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Abstract

Maize is an important crop, with genotype BRS-4154, *Saracura’, being tolerant to intermittent flooding. Cattail is an aquatic
plant with known radial oxygen loss activity, being widely diffused around the world and highly invasive. We aimed to analyse
the interaction of Maize and Cattail under waterlogging and field capacity. The experiment was conducted in pots containing
red latosol and nutrient solution in a greenhouse, 10 days after germination, when maize plants reached the average height
of 12.5 cm, the sources of variation were introduced, being the presence or absence of Cattail and waterlogged or at field
capacity with the conditions being kept by refilling the water lost. The experiment was conducted in a factorial completely
randomized design (2 X 2). Growth data were collected fortnightly, 5 times, with dry weight measured on the eightieth day.
The analysis of gas exchange, chlorophyll content, and sampling for leaf anatomy was performed monthly, twice, using an
infrared gas-exchange analyser and a SPAD unit meter. In the final 5 days of the experiment, the dissolved oxygen in water-
logged pots was measured consecutively and roots were sampled for usual microtechnique procedures. Waterlogging was
detrimental however Cattail increased the dissolved oxygen content and benefitted maize showing no competition.
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Introduction agricultural commodities, but, as Dai et al. (2014) shows,

cultivation subjected to flooding promotes losses by com-

Cultivation in flooded areas can be damaged by the prolifera-
tion of invasive plants of rapid clonal propagation consum-
ing resources. Crops, such as maize (Zea mays L.), Soybean
(Glycine max (L.) Merr.), wheat (Triticum aestivum L.) and
rice (Oryza sativa L.), are among the world’s most-produced
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petition with aquatic macrophytes.

Maize (Zea mays L.) is a crop of great economic impor-
tance, one of the five most-produced cereals worldwide,
although most of its genotypes are susceptible to waterlog-
ging damages, however, as seen in Pereira et al. (2009) the
National Maize and Sorghum Research Center (EMBRAPA)
developed a tolerant genotype called BRS-4154 ‘Saracura’.

Southern Cattail (Typha domingensis Pers.) is a cosmo-
politan rooted aquatic macrophyte belonging to the family
Typhaceae. Carvalho et al. (2014) describe it as having its
underground parts consist of roots and rhizomes with its
aerial parts being formed by leaves and inflorescences. Cervi
et al. (2009) demonstrated aquatic macrophytes being used
as shelter and food by animals showing the relevance for
preservation and management of its environments which
are experiencing constant changes and losses, as published
by Sundar et al. (2015), due to rapid population growth,
urbanization and agricultural needs which leads to the
needs of a better understanding of those environments for
sustainability.
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Natural wetlands are susceptible to degradation and
explosive proliferation of invasive species that use eutrophi-
cation favouring itself and decreasing biodiversity, which
shows that natural and artificial wetlands are a great way to
control eutrophication, such as agricultural runoff, serving as
biological filters shown by Vymazal and Bfezinova (2015).
Studies about the ecology and environment of aquatic mac-
rophytes made by Cunha et al. (2012) show that interspe-
cific competition between different macrophyte species is
influenced by habitat structure, zonation of aquatic plants
and spatial segregation promoted by water levels, probably
because of the competitive factor and preferred habitat.
Thus, more knowledge is needed on how plants cope and
interact in these environments together.

Some plant species release oxygen in their substrate via
their root system; this process is called radial oxygen loss
(ROL) which was reported by Chabbi et al. (2000) for T.
domingensis. This leaching of oxygen may promote a lower
demand for gas storage and aerenchyma development,
increasing water, and nutrient uptake. Interaction between
crops and invasive weeds in flood susceptible areas can
cause serious losses on productivity. The geographic region,
latitude, proportion of plants to each other, and the genetic
diversity are key factors in competitiveness and productivity
decreases. Weed species are more competitive than crops,
producing higher biomass, photosynthetic rate, and seed sets
among other characteristics. (Dai et al. 2014).

