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ABSTRACT

This study aimed to evaluate the growth, assimilate partitioning and seed vigor expression of rye seeds subjected to
waterlogging during development. The experimental design was completely randomized with six replications and
three treatments. The treatments involved different waterlogging periods: a) no waterlogging; b) single waterlogging
of three days; and c) two soil waterlogging periods of three days. The plants were collected at regular intervals of 14
days after emergence until the end of the growth cycle, measuring the dry matter accumulation and the leaf area for
growth analysis and dry matter partition between the organs and number of flowers. The other calculated indices
included the harvest index and relative seedling emergence rate originating from the seeds of plants that were main-
tained at field capacity and under the effect of soil waterlogging. Rye plants that were not subjected to waterlogging
had a higher dry matter, dry matter production rates and harvest index compared to the plants under the effect of
two soil waterlogging periods. Plants under the effect of two waterlogging periods showed drastic alterations in their
growth rates and assimilate partitioning during development, and seed vigor expression was negatively affected when

the plants were subjected to soil waterlogging.
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Introduction

Rye (Secale cereale) is considered a double-purpose
crop, being used as animal feed and as a cover crop, and
presents rapid initial growth and winter hardiness as well
high tolerance to soil acidity (Roso et al. 2000). In Brazil, Rio
Grande do Sul is the state with the largest production of this
cereal, which can be a profitable winter crop due to its high
dry matter production and excellent crude protein content
compared to black oat and triticale (Roso et al. 2000).

In Brazil, there are approximately 33 million hectares of
soils that are prone to waterlogging (Ferreira et al. 2008). In
the state of Rio Grande do Sul, the approximate extension
of lowland soils is 5.4 million hectares (Gazolla Neto et al.
2012), an area managed with relatively low intensity, with
the predominance of irrigated rice cultivation and extensive
livestock production (Marchezan et al. 2002). The cropping
of species that are adapted to temporary waterlogging is an
economical alternative to these areas, generating the need for
studies of species that could benefit from the infrastructure of
rice cultivation (Gazolla Neto et al. 2012). Rye can constitute

an alternative to the cultivation these areas, and the evaluation
of the physiological traits regulating the growth and assimilate
partitioning throughout plant development is an important
tool for plant ecophysiology studies (Pedd et al. 2013a).
Waterlogging alters the soil’s physicochemical charac-
teristics, impairing gas exchange between the roots and
soil pores, thus reducing oxygen availability and negatively
affecting processes that are related to the physiology and
morphological characteristics of plants (Mielke et al.
2003). Plants under the effect of this abiotic stress exhibit a
reduction in protein synthesis and allocation, with a nega-
tive impact on the enzymatic activity (Zabalza et al. 2009;
Christianson et al. 2010). According to Azevedo Neto et
al. (2006), the production and accumulation of reactive
oxygen species (chemically reactive molecules containing
oxygen) can result in the oxidation of lipids, proteins and
nucleic acids. Such alterations can result in the reduction
in the root volume, impacting nutrient absorption and leaf
senescence, reflecting an inadequate translocation and al-
location of assimilates among different plant organs (Ped6
et al. 2013a) and reducing the yield and quality of seeds.
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Plant growth consists of the production and distribu-
tion of carbon among the different plant organs as a result
of the interaction between the genotype and environment.
Thus, a growth analysis is a fairly inexpensive and accurate
method to evaluate plant growth under different manage-
ment and environmental conditions (Aumonde et al. 2013).
This analysis allows for the inference of the contribution by
different physiological processes of growth to plant perfor-
mance and is the first step in the interpretation and analysis
of primary production (Ped¢ et al. 2013b).

The scope of this study was to evaluate the growth, as-
similate partitioning and seed vigor of rye plants that were
subjected to waterlogging during development.

Material and methods

This experiment was carried out in greenhouse chapel
model, positioned in a north-south orientation, coated with
polycarbonate and equipped with temperature and relative
air humidity controls, geographically located at coordinates
31°52’ S and 52°21’ W at the Federal University of Pelotas
(Universidade Federal de Pelotas — UFPel).

