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Plant Physiology/ Original Article

Physiological and anatomical
differences between subtropical
forage plants grown in
waterlogged alkaline-sodic soil

Abstract — The objective of this work was to evaluate the effects of 26 days
of waterlogging, compared with field capacity, on different traits of the
forage plants 'Finecut' Chloris gayana, 'Klein Verde' Panicum coloratum, and
'Shawnee' Panicum virgatum, grown in alkaline-sodic soil. Shoot and root
dry mass, leaf greenness index, electrolyte leakage, and root histology were
evaluated. The histological analysis was performed along the mid-portion
of adventitious roots with a 2.0 mm diameter. Waterlogging inhibited the
growth of P. coloratum, in addition to decreasing the leaf greenness index
and causing injuries in the cell membrane of C. gayana and P. coloratum.
At field capacity, only C. gayana and P. coloratum had aerenchyma;
however, waterlogging induced the development and increased the area of the
aerenchyma in P. virgatum and C. gayana, respectively. Waterlogging also
thickened the exodermis and endodermis of all three genotypes, inducing a
greater number of exodermis cell rows and a thicker internal tangential cell
wall of the endodermis in C. gayana and P. virgatum. Although P. coloratum
growth is more sensitive to waterlogging, there are radial oxygen loss barriers
in the roots of the three evaluated genotypes.

Index terms: Chloris gayana, Panicum coloratum, Panicum virgatum,
alkalinity, flooding, plant anatomy.

Diferencas fisiolégicas e anatomicas
entre gramineas subtropicais crescidas
em solo alcalino-sédico alagado

Resumo — O objetivo deste trabalho foi avaliar os efeitos de 26 dias de
alagamento, em comparacdo a capacidade de campo, sobre diferentes
atributos das gramineas Chloris gayana 'Finecut', Panicum coloratum
'Klein Verde' e Panicum virgatum 'Shawnee', cultivadas em solo alcalino-
-sodico. Foram avaliados massa seca da parte aérea ¢ da raiz, indice de
verdor da folha, extravasamento de eletrolitos e histologia da raiz. A analise
histolégica foi realizada na por¢do média de raizes adventicias com 2,0 mm
de didmetro. O alagamento inibiu o crescimento de P. coloratum, além de
ter diminuido o indice de verdor foliar e causado lesdo da membrana celular
em C. gayana ¢ P. coloratum. Em capacidade de campo, apenas C. gayana
e P. coloratum apresentaram aerénquima; no entanto, o alagamento induziu
o desenvolvimento e o aumento da area do aerénquima em P. coloratum e
C. gayana, respectivamente. O alagamento também engrossou a exoderme e
a endoderme dos trés genoétipos, tendo induzido maior numero de células da
exoderme e maior espessura da parede celular tangencial interna da endoderme
em C. gayana e P. virgatum. Embora o crescimento de P. coloratum seja mais
sensivel ao alagamento, ha barreiras radiais de perda de oxigénio nas raizes
dos trés gendtipos avaliados.

Termos para indexac¢do: Chloris gayana, Panicum coloratum, Panicum
virgatum, alcalinidade, inundagdes, anatomia vegetal.
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Introduction

Alkalinity, sodicity, and waterlogging restrict plant
growth and development (Ashraf, 2012; Zhu, 2016).
The simultaneous occurrence of these stresses strongly
limits forage production in several areas of the Flooding
Pampa region in Argentina (Cicore et al., 2015).
Historically, in this area, soil waterlogging occurs
frequently in winter and early spring, but this event has
been increasing over the last decades, partially due to
worldwide climate change, mainly to more intense and
unpredictable rainfalls (Hirabayashi et al., 2013).

Waterlogging decreases oxygen availability in soils,
inhibiting the production of adenosine triphosphate
in plant roots, whose hydraulic conductivity is
consequently reduced, in addition to causing water
stress to plants, whose first responses are a reduced
leaf growth and stomata closure (Pezeshki & DeLaune,
2012). Herzog et al. (2016) found that a decreased
CO, concentration in intercellular spaces reduces net
photosynthesis, leading to an excessive production
of reactive oxygen species, with a decreased
photosynthetic rate due to non-stomatal causes.

In this scenario, perennial C, Poaceae are
tropical forages known for their high productivity
(Gherbin et al., 2007; Siri Prieto et al., 2017), such
as switchgrass (Panicum virgatum L.), and for their
ability to cope with different abiotic stresses, including
waterlogging (Imaz et al., 2015; Striker et al., 2017)
and soil alkalinity (Garcia et al., 2018; Pesqueira et al.,
2017), as Rhodes grass (Chloris gayana Kunth) and
Kleingrass (Panicum coloratum L.), even in soils with
restrictions to plant growth (Lowry et al., 2014; Hu
et al., 2015, 2022).

Stress avoidance and tolerance are two main
strategies used by plants to survive or thrive in
waterlogged soils (Bailey-Serres et al.,, 2012; Gao
etal., 2015). To mitigate or prevent the stress caused by
hypoxia, for example, some species undergo anatomical
and morphological changes in their roots to increase
the internal availability of O,, required to maintain
their energetic status, function, and growth (Pedersen
et al., 2021). According to the same authors, among
these changes are the development or expansion of the
aerenchyma tissue, increasing the number of newly
emerged adventitious roots, as well as the deposition
of suberin or lignin in root tissues.

