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Abstract Drought is a major abiotic stress that can significantly affect seed germination, growth, flowering, and crop yield of okra.
Under drought stress, okra plants actively reprogram the gene expression network and adjust the physiological metabolism to
maintain growth and development. Characterizing the drought-induced changes at transcriptomic, physiological, and morphological
levels should provide valuable information for selective breeding against drought. In this review, we summarize recent advances in
drought response in okra and survey the molecular mechanisms underlying drought tolerance.
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Background

Climate change and unsustainable farming make abiotic stresses including drought, high salinity, and extreme
temperature more frequent (An et al., 2016; Zhu, 2016). Such adverse environmental factors inevitably limit the
growth of plants and finally comprise the yield and quality of crops (Araus et al., 2002; Liu et al., 2014). Among
them, drought has gained extensive attention due to its far-reaching impact on crop fitness and food security (An
et al., 2020; Hu et al., 2006). Drought causes dramatic changes at the molecular, cellular, and physiological levels
in plants (Lesk et al., 2016). For example, significant reprogramming of the transcriptome and proteome had been
documented in plants under drought. Massive molecular changes could affect multiple cellular activities such as
photosynthesis and dry matter accumulation in major crops including wheat and rice (Tabassum et al., 2017). At
the physiological level, drought affects all stages of plant growth and development, leading to inhibition in plant
growth and finally a reduction in yield. The severity of drought stress is only exacerbated by the shortage of water
and inefficient water resource management globally. Thus, it is urgent to understand the mechanisms by which
plants respond to drought (Zhang et al., 2018).

Okra (Abelmoschus esculentus L.) is an annual herb belonging to the Malvaceae family (Arapitsas, 2008). It is
rich in protein, amino acids, dietary fiber, and other essential nutrients (Arapitsas, 2008). Along with its high
adaptability to different environments, okra holds great economic value. Here, we summarized recent studies on
the drought stress responses of okra to better understand the molecular basis underlying how okra copes with
drought.

1 Morphological and Molecular Adaptations under Drought Stress

Plants keep a fine-tuned balance between the absorption and loss of water under normal growth conditions.
However, such a balance is disrupted under drought, causing drastic changes in many aspects of plant physiology
including plant morphology, reactive oxygen species (ROS) metabolism, stomatal movement, plant hormone
regulation, photosynthesis, and biomass accumulation. We will focus on the morphological adaptation and the
accumulation of protective proteins such as antioxidant enzymes under drought stress.

It is well-known that drought leads to changes in cellular structure and activity, which ultimately affect plant

morphology. First, the leaf size is decreased to reduce transpiration under drought (Mahajan and Tuteja, 2005).

Second, leaf senescence and defoliation are promoted by abscisic acid, jasmonic acid, and ethylene under drought
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to reduce water loss (Mahajan and Tuteja, 2005). Moreover, the root system is usually enlarged due to enhanced
division and elongation of root tip cells to promote water uptake (Bartels and Sunkar, 2005).

In addition to morphological adaptations, plants also upregulate the antioxidant defense system including
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) to alleviate drought-induced oxidative stress.

Finally, plants have developed osmotic regulation as another adaption mechanism, in which the accumulation of
osmolytes can stabilize the structure and function of biological macromolecules by reducing the osmotic potential
and maintaining the turgor pressure (Liu et al., 2014).

2 Drought-induce Cells Signaling

As drought could greatly hamper the growth and development of plants, plants have developed a sophisticated
network to adapt and survive. Once the drought stress signal is perceived in plants, multiple signaling events are
activated to promote or inhibit the expression of specific genes (Hu et al., 2006). These drought-responsive genes
are divided into two main categories: genes for signaling such as transcriptional factors (TFs) and protein kinases
(PKs) and genes that promote the production of osmolytes and antioxidant enzymes for protection against drought
stress (Liu et al., 2014). Changes in the expression of these key genes lead to further changes in various
physiological and biochemical processes, allowing adaption and growth under drought (Hu et al., 2006).

TFs are essential for transcription initiation in eukaryotes including plants by binding to RNA polymerase 1I. Key
TFs that are responsive to drought stress have been identified, including NAC, AP2, bZIP, MYB, and TFs with
zinc finger domains (Hu et al.,, 2006; Liu et al., 2014; Zhu, 2002). For example, NAC was the first
drought-responsive TF reported in Arabidopsis (Tran et al., 2004). In addition, zinc finger proteins positively
regulate plant drought stress tolerance (Ben Saad et al., 2010; Luo et al., 2012). Interestingly, TFs could either
positively or negatively regulate drought response. An example of a negative regulator is bZIP in rice and tobacco
during drought stress (Huang et al., 2010; Liu et al., 2012). Finally, manipulating the expression of TFs could be
used to enhance plant stress resistance. It has been demonstrated that alfalfa overexpressing WXPI (encoding a
putative TF with an AP2 domain from Medicago truncatula) exhibited enhanced drought tolerance (Zhang et al.,
2005).

