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Waterlogging is an environmental challenge affecting crops worldwide. Ethylene induces
the expression of genes linked to important agronomic traits under waterlogged
conditions. The ability of okra (Abelmoschus esculentus L. Moench.) and maize (Zea
mays L.) given exogenous ethylene priming to tolerate prolonged waterlogged conditions
was investigated in this study. The investigation was carried out as field experiments
using 3 week-old plants grouped into four treatments; control, waterlogged plants,
ethylene priming of plants before waterlogging, and ethylene priming of plants after
waterlogging. Different growth parameters were recorded. Soil chemical and bacterial
analyses were performed. The activity and gene expression of antioxidant enzymes
were studied. The ethylene biosynthetic genes expression analysis and root anatomy
of surviving okra plants were also carried out. Results revealed that okra and maize
plants showed increase in their height under waterlogged conditions. Ethylene priming
and waterlogged conditions induced early production of adventitious roots in okra
and maize. Maize survival lasted between 5 and 9 weeks under waterlogging without
reaching the flowering stage. However, okra survived up to 15 weeks under waterlogging
producing flower buds and fruits in all treatments. Variable changes were also recorded
for total soluble phenolics of soil. Cross sections of waterlogged okra roots showed
the formation of a dark peripheral layer and numerous large aerenchyma cells which
may have assisted in trapping oxygen required for survival. The activity and gene
expression levels of antioxidant enzymes were studied and showed higher increases
in the root and leaf tissues of okra and maize subjected to both waterlogging and
ethylene priming, as compared to control or waterlogged condition. Quantitative RT-PCR
analysis also showed that the ethylene biosynthetic gene expression levels in all okra and
maize tissues were up-regulated and showed much higher levels under ethylene-treated
waterlogged conditions than those expressed under control or waterlogged conditions
at all time points. These results indicate that okra and maize tissues respond to the
conditions of waterlogging and exogenous ethylene priming by inducing their ethylene
biosynthetic genes expression in order to enhance ethylene production and tolerate
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Waterlogging Tolerance of Okra and Maize

Error bars represent SD, n = 6.

FIGURE 7 | Expression levels of ACS, ACO, and ETR2 genes analyzed in okra root subjected to waterlogged condition (d, day after flooding); w, week after flooding.

Phytohormones are important to plants in signals and
responses to stress. Many plant responses are based on the
sensitivity of the tissues involved. Many cells of higher plants
can carry out synthesis of ethylene in low amount (Abeles, 1992).
Root hypoxia (low oxygen) or anoxia (oxygen deficient) induced
by waterlogging limits the conversion of ACC to ethylene
because the ACC oxidase needs molecular oxygen to complete
the synthesis of ethylene (Jackson, 2008). Hypoxia or anoxia
favors the accumulation of ACC in flooded roots, which is

transported to the shoot, where it is usually converted to ethylene.
Bradford and Yang (1980) classified ACC as the primary signal
transferred from roots to shoots during the early period of
hypoxia. The conversion of ACC to ethylene in the presence of
molecular oxygen triggers the development of adaptive systemic
responses by shoots of waterlogged plants and these include
aerenchyma cells and adventitious root formation (Fukao and
Bailey-Serres, 2008; Rajhi et al., 2011; Yamauchi et al., 2014).
Molecular oxygen, generated from photosynthetic activities of
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FIGURE 8 | Expression levels of ACS, ACO, and ETR2 genes analyzed in okra hypocotyl subjected to waterlogged condition (d, day after flooding; w, week after
flooding). Error bars represent SD, n = 6.

the aerial shoot, diffuses downward to the aerenchyma cells and
aerenchyma-rich adventitious roots under hypoxic or anoxic
condition, as an amelioration mechanism in mesophytes (Irfan
et al., 2010). Rajhi et al. (2011) stated that application of
ethylene induced the development of aerenchyma in maize
plants. Under hypoxia, Takahashi et al. (2014) observed further
augmentation of aerenchyma development in rice, which is

dependent on treatment with ethylene or ACC. Degree of
aerenchyma induction and formation by endogenous ethylene
treatment varies between species. Aerenchyma formation is
completed as a genetically programmed death process in the
cortex of roots, which high levels of reactive oxygen species (ROS)
are capable of triggering (Steffens et al., 2011; Yamauchi et al,,
2014). ROS is one component of the ethylene-mediated signaling
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FIGURE 9 | Expression levels of ACS, ACO, and ETR2 genes analyzed in okra epicotyl subjected to waterlogged condition (d, day after flooding; w, week after
flooding). Error bars represent SD, n = 6.

network (Sasidharan and Voesenek, 2015). Separately, ROS or
ethylene induces ectopic cell death only, whereas ethylene-
mediated ROS is important in the formation of aerenchyma.
Aerenchyma, formed in the root cortex, provides aeration, and
enhances survival. The plants under waterlogged conditions
developed more adventitious roots than the control. Also,
the plants given ethylene priming produced higher number
of adventitious roots per plant. This supports the hypothesis

that plants develop morphological adaptative features under
waterlogged conditions.