There are few studies on the competition of aquatic mac-
rophytes and crops, such as maize, with the conventional
weed management practices being the removal of invasive
plants, which can be expensive. The interaction between
crops and aquatic macrophytes must be better understood to
improve sustainable agriculture. Thus, a better understand-
ing of the effects of the competition with 7. domingensis can
contribute to better sustainable use of aquatic ecosystems
as well as lowland agriculture, reducing costs, increasing
productivity and contributing to the preservation of these
ecosystems and its diversity.

This study was aimed to identify the effects in maize from
T. domingensis association and how it is influenced by the
water level, with the ‘Saracura’ genotype tolerating inter-
mittent periods of flooding, akin to the seasonality of how
wetlands work, it is necessary to know how the association
behaves in both conditions.

Experimental

The maize seeds were acquired from EMBRAPA — Maize
and Sorghum located at Sete Lagoas, MG. Typha domingen-
sis plants were collected from natural populations in wet-
lands located at the Federal University of Lavras, Lavras,
State of Minas Gerais, Brazil (21°14'43" S, 45°59'59" W).
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Maize seeds were germinated in a greenhouse in pots of
15 L capacity containing 11.65 L of soil (red latosol) which
was collected and sieved through a 4 mm sieve and irrigated
at its field capacity with 2.90 L of Hoagland and Arnon
(1950) nutrient solution at 100% of its ionic power. The soil
field capacity was calculated to be 24.87% by subtracting the
water-saturated weight of the sample by its dry weight and
dividing it by the water-saturated weight and multiplying by
100 (Loss et al. 2014).

After maize plants achieved average 12.5 cm height and
two completely expanded leaves, one cattail plant was intro-
duced per pot (cattail plants were 15 cm tall average) and
the waterlogging introduced in the designated treatments,
with the conditions being maintained throughout the whole
experiment by weighing the pots daily. The pots in field
capacity had the water lost by evapotranspiration refilled by
weighing and refilling it to the weight it had when the nutri-
ent solution was first applied, the waterlogged plots were
kept by measuring the height of the water above soil level
and refilling it to that same height.

The red latosol was evaluated for its nutrient concentra-
tion via soil analysis (Table q supplementary file), the soil
analysis chart demonstrated adequate pH, and soil fertil-
ity with the nutrient solution added providing the neces-
sary nutrients for plant growth as described by Souza et al.
(2016). The Soil chemical analysis was conducted with a
sample of soil extracted from each pot and was carried out
at the Soil Science Department (DCS) at the Federal Uni-
versity of Lavras.

The experiment was conducted in a 2 X 2 factorial design
with two water levels, being field capacity (24.87% of the
soil weight) and (layer of water 2 cm above soil level). The
total number of plots was 40 with four treatments and ten
replications being each replication constituted of one plant.

The maize plants were fortnightly evaluated for its height,
the number of fully expanded leaves, dead leaves from the
day the sources of variation were introduced until the end of
the experiment, 80 days after the introduction of sources of
variation. Twenty maize plants (n=20) were collected at the
end of the experiment and oven-dried at 60 °C for 48 h and
the shoots, roots and total dry weight were measured using
an analytical scale (AY220, Shimadzu, Japan).

The allocation of biomass was calculated by dividing the
organ dry mass, root or shoot, by the total dry mass. The
total plant height elongation rate was calculated by subtract-
ing the final plant height by the initial plant height, divid-
ing it by the final height and multiplying by 100. The plant
height elongation rate by day was calculated by dividing
the final height by the number of days passed since the first
measurement.

Gas exchange analysis was performed twice using an
infrared gas exchange analyzer (IRGA) model LI-6400XT
(Li-COR Biosciences, Lincoln, Nebraska, USA) equipped
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with a 6 cm? cuvette for the measurements. The readings
were made on the second fully expanded leaf that could
fit the cuvette per plant, eliminating the outliers and con-
sidering the means of the two replications in time, making
the number of evaluations equals 32 (n =32). The evalu-
ations occurred past 30 and 60 days after the beginning
of the experiment and started at 08:00 a.m. and did not
go beyond 10:00 a.m. The density of photosynthetically
active photons was fixed at 1000 pmol m~2 s~! in the
chamber. The following characteristics were evaluated:
stomatal conductance (g,), transpiratory rate (E) and pho-
tosynthetic rate (Pn). The chlorophyll content in leaves
was undirected estimated with the portable chlorophyll
meter SPAD-502 (Konica Minolta, Tokyo, Japan). The
second fully expanded leaf per plant in three positions per
leaf (base, medium, and apex) was evaluated two times
with the data evaluated excluding the outliers averaged to
one plant (n=32).