Aerenchyma development can be a constitutive
or a waterlogged-induced characteristic (Jackson &
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Colmer, 2005). Chloris gayana and P. coloratum,
for example, have a constitutive aerenchyma, which
allows the plant to avoid the effects of waterlogging
(Imaz et al., 2012, 2015; Striker et al., 2017). Both
species also have the ability to fully recover after
different periods of waterlogging throughout the year
(Imaz et al., 2015). In the case of P. virgatum plants,
there is evidence of the presence of the aerenchyma
in different cultivars exposed to flooding conditions
(Skinner et al., 2009), but not that it is constitutive.

Barriers to radial oxygen loss, mainly composed of
suberin deposits in the endodermis, are important for
the transport of oxygen over long distances, enabling
cell respiration at the root tip, while suberin deposits
may block the entry of potentially toxic compounds
normally present in highly reduced soils (Soukup
et al., 2007; Ejiri et al., 2021). In other Poaceae,
suberin depositions were detected and quantified under
anaerobic conditions (Soukup et al., 2007; Manzur
et al., 2015), but there are no known reports about the
presence of a radial oxygen loss barrier in C. gayana,
P. coloratum, and P. virgatum.

The objective of this work was to evaluate the
effects of 26 days of waterlogging, compared with
field capacity, on different traits of the forage plants
'Finecut' C. gayana, 'Klein Verde' P. coloratum, and
'Shawnee' P. virgatum, grown in alkaline-sodic soil.

Materials and Methods

The experiment was carried out in the greenhouse
and laboratories of Facultad de Ciencias Agrarias of
Universidad Nacional de Lomas de Zamora, located
in Buenos Aires, Argentina. The experimental design
was completely randomized, in a 2x3 factorial design,
corresponding to two soil water conditions (field
capacity and waterlogged soils) and three genotypes
(‘Finecut' C. gayana, 'Shawnee' P. virgatum, and
'Klein Verde' P. coloratum), with three replicates.
The experimental units were pots with one plant
each, managed separately during the experiment for
independent observations.

Seeds of C. gayana and P. coloratum, provided by
Oscar Peman S.A. (Sinsacate, Cérdoba, Argentina),
and of P. virgatum, by Instituto Nacional de Tecnologia
Agropecuaria (Ciudad Auténoma de Buenos Aires,
Argentina), were sown in 18 black polyethylene pots,
with a 4.0 L capacity, filled with alkaline-sodic soil.
The soil presented pH 8.3, 0.98 dS m™ electrical
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conductivity of the saturated paste extract (ECy), 26.2%
exchange sodium percentage (ESP), and 3.6% organic
matter. The soil was collected in the municipality
of Chascomus, in the province of Buenos Aires,
Argentina (35°34'42.865"S, 58°0'49.865"W).

To simulate waterlogging, 42 days after sowing, half
of the pots from each genotype were randomly selected
and immersed, up to 3.0 cm above soil level, for 26
days in plastic vessels filled with tap water. The water
was changed every four days using a siphon system
to prevent algae overgrowth. Control pots remained
at field capacity. The averages of the maximum
and minimum temperatures in the greenhouse
were 25.342.78 and 12.543.16°C, respectively. The
photoperiod of 16 hours was achieved using natural
and artificial light (fluorescent lamps).

The dissolved oxygen content of the water in the
plastic vessels was periodically monitored throughout
the experiment by subtly agitating the water with the
DO-5510 oxygen-sensor probe (Lutron Electronic
Enterprise Co., Ltd., Taipei, Taiwan) and taking
measurements at a 10 cm depth. The dissolved oxygen
was 7.3 and 5.7 mg L' when water was changed and
four days later, respectively.

For fertilization, 200 mL urea solution (5.0 g L") and
200 mL diammonium phosphate solution (0.52 g L)
were applied twice per pot, once on the fifth and once
on the tenth day after the beginning of the treatment.

The plant variables measured at the end of the
experiment were: leaf greenness index, electrolyte
leakage, histological root traits, and shoot and root dry
mass. The leaf greenness index was used to estimate
chlorophyll content through three readings in the third
leaf blade of each plant with the CLO1 chlorophyll
meter (Hansatech Instruments Ltd, Norfolk, United
Kingdom).

Electrolyte leakage was used to estimate cell
membrane damage (Hossain & Uddin, 2011). For
this, test tubes were filled with 10 mL distilled water,
whose electrical conductivity (EC,,) was measured
using the 850038 equipment (Sper Scientific Direct:
Environmental Measurement Instruments, Scottsdale,
AZ, USA). On harvest day, three subsamples of
1.0 cm? area were randomly selected from the last
fully-expanded leaf and washed in distilled water to
remove any solutes or lysed cells. After washing, the
subsamples were dried superficially and put in test
tubes, kept immersed in distilled water. The capped
test tubes were placed in the BM021 shaker (Biomint,

Buenos Aires, Argentina) at room temperature and
under a low light intensity of 80 pmol m? s to reach
compensation point; light intensity was measured
using the MQ-301 radiometer (Apogee Instruments,
Inc., Logan, UT, USA). After 6 hours, the electrical
conductivity of the solution in the test tubes (ECiyiiar)
was read. Then, the test tubes were autoclaved in the
VZ300 equipment (Villar y Zaurdo S.R.L., Buenos
Aires, Argentina) at 1.0 atm, for 15 min, to kill leaf
tissues. After being autoclaved, the tubes were left at
roomtemperature (25°C)tocool downand, then,another
electrical conductivity reading (ECy;,,) was taken. The
estimative of electrolyte leakage (EL) was calculated as:
EL (%) = [(ECinitia - ECaw) / (ECina - ECay)] % 100.

