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The present study was conducted to investigate the evaluation of antimycin A (AA) as a modulator of the alternative
respiratory pathway (AP)  on the intensity of growth processes and some physiological parameters of etiolated wheat
seedlings, such as maximum length of root, length of first leaf and coleoptile, fresh and dry weights at the whole plant
level, leaf area as well as relative water content, saturation water deficit, degree of leaf succulence and sclerophylly.
Generally, exposure to heat stress (HS) alone caused a noticeable reduction in root length (59%), leaf length (30%),
plant fresh mass (10%), dry mass (14%), and leaf area (25%) which was consistent with the progressive alteration in
water relations. Furthermore, the degree of leaf succulence and degree of leaf sclerophylly were severely affected by
HS in wheat seedlings. However, the results demonstrated that the application of AA did not induce such a significant
reduction in the leaf length (23%), coleoptile length (5%), plant fresh weight (7%), plant dry weight (3%), and leaf area
(21%) as well as water relations in etiolated wheat seedlings compared to heat-stressed plants. Taken together, the
activation of AP promoted a mitigating of the damaging effect of HS in wheat seedlings supporting growth processes.
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INTRODUCTION

Various environmental stresses exert adverse effects
on plant growth and development by inducing many
metabolic and physiological processes for adaptation to
new conditions. Plants often experience temperature
instabilityin theirnatural habitat. The ambient temperature
is an important factor determining the geographical
distribution of plants and their productivity. The
viability of plants under conditions of high-temperature
stress lies in various reorganizations of metabolic and
physiological processes aimed at adapting the plant
organism to changing environmental conditions. The
main adaptive changes in plants occur at the biochemical
and morphological levels.

Resistance to various stress factors becomes an
essential characteristic of plants and largely depends

on the adaptive mechanisms of the respiratory process

one of the stages of which is the mitochondrial electron
transport chain (ETC). During stressful situations, cells
use more energy, and the respiration rate increases
(Semikhatova, 1995). One has to note thatin the case of an
elevated respiration rate during abiotic stress conditions,
electron transfer reactions can lead either directly or not
directly to a significant increased the levels of reactive
oxygen species (ROS) causing damage at the cellular and
subcellular levels (Tripathy and Oelmdiller, 2012).

Respiration is an important parameter in the growth
and development of plants. Plants contain a non-
phosphorylating cyanide-insensitive alternative electron
transport pathway, which localized on the matrix side of
the mitochondrial inner membrane, electron transport
through which is not coupled with ATP synthesis and
energy accumulation (Rogov and Zvyagilskaya, 2015). The

role of the AP unrelated to energy storage, for example in
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alleviating or preventing oxidative stress, has attracted
the attention of researchers for a few decades (Rogov et
al., 2014). AP is believed to be involved in maintaining
respiratory carbon metabolism (Florez- Sarasa et al.,
2007), redox balance in ETC (Millenaar and Lambers,
2003) reducing the excessive production of ROS due to
the rapid electron release to oxygen, and reducing the
degree of restoration of the pool of ubiquinones (Maxwell
et al., 1999), especially under stress (Rhoads et al., 2006).
AP activation contributes to the protection of ETC of
chloroplasts from photoinhibition, by dispersing excess
reductive equivalents from chloroplasts (Yoshida et al.,
2011). This contributes to the implementation of growth
and development programs in a constantly changing

environment.

AA is an inhibitor of ubiquinol oxidation by the
cytochrome bc, complex in the mitochondrial low
potential chain which prevents the formation of a proton
gradient across the inner membrane, thereby prohibiting
oxidative phosphorylation (Quinlan et al., 2011; Antal et
al., 2013). AA, blocking the cytochrome complex Il of
the ETC, can lead to changes in the expression of such
mitochondrial genes as alternative oxidase (aox1a) and
NADPH-dehydrogenase (ndb1).
Previously, it has been shown that the effect of AA at a

rotenone-insensitive

concentration of 5 uM contributes to an increase in the
expression level of the aox1a and ndb1 genes three times,
and at a concentration of 15 UM twice compared to the
control. Its impact at a concentration of 25 uM leads to
complete inhibition of the transcriptional activity of the
genes suggesting that this concentration is already toxic
to cells (Popov et al., 2011).

