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Summary

The objectives of this study were to evaluate the effect of waterlogging on seed physiological performance and plant productivity
inrye. Our study consisted of three treatments: 1) no waterlogging, 2) a single waterlogging period, and 3) double waterlogging
period. Plant productivity was evaluated from the number of spikes per plant, the number of seeds per plant, the number of
seeds per spike, and seed yield. Seeds were exposed to a germination test and seed physiological quality was evaluated from
the seed germination rate, initial germination rate, germination speed index, electric conductivity, shoot length, primary root
length, shoot dry matter and primary root dry matter, and weight per 1000 seeds. The seeds derived from plants not exposed
to waterlogging showed a higher germination rate in a shorter period of time and higher germination speed index than those
derived from plants that were exposed to waterlogging; however, the weight per 1000 seeds was lower and seedlings had
longer shoots and primary roots. The plants that were not exposed to waterlogging had a higher number of spikes per plant,
higher number of seeds per plant, higher number of seeds per spike, and better seed yield per plant. Therefore, it was
concluded that waterlogging has a negative effect on seed physiological performance in rye and that plant productivity is
reduced under long-term waterlogging.
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Efecto estresante del anegamiento del suelo sobre el rendimiento
fisiologico de semillas y sobre la productividad de plantas de centeno

Resumen

El objetivo de este trabajo fue evaluar el efecto del anegamiento del suelo sobre el comportamiento fisioldgico de las semillas
y la productividad de las plantas de centeno. Nuestro estudio consistid en tres tratamientos: 1) sin anegamiento; 2) un periodo
de anegamiento; 3) dos periodos de anegamiento. La productividad de la planta se evalud a partir del niimero de espigas por
planta, el nmero de semillas por planta, el nimero de semillas por espiga y el rendimiento de las semillas. Las semillas
fueron sometidas a una prueba de germinacion para evaluar la calidad fisiologica de acuerdo a la tasa de germinacion, tasa
de germinacion inicial, indice de velocidad de germinacion, conductividad eléctrica, longitud del tallo, longitud de la raiz
primaria, materia seca de la raiz y del tallo y peso de mil semillas. Las semillas de plantas no expuestas al anegamiento del
suelo alcanzaron mayor porcentaje de germinacioén en menos tiempo y registraron mayores valores del indice de velocidad
de germinacion. Sin embargo, presentaron un menor peso de mil semillas, y las plantulas registraron mayor longitud del tallo
y delaraiz primaria. Las plantas no expuestas al anegamiento tuvieron mayor nimero de espigas por planta, mayor nimero
de semillas por planta, mayor nimero de semillas por espiga, y mejor rendimiento de semilla por planta. Por lo tanto, se
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concluye que el anegamiento del suelo en largos periodos afecta negativamente el rendimiento fisiolégico de la semillay la

productividad de la planta de centeno.

Palabras clave: Secale cereale L., estrés ahittico, calidad fisiolégica de la semilla, productividad de la planta

Introduction

Rye (Secale cereale L.) is an alternative winter crop in
southern Brazil that differs from other winter cereals becau-
se of its acclimation capacity in unfavorable weather condi-
tions and versatility; it is used as forage or cover crop (Fon-
taneli etal., 2009) and is suitable both for human consumption
and animal feed. In Brazil, the rye acreage planted in the
2012/2013 growing season was more than 2000 ha, reach-
ing a total production of 3,700 tons and an average yield of
more than 1600 kgxha' (Conab, 2014).

In Brazil, approximately 28x10¢ ha are flooded annually,
and these soils are alluvial and hydromorphic (Magalhdes
etal., 2005). Rio Grande do Sulis an underutilized region of
approximately 5.4x10° ha with lowland soils (Embrapa,
2005), where the primary crop is rice, and the land is also
used for livestock production (Marchezan et al., 2002).

Waterlogging limits oxygen supply to the roots because it
prevents or drastically reduces gas exchange between the
radicular system and the pore spaces causing hypoxia or
anoxia, respectively (Mattos et al., 2005; Zabalza et al.,
2009). These two conditions cause energy metabolism dys-
function, decrease ATP synthesis, and reduce growth and
productivity of cultivated plants (Horchani et al., 2008; Van
Dongen et al., 2011). Itis also possible that they lead to
reduced physiological performance of seeds derived from
plants exposed to waterlogging.