Dissolved oxygen was evaluated 80 days after the begin-
ning of the experiment for five consecutive days in the
morning from 8:00 a.m to 10:00 a.m. using the portable dis-
solved oxygen meter Oakton DO600 (Cole Parmer, Illinois,
USA). These measurements were performed by introduc-
ing the probe 2 cm away from maize plants on waterlogged
plots (with and without 7. domingensis). A total of 100
measurements were made with the data submitted to analy-
sis of variance excluding outliers (n=_86). The substrates
from field capacity treatments were not evaluated due to its
natural oxygenated condition provided by the soil pores. The
device was calibrated before every evaluation according to
the manufacturer instructions, with the mean substrate tem-
perature of the five consecutive days measured by the device
being 27.3, 22.5,27.2,21.7 and 23.1 °C, respectively, from
the first day to the fiftieth day of evaluation.

Leaves were collected twice for the anatomical analysis,
at 30 and 60 days of the experiment beginning, with the data
from the two samples being averaged as one, and were fixed
in FAA70% solution (formaldehyde, acetic acid and ethanol
70% in a ratio of 1: 1: 18), for 48 h and then transferred to a
solution of ethanol 70% (Johansen, 1940). The sections were
performed in the median region of the leaves.

For the analysis of adaxial and abaxial epidermis, para-
dermic impressions were made on the surface of the leaves
with cyanoacrylate ester resin (Superbonder®, Loctite, Dus-
seldorf, Germany). After the resin’s drying, four prints per
replication (n=160) were removed and mounted in slides
using 50% glycerol (m v').

Five cross sections per replication (n=200) were
obtained by hand with the use of steel blades and clarified
with 50% sodium hypochlorite and washed in distilled water
for 10 min and then stained with safrablau solution (safranin
1% and Astra blue 0.1% in a ratio of 7:3) and mounted in
slides with 50% glycerol (m v™!) (Bukatsch 1972).

Root samples were collected at the end of the experi-
ment at 80 days after the introduction of sources of vari-
ation. Cross sections were obtained approximately 2 cm
away from the root tip by hand using steel blades and stained
with 1% aqueous safranin (m v=!). Two roots per replication
(n=40) with one section per root were mounted in slides
with 50% glycerol (m v™'). The sections were clarified with
50% sodium hypochlorite and washed in distilled water for
10 min, stained and mounted on slides with 50% glycerol
(Johansen 1940).

The slides were photographed using an Olympus micro-
scope model CX31 (Olympus, Tokyo, Japan). These images
were analysed using the Imagel software, calibrated with
microscopic rulers photographed in the same configuration
of the images obtained from the material where the quantita-
tive parameters of the tissues of leaves and roots were evalu-
ated according to the methodologies described by Pereira
et al. (2009).

Data were submitted to ANOVA and the means compared
by the Scott-Knott test, at 5% probability with the aid of the
statistical software SISVAR, version 5.0 (Ferreira 2011).

Results
Under waterlogged conditions, the presence of 7. domingen-

sis, significantly increased the dissolved oxygen concentra-
tion in the substrate (Fig. 1).
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Fig.1 Oxygen concentration in waterlogged soils containing maize
plants in a contrasting condition of 7. domingensis. Bars=Stand-
ard Error. Different letters in the columns show significantly differ-
ent means according to the Scott-Knott test to p<0.05 (p=0.0326).
M+T=Maize+T. domingensis association; M maize plants only (no
Association)
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Growth parameters showed no significant interaction
between factors (p > 0.05). Association with 7. domingen-
sis increased the number of fully expanded leaves of maize
under waterlogging (Table 1). However, waterlogging
increased the number of maize dead leaves and association
with T. domingensis did not affect it (Table 1). Waterlog-
ging decreased maize height and elongation rate whereas the
association with 7. domingensis increased these parameters
(Table 1).