Seeds from the rye cultivar BRS Serrano were sown in
black polyethylene pots with a capacity of 14 liters that were
filled with topsoil on May 25,2012. The substrate soil was
obtained from the A1 horizon of a Solodic haplic eutrophic
Planosol belonging to the mapping unit of Pelotas (Streck et
al. 2008), which was previously corrected for pH and nutri-
ent concentration according to the previous soil analysis
and based on the recommendations of the Fertilization
Handbook (Santos et al. 2008). Each polyethylene vase was
thinned to four rye plants (Secale cereale L.).

The experimental design was completely randomized
with six replications and three treatments. The treatments
consisted of different waterlogging periods: a) T1 = absence
of waterlogging — the soil was maintained at field capacity;
b) T2 = the soil was subjected to waterlogging during the
vegetative phase 51 days after sowing for three days; ¢) T3
= the soil was subjected to two periods of waterlogging, the
first during the active tillering phase 51 days after sowing
and the second 81 days after sowing during the booting
phase of three days. Flooding was established in such stages
of development due to the influence on plant development
and the quality of the seeds of different species of the same
family (Pedd et al. 2013a).

The polyethylene pots containing topsoil were drilled
at the bottom to facilitate the drainage of excess water and
to ensure the maintenance of the field capacity state. The
field capacity was determined by the voltage table method-
ology (Sa et al. 2010). Upon defining the field capacity, the
volume of water that was required for the establishment of
waterlogging for a three-day period was set, maintaining a
20-mm layer of water on the soil surface, which was achieved
by fitting a second non-perforated black polyethylene pots
under the pots that were filled with topsoil, aiming to avoid

gas exchange and soil aeration. To drain the soaked soil,
the non-perforated pot was retrieved, allowing the water
to drain back to the field capacity level. No non-perforated
pots were used in treatment T1.

The evaluations were performed on the material that
was collected at regular intervals of fourteen days after
emergence, lasting the entire developmental phase of the
rye plants. On each collection date, the plants were clipped
close to the ground and manually separated into component
organs (roots, leaves, culms and inflorescences), and each
fraction was separately placed in brown paper envelopes. To
obtain the dry matter content, the material was transferred
to a forced ventilation oven at a set temperature of 70
2°C for 72 hours.

The seedling emergence test was conducted in a green-
house using six subsamples of 50 seeds per treatment
that were placed to germinate in black polyethylene trays
containing the same topsoil as previously described. The
trays were maintained at field capacity according to the
methodology described elsewhere. The germination speed
index was determined through the daily count of the num-
ber of emerged seedlings as proposed by Nakagawa (1994).

The leaf area (A,) was determined with a LI-COR model
LI-3100 area meter, and the leaf area index (L) was calculated
by the formula L = A /S, with A, for the leaf area and S, for
the soil surface that was covered by the plant. The primary
data of the total accumulated dry matter (W) were adjusted
by the simple logistic equation: W =W _/(1+Ae™), with “W_~
being the asymptotic estimate of maximum growth, “A” and
“B” adjustment constants, “e” the natural Naperian base loga-
rithm and “t” the time in days after transplantation (Richards
1969). The instantaneous values of the rate of dry matter
production (C) were determined by fitting derived equations
for the total dry matter (W) related to time (Radford 1967).
For the instantaneous relative growth rate (R ), the follow-
ing equation was used: R =1/W,.d_/d,. The instantaneous
values of the net assimilation rate (E ), the leaf area ratio (F ),
the leaf mass ratio (F) and the specific leaf area (S ) were
estimated by the equations E_ = 1/A.d, /d; F, = A/W;F =
W/W;and S = A /W, according to Radford (1967), respec-
tively. The harvest index (H,) was estimated by H, = W, /W,
W, being the pod dry matter and W, total plant dry matter.
The dry matter partition among the different plant structures
(roots, culms, leaves and inflorescences) throughout plant
development was determined separately, considering the dry
mass that was allocated to each plant structure, followed by
its transformation on a percentage basis.

