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Abstract: Plants reprogramme their proteome to alter cellular metabolism for effective stress adapta-
tion. Intracellular proteomic responses have been extensively studied, and the extracellular matrix
stands as a key hub where peptide signals are generated/processed to trigger critical adaptive signal
transduction cascades inaugurated at the cell surface. Therefore, it is important to study the plant
extracellular proteome to understand its role in plant development and stress response. This study
examined changes in the soluble extracellular sub-proteome of sorghum cell cultures exposed to a
combination of sorbitol-induced osmotic stress and heat at 40 ◦C. The combined stress significantly
reduced metabolic activity and altered protein secretion. While cells treated with osmotic stress alone
had elevated proline content, the osmoprotectant in the combined treatment remained unchanged,
confirming that sorghum cells exposed to combined stress utilise adaptive processes distinct from
those invoked by the single stresses applied separately. Reactive oxygen species (ROS)-metabolising
proteins and proteases dominated differentially expressed proteins identified in cells subjected to
combined stress. ROS-generating peroxidases were suppressed, while ROS-degrading proteins were
upregulated for protection from oxidative damage. Overall, our study provides protein candidates
that could be used to develop crops better suited for an increasingly hot and dry climate.

Keywords: Sorghum bicolor; cell suspension cultures; secreted proteins; secretome; extracellular
matrix; combined stress; proteomics; iTRAQ

1. Introduction

Plants encounter a wide range of abiotic stresses, which limit their growth, yield, and
geographical distribution patterns [1,2]. These stress factors may occur individually, sequen-
tially, or simultaneously, causing adverse effects on plant physiology and metabolism [3–5].
While stress combinations such as ozone and drought or high CO2 and drought may posi-
tively influence the growth and performance of plants, others, including drought and heat,
often cause irreparable damage and devastating yield losses [3,4]. In addition, drought
and heat are often inseparable in the field, particularly in the arid and semi-arid tropics,
and their negative impact on crop productivity is aggravated by climate change and global
warming events [6].

The climate in sub-Saharan Africa, especially Southern Africa, is increasingly becoming
hotter and drier, and drought and heat stresses are among the leading causes of crop failure
and food insecurity in the region [7,8]. Of course, the economic and social consequences
of climate change might differ between regions [7,8]. Nevertheless, rural populations in
Africa are particularly vulnerable to global warming scenarios due to their reliance on
rainfed, low-technology-based farming practices for their livelihoods [9,10]. Therefore,
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understanding plant responses to combined heat and water deficit stress is a prerequisite
for developing resilient crops suitable for a warmer and drier climate [11].

Morpho-physiological and molecular responses of plants to individual stresses of
drought [1,12] and heat [2,13] have been extensively studied and reviewed, and some
drought [14] and heat [15] resilient food crops have been developed. It is known that
signalling pathways of different abiotic stresses may crosstalk and converge, resulting
in common plant responses to diverse stresses [16–18]. Nonetheless, individual stresses
of drought and heat also pose specific challenges to plants that require unique sets of
plant responses in mitigation. For example, drought-stressed plants reduce transpiration-
dependent water loss by limiting stomatal conductance [1], while heat-stressed plants
benefit from evaporative cooling achieved through increased stomatal conductance [2].
Because of these potentially antagonistic effects of stressors on plants, several studies
are now exploring ways in which plants adapt to stress combinations [3–5,19], including
combined drought and heat stress [20–22]. Rivero et al. [23] described such responses as
complex and possibly involving selective, additive, antagonistic, and unique regulatory
mechanisms to combat the newly developed physiological and metabolic strains of stress
combinations. This increased complexity in plant responses has been demonstrated in
transcriptomics [24–30], proteomics [31–35] and metabolomics [21,25,36–39] studies of
various plant species under combined drought and heat stress.

Results of the “omics” studies highlight an overlap of stress-responsive transcripts,
proteins, and metabolites against drought, heat, and their combined stress. However,
combined heat and drought stress also induces unique sets of stress-adaptive responses
compared to the stresses applied separately [23]. Furthermore, combined drought and heat
stress causes even greater detrimental effects on plant growth and reproductive capacity
than each of the individual stresses [4,34,40]. Such observations highlight the need to study
combined drought and heat stress effects on plants as a new form of stress that differs from
its individual stress components [3]. To date, however, proteomic studies on combined
drought and heat stress have mainly focused on the intracellular leaf proteome of Carissa
spinarum [31], wild barley (Hordeum spontaneum) [33], maize (Zea mays) [32,34], and soybean
(Glycine max) [35], with no equivalent investigations on secreted proteins.

Secreted proteins, also known as the secretome, are integral to cell structure and
function [41,42]. These proteins are translocated from the cell constitutively or in response
to biotic or abiotic stress factors [42–44]. Functionally, secreted proteins serve diverse roles
in cell structure, signalling, intercellular communication, and defence processes [41,42,44].
As such, the plant secretome contains potentially valuable stress-responsive proteins that
could serve as candidates for developing stress-resilient crops. Therefore, this study
investigated the effects of combined osmotic and heat stress on secreted proteins and on
osmolyte profiles of sorghum (Sorghum bicolor) cell suspension cultures to gain insights into
how metabolism is altered under combined stress. We specifically sought to understand
the similarities and differences between sorghum responses to heat and osmotic stressed
applied individually and in combination. We chose to use sorghum due to its natural
drought and heat tolerance compared to other cereals such as maize, rice (Oryza sativa),
and wheat (Triticum aestivum) [45,46]. Furthermore, sorghum is considered a good model
system for understanding drought and heat responses in cereal crops [47]. As this is the
first sorghum secretome study under combined osmotic and heat stress, our results lay a
foundation for future investigations on the composition and function of secreted proteins
in plants growing in hot and dry environments. Some of the stress-responsive proteins
identified in this study, such as proteases and their inhibitors, antioxidant enzymes, and
chaperones, may be potential targets for developing stress-resilient crops. Our working
hypothesis is that sorghum cells exposed to individual or combined osmotic and heat
stresses, alter cellular metabolism and secrete common and unique proteins to cope with
the prevailing stressful environments and promote plant survival.
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2. Results and Discussion

With a progressively warming global climate, combined drought and heat stress will
likely cause more significant losses in crop yield than the individual stresses of drought
and heat [3,4]. As such, understanding the effects of combined drought and heat stress
in plants is an emerging focus for many researchers worldwide. Proteomic studies of the
response to combined drought and heat stress have to date focused on the intracellular
leaf proteome [31–35], with no published work on secreted proteins of the extracellular
matrix (ECM). However, the secretome plays essential roles in cell growth, signalling,
communication, and defence responses against biotic and abiotic stresses [41,42,48,49].
Therefore, this study aimed to investigate the effects of combined osmotic and heat stress
on protein secretion in sorghum cell suspension cultures. Results obtained from such a
study could be useful in identifying potential targets for developing stress-resilient crops.
We used sorghum cell suspension cultures in line with our longstanding research interests
to understand the influence of abiotic stresses on protein secretion in plants [50,51]. The
stresses applied in this study consisted of individual treatments or a combination of osmotic
stress [50] and heat stress at 40 ◦C [51] used in previous studies.