Wheat is the most widely grown crop in the world
which represents a major resource for food and feed,
especially in Europe and North America. It can be grown
in temperate zones as well as in tropical and subtropical
regions. This distribution implies that wheat is a versatile
crop and well adapted to changing environmental
conditions. Heat stress represents worldwide spread
abiotic stress, significantly limiting yields and agricultural
production of many crop plants including wheat. Analysis

of morphological alterations is useful for studying
plant adaptations to environmental stress factors.
Morphologically the most typical symptom of a heat
stress injury to plants is the reduction of growth (Naz
et al., 2018). Given the intensive interest in this area of
research, it was aimed to investigate the evaluation of AA,
as a modulator of AP on the intensity of growth processes
and some physiological parameters of etiolated wheat
seedlings, such as maximum length of root, length of first
leaf and coleoptile, fresh and dry weights at the whole
plant level, leaf area as well as relative water content,
saturation water deficit, degree of leaf succulence and

degree of leaf sclerophylly.

MATERIALS AND METHODS

Plant material and design of the experiment

The object of this study has been selected etiolated
seedlings of wheat (Triticum aestivum L., cv. Harmony).
Cereal seedlings are convenient models for studying
plant physiology and molecular biology because their
growth and development are synchronous throughout
ontogeny (Vanyushin et al., 2004). After 24 hours of
germination on moist filter paper at 26°C etiolated
wheat seedlings of equal length were divided into the
following control and experimental groups: control group
(23°), stressful conditions (42°C, 24 h) and stressful
conditions (42°C, 24 h) in the presence of AA (1 mg L?)
(Sigma-Aldrich) and then polyethylene pots transferred in
containers (5.5 I) were kept in a climate chamber (Sanyo,
Versatile Environmental Test Chamber) under controlled
conditions (23/23 °C day/night temperature, relative
humidity 80%). Water and reagent solution (AA) used in
pots were replaced daily with freshly prepared solutions.
The seedlings were subjected to stressful conditions
(42°C, 24 h) and stressful conditions (42°C, 24 h) in the
presence of AA (1 mg L?) (Sigma-Aldrich) on the 3 day
of development. After stressful conditions (42°C, 24 h)
as well as subjected to stressful conditions (42°C, 24 h)
and AA treatment plant material (roots, coleoptiles, and
first leaves) was harvested and analyzed for the following

parameters.
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Morphological parameters

To assess the impact of prolonged HS and the
combined effect of AA and long-term HS on some plant
growth parameters e.g. maximum length of root, length
of first leaf and coleoptile, fresh (FW) and dry (DW)
weights at the whole plant level, 4%, 5t 6t 7% and
8" day-olds wheat seedlings were obtained and their
growth parameters were measured using a graduated
ruler with a precision of 1 mm. The growth parameter
values were compared with those of the control groups.
Wheat seedlings were weighed to determine their FW
and then were dried in a hot air oven at 80°C for 24 h
reaching constant weight to determine the dry biomass
weight of the same seedlings (Ali et al., 2009). The leaf
area measurements were calculated according to the
following equation: Leaf area = Length x Breadth x 0.75
(Chaudhary et al. 2012). For determining the degree of
succulence and degree of leaf sclerophylly, the following
equations were used: Degree of succulence = Water
amount/Leaf area; Degree of sclerophylly = Dry mass/
Leaf area (Delf, 1912, Witkoswski & Lamont, 1991).

Physiological parameters

The water status of plants was established by
measuring relative water contents (RWC) separately in
the developing (first leaves) and senescent (coleoptiles)
organs of Triticum aestivum L. seedlings (Gao, 2000). The
water saturation (WSD) in plant tissues was revealed
according to Saleh (2013) from the following equation:
WSD (%) = 100 - RWC (%).

Data collection and statistical analysis

The one-way analysis of variance (one-factor ANOVA)
was used to determine the differences of all obtained data
of this research. The results presented as mean values +
standard errors from three independent experiments
each of which was made in 20 replicates, and their
statistical significance between means was set at p<0.05.
The software used to conduct the statistical analyses was
the program Statistica 2010 (Version 13.0).