For the histological analysis at the end of the
experiment, five subsamples from each plant were
taken from the mid-portion of adventitious roots with
a 2.0 mm diameter. The subsamples were fixed in
FAA (50% ethanol 96° 10% formaldehyde, and 5%
glacial acetic acid), after which they were immersed
in a sequence of ascending concentrations of ethanol
for tissue dehydration. The roots were clarified using
xylene and embedded in paraffin. Sections of 13 um of
the paraffin-embedded subsamples were cut using the
KD-1508A vertical rotary microtome (Zhejiang Jinhua
Kedi Instrumental Equipment CO., LTD., Zhejiang,
China). The obtained sections were stained with
safranine and fast green (D’Ambrogio de Argiieso,
1986). The subsamples were, then, examined in the
bright NLCD-307B LCD digital binocular optical
microscope (Serico, Shanghai, China) with a built-in
digital camera. The percentage of cortical aerenchyma
area and the stele:root ratio were determined using
the ImagelJ software (Schneider et al., 2012). The cell
wall thickness of the endodermis and exodermis was
measured using a 10%/18 mm micrometer eyepiece.

After the evaluation of chlorophyll content and
cell membrane damage, shoot and root dry mass was
determined. For this, plants were harvested individually,
and the shoots were separated from the roots and dried,
at 70°C, in the SL60S oven (San Jor, Buenos Aires,
Argentina) until reaching a constant mass.

The degree of root hypoxia (low content of dissolved
oxygen) was indirectly measured using the redox
potential of the soil at the end of the experiment, which
was obtained with the TPX-I digital thermometer-pH-
meter, combining a platinum electrode and a platinum
ring (Altronix, Buenos Aires, Argentina). This was
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possible because the soil redox potential is related to
the dissolved oxygen in waterlogged soils (Fiedler
et al., 2007).

Since the experimental units were kept independent,
the residuals were also considered independent.
Data was checked for normality and homogeneity of
variances using Shapiro-Wilk’s and Levene’s tests,
respectively. A statistical analysis was carried out
using generalized linear models for a completely
randomized design, with a factorial arrangement of
two factors with interaction. When heteroscedasticity
was detected, mixed model algorithms were used to
incorporate it, by selecting the most appropriate matrix
of variances and covariances for residuals using the
Akaike information criterion. The F-test was used in
the mixed models.

Means were compared by the test of Di Rienzo-
Guzman-Casanoves (Di Rienzo et al., 2002), chosen
because of its simplicity and because there are no
overlaps as in Tukey’s test; although this method is more
suitable to a large number of groups, six treatments
(combination of the two studied factors) are considered
sufficient. When an interaction was detected, the
means of the six treatments were compared; however,
when the interaction was not significant, the means of
the significant factors were compared.

All statistical analyses were conducted using the
Infostat software (Di Rienzo et al., 2020), and 0=0.05
was used in all hypotheses tests.

Results and Discussion

The assumption of normality was met in all studied
variables. The heterogeneity of variances between
species was observed for shoot dry mass (p=0.0017),
root dry mass (p=0.0088), endodermis thickness
(p=0.0005), and thickness of the internal tangential
cell wall of the endodermis (p<0.001).

Shoot dry mass (p=0.0249) was significantly
affected by the interaction between factors, i.e.,
soil water condition and genotype (Figure 1 A).
Specifically, the values of shoot dry mass were not
affected by water condition in Chloris gayana and
P. virgatum, but were lower in waterlogged plants of
P. coloratum, compared with the control. Among the
studied genotypes, C. gayana stood out for its highest
shoot dry mass per plant, both under field capacity and
waterlogged conditions, producing 1.78 and 2.32 times
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Figure 1. Means of the dry mass of: A, shoots of 'Finecut'
Chloris gayana (C.g), 'Klein Verde' Panicum coloratum
(P.c), and 'Shawnee' Panicum virgatum (Pv) plants grown
42 days in pots with alkaline-sodic soil at field capacity
and 26 days under two water conditions (field capacity and
waterlogging, n = 3); and B, roots of C.g, P.c, and P.v plants
grown 68 days in pots with alkaline-sodic soil, regardless
of the water condition (n = 6). The alkaline-sodic soil
presented: pH 8.3, 0.98 dS m' electrical conductivity,
and 26.2% exchange sodium percentage. Different letters
represent significant differences between means by the
test of Di Rienzo-Guzman-Casanoves (Di Rienzo et al.,
2002), at 0.5% probability.
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more than P. coloratum and 71.4 and 24.19 times more
than P. virgatum, respectively.

No significant interaction was observed between
factors for root dry mass (p=0.4098). Although
there were no differences between water conditions
(p=0.3608), genotypes (p<0.0001) differed between
themselves. The highest root dry mass of 2.1+0.35 g
was obtained for C. gayana, compared with those of
0.48+0.1 and 0.05%0.01 g, respectively, for P. coloratum
and P. virgatum, regardless of the water condition
(Figure 1 B). However, after four growth cycles in the
field in the alkaline-sodic soil (pH = 9.8, ECs = 0.69
dS m!, and ESP = 26.2%), the mean dry mass of P.
coloratum did not differ from that of C. gayana
(Pesqueira et al., 2017). In a previous study conducted
in a greenhouse with potted plants, Makar (2019)
found that alkaline-sodic soil conditions (pH = 8.3 and
ESP =26.2%) greatly restricted the growth of six-week-
old plants of 'Shawnee' P. virgatum, compared with
those grown in neutral soil (pH = 6.3 and ESP = 5.02%),
which was attributed to a severe reduction of 70.6% in
shoot dry mass. Clearly, alkalinity represents a great
restriction for the growth of 'Shawnee' P. virgatum
plants.