2.1. Osmotic Stress, Heat, and Their Combination Exert Differential Effects on Sorghum Cell
Metabolic Activity

Analysis of metabolic activity revealed a significant dip 24 h after exposure to all
three treatments: osmotic stress, heat stress, and their combination relative to the control
(Figure 1). However, the heat-stressed cells regained their full viability to levels indistin-
guishable from the controls at 48 and 72 h. This implies that the 40 ◦C heat threshold is
not lethal to ICSB338 sorghum cells, a result previously reported by Ngcala et al. [51]. The
osmotically stressed cells and those exposed to combined osmotic and heat stress did not
fully recover from the stress within the 72-h treatment period when compared to the control.
Furthermore, sorghum cell cultures exposed to the combined stress had the least metabolic
activity at 48 and 72 h post-treatment (Figure 1), illustrating the heightened negative impact
of the stress combination on ICSB338 sorghum cells. The diminished metabolic activity
is perhaps the basis for the growth and yield penalty often associated with the combined
drought and heat stress seen in the field. Other studies have also shown that combinations
of heat and water deficit are more disruptive to normal plant cell metabolism when com-
pared to individual stresses [52]. Overall, our results suggest that combined osmotic and
heat stress has greater detrimental effects on cellular metabolism than the single stresses
applied individually.

2.2. Proline and Glycine Betaine Accumulation Is Not Universal across Osmotic Stress, Heat
Stress, or Combined Stress

Plants also respond to abiotic stresses by accumulating diverse metabolites with
signalling, osmoregulatory, and protective functions [53,54]. Proline and glycine betaine
have been studied extensively, and their accumulation patterns in many plant species under
a range of abiotic stresses are documented [53,54]. Nevertheless, as reviewed by Ngara and
Chivasa [22], increased proline accumulation is not necessarily universal across treatments
of drought, heat, and their combination, even within a single plant species. In this study,
we only observed a statistically significant increase in proline levels in osmotically stressed
sorghum cell cultures at 48 and 72 h compared to the control (Figure 2). Although the
proline content of the heat-stressed cells showed a declining trend throughout the 72 h
of treatment, it was below the threshold of statistical significance when compared to the
controls. Likewise, the combined osmotic and heat stress had a marginal increase in proline
accumulation, though it was also not statistically different from the controls. However, heat
stress alone moderately lowered proline content below the combined osmotic and heat
stress at 48 and 72 h (Figure 2). Similar findings were reported in Arabidopsis (Arabidopsis
thaliana) leaves, where proline accumulated to high levels under drought conditions but
was inhibited under heat stress alone and when drought was combined with heat stress [25].
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Figure 1. Metabolic activity of ICSB338 sorghum cell cultures under single and combined stresses. 
ICSB338 sorghum cell cultures were exposed to osmotic stress (400 mM sorbitol at 27 °C), heat (40 
°C), and a combination of osmotic and heat stress (400 mM sorbitol at 40 °C) for 72 h. Control cell 
cultures were maintained at 27 °C for the duration of the experiment. Cell aliquots were taken at the 
indicated time-points for assessment of the metabolic activity using the MTT (3-(4,5-dimethylthia-
zolyl2-2,5-dipenyltetrazolium) assay. Data presented as the mean ± SE (n = 3). Different letters indi-
cate significant difference between means at (p ≤ 0.05) according to ANOVA and Tukey-Kramer test. 
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Figure 1. Metabolic activity of ICSB338 sorghum cell cultures under single and combined stresses.
ICSB338 sorghum cell cultures were exposed to osmotic stress (400 mM sorbitol at 27 ◦C), heat (40 ◦C),
and a combination of osmotic and heat stress (400 mM sorbitol at 40 ◦C) for 72 h. Control cell cultures
were maintained at 27 ◦C for the duration of the experiment. Cell aliquots were taken at the indicated
time-points for assessment of the metabolic activity using the MTT (3-(4,5-dimethylthiazolyl2-2,5-
dipenyltetrazolium) assay. Data presented as the mean ± SE (n = 3). Different letters indicate
significant difference between means at (p ≤ 0.05) according to ANOVA and Tukey-Kramer test.
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betaine in SA1441 and ICSB338 sorghum leaves and roots under drought stress. It is, how-
ever, unclear why glycine betaine accumulates in drought-stressed sorghum leaf and root 
tissues [56] but not in sorghum cell suspension cultures exposed to sorbitol-induced os-
motic stress (Figure S1). Perhaps these contrasting results are due to differences between 
whole plant and cell culture experimental systems. Contrary to our results, glycine betaine 
accumulated in watermelon (Citrullus lanatus) cell suspension cultures exposed to 100 mM 
mannitol-induced osmotic stress [57]. The authors also showed that exogenous glycine 
betaine alleviated cell growth retardation caused by the osmotic stress [57]. Nonetheless, 
our results suggest that glycine betaine and proline accumulation is not a universal re-
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Figure 2. Proline content of ICSB338 sorghum cell cultures under individual and combined stresses.
ICSB338 sorghum cell cultures were exposed to osmotic stress (400 mM sorbitol at 27 ◦C), heat
(40 ◦C), and a combination of osmotic and heat stress (400 mM sorbitol at 40 ◦C) for 72 h. Control
cell cultures were maintained at 27 ◦C for the duration of the experiment. Cell aliquots were taken at 0,
24, 48, and 72 h for proline content analysis using hydrophilic interaction chromatography and liquid
chromatography–mass spectrometry. Data are presented as the mean ± SE (n = 3). Different letters indicate
significant differences between means at (p ≤ 0.05) according to ANOVA and Tukey-Kramer test.
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While the reasons behind such inhibitory effects of heat stress or combined heat and
drought stress are not clear, proline and/or its intermediate metabolites may be toxic to
some plant species under these conditions [25]. In such cases, the osmoregulatory and
protective functions of proline may be assumed by soluble sugars [25]. In other studies,
drought, heat, and combined drought and heat stresses resulted in increased accumulation
of proline in leaves of wheat (T. aestivum) [55], tomato (Solanum lycopersicum) [52] and
soybean (G. max) [27] plants. However, the highest proline content was reported under
heat stress in the soybean study [27] and combined drought and heat stress conditions
in wheat [55] and tomato [52]. In the current study, levels of glycine betaine remained
unchanged throughout the 72 h of treatment with osmotic stress, heat, and their combi-
nation of stress (Figure S1). This possibly indicates that glycine betaine does not play a
significant role in the stress-adaptive responses of ICSB338 sorghum cell cultures to these
treatment conditions. In contrast, Goche et al. [56] reported an increased accumulation of
glycine betaine in SA1441 and ICSB338 sorghum leaves and roots under drought stress. It is,
however, unclear why glycine betaine accumulates in drought-stressed sorghum leaf and
root tissues [56] but not in sorghum cell suspension cultures exposed to sorbitol-induced
osmotic stress (Figure S1). Perhaps these contrasting results are due to differences between
whole plant and cell culture experimental systems. Contrary to our results, glycine betaine
accumulated in watermelon (Citrullus lanatus) cell suspension cultures exposed to 100 mM
mannitol-induced osmotic stress [57]. The authors also showed that exogenous glycine be-
taine alleviated cell growth retardation caused by the osmotic stress [57]. Nonetheless, our
results suggest that glycine betaine and proline accumulation is not a universal response in
ICSB338 sorghum cell suspension cultures under osmotic stress, heat, and the combined
stress. Future metabolomics studies of ICSB338 sorghum cell cultures should investigate
possible metabolite replacements of these two organic compounds under similar treatments.
Such investigations could contribute insights into the range of stress-responsive osmolytes
under single and combined stresses.