Itis essential to study crop species with high-commercial
value that have a similar cultivation system as irrigated rice
mechanisms that help them tolerate waterlogging (Gazolla-
Neto et al., 2012). Therefore, farming under waterlogging
conditions is hard because of abiotic stress, which has a
negative effect not only on plant productivity but also on the
performance of the produced seeds.

In Brazil, the effect of waterlogging on plant growth and
yield has been studied extensively in crops such as soybean
and corn (Amarante et al., 2007; Coelho et al., 2013) but not
inrye. The objective of this study was to evaluate the effect of
waterlogging on the physiological performance of seed and
productivity in rye.

Material and Methods

The effect of waterlogging on plant productivity was tested
in a chapel greenhouse with a North-South orientation (31°
482 S52° 242 W). The Pelotas Microregion has a humid
and subtropical climate (K6ppen climate classification, Cfa)
with high-temperatures and well-distributed precipitation du-
ring the summer.

Seeds of ‘BRS Serrano’ rye cultivar were sown in 10-L
black polyethylene containers filled with sieved soil that was
collected from the A1 horizon of a solodic haplic eutrophic
Planosol in the Pelotas Microregion (Streck et al., 2008).
Fertilization and liming were performed seven and 60 days
before sowing, respectively, following results of past soil analy-
sis and recommendations of the Commission of Chemistry
and Soil Fertility (Commisséo de Quimica e Fertilidade do
Solo, 2004).

Our study consisted of three treatments: 1) no waterlog-
ging; soil moisture was maintained at field capacity; 2) a
single waterlogging period, applied 45 days after seedling
emergence (DAE) during the vegetative stage of ti-
llers; 3) double waterlogging period, applied 45 DAE during
the vegetative stage of tillers and 76 DAE during the booting
stage of seeds.

Drainage holes were drilled into the bottom of the polye-
thylene containers to facilitate the flow of excess water and
ensure maintaining soil moisture at field capacity. Field ca-
pacity, which was determined by the voltage table method
(Embrapa, 1997), was used to define the level of moisture in
the no-waterlogging treatment and establish the waterlogging
treatments. Inthe latter, a 20-mm layer of water covered the
soil surface for three days, which was achieved by placing a
non-perforated black polyethylene container under the ex-
perimental container that also inhibited gas exchange and
soil aeration. The non-perforated container was removed
three days later allowing water drainage and consequently,
moisture level to return to field capacity.

Atthe end of the cultivation cycle, plants were harvested
and seeds were separated manually and taken to the Seed
Analysis Laboratory, Phythotecnical Department, Agronomy
College Eliseu Maciel, Federal University of Pelotas, where
they were kiln-dried as described by Peske and Villela
(2012). After drying, seeds were stored in a cold room
as described by Baudet and Villela (2012). Analysis of



Stressor Effect of Waterlogging in Rye

productivity and physiological seed quality were performed
following tests and evaluation methods as described below:

a) Productivity: data on the number of spikes per plant,
the number of seeds per plant, and the number of seeds per
spike were counted manually from four subsamples of four
plants in each experimental unit and repeated six times.
Seed yield per plant was obtained from the total weight of
harvested seeds and values adjusted to a 13 % moisture
basis (Piccinin et al., 2013).

b) Seed germination rate: seeds were staggered in two
longitudinal parallel lines on the upper side of a roll made with
Germitest® type paper and moistened with distilled water ata
volume equal to 2.5 times its dry weight. Paper rolls with
seeds were placed in the refrigerated incubator at 20 °C.
Data on seed germination were collected seven days after
sowing from four subsamples of 50 seeds in each experi-
mental unit and repeated six times. Results were expressed
as a percentage of the total number of seeds following the
Rules of Seed Analysis (Brasil. Ministério da Agricultura,
Pecuéria e Abastecimento, 2009).

c) Initial germination rate: data on the number of normal
seedlings were collected four days after sowing and results
were expressed as a percentage of the total number of seeds
following the Rules of Seed Analysis (Brasil. Ministério da
Agricultura, Pecuéria e Abastecimento, 2009).

d) Germination speed index (GSI): data on the number
of germinated seeds (minimal radicle protrusion between 3
and 4 mm) were collected on a daily basis until the number
of germinated seeds was stabilized as described by Naka-
gawa (1999).