All of the collected data were subjected to a variance
analysis, and when the F values were significant, the treat-
ment means were compared through the Turkey test at a
5% probability. The growth data were analyzed through a
simple logistic equation due to the growth analysis being a
non-additive and nonlinear model technique that does not
comply with the assumptions of the analysis of variance.
Additionally, in logistic analyses, errors are correlated over
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time, making them non-independent (Dias & Barros 2009;
Pedo et al. 2013a). Because growth data are of the quantita-
tive type, their trend was evaluated through growth curves
(Radforfd 1967; Barreiro et al. 2006).

Results and discussion

The total dry matter (W) followed the same trend in
all of the treatments, with a with a high determination
coefficient (R*>0.91). The differences in the dry matter
production between rye plants appeared due to different
waterlogging periods (Fig. 1A). The initial growth rate
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was slow until day 42 after emergence (DAE), regardless of
the waterlogging period, followed by an enhanced growth
phase until 140 DAE, when the plants that developed at field
capacity reached a W, of 687.69 g m™. The rye plants that
were grown under a single waterlogging period reached a
W, of 646.83 g m™, while for those under two waterlogging
periods, the W, was 545.92 g m™.

According to Aumonde et al. (2011), plant growth as
a whole, in terms of volume increment, dry matter mass,
linear dimensions and structural units, is a function of the
structural carbon storage. Slow initial growth is common
and can be related to low water and nutrient absorption,
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Figure 1. Total dry matter (a), dry matter production rate (b), relative growth (c), net assimilation (d), leaf area index (e), leaf area ratio (f), leaf mass (g) and specific

leaf area (h) of rye plants (Secale cereale L.) that were subjected to waterlogging. Being: soil on field capacity (
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low leaf area and low respiration and net assimilation rates
(Chen et al. 2002), attributes that considerably increase
throughout the development phase of plants, resulting in
enhanced plant growth.

The dry matter production rates (C)) were initially low
and explained the reduced initial growth, as shown by W,
(Fig. 1A-B). Regardless of the waterlogging period, from 42
DAE onward a phase of high dry matter production ensued,
peaking at 84 DAE when the plants that were grown at field
capacity showed the highest performance for C (12.36 g
m*d') compared to those under one (11.13 gm?d™"') and
two soil waterloggings (8.99 g m~ d'), with no differences
between them. This result demonstrates that soil waterlog-
ging, regardless of the developmental phase during which it
may occur, is not a transient stress without consequences,
but that it quantitatively affects the dry matter production
rates of rye plants.

Pedé et al. (2013a) suggested that the increase in the dry
matter production can, to a certain point, be due to the in-
crease in the leaf area and the amount of synthesized assimi-
lates that were assigned to plant growth and development.

The relative growth rate (R ) demonstrated that all the
plants, regardless of treatment differences, reached the
highest increments of dry matter at 14 DAE, showing a
systematic reduction after this point until the final stages
of the rye cycle (Fig. 1C). The plants that were maintained
at field capacity showed higher values of R (0.070 g g d)
compared to those under one (0.066 g g d') or two (0.064
g g' d) soil waterlogging periods, without differences
between them.

The relative growth rate tends to be higher at the begin-
ning of plant development due to the leaf area being com-
posed of young leaves with a high photosynthetic capacity
and high growth rate. However, the decrease in R with the
increase in plant age can be related to the gradual increase
in the non-photosynthetic tissues, leading to higher respira-
tion rates, climate oscillations and self-shading, according
to what was observed through the leaf area index (Fig. 1D-
E). The decrease in R , according to Fontes et al. (2005), is
related to the decrease in E_and F..

The net assimilation rate (E ) in rye showed two peaks
along the plant ontogeny (Fig. 1D). The E_peaked at 14 DAE
for the plants that were maintained at field capacity as well
as for those that were subjected to a single soil waterlogging,
reaching net assimilation rates of 157.82 and 160.28 gm=2d,
respectively. The plants that were under the effect of two soil
waterloggings averaged lower values with E = 130 gm™>d".
Asecond E_peak was established at 98 DAE when the plants
that were grown at field capacity reached higher E_values
compared to those that were under a single waterlogging.
Plants from the treatment with two waterlogging periods
showed a lower E_ peak at 70 DAE compared to that of the
other treatments.