Waterlogging decreased the dry weight of maize while 7.
domingensis association did not affect it (Table 1). However,
biomass allocation showed significant interaction between
sources of variation (p < 0.0422) and the association with T.
domingensis increased the biomass allocation to shoots in
maize plants under waterlogging (Fig. 2).

Gas exchange parameters showed no interaction between
sources of variation (p>0.09). Waterlogging reduced
maize’s net photosynthesis, transpiration rate and stoma-
tal conductance (Table 2), whereas these parameters were
increased by the association with T. domingensis (Table 2).
However, waterlogging decreased the maize chlorophyll
content measured in SPAD units and no significant effect
was found under association with T. domingensis (Table 2).

Stomatal size and density had significant interaction
between sources of variation (p < 0.0046). Waterlogging
increased stomatal size on both adaxial and abaxial epider-
mal surfaces of maize in association with 7. domingensis
with no significant effects occurring in maize plants alone
(Table 3). Besides, association with T. domingensis under
waterlogging promoted lower adaxial stomata size (Table 3)
and increased the stomatal density while these structures
became smaller (Table 3).

Only the leaf vascular bundle diameter and abaxial epi-
dermis thickness showed a significant interaction between
the sources of variation (p <0.0001; p <0.0004). How-
ever, the maize leaf vascular bundle diameter showed no
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Fig.2 Biomass allocation of maize plants grown under contrasting
water levels and 7. domingensis association. Means followed by the
lowercase letter in the same colour columns in each plant part and
by uppercase letter in the same soil condition in each plant part does
not differ by the Scott-Knott test for p <0.05. Bars =Standard Error.
Interaction effect p-value of 0.0422. M +T=Maize+T. domingensis
association, M maize plants only (no Association)

significant modification in both soil water conditions in the
absence of association but it was decreased by waterlog-
ging in association when compared to the field capacity
and association and the waterlogging with no association
treatments (Fig. 3 and Table 4). Soil water condition had
no significant effect in the adaxial epidermis thickness of
maize plants grown alone but waterlogging reduced this
parameter under association with 7. domingensis. How-
ever, the association with 7. domingensis had a polar effect
in the different water soil conditions with it decreasing

Table 1 Growth parameters of maize plants grown under contrasting water levels and 7. domingensis association

FEL (number DL (number Height (cm) E% (%) E (cm day™") Shoot dry mass Root dry mass  Total dry mass
plant™") plant ~1) (® (® ®
FC 5.02+0.10a 2.07+0.13b 92.93+4.56a 198.24+16.41a 1.02+0.07a 22.67+2.99a  28.19+5.72a  50.85+5.97a
w 4.94+0.08a 290+0.11a 43.71+2.88b 59.69 +8.16b 0.27+0.04b 11.16+£0.76b  09.06+0.35b  20.22+0.65b
FEL (number DL (number Height (cm) E% (%) E (cm day’l) Shoot dry mass Root dry mass ~ Total dry mass
plant™) plant ) © © ©
M+T 5.12+0.08a 2.54+0.15a 74.64+8.10a 151.71+£25.19a 0.75+0.1)a 15.86+1.57a  21.77+£6.52a  37.63+7.56a
M 4.84+0.09b 2.53+0.17a 62.00+7.63b 106.22+19.69b 0.54+0.11b 17.96+3.76a 1547+290a 33.43+5.48a

FEL fully expanded leaves, DL dead leaves, Height average plant height at the end of the experiment, E% elongation percentage at the end of the
experiment, E elongation rate in cm day™!, FC field capacity, W Waterlogged, M + T Maize + T. domingensis association, M maize plants only

(no Association)

Means + Standard Error. Interaction effect (p > 0.05 for all variables)

Means followed by the same letter in the columns does not differ by the Scott-Knott test for p <0.05

@ Springer
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Table 2 Gas exchange parameters of maize plants grown under contrasting water levels and 7. domingensis association