RESULTS AND DISCUSSION

Analysis of morphological attributes of wheat seedlings

It is well documented by numerous researchers
that HS causes various morphological, biochemical,
physiological, metabolic, and molecular alterations in
plants (Hasanuzzaman et al., 2013; Fedyaeva et al., 2014;
Lyububushkina et al., 2015; Grabelnych et al., 2015;
Jumiatun et al., 2016). The current results showed that
HS significantly declined the length of the first leaf by
30% (Figure 1) and the maximum length of roots by 59%
of etiolated wheat seedlings especially at the late stages
of seedling development (7 and 8t days) in comparison
with control (Figure 2). These results were in agreement
with those of many authors (Rodriguez et al.,, 2005;
Hasanuzzaman et al., 2013) who reported that HS causes
a loss of cell water content for which the cell size and
ultimately the growth is reduced. The inhibition of wheat
growth characteristics under HS would also be due to
the reduction in net assimilation rate that is also another
reason for the reduced relative growth rate under HS
which was confirmed in sugarcane sprouts (Wahid et al.,
2007). Wheat coleoptiles function for a relatively short
period at the early stage of ontogenesis reaching their
peak of development on 4t - 5" days and then gradually
die (Vanyushin et al., 2004). The data presented revealed
that the prolonged HS exposure did not significantly affect
(p > 0.05) the coleoptile length at the early and late stages
of seedlings development (Figure 3). These results were
in agreement with those of Momcilovic and Ristic (2007)
who reported that the maize coleoptile was heat tolerant
at all stages of seedling development. Moreover, it is
worth mentioning that in coleoptiles of wheat seedlings
at the early stages of development DNA synthesis occurs
actively and most likely HS stimulates cell division and can
influence growth processes whereas at the late stages of
development (after 6™ day) the concentration of DNA in
cells decreases and the influence of HS practically was
noticed (Vanyushin et al., 2004).

The current results showed that fresh and dry
weights of etiolated wheat seedlings were reduced by

10% and 14%, respectively, under exposure of HS in

JOURNAL

Central European Agriculture
ISSN 1332-9049

363


https://doi.org/10.5513/JCEA01/22.2.2816

Original scientific paper

DOI: /10.5513/JCEA01/22.2.2816

Batjuka and SKUTE: Assessing the effect of antimycin A on morphophysiological parameters in...

140 -
120
E 100 -
£ 80 - %
2 . % @23°C
7 ]
- Rd . g @42°C, 24 b
o 40 - j 7 BAA#42°C, 24 h
20 - R 7

Days of development
Figure 1. Effect of antimycin A on the length of the first leaves
of etiolated wheat seedlings at different stages of development.
Data are presented as means + SE

comparison with control (Figure 4, 5). These results
were in agreement with previous findings of Rodriguez
et al. (2015), who reported that high-temperature stress
reduced the FW and DW of plants. The inhibition of
wheat growth characteristics under HS might be due
to alteration in cell division and cell elongation (Fahad
et al., 2017). Moreover, a decrease in growth attributes
of wheat seedlings under HS could be associated with
the production of reactive oxygen species (ROS) which
can pose a threat to cells by causing peroxidation of
lipids, oxidation of proteins, damage to nucleic acids,
enzyme inhibition, activation of programmed cell death
(PCD) pathway (Karuppanapandian et al., 2011). The
findings of previous research showed an enhanced ROS
production in leaves and coleoptiles of etiolated wheat
seedlings and seedlings grown under normal daylight
regime following short-term and long-term HS (42°C)
which was associated with strong oxidative stress leading
to membrane biochemical and functional alterations
(Batjuka and Skute, 2017; Batjuka and Skute, 2019).

Obtained results indicate that the morphological
alterations in Triticum aestivum L. after the exogenous
AA application after prolonged exposure to HT were
significantly affected during developmental stages. The
results indicate that the first leaf length of wheat seedlings
during early and late-stage under exogenous application
of AAwas inhibited by 23% and length of coleoptiles by 5%
as well as the maximum length of roots by 55% compared
to control (Fig. 1, 2, 3). However, unlike the effect of
HS alone, AA application improved the morphological
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Figure 2. Effect of antimycin A on the length of roots of etiolat-
ed wheat seedlings at different stages of development. Data are
presented as means + SE

attributes of wheat seedlings under HS conditions
particularly in first leaves and coleoptiles suggesting that
the increased capacity of AP-induced by AA participates
in the regulation of many plants physiological processes
as well as plant response to oxidative stress conferring
tolerance to HT in wheat seedlings. Moreover, the role
of AP in the prevention of ROS formation emphasized in
previous studies (Amirsadeghi et al., 2006; Gupta et al.,
2009; Batjuka, 2019). Consistent with the assumption,
Vanlerberghe (2013) has also suggested that AOX
activation is the first step in preventing the formation of
ROS in plant cells supporting growth processes. At the
physiological level, AP cannot prevent the oxidative stress
parameters resulting from other metabolic causes except
for mitochondrial ETC in the cytosol. Maxwell et al. (1999)
determined that the presence of AA, overexpressing
Aoxla caused induction of growth processes, whereas
cells with suppressed levels of AOX died. Sugie et al.
(2006) have reported that the growth of Arabidopsis was
considerably inhibited on the AA-containing medium.
Taira et al. (2013) reported that AA inhibited the growth
rate of intact roots and leaves in the darkness but in turn
root growth was not affected by AA-like compounds in

ruptured chloroplasts.