€) Shoot and primary root length: seeds were staggered
in two longitudinal parallel lines on the upper side of a roll
made with Germitest® type paper and moistened with disti-
lled water at a volume equal to 2.5 times its dry weight. Paper
rolls with seeds were placed into the incubator at 20 °C. Data
on shoot and primary root lengths were collected seven
days after sowing from four subsamples of 20 seedlings in
each experimental unit by using amilimeter ruler. The length of
the shoot was determined as the distance between the in-
sertion of the basal portion of the primary root and the
apex of the shoot, while the length of the primary root length
was determined as the distance between the apical and the
basal part of the primary root. Results were expressed in
mmxseedling™.

f) Shoot and primary root dry matter: seedlings were
dried in a forced air oven at 70 + 2 °C, and water content
was monitored gravimetrically. Data on shoot and primary
root dry matter were collected from four subsamples of 20
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seedlings in each experimental unit by using an analytical
balance. Results were expressed as mgxseedling™.

) Weight per 1000 seeds: data were collected from four
subsamples of 1000 seeds in each experimental unit and
repeated six times by using an analytical balance. Results
were expressed in grams following the Rules for Seed Analy-
sis (Brasil. Ministério da Agricultura, Pecuéria e Abasteci-
mento, 2009).

h) Electrical conductivity: seeds of pre-measured weight
were placed separately in polyethylene containers filled with
75 mL deionized water and kept at a temperature range
between 20 and 25 °C. Electrical conductivity was measu-
red under different soaking periods (3, 6, and 24 hours) by
using the mass method as described by the International
Seed Testing Association (Hampton and TeKrony, 1995).
Data on electrical conductivity were collected from four sub-
samples of 50 seeds in each experimental unit by using a
conductivity meter (Digimed Model DM-32). Results were
expressed as pSxcm* xg? of seeds.

The experimental design was completely randomized
with six repetitions. Data were analyzed for normality and
homoscedasticity. Analysis of variance was also performed
in conjunction with Tukey's test to identify the significant dif-
ferences in means at a 95 % confidence level (Dias and
Barros, 2009).

Results and Discussion

Germination rate, initial germination rate, and GSI of seeds
derived from plants that were not exposed to waterlogging
were higher than those derived from plants exposedto a
single or double waterlogging period (Table 1).

Arelatively higher germination rate usually corresponds
to a high number of normal seedlings, whereas relatively
higher initial germination rate and GSl is associated with the
effective reorganization of the membrane systems and en-
hanced hydrolysis, translocation, and resource allocation to
growth (Peske et al., 2012). Seeds with high vigor produce
seedlings with better initial performance, which is associated
with higher seed yield in the field (Peske et al., 2012).

Waterlogging has a negative effect on seed physiological
performance due to the formation of a wet microclimate
close to the soil surface (Vernetti, 2009). Ludwig (2010) re-
ported the negative effect of waterlogging on different develo-
pmental stages of soybean plants and showed the reduced
physiological performance of seed derived from plants
exposed to waterlogging. Therefore, the plant’s ability to tole-
rate hypoxia is associated with its capacity for oxygen trans-
port from shoots to roots (Bartlett and James, 1993).
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Table 1. Germination (G), first germination count (FGC), germination speed index (GSI)

and a thousand seed mass (M, )

in rye seeds originated from plants subjected to

different soil waterlogging periods. FAEM/UFPel. Capéo do Ledo, 2013

TREATMENT G (%) FGC (%) GSI M., (9)
No waterlogging (FC”) 9%5a’ 68a 45.27a 159¢
Asingle waterlogging 89h 41h 37.73¢ 1.92b
Two waterlogging 86¢ 3lc 41.49b 240a
CV (%) 10 6.2 32 43

*Means followed by the same letter in the column do not differ by the Tukey test (p < 0.05).