Pn (umol CO, m™2s7!) E (mmol H,0 m~2s7!) ¢* (umol CO, m~2s7") SPAD
FC 12.65+0.52a 1.21+0.08a 0.041+0.003a 30.11+0.71a
w 7.23+0.71b 0.88+0.09b 0.027+0.002b 26.19+1.82b
Pn (umol CO, m~2s71) E (mmol H,0 m~2s71) ¢ (umol CO, m~2 571 SPAD
M+T 10.77 +£0.96a 1.25+0.10a 0.040+0.003a 27.17£0.97a
M 9.11+0.87b 0.84+0.06b 0.028 +0.002b 29.14+1.81a

FC field capacity, W waterlogged, M + T Maize + T. domingensis association, M maize plants only (no Association)
Means + Standard Error. Interaction effect (p > 0.05 for all variables)

Means followed by the same lowercase letter in the columns do not differ by the Scott-Knott test for p <0.05

Table 3 Leaf stomatal parameters of maize plants with a significant interaction between contrasting water levels and 7. domingensis association

Abaxial stomata size (pmz) Abaxial stomata density (stomata Adaxial stomata size (pmz) Adaxial stomata density (stomata
mm™2) mm™2)
M+T M M+T M M+T M M+T M

FC  1270+54Aa 1083+40Ba 59.17+1.48Bb  68.85+2.30Aa 1057+36Aa 999+28Aa 41.88+1.19Bb  53.85+2.18Aa
w 966 +38Ab 1022+54Aa  88.85+2.62Aa 73.33+1.76Ba  888+26Bb 1074 +31Aa  49.58+1.67Aa  41.04+1.24Bb

FC field capacity, W waterlogged, M + T Maize + T. domingensis association, M maize plants only (no Association)

Means + Standard Error. Interaction effect p-value for abaxial stomatal size, abaxial stomatal density, adaxial stomatal size and adaxial stomatal
density, respectively, are: p <0.0046; p <0.0001; p<0.0001; p <0.0001

Means followed by the same lowercase letters in the columns and uppercase letters in the rows do not differ by the Scott-Knott test for p <0.05

Fig.3 Transversal sections of
maize leaves grown under under
contrasting water levels and 7.
domingensis association. a, ¢
field capacity, b, d Waterlogged,
a, b=no association, ¢, d asso-
ciation with T domingensis. Ade
adaxial epidermis, abe abaxial
epidermis, bfc bulliform cells, st
stomata, x/ xylem, phl phloem,
bs bundle sheath, pa chlorophyll
parenchyma. Bars =100 pm

under waterlogging while increasing it under field capacity ~ (Fig. 3 and Table 5). Also, waterlogging reduced the pro-
(Fig. 3 and Table 4). portion of the mesophyll and the vascular bundles in maize

Waterlogging modified the maize leaf anatomy as all tis-  leaves whereas no significant effect was found in the propor-
sues became thinner compared to plants under field capacity ~ tions of the bundle sheath (Fig. 3 and Table 5). Association

@ Springer
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Table 4 Leaf anatomical
parameters of maize plants with

Vascular Bundle Diameter (um)

Abaxial Epidermis Thickness (pm)

Interaction between factors M+T M M+T M
FC 70.141 +£1.30Aa 67.74+0.94Aa 29.47+0.35Aa 27.11+£0.35Ba
w 62.27+0.96Bb 68.16 £0.88Aa 24.18+0.48Bb 27.18+0.34Aa

FC field capacity, W Waterlogged, M+ T=Maize+T. domingensis association, M maize plants only (no

Association)

Means + Standard Error. Interaction Effect p-value for each variable: p <0.0004; p <.0.00001

Means followed by the same lowercase letters in the columns and uppercase letters in the rows do not differ

by the Scott-Knott test for p <0.05

Table 5 Leaf anatomical parameters of maize plants grown under contrasting water levels and 7. domingensis association