Leaf area is a determinant factor in photosynthesis,

radiation interception, biomass accumulation,
transpiration, and energy transfer (Akram-Ghaderi and
Soltani, 2007) which development is highly sensitive
to temperature. The data in Table 1 revealed that HS

reduced the leaf area by 25% in comparison with control.
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Figure 3. Effect of antimycin A on the length of coleoptiles of
etiolated wheat seedlings at different stages of development.
Data are presented as means + SE

The observed reduction in leaf area of heat-stressed
wheat leaves could be attributed to the loss of water
content, which causes a reduction in meristematic
activity as well as cell elongation, thereby inhibiting leaf
expansion. These results were in good agreement with
those obtained by Fan et al. (2018). Moreover, wheat
seedlings tried to cope with the HS by reducing its leaf area
in order to allow the conservation of energy, minimize the
deleterious effects of loss of water and activate avoidance
and/or tolerance mechanisms. Similarly, the inhibition
of the leaf area was alleviated under AA treatment in
contrast to HS (Table 1). It is noteworthy that the growth
conditions in the presence of AA occur only when the AP
is active and is able to support a reduced ATP turnover
in plant mitochondria. It is envisioned that AP optimizes
the respiratory metabolism during plant growth and
development that is important for maintaining metabolic
and signaling homeostasis that positively impacts growth,
particularly in response to stress factors (Abdrakhimova
et al., 2011; Vanlerberghe, 2013).

m23'C
B42°C, 24 h
BAA+42°C, 241

4 5
Days of development
Figure 4. Effect of antimycin A on the fresh mass of etiolated
wheat seedlings at different stages of development. Data are
presented as means + SE
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Figure 5. Effect of antimycin A on the dry mass of etiolated
wheat seedlings at different stages of development. Data are
presented as means + SE

Analysis of physiological parameters of wheat seedlings

Leaf relative water content (RWC) is the most
prescribed and most efficient parameter of the equilibrium
between water absorption and evapotranspiration and
is considered the best indicator of the water status of
a plant (Farhat et al., 2008). Obtained results indicate
that the RWC in the first leaves of wheat seedlings was
significantly reduced by 11% with a greater increase in
SWD by 29% under long-term exposure to HS depending
on the stage of development (Table 1). The results
presented above suggest that this may be related not
only to the developmental processes of the first leaves
but also to the condition of the coleoptile because the
primary function of coleoptile is to protect the first
leaf from mechanical damage during the germination.
However, as distinct from the first leaves coleoptiles
more severely (16-19%) lose water content depending
on the stage of development (Table 2). Given the
fact that coleoptile relatively quickly ages during the
development of wheat seedlings (Vanyushin et al., 2004),
it is reasonable to hypothesize that HS causes premature
senescence. Notably, it was recently observed that RWC
in plants was expressively reduced by HS (Kohila and
Gomathi, 2018). The progressive decrease of RWC in
leaves and coleoptiles of wheat seedlings during abiotic
stress conditions is accompanied by a reduction in turgor
(Zlatev and Lidon, 2012), suggesting that this could be
due to suffering from limited water availability to the
cells. Decreasing turgor pressure conceivably leads to a
decrease or surcease of the growth process by decreasing
cell extensibility and cell expansion (Gall et al., 2015).
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Table 1. Effect of antimycin A on the leaf area, relative water content (RWC), saturation water deficit (SWD), leaf succulence and
leaf sclerophylly in the etiolated developing organs of wheat seedlings at different stages of development. Data are presented as