It is possible to assert that not only the plants that were
under field capacity but also those that were exposed to soil

waterlogging showed E_curves according to the ontogenic
pattern. Moreover, a quantitative alteration of E_is noticed
when submitting the plants to soil waterlogging and modi-
tying temporal-quantitative when exposing the rye plants
to two soil waterloggings, indicating that in plants with a
higher E_ with no exposure to soil waterlogging, the differ-
ence between photosynthesis and respiration was greater
compared to that in the plants that were under abiotic stress
(Alaoui-Sossé et al. 2005). Most of the E_is due to the in-
crease in the leaf area (Fig. 1E) and, according to the peak
that was observed in E , can be explained by the increase in
the photosynthetic rate of the leaves, seeking to increase the
biosynthesis of the carbon compounds and the allocation
of the assimilates in the seeds.

Nevertheless, it is important to note that the net assimila-
tion rate is not determined only by the photosynthetic rate
but that it is also related to the dimension of the leaf area,
the duration of the vegetative period, the distribution of
the canopy and leaf angle, the translocation and the carbon
partition (Pedo¢ et al. 2013a), with an expectation of a higher
peak of E_at the beginning of plant development (Gondim
et al. 2008).

The leaf area index (L) was obtained with a high de-
termination coefficient both in the plants that were under
field capacity and those that were under the effect of soil
waterlogging (R? > 0.94). Until 14 DAE, the leaf area index
was low and reduced the E and the W, during the men-
tioned period, with differences between the leaf area index,
which increased among the plants that were maintained at
field capacity and those that were under the effect of soil
waterlogging throughout plant development. It is important
to highlight that the plants that were exposed to two soil
waterloggings and those that were kept in field capacity,
favored by the drastic process of senescence and leaf death,
exhibited minor plant growth performance (Fig. 1A, D).

The leaf area ratio (F,) was maximal in the beginning
of the development both in the plants that were under field
capacity and on those that were under soil waterlogging con-
ditions (Fig. 1F). The maximum values of F, were achieved
on 28 DAE with a subsequent systematic decrease until
the end of the plant development cycle, as the plants that
were maintained at field capacity and the plants that were
exposed to soil waterlogging showed maximum similarity
on the F ; however, the rye plants that were under the effect
of two soil waterloggings exhibited a superior performance.

The higher values of F, at the beginning of vegetal
development are related to the fact that most of the assimi-
lates from the photosynthetic process are destined to leaf
formation for greater solar radiation uptake (Aumonde et
al. 2011). However, the decrease that was observed in the
curves of F, can be explained by the gradual increase in
non-assimilated tissues as well as the formation of the re-
productive structures, with a strong definitive drain (Ped¢ et
al. 2013b; Aumonde et al. 2011). The minor F, indicates the
reduction in the available leaf area during the photosynthetic
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process, as demonstrated in a more evident way for the low
W, and C, that were obtained by the plants that were under
the effect of soil waterlogging (Fig.1A-B).

The leaf area ratio (F ) was indifferent to the treatment
and was superior and maximum at 28 DAE, being superior
in the plants that were under a single waterlogging in com-
parison to the remaining plants (Fig. 1G). Regardless of the
treatment used, there was a decrease in the F  throughout
development; meanwhile, the plants that were under the
effect of two soil waterloggings always remained superior
to the plants that were under one soil waterlogging or kept
under field capacity, which were similar.

The superior F_ indicates major carbon allocation to the
leaves, which, at the beginning of vegetal development, are
presented as a strong drain with a high mobilizing capac-
ity of the assimilates (Aumonde et al. 2011). However, the
reduction in F_can be explained by the fact that throughout
the vegetal cycle and with the reproductive structure and
culms formation, the leaves lose preference in assimilate
investment and begin to export the allocated compounds
to organs destined to the perpetuation of the species (Pedd
et al. 2013a).