2.3. Combined Osmotic and Heat Stress Modulates Protein Secretion in Sorghum Cell Cultures

The growth medium of cell suspension cultures is widely used as an in vitro source of
secreted proteins [41,42,58]. In this study, secreted proteins were extracted from the growth
medium of control cells and those treated with combined osmotic and heat stress 72 h
following treatment. The 72-h time point was selected in line with previous sorghum secre-
tome studies [50,51,59] and the observed changes in cell metabolism upon stress treatment
(Figures 1 and 2). Extracted ECM proteins were labelled using the isobaric tags for relative
and absolute quantification (iTRAQ) method and analysed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). After cleaning up the MS/MS data, 459 secreted
proteins were positively identified with at least two peptides and the full peptide infor-
mation is provided in Table S2. The minimum threshold of two sequenced peptides was
selected to increase the confidence in protein identification. Of these 459 proteins, 117
were responsive to combined osmotic and heat stress according to a Student’s t-test at
p ≤ 0.05 (Table S3). Protein accession numbers of the differentially expressed protein (Table
S3) and their corresponding amino acid sequences from the UniProt database were used
in bioinformatics analyses to update the protein names, predict the presence of signal
peptides, and assign GO terms and protein families (Table S4). Due to the extensive list of
the differentially expressed proteins identified in this study (Table S4), we show a subset
of these proteins (Table 1) filtered using a probability cutoff threshold of p ≤ 0.01 for the
significance of differential expression between the control and stressed sample. However,
the entire protein list (Table S4) is used in the discussion of results.
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Table 1. List of combined osmotic and heat stress responsive secreted proteins of ICSB338 sorghum
cell suspension cultures at 1% significance level.

Accession a Protein Name b Ratio c SD d p-Value e SP f Protein Family g

Cell Wall Modification

C5XYP5 Fibronectin type III-like
domain-containing protein −1.41 0.04 3.31 × 10−3 + Beta-D-xylosidase

A0A1B6QHZ6 Beta-glucosidase −1.34 0.10 6.33 × 10−3 − Cellulose degradation
glycosyl hydrolase 3

C5Z8N0 FAS1 domain-containing protein −1.57 0.12 7.97 × 10−3 + Fasciclin-like
arabinogalactan protein

C5WXC7 Alpha-galactosidase −1.83 0.05 1.89 × 10−3 + Glycoside hydrolase, family 27

A0A1W0W3H0 Alpha-galactosidase −1.69 0.02 3.02 × 10−3 − Glycoside hydrolase, family 27

A0A1B6QE21 UTP--glucose-1-phosphate
uridylyltransferase 1.62 0.14 3.56 × 10−4 − UTP--glucose-1-phosphate

uridylyltransferase

C5XT36 Endoglucanase −2.11 0.12 7.99 × 10−3 + Glycosyl hydrolase, family 9

A0A1Z5R476 Glucan endo-1,3-beta-D-glucosidase GVI 3.87 0.73 8.10 × 10−4 + Glycoside hydrolase, family 17

C5XIT5 Pectinesterase −1.56 0.07 7.40 × 10−3 + Pectinesterase family

Defence/Oxidative Stress Response

C5WYQ4 Peroxidase −1.81 0.08 1.38 × 10−3 + Plant peroxidase

C5X5K6 Peroxidase −1.49 0.07 1.93 × 10−5 + Plant peroxidase

C5XB39 GH18 domain-containing protein 2.69 0.54 1.95 × 10−3 + Glycoside hydrolase
18 family chitinases

C5XJT8 Protein disulfide-isomerase 2.93 0.73 3.88 × 10−3 + Protein disulfide isomerase

A0A1B6PQR2 Protein disulfide-isomerase 2.08 0.44 6.89 × 10−3 + Protein disulfide isomerase

C5XB38 GH18 domain-containing protein 1.41 0.14 5.14 × 10−3 + Glycoside hydrolase
18 family chitinases

A0A1B6QFT1 Peroxidase −2.24 0.08 2.57 × 10−4 + Plant peroxidase

C5XL59 Peroxidase −2.93 0.06 1.62 × 10−3 − Plant peroxidase

C5X3C1 Peroxidase −2.25 0.08 9.64 × 10−3 + Plant peroxidase

C5X3C6 Peroxidase −2.09 0.08 1.45 × 10−3 + Plant peroxidase

C5XN52 Thaumatin-like protein 2.00 0.43 7.06 × 10−3 + Thaumatin family

C5YQ75 Peroxidase −1.57 0.06 1.14 × 10−3 + Plant peroxidase

C5YHR8 Peroxidase −1.40 0.05 3.56 × 10−3 + Plant peroxidase

C5WVD3 Heat shock 70 kDa protein, mitochondrial 3.99 1.37 9.44 × 10−3 − Heat shock protein 70 family

C5YVR0 Superoxide dismutase 2.78 0.07 1.27 × 10−6 − Manganese/iron
superoxide dismutase

C5YYX3 Glutathione dehydrogenase (ascorbate) 2.58 0.23 1.25 × 10−4 − Dehydroascorbate reductases
DHAR1/2/3/4

A0A1B6QA33 Calreticulin 1.97 0.20 2.23 × 10−4 + Calreticulin

A0A1B6QG28 Superoxide dismutase [Cu-Zn] 3.26 0.75 2.39 × 10−3 −
Superoxide dismutase

[Cu-Zn]/superoxide dismutase
copper chaperone

A0A1Z5RIL8 Dirigent protein 1.94 0.28 3.53 × 10−3 + Dirigent protein

A0A1B6Q818 Glutathione transferase 1.89 0.33 4.12 × 10−3 − Glutathione-S-transferase

C5YXM1 Dienelactone hydrolase
domain-containing protein 1.72 0.30 8.64 × 10−3 - Dienelactone hydrolase family

C5YQ75 Peroxidase −1.57 0.056 1.14 × 10−3 + Plant peroxidase
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Table 1. Cont.