Adaxial epider- Mesophyll thickness ~ Mesophyll proportion ~ Vascular bun-  Bundle sheath proportion Bundle sheath
mis thickness (pm) (%) dle proportion  in the vascular bundle proportion in the
(pm) (%) (%) mesophyll
(%)
FC 46.17+0.56a 119.73 +£1.59a 62.01+£0.28a 5.30+0.15a 82.87+0.44a 27.21+£0.26b
W 43.39+0.55b 105.18+1.14b 60.69+0.24b 4.73+£0.14b 81.99+0.38a 28.74+£0.22a
Adaxial epider- Mesophyll thickness ~ Mesophyll proportion ~ Vascular bun-  Bundle sheath proportion Bundle sheath
mis thickness (pm) (%) dle proportion  in the vascular bundle proportion in the
(pm) (%) (%) mesophyll
(%)
M+T 43.95+0.60b 113.23+1.82a 60.77+£0.27b 5.05+0.15a 82.37+0.37a 27.91+£0.25a
M 45.62+0.54a 111.68 +1.26a 61.94+0.26a 4.98+0.15a 82.49+0.45a 28.05+0.26a

FC Field Capacity, W Waterlogged, M + T =Maize + T. domingensis association, M maize plants only (no Association)

Means + Standard Error. Interaction Effect p-value p>0.05 for all variables

Means followed by the same letter in the columns does not differ by the Scott-Knott test for p <0.05

with 7. domingensis promoted no significant changes for
most of the leaf anatomical traits, except for the adaxial
epidermis thickness and mesophyll proportion which were
reduced (Fig. 3 and Table 5).

Waterlogging reduced the xylem vessel area, vascular cyl-
inder area, vascular cylinder proportion and it increased the
cortex proportion as well in maize roots (Fig. 4 and Table 6).
Also, association with T. domingensis promoted no signifi-
cant changes for most of the maize root’s tissues whereas the
exodermis and endodermis thicknesses were reduced (Fig. 4
and Table 6).

Discussion

An important aspect from the results found in this work is
that Typha domingensis causes no significant competition
and reduction in maize’s growth parameters both under field
capacity and waterlogged conditions. This is relevant since
maize is considered sensitive to competition reducing its
yield (Maddonni and Otegui 2006). Besides, 7. domingensis
can turn into an invasive species causing problems to plants

@ Springer

on these sites (Surratt, Shinde and Aumen 2012). Moreo-
ver, we used the recommended soil nutritional conditions
for maize and the absence of competition between these two
species is, in fact, relevant to reduce the crop management
costs and to open the possibility of associated cultivation.
Intercropping of maize and bean can be more advantageous
than isolated cultivation under unfavorable environmental
conditions, such as the Brazilian semi-arid region (Morgado
and Willey 2008). However, this aspect was never previously
explored for waterlogged conditions and this work can open
the possibility of its investigation.

Further discussion in this matter raises the necessity of
information on the main problem for waterlogged soils,
which is the low O, levels, triggering root O, deprivation
that causes metabolic alterations with consequences to
the whole plant (Drew 1997). Hypoxia condition by water
saturation reduces growth (Else et al. 1995), and Conaty
et al. (2008) state that it increases the reactive oxygen spe-
cies (ROS) production and decreases oxygen levels, leading
to lower effectiveness of the mitochondrial electron trans-
port chain. These stresses promoted by environments under
hypoxia lead plants to develop a higher rate of dead leaves
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Fig.4 Transversal sections of
maize roots grown under under
contrasting water levels and 7.
domingensis association. a, ¢
field capacity, b, d waterlogged,
a, b no association, ¢, d in asso-
ciation with 7. domingensis. ed
endodermis, ct cortex, ae aer-
enchyma, x/ xylem vessel, phl
phloem, pp pith parenchyma.
Bars=50 ym

as well as lower height and biomass (Bailey-Serres; Lee and
Brinton 2012; Herzog et al. 2016). Thus, oxygen limitation
under drought is the main cause of environmental stress
under drought.

Results showed that of association maize with Typha
domingensis can be beneficial for its growth under water-
logged conditions. Moreover, no significant competition was
found between maize and T. domingensis and its associa-
tion under waterlogging conditions may be viable. The main
service provided by T. domingensis was the increase in dis-
solved oxygen levels which alleviate the hypoxia caused by
waterlogging. This is particularly important since increased
dissolved oxygen in soils is shown to minimize ROS effects
(Blokhina et al. 2003). Also, low level of oxygen in soil
decreases photosynthesis in different plant species (Bai et al.
2013) and waterlogging reduces photosynthesis on maize
plants (Ren et al. 2016). Therefore, reduced growth verified
in maize under waterlogging is related to low oxygen levels
under waterlogging conditions and this stress was alleviated
by the presence of 7. domingensis which increased oxygen
concentration in the soil.