Other drought-responsive genes enhance drought tolerance by promoting osmotic regulation. Osmotic regulation
is mainly achieved by the accumulation of small molecule metabolites, which can adjust the osmotic pressure and
reduce or even eliminate drought stress (Chen and Murata, 2002). Common osmolytes under drought include both
inorganic ions mainly including K*, Na*, and Ca*" and metabolites such as proline (Liu et al., 2014). Consistent
with the function of specific genes in promoting osmotic regulation, transgenic cotton plants overexpressing the
rice SNAC1 gene showed a higher level of proline and enhanced drought resistance compared to wild-type plants
(Liu et al., 2014).

3 Impact of Drought on the Growth of Okra

Drought inhibits the growth and development of okra, leading to a decrease in the number of pods and yield.
Chaturvedi et al. (2019) found that three developmental stages were most sensitive to drought stress: the
vegetative stage, flowering stage, and post-podding stage. In the vegetative stage, active cell divisions allow
plants to grow. Thus, drought stress at this stage shows an adverse impact on the overall development of the plants.
In addition, okra is highly susceptible to drought stress during flowering, which could result in a smaller number
of pods.

Drought-induced drop in okra yield is associated with poor transport of assimilated compounds, membrane
damage, and altered physiological activities during the vegetative and flowering stages (Anjum et al., 2017). Since
okra shows different susceptibility toward drought at distinct growth stages, the level of yield drop under drought
is partially dependent on the timing of the stress. In addition, different cultivars exhibit a wide range of drought
tolerance (Abd El-Fattah et al., 2019). Thus, the drought-induced drop in okra is also dependent on the cultivar
(Razi et al., 2021).
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4 Impact of Drought on Physiological Metabolisms in Okra

4.1 Impact of drought on membrane integrity in okra

Maintaining membrane integrity and stability under drought stress is the main manifestation of plant drought
tolerance. However, an increased level of cell membrane damage and leaf temperature are observed under
increasing severity of drought stress. Damage in the cell membrane further results in the leakage of water-soluble
metabolites into the intercellular space, making electrical conductivity inversely proportional to the integrity of
the membrane (Dasgan et al., 2019).

4.2 Impact of drought on osmolytes in okra

Drought-induced osmotic stress could inhibit cell division and is also involved in other processes such as stomatal
conductance, photosynthesis, leaf water content, and growth. On the other hand, drought-induced accumulation of
proline and total sugar could enhance the drought resistance of okra (Ali et al., 2022).

4.3 Impact of drought on the antioxidant defense system in okra

Drought can induce the generation of ROS, leading to oxidative stress in plants. To cope with the excessive ROS,
a complex antioxidant defense system has been evolved in plants (Hu et al., 2006). For instance, an increase in the
enzyme activity of ascorbate POD and CAT has been observed in okra under drought (Ali et al., 2022). Thus,
increasing the capacity of the antioxidant defense system is one mechanism by which okra responds to drought.

4.4 Impact of drought on photosynthesis in okra

In the five okra cultivars tested, drought treatment resulted in a smaller leaf area compared to the controls (Sankar
et al., 2008). In addition, Chaturvedi et al. (2019) showed a significant decrease in the photosynthesis rate in okra
leaves under drought stress. Such a decrease can be largely attributed to a smaller leaf area, damage to the
photosynthesis system, and the reduction of relative leaf water content (Chaturvedi et al., 2019).

5 Approaches to Enhance Drought Tolerance in Okra

There are several studies reporting approaches that can alleviate drought stress in okra. Ali et al. (2020) showed
that foliar application of selenium can alleviate the drought-induced damages and improve the nutritional quality
and yield of okra. El-Afifi et al. (2018) reported that spraying chitosan, glycine betaine, or silicon had an impact
on the drought tolerance in okra. Interestingly, it was found that the alleviation of drought stress was associated
with increased levels of vitamin C, carbohydrates, protein, and total sugar in okra siliques (El-Afifi et al., 2018).
Pravisya et al. (2019) found that treating okra with Pseudomonas fluorescens (a rod-shaped bacterium) decreased
drought-induced damages. The beneficial effect of bacterial treatment was associated with an enhancement in the
activity of non-enzymatic antioxidants, relative water content, as well as contents of total sugar, free amino acids,
and other metabolites (Pravisya et al., 2019).

6 Drought-induced Gene Expression in Okra

Currently, high-throughput sequencing has been widely used in plant transcriptomics to mine functional genes and
to elucidate the genetic/evolutionary mechanisms in plant drought responses. For example, Shi et al. (2019)
compared the transcriptomes of okra seedling leaves under different degrees of drought stress and found that the
number of differentially expressed genes was positively associated with the severity of drought stress. As expected,
drought caused reprogramming of the gene expression in multiple metabolic pathways. Remarkably, many TF
genes including bHLH, MYB, C2H2, and bZIP were significantly up-regulated in okra seedlings under drought
stress (Shi et al., 2019). Further investigation on these 7Fs may promise the generation of okra plants with
enhanced drought resistance.

7 Perspectives

Despite recent studies on the drought response in okra, the molecular basis underlying drought tolerance remains

elusive due to a lack of in-depth mechanistic investigations. This is in part because the okra genome is still

unavailable, making the discovery and validation of drought-resistance genes difficult. On the other hand, research

in okra, a non-model plant, is scarce with only a limited number of investigators. Nonetheless, the wide
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application of multi-omics technologies (transcriptomics, proteomics, and metabolomics) may change the field
drastically by unbiased identifying novel genes, proteins, and metabolites that are important in the drought
response in okra.
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