Accession a Protein Name b Ratio c SD d p-Value e SP f Protein Family g

Proteolysis

C5Z6U2 Ubiquitin-like domain-containing protein 1.97 0.30 3.34 × 10−3 − Ubiquitin and ubiquitin-like

C5Y675 Peptidase A1 domain-containing protein −1.59 0.03 2.58 × 10−3 + Aspartic peptidase A1 family

C5XQ74 Peptidase A1 domain-containing protein −1.66 0.08 2.43 × 10−3 + Aspartic peptidase A1 family

C5X3T4 Peptidase A1 domain-containing protein −1.84 0.07 3.09 × 10−5 + Aspartic peptidase A1 family

C5XQP2 Peptidase A1 domain-containing protein −1.39 0.02 8.17 × 10−3 + Aspartic peptidase A1 family

C5XG67 Cystatin domain-containing protein 2.76 0.70 6.17 × 10−3 + Cystatin

A0A1B6P6G7 Aspartic proteinase −2.00 0.11 7.05 × 10−3 + Aspartic peptidase A1 family

Metabolism

C5XX52 Glyceraldehyde-3-phosphate
dehydrogenase −1.47 0.11 3.62 × 10−3 − Glyceraldehyde-3-phosphate

dehydrogenase, type I

A0A194YMV2 Phosphoglycerate kinase 2.12 0.30 9.56 × 10−4 − Phosphoglycerate kinase

C5Y9T3 Aldose 1-epimerase −1.36 0.06 8.43 × 10−3 + Aldose 1-epimerase

A0A1W0VY92 GDSL esterase/lipase −1.99 0.04 7.30 × 10−3 + GDSL lipase/esterase-like, plant

C5Z861 Phytocyanin domain-containing protein −1.48 0.06 4.79 × 10−3 + Phytocyanin-like

C5Z4E5 Esterase −2.77 0.11 3.64 × 10−4 + GDSL lipase/esterase-like, plant

Signal Transduction

C5WPY7 Protein kinase domain-containing protein −1.85 0.10 2.13 × 10−3 + Protein tyrosine and
serine/threonine kinase

C5XQS6 EF-hand domain-containing protein 3.67 0.13 6.94 × 10−3 − None

Unclassified

C5XBP7 Leucine-rich repeat-containing N-terminal
plant-type domain-containing protein −3.70 0.05 3.06 × 10−5 + Polygalacturonase-inhibiting protein

A0A1Z5R915 Purple acid phosphatase −2.04 0.04 6.53 × 10−3 − Purple acid phosphatase

C5Z6Y0 Uncharacterized protein −1.66 0.06 1.11 × 10−3 + Protein exordium-like

C5X4M5 DOMON domain-containing protein −2.45 0.11 1.46 × 10−3 + Protein of unknown function
(DUF568)

C5Y2R8 Leucine-rich repeat-containing N-terminal
plant type domain-containing protein 3.81 0.31 8.46 × 10−6 + Leucine-rich repeat-containing

N-terminal plant type
a Protein accession numbers obtained from the UniProt database searches against sequences of Sorghum bicolor
only. b Protein name retrieved from Uniprot database on 31 March 2024. c Ratio represents the average fold
change (n = 4) in response to combined osmotic and heat stress relative to the control. A positive value indicates
upregulation, while a negative value indicates down-regulation. d Standard deviation of the fold changes (n = 4).
e Probability value (p ≤ 0.01) obtained from a Student’s t-test comparing the fold changes between the combined
osmotic and heat stress treatment and the control (n = 4). f Signal peptide (SP) prediction results for each protein
as determined by the SignalP 6.0 server (https://services.healthtech.dtu.dk/services/SignalP-6.0/) (accessed on
31 March 2024). + indicates the presence of a signal peptide, while − indicates the absence of a signal peptide.
g Family name as predicted using the InterPro (http://www.ebi.ac.uk/interpro/) or Pfam (http://pfam.xfam.org)
databases. Both the InterPro and Pfam databases were accessed on 31 March 2024.

A total of 112 (~96%) of the 117 differentially expressed proteins were annotated
with protein names on the UniProt database as of 31 March 2024 (Table S4). This is a no-
table improvement in the current state of sorghum proteome annotations compared to the
26–34% observed in our previous sorghum proteomics studies of roots [56] and cell suspen-
sion cultures [50,51,59]. Such developments in sorghum proteome database annotations
will greatly support computational and experimental studies aimed at understanding the
function of stress-responsive proteins and, hence, the molecular basis of stress adaptation
in this crop.

https://services.healthtech.dtu.dk/services/SignalP-6.0/
http://www.ebi.ac.uk/interpro/
http://pfam.xfam.org
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2.4. Majority of Differentially Expressed Proteins Use the Classical Secretory Pathway for
Extracellular Localization