Increased photosynthetic-related traits of maize plants
when associated with Typha domingensis promoted higher
growth and this response is related to the stress alleviation
by the radial oxygen loss. Association with 7. domingensis
increased several characteristics that are related to photosyn-
thesis, such as higher production of leaves, increased shoot
elongation and height, higher net photosynthesis, stomatal
conductance, and transpiration. Waterlogging and hypoxia

severely damage the gas exchanges and mainly the photo-
synthesis (Bai et al. 2013; Ren et al. 2016), thus limiting
plant growth and biomass production (Bailey-Serres; Lee
and Brinton 2012; Herzog et al. 2016). The reasons for pho-
tosynthesis reductions in maize under waterlogging may
be caused by damage to chloroplast structure hindering its
quantity (Ren et al. 2016) and lowering chlorophyll content
(Tian et al. 2019) and stomatal closure for pea plants (Zhang
and Zhang 1994). In the present study, the chlorophyll con-
tent remained unaffected, and no significant modifications
were found for the mesophyll and bundle sheath proportions
of maize plants by the association with 7. domingensis. As
the maize photosynthesis depends on both mesophyll (chlo-
rophyll parenchyma) and bundle sheath cells, as well as the
most of chlorophyll content, is found in mesophyll cells,
these results seem reasonable and indicate that the increased
photosynthesis found in maize may be related to stomatal
parameters instead.

Waterlogging reduces the stomatal conductance in maize
and wheat at different plant stages or pre-treatments to stress
(Ren et al. 2016; Wang et al. 2016). In fact, in the present
study, we found reduced g, in maize plants under water-
logging. Interestingly, the association with 7. domingensis
increased the stomatal conductance and this may be related
to higher photosynthesis found in maize. Stomatal closure
reduces its conductivity and is found under waterlogged
plants by the influence of abscisic acid (Zhang and Zhang
1994) or by the excessive reactive oxygen species which
action can be alleviated by ethylene (Wang et al. 2016).
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Table 6 Root anatomical parameters of maize plants grown under contrasting water levels and 7. domingensis association

@ Springer

Exd (um) End (um) Ctx (pm) XVD (pm) XVA (mm?)  VCA (mm2)  VCP (%) CP (%) XVC (%)

RCSA (mm?)

18.26 £0.98a
20.11+£0.69a

XVC (%)

80.39+£2.10b
87.92+0.75a

0.04+0.0la  0.19+0.03a  19.89+2.10a
CP (%)

65.82+4.03a
60.67+2.82a

XVD (pm)

291.88+16.91a
299.65+12.01a

12.24 £0.60a
11.97+£0.45a

End (pm)

19.62+1.12a

0.95+0.12a

FC

12.08+0.75b
VCP (%)

0.09+0.01b

XVA (mm?)

+ 0.02+0.00b

18.81+0.55a
Exd (pm)

0.74+0.05a

VCA (mm?)

Ctx (pm)

RSCA (mm?)

16.46+2.31a 83.54+2.31a 18.82+£0.84a
84.77+1.11a

0.14+0.03a

0.03 +0.00a 0.14+0.02a

58.92+3.00a
67.56 £3.74a

17.55+£0.83b 11.29+£0.45b 303.97+12.22a
287.53+16.59a

20.87+0.78a

0.82+£0.06a

M+T

+ 1551+1.11a + 19.55+0.90a

0.03+£0.01a

12.91+£0.54a

0.86+0.12a

FC field capacity, W waterlogged, M + T Maize + T. domingensis association, M maize plants only (no Association). RCSA root cross section area, Exd exodermis thickness, End endodermis

thickness, Cort cortex thickness, XVD xylem vessel diameter, XVA xylem vessel area, VCA vascular cylinder area; VCP vascular cylinder proportion, CP cortex proportion, XVC xylem propor-

tion in the vascular cylinder

Means + Standard Error. Interaction Effect p-value p > 0.05 for all variables

Means followed by the same letter in the columns does not differ by the Scott-Knott test for p <0.05