The leaf greenness index is a good parameter to
estimate photosynthetic activity and chlorophyll
content (Table 1), showing a significant interaction
between the studied factors (p=0.033). The values
obtained for this index decreased after 26 days of
waterlogging in C. gayana and P. coloratum plants,
but did not differ in P. virgatum leaves. Xiong et al.
(2015) found a close relationship between leaf
greenness values and chlorophyll content per leaf area
(r=0.84) and nitrogen content (r=0.80) in monocots,
such as rice (Oryza sativa L.) and maize (Zea mays L.).

Table 1. Mean and standard error of the leaf greenness
index of Chloris gayana, Panicum virgatum, and Panicum
coloratum plants under field capacity and waterlogged
conditions.

Genotype Leaf greenness indexV
Field capacity Waterlogging
'Finecut' C. gayana 9.16+0.80c 6.37+0.06b
'Shawnee' P. virgatum 3.29+0.38a 3.76+0.31a
'Klein Verde' P. coloratum 10.93+0.87d 8.44+0.69¢

(WDifferent letters indicate significant differences by the test of Di
Rienzo-Guzman-Casanoves (Di Rienzo et al., 2002), at 0.5% probability.

As greenness index values are correlated with nitrogen
content within a genotype, the decreased foliar
nitrogen content observed in waterlogged plants could
be caused by the inhibition of nitrogen absorption (Wu
et al., 2014) or by an accelerated senescence (Ploschuk
et al., 2018) in comparison with plants grown in field-
capacity soils.

Waterlogging also induced cell-membrane damage
in C. gayana and P. coloratum plants as electrolyte-
leakage percentage increased. Although water
conditions and genotypes affected the percentage of
electrolyte leakage, no significant interactions were
found between them. Under waterlogging, electrolyte
leakage was 10.31+1.87%, double that of 5.54+1.09%
of the control (p=0.0119). The values obtained for the
electrolyte leakage of C. gayana were 11.55+1.81%,
higher than that of 5.30+0.77% of P. coloratum
(p=0.001), regardless of the water condition. Despite
this, the biomass production of the flooded plants of
C. gayana did not significantly decrease compared
with that of the control (Figure 1).

The mean values of the redox potential of the soil
samples were 268.67+11.95 and 231.39+£12.09 mV at
field capacity and flooding, respectively. The roots
of the waterlogged plants show a decreased redox
potential since the reductive state of the soil leads
to an increase in oxygen demand and in phytotoxin
production, which can cause severe stress to plant
roots (Pezeshki & DeLaune, 2012).

Considering the anatomical/morphological changes
in plants as a response to reduced soil conditions, the
roots of the three genotypes showed aerenchyma when
subjected to waterlogging. A significant interaction
between factors was found for cortical aerenchyma
percentage (p=0.0182) and the stele:root ratio
(p=0.0016). At field capacity, the roots of C. gayana and
P. coloratum showed similar proportions of 36.4 and
36.17% constitutive cortical aerenchyma, respectively;
however, there was no visible aerenchyma in the roots
of P. virgatum. Under waterlogging, only C. gayana
roots showed an increased proportion of aerenchyma,
occupying 33.5% of the root cortical area, compared
with the plants at field capacity, whose values were
56.83 and 34.63% (Table 2 and Figure 2).

Internal aeration is crucial for root growth under
waterlogged conditions. Along with the aerenchyma,
the development of newly adventitious roots is another
strategy to cope with hypoxia (Ashraf, 2012). The
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lowest stele:root ratio was detected in C. gayana
plants grown under waterlogging due to the increase
in the aerenchyma area in the roots, when compared
with plants at field capacity (Figure 2 and Table 2).
Similarly, Imaz et al. (2012) also detected an increase
of 50% in the root aerenchyma area in C. gayana.
These authors, however, found that waterlogging
induced a 40% increase in the aerenchyma area in
P. coloratum, which was not observed in the present
study. This difference could be attributed to the fact
that Imaz et al. (2012) used a mix of sand and topsoil
from a low land area of the Floody Pampa region (1:1)
as a plant substrate, possibly preventing the effect of
soil compaction on the roots, a factor that also affects
soil aeration at field capacity (Mentges et al., 2016).
Although 'Shawnee' P. virgatum showed no
aerenchyma in its roots under control conditions, it
developed aerenchyma tissue, representing 33% of
the root cortical area, in its adventitious roots when
subjected to waterlogging (Figure 2 and Table 2), a
finding reported for the first time in the present work.
This octoploid cultivar belongs to the upland ecotypes
and had not yet been studied under these stress
conditions. Even if it typically occurred in upland
areas that are not subjected to flooding, no growth
differences were found between soil water conditions
(Figure 1). Under flooding conditions in a greenhouse,
Barney et al. (2009) evaluated four different ecotypes,
2 upland (Cave-in-Rock and Blackwell) and two
lowland (Alamo and Kanlow), observing that the
plants germinated, established, and flowered in
both of them. This led the authors to suggest that
P. virgatum is a facultative wetland species since its
different cultivars performed well under flooded and
stress-free conditions; only slight reductions in yield
occurred in the upland ecotype. Skinner et al. (2009)
concluded that some P. virgatum cultivars tested under

semi-controlled conditions, in a saturated soil with
17% moisture content, showed a high variability in
aerenchyma development (Skinner et al., 2009).