The specificleaf area (S,) was maximum at 28 DAE and
superior in the plants that were maintained under field
capacity and under the effect of only one soil waterlogging
compared to the other plants (Fig. 1H), indicating that the
plants that are exposed to larger periods of soil waterlogging
present smaller leaves that are, however, thicker compared to
those of plants that were maintained under field capacity or
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under the effect of shorter periods of soil waterlogging. It is
important to highlight that both S_as F, presented a negative
tendency from 98 DAE on, reflecting the high frequency
of senescence and leaf death, as evidenced by the drastic
reduction in the leaf area index of the referred period of
rye plant development (Ped¢ et al. 2013a).

The dry matter partition between the different structures
of rye plants was altered quantitatively in the plants that
were under soil waterlogging effect compared to that of the
plants that were maintained under field capacity (Fig. 2).

The plants that were maintained under field capacity
presented an assimilate distribution throughout develop-
ment, with leaves as the structures that are responsible for
the better allocation of assimilates until 84 DAE, followed by
culms and roots (Fig. 2A). With the emergence of spikes at
84 DAE, there was a modification of the preferential meta-
bolic drain in which these units containing seeds began to
act as a strong (Aumonde et al. 2013).

The plants that were subjected to one and two soil
waterloggings, although initially presented a better carbon
allocation on the leaves, also presented a larger contribu-
tion to the roots of the total dry matter composition (Fig.
2B-C). The larger dry matter accumulation in the roots can
be due to the new root production, as new roots can retake
the lost original radicular system function (Jackson & Drew
1984). However, the plants that were under the action of a
single period of soil waterlogging reached the highest ac-
cumulation of dry matter at 118 DAE and remained superior
compared to those that were exposed to two periods of soil
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Figure 2. Partitioning of dry matter among different structures of rye plants (Secale cereale L.) that were maintained under field capacity soil (without - a) and in

waterlogged soil (one waterlogging — b; and, two waterloggings - c).
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waterlogging. This factor may have contributed to a lower
direction and allocation of dry matter to the plant culms
when subjected to a single period of waterlogging in relation
to those under the action of two periods of soil waterlogging.

The harvest index (H,) and the seedling emergence (E)
were superior in the plants that were maintained under field
capacity or subjected to one soil waterlogging compared to
the plants that were subjected to two waterloggings (Tab. 1).
However, the emergence speed index (ESI) was superior in
the plants with matrices that were kept under field capacity
compared to that of the plants that were under the effect of
periods of soil waterlogging.

The harvest index reduction indicates that the plants
that were subjected to abiotic soil waterlogging stress pre-
sented a lower carbon allocation to the seeds, related to the
total allocated dry matter of the plant, affecting the physi-
ological potential of seed reduction. The lowest dry matter
allocation is related to the efficiency reduction in different
physiological and biochemical processes as occasioned by
the decrease or absence of oxygen in the soil, which affects
respiration and fermentation, resulting in a minor quantity
of energy that is available for growth and development
(Borella et al. 2013).

However, both the emergence test as the emergence
seedling speed index demonstrate a reduction in the vigor
expression of the seeds of those plants that originated from
the matrices that were maintained under the effect of two
periods of soil waterlogging compared to those of the plants
that were maintained under field capacity. Therefore, the
vigor remains, regarding the proper functioning of the dif-
ferent cell structures that were formed during seed devel-
opment, the deposition of the appropriate reserves and the
effect of the environment, with unfavorable environments
affecting the development of the seed and matrices, leading
to decreased strength and seed vigor (Peske et al. 2012).

The rye plants that were not subjected to waterlogging
had higher W, C,, H, and ESI compared to those of the plants
that were under the effect of two soil waterloggings, which
only presented disproportionality in carbon partitioning
between the different structures. This way, soil waterlog-
ging for longer periods negatively alters the growth char-
acteristics and partitioning of the assimilates on rye plants,
influencing the seed quality.
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