FC ** =field capacity

The weight per 1000 seeds derived from plants that were
exposed to double waterlogging was higher than those deri-
ved from plants that were not exposed to waterlogging or
exposed to a single waterlogging (Table 1). Colmer and
Voesenek (2009) reported that waterlogging causes an ener-
gy crisis for the plants due to stomatal closure, which is
associated with the accumulation of sugars and starch in
their seeds. Furthermore, waterlogging leads to the death of
vegetative tissues, that may induce the formation of new
tillers with high capacity for CO, assimilation.

Waterlogging also reduces the rate of vegetative growth
and the total number of flowers per plant (Runge and Odell,
1960). Thus, it should be noted that plants exposed to water-
logging may have a high rate of empty seeds because of the
reduced flow. During plant development, preferential flow may
occur, either during the post-fertilization phase or the filling of
seeds, due to organs that are responsible for the constitution
of astrong and definite flow (Ped6 et al., 2013). Reduced flow
may resultin the formation of relatively denser and heavier

seeds, because either the amount of drainage is low or the
assimilation of nutrients is high.

Although the reduced weight per 1000 seeds is conside-
red to be associated with low seed vigor, initial germination
rate and GSI were higher in seeds that were derived from
plants not exposed to waterlogging. Low vigor observed in
seeds derived from plants exposed to waterlogging is pro-
bably due to the alteration of physiological, biochemical, or
cytological attributes and not due to the lack of reserves in
the seed. Therefore, seed deterioration may be better ex-
plained by the catalytic inefficiency of enzymes, the produc-
tion of toxic compounds, and the inability of cell mnembranes
to reorganize completely (Baudet and Villela 2012). It can
also be associated with the reduction in starch, protein, car-
bohydrates, amino acids availability, and the negative effect
of waterlogging on the catalytic efficiency of acid phosphata-
se (Santos et al., 1989).

The average values of shoot dry matter of produced
seedlings derived from plants that were not exposed to

Table 2. Shoot dry matter (W,,, ), root dry matter (W), shoot length (S ) and root length (R ) of
rye seedlings originated from plants subjected to different soil waterlogging periods. FAEM/

UFPel. Capéo do Ledo, 2013

TREATMENT W,, (mg) W, (mg) S, (mm) R (mm)
No waterlogging (FC") 53.15& 42.20a 9450a 112.80a
Asingle waterlogging 44.90b 43.98a 76.30¢ 96.95¢
Two waterlogging 50.30a 46.93a 82.580 106.28b
CV (%) 39 71 35 2.8

* Means followed by the same letter in the column do not differ by the Tukey test (p< 0.05).

FC ** = field capacity.
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waterlogging and from those exposed to double waterlog-
ging were higher than those derived from plants exposed to
a single waterlogging (Table 2). On the other hand, the ave-
rage values of root dry matter did not differ significantly bet-
ween the treatments (Table 2). These results show that the
effect of waterlogging on assimilates partitioning between
shoots and roots was quantitatively different.

The shoot and primary root of produced seedlings deri-
ved from plants that were not exposed to waterlogging were
longer than those derived from plants that were exposed to
waterlogging (Table 2). Seedling growth is associated with
anincreased physiological activity; therefore, seedlings with
awell-developed radicular system may be more competiti-
ve during early development (Castro et al., 2008). Moreover,
relatively higher shoot and root dry matter and length may be
associated with greater capacity for resource mobilization
and allocation to seedling growth, while increase in dry mat-
ter and stagnation of weight with length reduction can be
attributed to the fact that cell expansion is not followed by
carbon accumulation (Burgos et al., 2004).

Itis noteworthy that under short-term waterlogging or at
the beginning of waterlogging, a metabolic acclimation oc-
curs in plants, which involves the production of anaerobic
stress proteins that help them to tolerate hypoxia (Irfan et al.,
2010). However, long-term waterlogging leads to oxidative
stress (Sairam et al., 2008), metabolic imbalance that has a
negative effect on the development of plant structures and
cellular mechanisms during the maturation process, and
the physiological performance of seeds and seedlings.