Another histological change to maintain an adequate
level of oxygen within plant roots is the development
of an oxygen-impermeable barrier in the endodermis
and exodermis cell walls, measured by the thickness
of these tissues. For these parameters, there were no
interactions between water condition and genotype
(Figure 3). However, differences were observed in the
thickness of the endodermis (p<0.0001) and exodermis
(p<0.0001) of C. gayana, P. coloratum, and P. virgatum
(Table 3). For plants grown in waterlogged soils, the
mean thickness of the endodermis and exodermis
increased from 19.8+0.3 to 21.9940.41 um and from
48.19+1.78 to 60.86+2.44 um, respectively, i.e., 11 and
26% in relation to that of the control.

The increase in the thickness of the exodermis of
C. gayana and P. virgatum can be explained by the
significant difference in the number of exodermal cell
rows and by the increase in the thickness of the internal
tangential cell walls, both significantly affected by the
interaction between genotype and soil water condition
(p<0.0001) (Table 4). Waterlogging increased the
number of cell rows of the exodermis and the thickness
of the internal tangential cell walls of the endodermis
of C. gayana in 22 and 32%, respectively, and of
P. virgatum, in 55 and 66%, respectively, but not of
P. coloratum.

Although there are no known reports on the
development of radial oxygen-loss barriers in the
perennial species under study, the roots of many
wetland plants contain a complete or partial barrier to
radial oxygen loss in their epidermis, exodermis, or
subepidermal layers (Ejiri et al., 2021). Partial barriers
can be constitutive, i.e., formed even in the absence
of the stress signal, which is detected in most annual

Table 2. Mean and standard error of the stele:root ratio and of the proportion of cortical acrenchyma in roots of Chloris
gayana, Panicum coloratum, and Panicum virgatum, plants under field capacity and waterlogged conditions®.

Genotype Stele:root ratio Cortical aerenchyma (%)

Field capacity Waterlogging Field capacity Waterlogging
'Finecut' C. gayana 0.41+0.010A 0.30+0.03B 36.40+6.14a 56.83+2.17b
'Klein Verde' P. coloratum 0.39+0.004A 0.42+0.03A 36.17+3.19a 34.63+5.59a
'Shawnee' P. virgatum 0.39+0.010A 0.40+0.02A 0.0c 33.45+5.68a

(WDifferent capital and lowercase letters indicate significant differences within the stele:root ratio and cortical aerenchyma percentage, respectively, by
the test of Di Rienzo-Guzman-Casanoves (Di Rienzo et al., 2002), at 0.5% probability.
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Figure 2. Double successive safranin-fast green combined staining of root cross-sections of 'Finecut' Chloris gayana (A),
'Klein Verde' Panicum coloratum (B), and 'Shawnee' Panicum virgatum (C) plants under field capacity (FC) and waterlogging
(WS) conditions (bar = 1,000 pm).

Pesq. agropec. bras., Brasilia, v.58, ¢03118, 2023
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Table 3. Mean and standard error of the endodermis and
exodermis thickness of roots of Chloris gayana, Panicum
coloratum, and Panicum virgatum plants®,

Genotype Endodermis (um)  Exodermis (um)
'Finecut' C. gayana 184.9+2.9¢ 378.0+13.1c
'Klein Verde' P. coloratum 231.0£3.7a 668.2+15.7a
'Shawnee' P. virgatum 210.9+4.7b 589.6+17.3b

(MDifferent letters indicate significant differences by the test of Di
Rienzo-Guzman-Casanoves (Di Rienzo et al., 2002), at 0.5% probability.

Table 4. Mean and standard error of number of cell rows
in the exodermis and of thickness of internal tangential
cell walls of the endodermis of roots of Chloris gayana,
Panicum coloratum, and Panicum virgatum plants grown
under field capacity (FC) and waterlogged (W) conditions®.

Genotype Soil water Number of cell rows Endodermis internal
condition in the exodermis tangential cell wall
(pm)
'Finecut' C. FC 2.3+0.04b 1.9£0.10a
gayana w 2.8+0.05¢ 2.5+0.09b
'Klein Verde' FC 3.0+0.02d 2.8+0.11b
P. coloratum w 3.0+0.03d 2.8+0.11b
'Shawnee' P. FC 2.0+0.02a 2.4+0.09b
virgatum A 3.140.03d 4.0+0.22¢

MDifferent letters indicate significant differences within each column
by the test of Di Rienzo-Guzman-Casanoves (Di Rienzo et al., 2002), at
0.5% probability.

wild Echinochloa spp., and are closely associated with
exodermal suberization (Ejiri & Shiono, 2019).
Soukup et al. (2007) observed longitudinal profiles
of radial oxygen loss measurements along the roots
of Glyceria maxima (Hartm.) Holmb. in a stagnant
solution, with minimum values at 30 mm from the
root tip. Manzur et al. (2015) concluded that suberin
deposition begins to increase from 2 cm away/on from
the root apex, with greater losses towards the base of
the root of Paspalidium geminatum (Forssk.) Stapf in
Prain. This distance from the root apex and the root
section chosen for the present study are coincident.

Conclusions

1. 'Shawnee' Panicum virgatum roots undergo
anatomical changes to cope with waterlogging even

Pesq. agropec. bras., Brasilia, v.58, 03118, 2023
DOI: 10.1590/S1678-3921.pab2023.v58.03118

when plant growth is inhibited due to alkaline-sodic
conditions.