means * SE

Sample Leaf area (cm?) RWC (%) SWD (%) Lea(fns];cccrtj]l_%nce Leaf sclerophylly
23°C, 4t day 1135+1.3 83.6£3.7 174 +24 0.16 £ 0.02 3.32+1.1
23°C, 5% day 1950+ 1.9 879+18 120+1.8 0.14 £ 0.02 291+0.2
23°C, 6t day 2183+ 4.7 842+26 19.2+0.5 0.09 £0.01 1.78 0.1
23°C, 7t day 331.0+2.7 86.1+2.9 16.8 £0.6 0.07 £0.01 2.12+0.0
23°C, 8 day 365.0+2.7 82.6+24 141 +10 0.05 +0.00 1.65+0.3
42°C, 4t day 80.5+1.8 704 +£3.1 21427 0.14 £ 0.01 5.84+1.2
42°C, 5" day 955+22 741 +3.1 21.7+25 0.09 £0.01 6.21+£0.8
42°C, 6" day 168.8 £4.5 75.2+4.1 19.6 £3.1 0.06 £ 0.02 3.68+0.3
42°C, 7" day 306.3+2.5 78325 25.9+3.1 0.05+0.01 5.79+0.1
42°C, 8" day 318.8+3.8 78.6 2.7 248+4.1 0.03 £ 0.00 347 0.2
AA+42°C, 4t day 855+1.7 77026 24720 0.16 £ 0.02 545+0.3
AA+42°C, 5t day 102.0+4.6 75.8+1.9 142 +19 0.12+0.01 425+0.6
AA+42°C, 6t day 169.5+1.9 78715 153+15 0.08 £0.01 3.15+04
AA+42°C, 7" day 310.0+ 3.3 81.0+29 19.0£29 0.05+0.01 2.23+0.2
AA+42°C, 8t day 327.5+33 83.5+3.0 16.5+3.0 0.04 +0.00 1.71+£0.3

Table 2. Effect of antimycin A on the relative water content
(RWC) and saturation water deficit (SWD) in the etiolated se-
nescent organs of wheat seedlings at different stages of de-
velopment. Data are presented as means + SE

Moreover, suppression in RWC under stress conditions
might be associated with a reduction of water uptake
characterized by the injury to the root system (Garg and
Singla, 2009). Another interesting observation from this
study is that HS induced a significant reduction (29%)
in the degree of leaf succulence although the degree of
sclerophylly was significantly increased (53%) (Table 1).
These observations are in agreement with previously
proposed studies describing a decrease in the degree of
leaf succulence in stressed leaves (Welch and Rieseberg,
2002). Taken together, it has been established that this
could be affected by the water deficit of the growing
leaves, which pointed by less RWC and more SWD as

well as less succulence and more sclerophylly.

The application of AA mitigates the effect of HS by
maximizing RWC by 5% and minimizing SWD by 29%
in the first leaves of wheat seedlings compared to HS
alone (Table 1). The results also indicate that exogenous
application of AA increased RWC by 11% and SWD by
18% in the coleoptiles of wheat seedlings compared to

Sample RWC (%) SWD (%)
23°C, 4t day 93.2+13 147 +2.8
23°C, 5t day 95.7+25 16.3+£19
23°C, 6" day 93.6 +2.3 15217
23°C, 7t day 98.2+1.8 15.9+£0.6
23°C, 8" day 93.6+1.2 164+ 1.5
42°C, 4" day 75.6+£2.1 16.5£ 2.9
42°C, 5" day 783%25 152+29
42°C, 6" day 784 +28 16.2+22
42°C, 7" day 79.1+28 153+28
42°C, 8" day 762+29 15741
AA+42°C, 4t day 86.4+26 16.6 £2.3
AA+42°C, 5t day 89.2+28 16.6 £1.9
AA+42°C, 6t day 85.0+£25 20.5+1.8
AA+42°C, 7t day 88.0+£23 22.6+23
AA+42°C, 8t day 85.5+33 214+26
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HS alone (Table 2). In the present study, when compared
to the HS alone, AA treatment markedly increased
(17%) the degree of leaf succulence and reduced (33%)
the degree of leaf sclerophylly. It is supposed that this
enhancement in the developing and senescent organs of
wheat seedlings could result from the activation of AP
that is efficient in reducing the adverse effects of HS
maintaining the relatively high water content necessary
for growth and cellular functions and perhaps delays the

senescence of whole coleoptiles.

CONCLUSIONS

In summary, the present study indicated that prolonged
HS adversely influenced the growth and physiological
parameters of etiolated wheat seedlings, such as maximum
length of roots, length of first leaf and coleoptile, fresh
and dry weights at the whole plant level, leaf area as well
as relative water content, saturation water deficit, degree
of succulence and degree of sclerophylly which may be
attributed due to an enhanced level of oxidative stress.
However, the highest stress resistance was determined in
wheat seedlings grown under the combined effect of AA
and prolonged HS.
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