Protein localisation is a key aspect of protein function since mislocalised proteins
will not have access to their intended substrates or the structural scaffolding for complex
formation. The N-terminal signal peptide prediction results revealed that a higher frac-
tion of the combined stress-responsive proteins (~70%) had signal peptides (Figure 3a).
Previous proteomics studies also identified an abundance of signal peptide-containing
proteins in secreted protein fractions of sorghum cell cultures [50,51,59]. N-terminal signal
peptides direct proteins to the classical secretory pathway, which involves the endoplasmic
reticulum (ER), Golgi apparatus and the Trans Golgi network [60]. This signal peptide
tagging system facilitates the proper localisation of proteins for optimum cell function-
ing [61]. Conversely, other secreted proteins, known as leaderless proteins, lack signal
peptide sequences and are probably translocated out of the cell by unconventional secretory
pathways [60,62]. Examples of signal peptide-containing proteins identified in the current
study include several members of glucoside hydrolases, plant peroxidases, thaumatins,
germins, aspartic peptidases, cystatins, protein exordium-like, multicopper oxidases and
GDSL lipase/esterases (Table S4). On the other hand, those lacking signal peptides include
superoxide dismutase (SOD), malate dehydrogenase, glyceraldehyde-3-phosphate dehy-
drogenase and other members of glucoside hydrolases and plant peroxidases (Table S4).
Similar proteins with and without signal peptides have also been identified in secretome
studies of sorghum under osmotic stress [50], heat [51], and exogenous ABA treatment [59]
and various other plant species under biotic and abiotic stresses [41,63]. Our results suggest
that sorghum secreted proteins may or may not contain signal peptides, further alluding
to the existence of diverse protein secretory pathways in plants. However, subcellular
localization experiments are required to validate the in vivo locations of these proteins
under control and stress conditions.
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Gene Ontology (GO) terms are used to functionally annotate proteomes and better
understand the biological significance of proteomics data under defined experimental con-
ditions [64–66]. Moreover, subcellular localization of proteins is also annotated by most GO
tools freely available online. We retrieved GO terms for the 117 stress-responsive proteins
to assist with their functional annotation and subcellular localization (Table S4). The results
revealed that 39% of the 117 stress-responsive proteins were associated with extracellular
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locations, 25% with intracellular locations, and 36% had unknown cellular components
(Figure 3b). This large fraction of sorghum secreted proteins whose cellular components
are unknown calls for improvements in GO annotations through experimentally derived
protein localization data, or inferences from phylogenetic studies and homology-based
computational predictions [66]. Of the 42 proteins without GO annotations for cellular
components, 32 (76%) had predictable signal peptides (Table S4), thus pointing to their
extracellular localization. These results also contribute to an increase in the number of pro-
teins with potential extracellular locations in this study. However, further improvements in
GO annotation of sorghum proteins in genomic databases are still required. Perhaps this
will come from inevitable developments in bioinformatic tools capable of highly accurate
automation of protein function, structure, and localization prediction.

The extracellular-related locations included terms such as extracellular region, extra-
cellular space, apoplast, and plant-type cell wall (Figure 3b), and most of the associated pro-
teins had predictable signal peptides except for a few leaderless glycoside hydrolases, per-
oxidases, and SODs (Table S4). Conversely, the intracellular-related locations included GO
terms such as cytoplasm, cytosol, plasma membrane/membrane, and organelles/organelle-
related structures such as the ER, ER membrane, mitochondrion, lysosome, and nucleus
(Figure 3b). As expected, most proteins associated with intracellular locations lacked
predictable signal peptides expect for five membrane-related proteins and all ER-related
proteins (Table S4). While the ER is located inside the cell, it is an integral component
of the classical secretory pathway, where proteins are both co- and post-translationally
modified prior to secretion [60,62]. Endoplasmic reticulum proteins are also imported into
the ER lumen via N-terminal signal peptides [61]. Still, our results highlight the need for
further subcellular localization studies to validate the locations of the stress-responsive
proteins. In addition, the extent of protein moonlighting [67] in plants under stress ought
to be investigated, as some intracellular proteins may have different functions outside
the cell.

2.5. Putative Functional Groups of the Combined Osmotic and Heat Stress-Responsive Secretome

We used the protein family names in combination with GO terms for biological process
and molecular function to functionally group the 117 stress-responsive secreted proteins
(Table S4; Figure 4a,b). The results revealed a large fraction of the proteins were involved
in defence and oxidative stress response (41%), followed by cell wall modification (18%),
metabolism (18%), proteolysis (11%) and signal transduction (3%) (Figure 4a,b). However,
9% of the proteins remained unclassified due to their limited GO annotations (Table S4).
Summaries of the biological processes (Figure 4a) and molecular functions (Figure S2) of
the stress-responsive proteins highlight the diverse functional roles of secreted proteins
under stress. Below is a brief description and discussion of the main trends observed in
each functional group.

2.5.1. Defence/Oxidative Stress Response

Of the 117 stress-responsive proteins, 48 (41%) are involved in biological processes
broadly related to plant defence and oxidative stress response and belong to 14 protein
families (Table S4; Figure 4b). Most of these proteins (26, equivalent to 54%) were upreg-
ulated, while the rest were downregulated. Extracellular plant peroxidases dominated
this functional group with 22 proteins, of which 20 were downregulated. The only other
downregulated proteins in this functional group were a chitinase with accession C5YBE9
and a small nuclear ribonucleoprotein Sm D3 protein with accession C5WRK4. Conversely,
the upregulated protein families are related to antioxidant activities (e.g., plant peroxidases,
SODs, glutathione-S-transferase (GST), dehydroascorbate reductase and peroxiredoxin-
5-like), defence-related processes (e.g., chitinases, thaumatin, dirigent and dienelactone
hydrolases), and protein folding/chaperone activities (e.g., calreticulin, protein disulfide
isomerases, and heat shock protein 70 (HSP70)). Due to the wide diversity of protein
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families identified in this functional group (Table S4), our discussion is focused on major
trends in the subcategory of defence/antioxidant response.
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Drought and heat stresses induce the overproduction and accumulation of reactive
oxygen species (ROS), which may cause oxidative stress damage to cell structures [1,2].
Various enzymes involved in the generation and/or detoxification of ROS were identified in
this study, including germins, plant peroxidases, SODs, GST, dehydroascorbate reductase
and peroxiredoxin-5-like (Table S4). Plant peroxidases are encoded by a large multigene
family; therefore, these proteins may possess varying substrate specificities and physi-
ological functions in plants [68]. Depending on their substrates, plant peroxidases may
oxidize molecules by consuming hydrogen peroxide or generate ROS such as superoxide
or hydroxyl radicals [69,70]. As such, peroxidases are involved in several physiological and
defence processes, including lignification, suberization, cross-linking of cell wall proteins,
senescence, and responses to biotic and abiotic stresses [68–70]. With such diverse func-
tional roles of plant peroxidases, it is unclear why the combined stress treatment resulted
in a massive downregulation of 20 of the 22 secretory peroxidases identified in this study
(Table S4). These results (Table S4) are in stark contrast with those of our previous sorghum
secretome study under sorbitol-induced osmotic stress, where 20 of the 22 identified plant
peroxidase family proteins were upregulated [50]. In another sorghum secretome study
under heat stress, 10 of the 17 stress-responsive peroxidases were downregulated [51].