2. There are radial oxygen loss barriers in the roots
of 'Finecut' Chloris gayana, 'Klein Verde' Panicum
coloratum, and 'Shawnee' P. virgatum.

3. The growth of 'Klein Verde' P. coloratum plants
is more sensitive to waterlogging than that of 'Finecut'
C. gayana and 'Shawnee' P. virgatum.

Acknowledgments

To Universidad Nacional de Lomas de Zamora
(UNLZ), for the Lomas Cienciay Técnica (LomasCyT)
research grant (LomasCyT III 2016 and LomasCyT
IV 2019) and for the Agregando Valor grant (VT42-
UNLZ12234 2018).

References

ASHRAF, M.A. Waterlogging stress in plants: a review. African
Journal of Agricultural Research, v.7, p.1976-1981, 2012. DOI:
https://doi.org/10.5897/AJARX11.084.

BAILEY-SERRES,J.;FUKAO, T.; GIBBS,D.J.; HOLDSWORTH,
M.J; LEE, S.C;; LICAUSI, F; PERATA, P, VOESENEK,
L.A.C.J;; VAN DONGEN, J.T. Making sense of low oxygen
sensing. Trends in Plant Science, v.17, p.129-138, 2012. DOI:
https://doi.org/10.1016/j.tplants.2011.12.004.

BARNEY, J.N.;; MANN, J.J.; KYSER, G.B.; BLUMWALD, E,;
VAN DEYNZE, A.; DITOMASO, J.M. Tolerance of switchgrass
to extreme soil moisture stress: ecological implications. Plant
Science, v.177, p.724-732, 2009. DOI: https://doi.org/10.1016/].
plantsci.2009.09.003.

CICORE, P.L.; SANCHEZ, H.R.; PERALTA, N.R.; FRANCO,
M.C.; APARICIO, V.C., COSTA, JL. Delimitaciéon de
ambientes edaficos en suelos de la pampa deprimida mediante
la conductividad eléctrica aparente y la elevacion. Ciencia del
Suelo, v.33, p.229-237, 2015. Available at: <http:/ref.scielo.org/
ds96tj>. Accessed on: July 31 2018.

D’AMBROGIO DE ARGUESO, A. Manual de técnicas en
histologia vegetal. Buenos Aires: Hemisferio Sur, 1986.

DI RIENZO, J.A.; CASANOVES, F; BALZARINI, M.G;
GONZALEZ, L.; TABLADA, M.; ROBLEDO, C.W. InfoStat
versiéon 2020. Argentina: Centro de Transferencia InfoStat,
Facultad de Ciencias Agropecuarias, Universidad Nacional de
Cordoba, 2020. Available at: <http:/www.infostat.com.ar>.
Accessed on: May 17 2021.

DIRIENZO, J.A.; GUZMAN, AW.; CASANOVES, F. A multiple-
comparisons method based on the distribution of the root node
distance of a binary tree. Journal of Agricultural, Biological,
and Environmental Statistics, v.7, p.129-142, 2002. DOI:
https://doi.org/10.1198/10857110260141193.


https://doi.org/10.5897/AJARX11.084
https://doi.org/10.1016/j.tplants.2011.12.004
https://doi.org/10.1016/j.plantsci.2009.09.003
https://doi.org/10.1016/j.plantsci.2009.09.003
http://ref.scielo.org/ds96tj
http://ref.scielo.org/ds96tj
http://www.infostat.com.ar
https://doi.org/10.1198/10857110260141193

Physiological and anatomical differences between subtropical forage plants 9

EJIRI, M.; FUKAO, T.; MIYASHITA, T.; SHIONO, K. A barrier
to radial oxygen loss helps the root system cope with waterlogging-
induced hypoxia. Breeding Science, v.71, p.40-50, 2021. DOI:
https://doi.org/10.1270/jsbbs.20110.

EJIRI, M.; SHIONO, K. Prevention of radial oxygen loss is
associated with exodermal suberin along adventitious roots of
annual wild species of Echinochloa. Frontiers in Plant Science,
v.10, art.254, 2019. DOI: https://doi.org/10.3389/fpls.2019.00254.

FIEDLER, S.; VEPRASKAS, M.J; RICHARDSON, J.L.
Soil redox potential: importance, field measurements, and
observations. Advances in Agronomy, v.94, p.1-54, 2007. DOLI:
https://doi.org/10.1016/S0065-2113(06)94001-2.

GAO, X.; GE, D.-B.; DENG, Z.-M.; XIE, Y.-H.; GAO, T.-
J. Survival strategy in the wetland sedge Carex brevicuspis
(Cyperaceae) in response to flood and drought: avoidance or
tolerance? Annales Botanici Fennici, v.52, p.401-410, 2015. DOI:
https://doi.org/10.5735/085.052.0523.

GARCIA, M.D.; PESQUEIRA, J.; OTONDO, J. Pureza fisica y
germinacion de cariopses de Chloris gayana Kunth y Panicum
coloratumL. cosechados de plantas cultivadas enunsuelo alcalino-
sodico. Revista de Investigaciones Agropecuarias, v.44, p.84-
91, 2018. Available at: <http://hdl.handle.net/20.500.12123/2657>.
Accessed on: Apr. 3 2018.