The number of spikes was higher in plants that were not
exposed to waterlogging than those exposed to a single
waterlogging, which were also higher than those exposed to
double waterlogging (Table 3). Similar results were obser-
ved for the number of seeds per plant and the number of
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seeds per spike; however, the latter did not differ significantly
between the plants that were exposed to single and double
waterlogging (Table 3). Seed yield per plant was higherin
plants that were not exposed to waterlogging, and those ex-
posed to a single waterlogging yielded better than those ex-
posed to double waterlogging (Table 3).

Waterlogging has a negative effect on growth, develop-
ment, and plant production, due to the reduced speed of
oxygen transport to the roots (Horchani et al., 2009), the
closure of stomata, the decrease of photosynthetic activity
(Colmer and Vioesenek, 2009), the induction of ethylene bio-
synthesis, and the loosening of cell walls (Komatsu et al.,
2011; Taiz and Zeiger, 2013).

Camargo et al. (2001) reported that waterlogging increa-
ses the production of organic acids, which in higher concen-
trations can inhibit plant growth, tillering, and nutrient absorp-
tion. Thomas and Costa (2010) reported that waterlogging
during the vegetative stage has a negative effect on plant
developmentand consequently on seed yield potential (Tho-
mas and Costa, 2010), while Cho and Yamakawa (2006)
reported that the duration of waterlogging is also negatively
associated with plant productivity in soybean.

Electric conductivity of seeds derived from plants that
were not exposed to waterlogging was lower than when de-
rived from plants that were exposed to single or double water-
logging (Table 4). Increased electric conductivity, which is
positively associated with waterlogging duration, may be
explained by the inability of cell membranes to reorganize
completely, and along with other physiological and bioche-
mical factors may possibly lead to reduced physiological
performance of seeds derived from plants exposed to water-
logging. Vieira et al. (2002) reported that low electrical con-
ductivity is associated with low release of exudates and indi-
cates a high physiological potential and increased ability of

Table 3. Number of spikes per plant (N_,), number of seeds per plant (N), number of seeds per
spike (N,) and seed yield per plant (S, ) of rye obtained from plants subjected to different periods
of soil waterlogging FAEM/UFPel, Capéo do Ledo, 2013

TREATMENT N, N, Ny S, (9)
No waterlogging (FC™) 84a 202.9a 33.48a 4.25a
Asingle waterlogging 6.3b 175.3b 25.61b 404a
Two waterlogging 46¢C 116.1c 21.460 157b
CV (%) 178 59 179 15.0

* Means followed by the same letter in the column do not differ by the Tukey test (p < 0.05).

FC ** = field capacity.



46 Marques Gehling V, Ped6 T, Garbin Martinazzo E, Zanatta Aumonde T, Amaral Villela F

Table 4. Electric conductivity of rye seeds obtained from
plants subjected to different periods of soil waterlogging.
FAEM/UFPel, Capéo do Ledo, 2013

TREATMENT

Conductivity (iS cm” g)
3h 6h 24h

Nowaterlogging (FC™)  20.79¢” 26.38b  38.40b
Asingle waterlogging 22.69b  2691b  36.52b
Two waterlogging 352la 40.79a 5497a
C.V. (%) 34 46 45

* Means followed by the same letter in the column do not differ by the
Tukey test (p < 0.05). FC ** = field capacity.

cellmembranes to reorganize. Extravasation of resource is
negatively associated with the translocation and allocation of
CO, and other compounds to seedling growth (Vanzolini
and Nakagawa, 1999), which leads to reduced seedling
performance.

Conclusion

Ourresults showed that waterlogging has a negative effect
on seed physiological performance in rye and that plant pro-
ductivity is reduced under long-term waterlogging. Never-
theless, reaction to waterlogging may be genotype-depen-
dent; therefore, additional studies that will incorporate different
rye genotypes are necessary to better understand the effect
of waterlogging on seed physiological performance and plant
productivity in rye. The effect of waterlogging stress in speci-
fic phenological periods in rye plants should also be studied
in future research.
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