To demonstrate the dynamics in accumulation patterns of the identified peroxidases,
we compared the iTRAQ data of the current study (Table S4) with that of our previously
published sorghum secretome studies under osmotic [50] and heat [51] stresses (Table 2). Of
the 22 differentially expressed peroxidases identified in the current study, eight accessions,
C5Z475, C5X5K6, A0A1B6QFT1, C5XL59, C5XIY1, C5YQ75, C6JSB7 and C5YQ75, were
also responsive to the individual treatments of osmotic stress and heat. Accessions C5Y360,
C5X3C1, A0A1B6QGB6 and C5YZJ2 were only responsive towards osmotic and combined
stress treatments. Similarly, peroxidase proteins A0A1W0W7I8, C5Z469, C5X040, C5XYY5,
C5Z0N8 and A0A1W0W7T8 were responsive to heat stress and the combined stress, while



Plants 2024, 13, 1874 11 of 24

C5WYQ4, C5X0X1, C5YHR8 and C5X3C6 were unique to combined stress. Since a subset
of the combined stress-responsive peroxidases from the current study (Table S4) were “not
detected” in data derived from previous secretome studies (Table 2) under individual
treatments of osmotic [50] and heat [51] stress, we proposed a meta-analysis using raw
iTRAQ data from various studies to ascertain the shared and unique stress-responsive
proteins between single and combined stresses. While we did not test statistical differences
in fold changes between the three studies, the upward and downward trends in protein
regulation and magnitudes of change varied considerably between the studies (please refer
to supplementary protein Tables of each study). From our observations, however, the heat
stress results seemed more like that of the combined stress, as nine of the 22 peroxidases
were downregulated by both stresses (Table 2). Nevertheless, the implications of such
common and unique protein expression patterns in the sorghum ECM under osmotic stress,
heat and their combination require further investigations.

Table 2. Comparison of protein expression trends of combined stress-responsive sorghum secretory
peroxidases with other studies.

Protein Accession
Protein Regulation a

Combined Stress b Osmotic Stress c Heat Stress d

Common to all stresses

C5Z475 down up down

C5X5K6 down up down

A0A1B6QFT1 down up up

C5XL59 down down down

C5XIY1 down up up

C5YQ75 down up down

C6JSB7 down up down

C5YQ75 down up down

Combined stress and Osmotic stress

C5Y360 down up n.d.

C5X3C1 down up n.d.

A0A1B6QGB6 down up n.d.

C5YZJ2 down up n.d.

Combined stress and Heat stress

A0A1W0W7I8 down n.d. up

C5Z469 down n.d. down

C5X040 up n.d. up

C5XYY5 down n.d. down

C5Z0N8 down n.d. up

A0A1W0W7T8 down n.d. down

Combined stress

C5WYQ4 down n.d. n.d.

C5X0X1 up n.d. n.d.

C5YHR8 down n.d. n.d.

C5X3C6 down n.d. n.d.
a Protein regulation patterns of each protein as given in the supplementary data files of the respective studies.
“Down” in red font represents downregulated proteins, while “up” in black font represents upregulated proteins.
n.d. means the protein was “not detected” amongst the differentially expressed proteins of the respective study.
b Results from the current study on combined osmotic and heat stress. c Results from a published sorghum secretome
study under osmotic stress [50] d Results from a published sorghum secretome study under heat stress [51].



Plants 2024, 13, 1874 12 of 24

Apart from the ROS-generating peroxidase, we identified an upregulated germin-like
protein with accession C5XHX2 (Table S4). Interestingly, this protein isoform was also
highly upregulated in the sorghum secretome following exposure to individual treatments
of osmotic stress [50] and heat [51]. Germins possess oxalate oxidase activity and produce
hydrogen peroxide from the degradation of oxalate [71,72]. In a recent review, Govindan
et al. [73] summarized the critical roles of germin-like proteins in biotic and abiotic stress
responses of various crops and their potential as candidates for crop improvement strategies.
The authors also highlighted the strong upregulation of these proteins under pathogen
infection, herbivore-induced damage, drought, desiccation, salt, cold, heat and various
hormonal treatments. Similarly, the increased accumulation of the germin-like protein
with accession C5XHX2, in the current study and under osmotic stress [50] and heat [51]
suggests its central role in the adaptive responses of sorghum to abiotic stress.

Apart from the ROS-generating germins and peroxidases mentioned above, we also
identified several ROS-detoxifying enzymes in the sorghum ECM (Table S4). These included
three SOD isoforms, GST, peroxiredoxin, and dehydrogenase reductase and all were highly
upregulated with fold changes ranging between 1.9 and 3.2 (Table S4). SODs are known to
dismutase superoxide radicals to hydrogen peroxide [74], while GST detoxifies ROS and
other toxic metabolites by conjugation with glutathione, producing less toxic compounds for
further processing [75,76]. GSTs are also crucial in detoxifying end-products of membrane
lipid peroxidation, which are highly cytotoxic [75]. At low levels, however, ROS, such as
hydrogen peroxide, may act as signalling molecules for the increased expression of genes
and proteins with protective roles against various stresses [77]. Therefore, maintaining
cellular redox homeostasis under stress conditions prevents oxidative stress damage while
facilitating ROS signalling in plants. Accordingly, our results suggest that combined osmotic
and heat stress triggers oxidative stress in the sorghum apoplast, which is mitigated by
an array of antioxidant enzymes. Other secretome studies have also identified increased
accumulation of ROS-scavenging enzymes in response to osmotic [50] dehydration [78,79]
and heat [51,80] stresses. However, the physiological and molecular contributions of
these ROS-metabolizing enzymes towards combined stress adaptive responses require
further characterization using transgenic plants [73] and by measuring specific antioxidant
enzymatic activities in cell culture media [81] under stress.

2.5.2. Cell Wall Modification

Our results indicated that 21 (18%) of the differentially expressed proteins were related
to cell wall modification (Table S4; Figure 4b). This functional group was dominated by
members of glycoside/glycosyl hydrolases that specifically metabolise cellulose, glucose,
glucans, xylan, galactomannan, galactosides, pectins and xyloglucans (Table S4). Of these
proteins, 13 (62%) were downregulated, while the rest were upregulated. Examples of the
downregulated proteins include beta-D-xylosidase, beta-glucosidases, beta-glucuronidase,
endoglucanases, alpha-galactosidases, xyloglucan endotransglucosylase/hydrolase (XET),
pectin methylation modulator, pectinesterase, expansin and a fasciclin-like arabinogalac-
tan protein. Conversely, the upregulated proteins included a Pla a 1-like protein with
pectinesterase inhibitor activity, glucan endo-1,3-beta-D-glucosidase, beta-glucosidases,
beta-fructofuranosidase and UTP—glucose-1-phosphate uridylyltransferase (Table S4).
While the significance of this differential expression of cell-wall remodelling proteins
would need further investigation, to an extent, our results suggest that sorghum cells under
combined osmotic and heat stress downregulate secreted proteins associated with cell loos-
ening, expansion, and cell growth such as expansins and XETs [82,83]. These results contrast
those of our previous sorghum secretome study under osmotic stress, which implied that
osmotic stress encouraged increased accumulation of expansins and XETs [50], possibly to
increase cell growth for enhanced water foraging capacity. Various other cell wall modify-
ing proteins were also identified in secretome studies under heat [51,80], cold [84,85], UV-B
radiation [86] and dehydration [78,79] stresses. By performing time-course experiments
under dehydration stress, Bhushan et al. [78] and Pandey et al. [79] further demonstrated
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complex temporal dynamics of protein expression under stress. Such results also highlight
the need for more comprehensive experimental designs to gain deeper insights into plant
responses to combined stresses.