GHERBIN, P; DE FRANCHI, A.S.; MONTELEONE, M.
RIVELLI, A.R. Adaptability and productivity of some warm-
season pasture species in a Mediterranean environment. Grass
and Forage Science, v.62, p.78-86, 2007. DOI: https:/doi.
org/10.1111/j.1365-2494.2007.00566.x.

HERZOG, M.; STRIKER, G.G.; COLMER, T.D.; PEDERSEN,
O. Mechanisms of waterlogging tolerance in wheat — a review
of root and shoot physiology. Plant, Cell & Environment, v.39,
p.1068-1086, 2016. DOI: https://doi.org/10.1111/pce.12676.

HIRABAYASHI, Y., MAHENDRAN, R.; KOIRALA,
S.; KONOSHIMA, L., YAMAZAKI, D., WATANABE,
S.; KIM, H.; KANAE, S. Global flood risk under climate
change. Nature Climate Change, v.3, p.816-821, 2013. DOLI:
https://doi.org/10.1038/nclimate1911.

HOSSAIN, A.; UDDIN, S.N. Mechanisms of waterlogging
tolerance in wheat: morphological and metabolic adaptations
under hypoxia or anoxia. Australian Journal of Crop Science,
v.5, p.1094-1101, 2011. Available at: <https:/www.researchgate.
net/publication/222094267> Accessed on: Sept. 10 2019.

HU, G; LIU, Y.; ZHANG, X.; YAO, F.; HUANG, Y.; ERVIN,
E.H.; ZHAO, B. Physiological evaluation of alkali-salt tolerance
of thirty switchgrass (Panicum virgatum) lines. PLoS ONE,
v.10, 0125305, 2015. DOI: https:/doi.org/10.1371/journal.
pone.0125305.

HU, Z.; FANG, Z.; HU, B.; WEN, X.; LOU, L.; CAI, Q. Profiling
of water-use efficiency in switchgrass (Panicum virgatum L.) and

the relationship with cadmium accumulation. Agronomy, v.12,
art.507, 2022. DOI: https://doi.org/10.3390/agronomy12020507.

IMAZ, J.A.; GIMENEZ, D.O.; GRIMOLDI, A.A.; STRIKER,
G.G. Ability to recover overrides the negative effects of flooding
on growth of tropical grasses Chloris gayana and Panicum

coloratum. Crop & Pasture Science, v.66, p.100-106, 2015. DOI:
https://doi.org/10.1071/CP14172.

IMAZ, JA.; GIMENEZ, D.O.; GRIMOLDI, AA;
STRIKER, G.G. The effects of submergence on anatomical,
morphological and biomass allocation responses of tropical
grasses Chloris gayana and Panicum coloratum at seedling
stage. Crop & Pasture Science, v.63, p.1145-1155, 2012. DOI:
https://doi.org/10.1071/CP12335.

JACKSON, M.B.; COLMER, T.D. Response and adaptation by
plants to flooding stress. Annals of Botany, v.96, p.501-505,
2005. DOI: https://doi.org/10.1093/aob/mci205.

LOWRY, D.B.; BEHRMAN, K.D.; GRABOWSKI, P.; MORRIS,
G.P; KINIRY, J.R.; JUENGER, T.E. Adaptations between
ecotypes and along environmental gradients in Panicum virgatum.
The American Naturalist, v.183, p.682-692, 2014. DOI:
https://doi.org/10.1086/675760.

MAKAR, D. Respuestas morfofisiologicas de Chloris gayana
Kunth, Panicum coloratum L.y Panicum virgatum L. A la
alcalinidad, sodicidad, presencia de broza y anegamiento
durante la etapa vegetativa. 2019. 60p. Grado (Trabajo
Final) — Universidad Nacional de Lomas de Zamora, Lomas
de Zamora. Available at: <http:/repositorio.unlz.edu.ar:8080/
browsetype=author&value=Makar%2C+Dar%C3ADo>.
Accessed on: Dec. 19 2022.

MANZUR, M.E.; GRIMOLDI, A.A.; INSAUSTI, P,
STRIKER, G.G. Radial oxygen loss and physical barriers in
relation to root tissue age in species with different types of
aerenchyma. Functional Plant Biology, v.42, p.9-17, 2015. DOLI:
https://doi.org/10.1071/FP14078.

MENTGES, M.I.; REICHERT, J.M.; RODRIGUES, M.F.; AWE,
G.0.; MENTGES, L.R. Capacity and intensity soil aeration
properties affected by granulometry, moisture, and structure
in no-tillage soils. Geoderma, v.263, p.47-59, 2016. DOLI:
https://doi.org/10.1016/j.geoderma.2015.08.042.

PEDERSEN, O.; SAUTER, M.; COLMER, T.D.; NAKAZONO,
M. Regulation of root adaptive anatomical and morphological
traits during low soil oxygen. New Phytologist, v.229, p.42-49,
2021. DOLI: https://doi.org/10.1111/nph.16375.

PESQUEIRA, J.; OTONDO, J.; GARCIA, M.D. Produccion
de biomasa, cobertura y calidad forrajera de Chloris gayana y
Panicum coloratum enun suelo alcalino s6dico de la Depresion del
Salado. Revista de Investigaciones Agropecuarias, v.43, p.231-
238,2017. Available at: <http://hdl.handle.net/20.500.12123/1892>.
Accessed on: Dec. 6 2017.

PEZESHKI, S.R.; DELAUNE, R.D. Soil oxidation-reduction
in wetlands and its impact on plant functioning. Biology, v.1,
p-196-221, 2012. DOI: https://doi.org/10.3390/biology1020196.