Moreover, this higher stomatal conductance promoted by
the association with 7. domingensis may be due to anatomi-
cal modifications in maize plants leaves. The main factor
that triggers stomatal closure and decreases stomatal con-
ductance is drought (Xu et al. 2010; Cruz et al. 2019). How-
ever, when subjected to water limitation, stomatal density
is often increased in drought-tolerant species (Zhang et al.
2006) and this higher stomatal density turns its behaviour
more efficient because stomata stays open for shorter time
intervals (Berry et al. 2010; Cruz et al. 2019). This is the
typical behaviour to preserve water and lower plant tran-
spiration under water-limited environments. Additionally,
Pereira et al. (2016) reports that higher stomatal density
leads to increased CO, uptake consequently increasing Pn.
Thus, association with 7. domingensis increased the stoma-
tal density of maize and this may have favoured stomatal
conductance and photosynthesis as well. This effect or T.
domingensis is probably related to increased oxygen levels
in soil that was released by this plant and this may have
reduced the ROS production of maize and stomatal closure
caused by these compounds.

Waterlogging significantly reduced the transpiration of
maize, however, association with 7. domingensis increased
this parameter. The increased stomatal density permits
a higher control of plant transpiration avoiding excessive
water loss under drought (Cruz et al. 2019). Maize plants
developed higher stomatal density when grown in associa-
tion with T. domingensis and this may have increased the
stomatal conductance and the transpiration. However, water-
logging may trigger stomatal closure (Zhang and Zhang
1994) limiting transpiration. It is important to note that a
proper amount of water must be absorbed and transported
to reach the leaves, preventing the abscisic acid or ROS
production and stomatal closure. The vascular bundles of
maize remain unaffected by waterlogging or the association
with T domingensis. This is an important result since these
structures were kept functional under these conditions and
proper water transport was found in maize. Likewise, ana-
tomical modifications in the roots of maize may be useful
to understand the water uptake of maize in these conditions.
Waterlogging increased cortex thickness and reduced the
vascular cylinder proportion of maize roots, both modifica-
tions negatively affecting the root water conductance. Cheng
et al. (2012a, b) attribute a decrease in gas-exchange param-
eters to increased cortex length and apoplastic barriers under
hypoxia. Thicker root cortex reduces the water conductance
because of the longer distances to reach the vascular cylin-
der which contains the xylem. Additionally, with a lower
proportion of the vascular cylinder roots may show reduced
xylem tissue, reducing water transport. Association with 7.
domingensis prevents these two modifications preserving
the water conductance capacity of maize roots. Also, apo-
plastic barriers of maize roots (exodermis and endodermis)
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were reduced by the association with 7. domingensis and this
modification may improve water uptake. Thicker apoplastic
barriers minimize damages by ROS at the cost of decreasing
hydraulic conductance and transpiration rate (Cheng et al.
2012a, b). Therefore, increased transpiration found in maize
grown in association with 7. domingensis was sustained by
more efficient roots and preserved transport tissues. Besides,
as maize plants were under waterlogged conditions excessive
water loss is not a relevant problem.

New form of food production systems, such as aquacul-
ture, is a viable form of sustainable agriculture but it still
lacks understanding about the management of its high oxy-
gen demand (Fang et al. 2017). The use of expensive tools,
such as compressed oxygen, is applied; however, Goto et al.
(1996) emphasize the need for cheaper and innovative alter-
natives. In addition, reports suggest that both maize and T.
domingensis are viable as bioenergy crops showing high
biomass production (Nkemka et al. 2015). In this work,
we found that increased dissolved oxygen promoted by T.
domingensis enhanced maize growth, anatomy, and physiol-
ogy and further experiments may establish viable and envi-
ronmentally sustainable intercropping systems.

Conclusion

Typha domingensis increased dissolved oxygen in the
waterlogged soil without developing competitive traits with
maize, instead, favouring its growth by increasing its net
photosynthesis, which was promoted by a higher stomatal
density and decreased root apoplastic barriers.
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