In addition, our current proteomic results suggest that the combined stress affects
pectin modification by downregulating a pectinesterase and a pectinesterase methylation
modulator while upregulating a pectinesterase inhibitor (Table S4). Pectin is a complex
polysaccharide that forms an essential component of plant cell walls. Pectins are modi-
fied by pectin methylesterases, whose activities are regulated by pectin methylesterase
inhibitors [87–89]. Pectinesterases modify cell wall pectin via demethylesterification, a
process determining whether the cell wall loosens or stiffens [87,90,91]. Due to the multiple
roles of pectinesterases in plants [90,91], further investigations are required to understand
their effects on cell wall structure under combined osmotic and heat stress. Overall, our
proteomic results demonstrate the complex structural composition of plant cell walls and
the dynamic nature of cell wall remodelling processes under combined osmotic and heat
stress, which may be similar or different under the individual stresses of osmotic stress [50]
and heat [51].

2.5.3. Proteolysis

We identified 13 (11%) proteolysis-related proteins that were responsive to the com-
bined stress treatment (Table S4, Figure 4b). Aspartic peptidase A1 family members
dominated this functional group with eight proteins, of which seven were downregulated.
The rest of the proteins were upregulated with high fold changes of 1.7–2.8 and belonged
to the ubiquitin and ubiquitin-like protein family and protease inhibitor families of the
cystatin and proteinase inhibitor I3, Kunitz types (Table S4). Proteases are a large group of
protein-degrading enzymes with diverse biological functions during plant development
and in response to biotic and abiotic stresses [92–94]. Catalytic activities of proteases are
partly regulated by protease inhibitors, whose accumulation may also be modulated by
stress [94,95]. Although a wide range of apoplastic proteases and their inhibitors have
been identified in plant secretomes subjected to water deficits [50], heat [51], cold/freezing
stress [84,96], UV-B radiation [86] and pathogen infection [97,98], we observed a notewor-
thy trend in the current study: a strong downregulation of aspartic peptidases and an
upregulation of protease inhibitors and ubiquitin-related proteins (Table S4).

Functionally, aspartic peptidase A1 family proteins mobilise nitrogen sources during
seed germination, leaf senescence and programmed cell death [99,100]. During stress
response, these proteases may regulate protein turnover and mobilise amino acid pools
for the synthesis of stress-responsive proteins. In contrast, extracellular aspartic proteases
may prevent the over-accumulation of pathogenesis-related proteins [99]. Therefore, the
remarkable downregulation of secreted aspartic proteases observed in this study (Table S4)
could be a protective mechanism against the degradation of stress-responsive proteins
in the ECM. This reasoning is partly supported by the observed upregulation of two
proteinase inhibitors (Table S4), which inhibit cysteine- and serine-type proteases, respec-
tively [94,95]. Increased accumulation and activity of protease inhibitors in plants under
abiotic stresses such as drought are often associated with enhanced stress tolerance [101].
Although proteolysis is essential for maintaining cell protein homeostasis, unregulated
protein degradation may be lethal to biological systems [92]. The upregulated ubiquitin
and ubiquitin-like proteins identified in this study (Table S4) are potential components
of the ubiquitin–proteasome system (UPS), a highly selective protein degradation system
in plants [92,102]. Ubiquitin marks proteins for selective degradation by the proteasome,
preventing random proteolytic activities in cells while maintaining protein homeostasis in
response to stress [102]. Our results suggest some tight regulatory control of proteolytic
activity in the sorghum ECM under combined heat and osmotic stress. This control mecha-
nism is partly achieved by downregulating aspartic proteases and inhibiting the activities
of other proteases while selectively tagging unwanted proteins for degradation via the
ubiquitin–proteasome system. Nevertheless, functional validation studies are required
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to ascertain the biological roles of these proteins in stress response. Various aspartyl pro-
tease isoforms were either up or downregulated in secretome of Arabidopsis genotypes
exposed to UV-B radiation [86]. The authors also highlighted the difficulty in postulating
reasons behind opposite expression trends of members of the same protein family in the
same eperimental sample. As with many “omics” data, functional validation studies are
required to understand the role of proteolysis-related proteins including aspartic peptidase
in combined stress response.

2.5.4. Signal Transduction

The signal transduction functional group comprises three proteins (Table S4; Figure 4b).
A protein kinase domain-containing protein was downregulated, while a nucleoside diphos-
phate kinase and an EF-hand domain-containing protein were upregulated with fold
changes of 1.5 and 3.7, respectively (Table S4). Nucleoside diphosphate kinases (NDPKs)
are involved in the production of diverse nucleoside triphosphates (NTPs) required for
cell signalling, stress response, and synthesis of nucleic acids, lipids, polysaccharides, and
proteins [103]. According to Dorin and Rivoal [103], different NDPK isoforms are localized
in the cytosol, various organelles, extracellular matrix, or the secretory pathway, a feature
that supports their multifunctional roles in plants. The identified NDPK protein with ac-
cession C5WRH5 has no predictable signal peptide and its subcellular compartment is not
yet known (Table S4). However, its increase in response to combined stress, together with
increases of the metabolism-related UTP--glucose-1-phosphate uridylyltransferase (acces-
sion A0A1B6QE21, Table S4), suggests a well-coordinated stress response system involving
diverse biological processes aimed at improving plant survival under stressful conditions.
Some NDPK transcripts and/or proteins are induced by salt, cold, drought, wounding,
and pathogen infection [103], thus supporting results of the current study. Lee et al. [104]
also observed that tall fescue (Festuca arundinacea) transgenic plants, overexpressing an A.
thaliana NDPK2 gene, exhibited greater salt tolerance compared to the wild-type plants,
possibly through enhanced antioxidant capacity and stress signalling. However, more
studies are required to establish the identified NDPK protein’s subcellular localization,
substrate(s), interacting protein partner(s), and function in combined stress response.