PLOSCHUK, R.A.; MIRALLES, D..; COLMER, T.D,;
PLOSCHUK, E.L.; STRIKER, G.G. Waterlogging of winter
crops at early and late stages: impacts on leaf physiology, growth
and yield. Frontiers in Plant Science, v.9, art.1863, 2018. DOI:
https://doi.org/10.3389/fpls.2018.01863.

SCHNEIDER, C.A.; RASBAND, W.S.; ELICEIRI, K.W. NIH
Image to Imagel: 25 years of image analysis. Nature Methods,
v.9, p.671-675, 2012. DOL: https://doi.org/10.1038/nmeth.2089.

Pesq. agropec. bras., Brasilia, v.58, 03118, 2023
DOI: 10.1590/S1678-3921.pab2023.v58.03118


https://doi.org/10.1270/jsbbs.20110
https://doi.org/10.3389/fpls.2019.00254
https://doi.org/10.1016/S0065-2113(06)94001-2
https://doi.org/10.5735/085.052.0523
http://hdl.handle.net/20.500.12123/2657
https://doi.org/10.1111/j.1365-2494.2007.00566.x
https://doi.org/10.1111/j.1365-2494.2007.00566.x
https://doi.org/10.1111/pce.12676
https://doi.org/10.1038/nclimate1911
https://www.researchgate.net/publication/222094267
https://www.researchgate.net/publication/222094267
https://doi.org/10.1371/journal.pone.0125305
https://doi.org/10.1371/journal.pone.0125305
https://doi.org/10.3390/agronomy12020507
https://doi.org/10.1071/CP14172
https://doi.org/10.1071/CP12335
https://doi.org/10.1093/aob/mci205
https://doi.org/10.1086/675760
http://repositorio.unlz.edu.ar:8080/browsetype=author&value=Makar%2C+Dar%C3ADo
http://repositorio.unlz.edu.ar:8080/browsetype=author&value=Makar%2C+Dar%C3ADo
https://doi.org/10.1071/FP14078
https://doi.org/10.1016/j.geoderma.2015.08.042
https://doi.org/10.1111/nph.16375
http://hdl.handle.net/20.500.12123/1892
https://doi.org/10.3390/biology1020196
https://doi.org/10.3389/fpls.2018.01863
https://doi.org/10.1038/nmeth.2089

10 J. Pesqueira et al.

SIRI PRIETO, G.; ERNST, O.; BUSTAMANTE, M. Impact
of harvest frequency on biomass yield and nutrient removal of
elephantgrass, giant reed, and switchgrass. BioEnergy Research,
v.10, p.853-863, 2017. DOIL: https://doi.org/10.1007/s12155-017-
9847-2.

SKINNER, R.H.; ZOBEL, RW.; VAN DER GRINTEN, M.;
SKARADEK, W. Evaluation of native warm-season grass cultivars
for riparian zones. Journal of Soil and Water Conservation,
v.64, p.413-422,2009. DOI: https://doi.org/10.2489/jswc.64.6.413.

SOUKUP, A.; ARMSTRONG, W.; SCHREIBER, L.; FRANKE,
R.; VOTRUBOVA, O. Apoplastic barriers to radial oxygen loss
and solute penetration: a chemical and functional comparison of
the exodermis of two wetland species, Phragmites australis and
Glyceria maxima. New Phytologist, v.173, p.264-278,2007. DOI:
https://doi.org/10.1111/j.1469-8137.2006.01907.x.

STRIKER, G.G.; CASAS, C.. KUANG, X.; GRIMOLDI,
A.A. No escape? Costs and benefits of leaf de-submergence

in the pasture grass Chloris gayana under different flooding
regimes. Functional Plant Biology, v.44, p.899-906, 2017. DOI:
https://doi.org/10.1071/FP17128.

WU, J.-D.; LI, J.-C.; WEI F.-Z.; WANG, C.-Y.; ZHANG, Y.;
SUN, G. Effects of nitrogen spraying on the post-anthesis stage
of winter wheat under waterlogging stress. Acta Physiologiae
Plantarum, v.36, p.207-216, 2014. DOI: https://doi.org/10.1007/
s11738-013-1401-z.

XIONG, D.; CHEN, J; YU, T.; GAO, W.; LING, X.; L1, Y.; PENG,
S.; HUANG, J. SPAD-based leaf nitrogen estimation is impacted
by environmental factors and crop leaf characteristics. Science
Reports, v.5, art.13389, 2015. DOI: https://doi.org/10.1038/
srepl13389.

ZHU, J.K. Abiotic stress signaling and responses in plants.
Cell, v.167, p.313-324, 2016. DOI: https://doi.org/10.1016/].
cell.2016.08.029.

Pesq. agropec. bras., Brasilia, v.58, 03118, 2023
DOI: 10.1590/S1678-3921.pab2023.v58.03118


https://doi.org/10.1007/s12155-017-9847-2
https://doi.org/10.1007/s12155-017-9847-2
https://doi.org/10.2489/jswc.64.6.413
https://doi.org/10.1111/j.1469-8137.2006.01907.x
https://doi.org/10.1071/FP17128
https://doi.org/10.1007/s11738-013-1401-z
https://doi.org/10.1007/s11738-013-1401-z
https://doi.org/10.1038/srep13389
https://doi.org/10.1038/srep13389
https://doi.org/10.1016/j.cell.2016.08.029
https://doi.org/10.1016/j.cell.2016.08.029

