis : y (IPR-139) = .211894 - .013292x R? = .3396** y (Pérola) = .3932 — .024988x R? = .5195** y
(IPR-Tiziu) = 2993 - .0162x R? = .6762**; “Equations adjusted by polynomial analysis : y (IPR-139) =.2699 - .016484x R? = .3604** y (Pérola) = .49119 - .03038x
R? = .5594** y (IPR-Tiziu) = .4021 - .02172x R? = .7464*%; Significant equation: *p < .05; **p < .01. Note: In the same period of submersion. Equal letters are not
statistically different by the Tukey’s test at .05 of probability; where letters are absent there are no significant differences. Root Dry Mass LMS = 0.015; Shoot Dry

Mass LMS = 0.045; Total Dry Mass LMS = 0.057.

hour of submersion for the IPR-139, Pérola and IPR-Tiziu
cultivars, respectively (Table 2).

The length (Table 3) and dry weight (Table 4) of the
root, shoot and total value of the seedlings decreased
as the submersion time in the water increased. The root
length differed between the three cultivars only at two
and four hours of submersion, where IPR-Tiziu and Pérola
had longer roots than IPR-139 at two hours submersion,
and Pérola had longer roots than the other cultivars at four
hours submersion (Table 3). The root dry mass of IPR-139
was always lowest (Table 4). Similarly, differences in the
shoot length between the cultivars were only evident at
certain submersion times, in this case at one (Pérola was
superior to IPR-Tiziu) and four hours submersion (Pérola
was superior to the two other cultivars), as shown in Table
3. When the whole seedling was evaluated, Pérola main-
tained the longest seedlings at four hours submersion
in comparison to the other cultivars (Table 3). After sub-
mersion for one and two hours, Pérola and IPR-Tiziu had
the highest total and shoot dry mass and after four hours
Pérola was superior to the other two cultivars (Table 4).
In summary, IRP-139 always had the poorest vigour of the
three cultivars and this was matched by equally poor ger-
mination during submersion. In contrast, the germination
of Pérola was particularly high during the first four hours
and this was associated with good vigour characteristics.
However, by 16 h of submersion, all cultivars had simi-
lar length and mass measurements, suggesting that the
strong germination of IPR-Tiziu at this time may be related
to other characteristics. The ability to survive temporary
oxygen deprivation is attributed to controlling energy

use (Bailey-Serres & Voesenek, 2010; van Dongen et al.,
2009). Anoxia has been related to protein synthesis inhi-
bition, decrease in the ADH activity in the availability of
ATP (Kato-Noguchi, 2001), the activation of pyruvate dehy-
drogenase, HSPs (heat shock proteins), CBL5 (calcineurin
B-like-protein) and USP (universal stress protein) (Sadiq
et al,, 2011) and further increases in antioxidant enzyme
activity during and after the stress release caused by flood-
ing (Sairam et al., 2011). Therefore, biochemical compo-
nents were analysed in the bean seeds and examined in
relation to their performance under submersion.

Biochemical traits during submersion

The leaching of ethanol into the imbibition water occurred
after eight hours of submersion in the Pérola cultivar, and
by 16 h for the other cultivars, with Pérola leaking a higher
amount (Figure 1(C)). Nevertheless, ethanol was not detected
in the seed tissues suggesting an induction of the fermen-
tative pathway in the seed as a response to submergence
(Bailey-Serres & Voesenek, 2008; Parent et al., 2008).

From the initial tests, IPR-Tiziu contained almost 420 ug
of proline per gram of dry mass, 10 times higher than the
other cultivars. Over 16 h submersion, IPR-Tiziu showed a
decrease in the proline content, whereas Pérola increased
but IPR-139 did not change (Figure 2(A)). Proline is a car-
bon source or sink during respiration (Szabados & Savouré,
2010) because proline can sustain the production of
NADH / NADPH that is necessary to keep the cycle run-
ning with almost no oxygen (Kishor et al., 2005). Proline is
also an osmolyte in seedlings and plants (Verbruggen &
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Figure 2. Proline content (A) and SOD activity (B) of three bean cultivars subjected to different submersion period. Error bars are the
standard deviation of three repetitions by cultivar and submersion period.

Hermans, 2008; He et al., 2012) and has antioxidant capac-
ity (Szabados & Savouré, 2010).

Antioxidants are an important defence to stressors
including low oxygen environments. In 25-day-old Vigna,
hypoxia induced an increase in the SOD activity, the APX
and the GSR in tolerant genotypes (Sairam et al., 2011). In
rice coleoptiles under aerobic or anaerobic conditions, the
ROS-scavenging enzymes GST, APX cytosolic and putative
GST were inhibited (Sadiq et al., 2011), and this response
was interpreted as a form of signalling in response to the
increasing ROS concentration in anoxic environments
(Fukao & Bailey-Serres, 2004). In soybean under hypoxic
conditions, there was also a reduction in the APX activity
(Shi et al., 2008; Hashiguchi et al., 2009). Here, we examined
SOD activity and found that values decreased in IPR-Tiziu
after two hours of submersion and returned to the initial
values after 8 or 16 h (Figure 2(B)). The other two cultivars
showed an increased activity after four hours, returning to

the original level after eight or 16 h. According to Kranner
et al. (2010) the SOD activity is often bell-shaped during
stress, i.e. the activity is low when the stress is not so severe
or in excess, and increases between these two points. In
this study, the SOD activity pattern was a curve that was
skewed to the right for all cultivars, but the peak of the
activity was noticeable for IPR-Tiziu. In addition to proline
concentration, SOD activity may be an early indicator of
the tolerance among the cultivars during seed submersion.

Conclusion

Bean seeds are highly susceptible to submersion periodin
the tropical areas during the sowing season, what can lead
to a complete fail in crop establishment. Tolerance to this
stress should be linked directly to the available energy in
the seed. This work hypothesised that proline could be an
alternative route to overcome the energy depletion due to



seed submersion using a model with three cultivars with
different proline contents in the dry seed to test this.

The loss in germination and vigour was directly pro-
portional to the seed submersion time. The one-hour sub-
mersion period was sufficient for germination differences
to be exhibited among the cultivars. The consumption of
proline during submersion enabled flooding tolerance by
IPR-Tiziu, as this cultivar was less susceptible to damage
and consequently more tolerant to submersion.

For the first time, it is shown that proline is an alterna-
tive to energy depletion caused by submersion of bean
seeds. Further studies with more cultivars and landraces
must be done to confirm these findings and the effective-
ness of proline determination to help in select breeding
parents and offspring lines as a characteristic of tolerance
to flooding.
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