The waterlogging-induced production of crop adventitious
roots, which functionally replace the damaged soil-borne roots,
improves the shoot-root diffusion of gases (Sasidharan and
Voesenek, 2015). Ethylene has been reported to be important
in adventitious root formation. McNamara and Mitchell (1989)
concluded that auxin interacts with ethylene to induce the
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FIGURE 10 | Expression levels of ZmACS, ZmACO, and ZmETR2 genes analyzed in maize root subjected to waterlogged condition (d, day after flooding; w, week
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development of adventitious roots, but the role of ethylene
may differ relying on the plant species (Vidoz et al, 2010).
Ethylene induces an increase in auxin-sensitivity of root
forming tissue during adventitious root formation in waterlogged
Rumex palustris (Visser et al,, 1996), whereas the induction
of adventitious root production during waterlogging requires
ethylene perception by the Never Ripe receptor in tomato (Vidoz

et al., 2010). The transport of ACC from hypoxia or anoxia
roots to the shoot stimulates ACC synthase genes to make
ACC synthase enzyme available to complete the biosynthesis of
ethylene in the molecular oxygen-mediated process. The elevated
level of ethylene in the stem reprogrammes auxin transport in
the shoot, directing the flow of auxin toward the submerged
stem to initiate the growth of adventitious roots. Adventitious
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maize hypocotyl subjected to waterlogged condition (d, day after flooding; w,

root production is hindered if auxin transport is inhibited (Vidoz
et al., 2010).

The present study has shown that okra survived better than
maize under waterlogged condition. The okra plants were able to
flower and fruit, whereas maize plants did not survive beyond
9WAF and were unable to flower and form fruits during this
period. Some maize plants given EBW were the ones that

survived up to SWAF. The highest population of soil bacterial
flora in a soil sample after plant growth was detected in EBW
(maize), along with an absence of Micrococcus spp. The survival
of maize plants under EBW treatment indicates that EBW was
beneficial to plants. The changes in soil factors following plant
growth of maize and okra did not reflect a major difference
between the two crops. The results of cross-sections of okra

Frontiers in Physiology | www.frontiersin.org

15

September 2017 | Volume 8 | Article 632


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Vwioko et al.

Waterlogging Tolerance of Okra and Maize

5.00 -

4.00 -

3.00 -

2.00 -

1.00 -

ZmACS2 relative expression

0.00

12hr 24hr 2d 3d

e

=]

=]
)

P

=3

S
L

g

=]

)
L

g

=]

=)
L

=

ZmACS?7 relative expression
(=]
o

o
=)
)

12hr 24hr 2d 3d 5d

o

=]

)
)

e C
e \\/

P

=3

o
)

w

=)

)
L

 ing

=]

=]
)

|y

ZmACO31 relative expression
[=]
o

e
=3
o

12hr 24hr 2d 3d 5d

after flooding). Error bars represent SD, n = 6.

1w 3w 5w

=== EBW
= EAW

1

1w 3w 5w

FIGURE 12 | Expression levels of ZmACS, ZmACO, and ZmETR2 genes analyzed in maize epicotyl subjected to waterlogged condition (d, day after flooding; w, week

5.00 -
c ——C
o
‘@ 4.00 - —_—W
4 e EBW
§. =i EAW
o |
o 3.00
2
=]
5
Q 200 -
o
v
<
£ 1.00 -
N
0.00 ; . : ; ; : —

12hr 24hr 2d 3d 5d 1w 3w 5w

u

=]

=]
)

P

=3

S
M

o

=]

)
L

g

=]

)
L

Ly

ZmACO20 relative expression
[=]
o

o
=)
)

12hr 24hr 2d 3d

5d 1w 3w 5w

.

=]

)
,

e C
el \\/
== EBW
= EAW

by

=3

S
:

w

=)

)
:

g

=]

5]
\

L

ZmETR2 elative expression
[=]
o

0.00 T T T T T T T
12hr 24hr 2d 3d 5d 1w 3w 5w

-1

roots showed presence of aerenchyma cells. The root tissues
of okra plants possess large air channels which may have
assisted in trapping oxygen useful for survival. Formation of
aerenchyma improves the porosity of roots (Videmsek et al.,
2006). Differences in porosity of roots of a genotype have been
reported (Thomson et al.,, 1990) and this can be linked to the
size and number of aerenchyma present. Porosity allows more

gas to be present within the internal tissues of root. Justin and
Armstrong (1987) reported that since porosity promotes internal
movement of gases, plant roots adapted to anaerobic conditions
should possess higher porosity as a characteristic. The formation
of the dark peripheral layer (suspected to be impervious) and
numerous large aerenchyma by waterlogged roots of okra suggest
promising support for tolerance of anaerobic conditions. In
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addition, exogenous ethylene priming provides a beneficial
influence on growth of okra under waterlogged conditions.

In the current study, the specific activities and transcript levels
of three antioxidant enzymes were also studied in okra and
maize root and leaf tissues subjected to waterlogging and ethylene
priming. APX, CAT, and SOD enzyme activities increased in
the root and leaf tissues of okra and maize subjected to both
waterlogging and ethylene priming, as compared to control or
waterlogged condition, indicating the efficient role of antioxidant
enzymes in tolerating waterlogging stress. mRNA expression
levels of these enzymes revealed a positive correlation with their
specific activities.

In the present study, qRT-PCR analysis also showed that the
expression levels of ACS, ACO, and ETR2 genes in all okra
and maize tissues were up-regulated and showed much higher
levels under EBW and EAW treatments than those expressed
under control or waterlogged conditions at all-time points. This
indicates that okra and maize tissues respond to conditions
of waterlogging and exogenous ethylene priming by inducing
their ethylene biosynthetic genes expression in order to enhance
ethylene production and tolerate the prolonged waterlogging
stress. In conclusion, this study revealed that exogenously
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