Another highly upregulated protein in this functional group was an EF-hand domain-
containing protein (accession C5XQS6) with a predicted calcium ion binding molecular
function (Table S4). EF-hand domain-containing proteins are calcium-binding proteins
that sense stress-induced increases in cytosolic calcium levels [105,106]. Under abiotic
stress conditions, EF-hand domain-containing proteins participate in calcium signalling
upstream of signal transduction cascades that activate alterations in gene expression and cell
metabolism for survival [106]. Transcripts of calcium sensors with EF-hand domains such as
calmodulin, calmodulin-like proteins, calcium-dependent protein kinases and calcineurin-
B-like proteins are also modulated by drought, heat, combined drought and heat, salt,
and fungal stresses [107]. Therefore, the observed upregulation of the EF-hand domain-
containing protein (Table S4) suggests that calcium signalling is activated in the sorghum
ECM under combined osmotic and heat stress. The involvement of calcium signalling
during plant response to abiotic stress has been known for decades [108]. A secretome study
of Arabidopsis cells under salicylic acid treatment also identified a leaderless calmodulin
as one of the most upregulated proteins [109]. However, the functions of extracellular EF-
hand domain-containing proteins, including extracellular calmodulin, in stress adaptation
require further investigation.

Various signalling pathways related to drought, cold, heat, salinity, and oxidative
stress response are associated with reversible protein phosphorylation events, catalyzed by
diverse protein kinases [110,111]. Under these environmental conditions, protein phospho-
rylation acts as a molecular switch that activates regulatory proteins such as transcription
factors and various other proteins with structural and protective functions for greater
plant survival [111,112]. Kinases are highly specific on their targets and mainly act on
serine, threonine, and tyrosine residues and to a lesser extent on histidine and aspartate
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residues [112]. We identified a signal peptide-containing plasma membrane-localized puta-
tive protein kinase (accession C5WPY7), among downregulated stress-responsive proteins
(Table S4). Plasma membrane-bound serine/threonine protein kinases regulate various
processes during plant growth and in response to environmental stresses by perceiving
stress signals via their extracellular domains and relaying information to target proteins via
their cytoplasmic kinase domains [113]. These membrane-bound kinases are part of a large
gene family of receptor-like kinases [113], and their regulation during stress responses may
be dynamic in space and time. However, further genetic studies are required to explore its
possible role in stress response.

2.5.5. Other Functional Groupings

About 21 (18%) and 11 (9%) of the differentially expressed proteins were assigned to
the metabolism and unclassified functional groups, respectively. In the metabolism-related
group, 12 (57%) were downregulated, while the rest were upregulated. Most of the down-
regulated proteins were associated with the metabolism of sugars (e.g., glyceraldehyde-3-
phosphate dehydrogenase, phosphoglycerate kinase, aldose 1-epimerase, and fructokinase),
lipids (e.g., GDSL lipases/esterase like and glycerophosphodiester phosphodiesterase),
sterols (e.g., Cytochrome P450), and amino acids (e.g., aspartate aminotransferase). In
contrast, upregulated proteins included malate dehydrogenases, cyanate hydratase, phos-
phopyruvate dehydrogenases, enoyl reductase (ER) domain-containing protein and dihy-
drolipoamide dehydrogenases. The unclassified proteins have minimal GO annotations
(Table S4), and thus, it is difficult to infer their roles in sorghum response to the combined
stress. Nevertheless, proteins such as purple acid phosphatase, protein exordium-like,
protein of unknown functions and leucine-rich repeat domain-containing proteins were
identified, and most have also been identified in other sorghum secretome studies in re-
sponse to osmotic stress [50], heat [51] or ABA treatment [59]. Amongst these unclassified
proteins, a leucine-rich repeat domain-containing protein with accession C5Y2R8 was the
most upregulated protein with a fold change of 3.8. In contrast another leucine-rich repeat
domain-containing protein with accession C5XBP7 was the most downregulated protein.
These results suggest that different protein isoforms of the same family might exhibit
differential responses to a given stress treatment, probably due to their varying biochemical
activities and roles in stress adaptation.

2.6. qPCR Analysis of Target Genes Following Combined Osmotic and Heat Stress Treatment

We validated the proteome data (Table S4) by analyzing gene expression profiles of a few
targets using qPCR (Figure 5). The DIRIGENT gene (SORBI_3005G101700) was significantly
upregulated in response to the combined stress, while GLUTATHIONE DEHYDROGENASE
(ASCORBATE) (SORBI_3009G017800) and ASPARTIC PEPTIDASE (SORBI_3003G208800)
were downregulated (Figure 4). The upward and downward trend in expression of the DIRI-
GENT and ASPARTIC PEPTIDASE genes, respectively, correlated with that of their proteins, as
observed in the proteomics data (Table S4). These results indicate that the abundances of some
stress-responsive proteins are transcriptionally regulated. However, there were no observed
changes in the expression of HSP70 (SORBI_3001G193500), GLUTAREDOXIN-DEPENDENT
PEROXIREDOXIN (SORBI_3003G254300) and PEROXIDASE (SORBI_3003G024700)
(Figure 5). This suggests that post-transcriptional regulation underpins the protein expression
data (Table S4) or that any transcriptional changes are transient.
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Figure 5. Gene expression of ICSB338 sorghum cell cultures in response to combined osmotic and
heat stress. ICSB338 sorghum cell cultures were exposed to a combination of osmotic and heat stress
(400 mM sorbitol at 40 ◦C) for 72 h, while control cell cultures were maintained at 27 ◦C for the
duration of the experiment. Cell aliquots were harvested at 72 h and gene expression analysis was
performed using qPCR. Bars represent mean ± SE (n = 3). ** indicated significance at p ≤ 0.01 using
a Student’s t-test.

3. Materials and Methods
3.1. Stress Treatments of Sorghum Cell Suspension Cultures

ICSB338 sorghum cell suspension cultures were used in this study. The cell cultures were
initiated from friable callus, subcultured and maintained as described previously [114]. All
stress treatments were imposed on exponentially growing 8-day-old cell cultures [114]. Osmotic
stress was applied using 400 mM sorbitol (S3889, Sigma Aldrich, Saint Louis, MO, USA) at
27 ◦C [50], and heat stress was imposed at 40 ◦C without sorbitol [51] in line with our previous
research studies. Combined osmotic and heat stress was inflicted using 400 mM sorbitol at
40 ◦C, while control cells were maintained at 27 ◦C [50,51]. Four biological replicate cell cultures
were generated for all four treatment groups and maintained for 72 h, with samples taken at
intervals for biochemical, proteome and gene expression analyses.

3.2. Analysis of Cell Metabolic Activity and Cellular Osmolyte Content

The metabolic activity and osmolyte content of sorghum cell cultures were assayed
over the 72-h treatment period across all four treatment groups: control, osmotic stress, heat,
and combined osmotic and heat stress. The metabolic activity was used to evaluate effect
of the imposed stresses on the viability of sorghum cell cultures. Likewise, we analysed
the osmolyte content of sorghum cells to investigate the imposed stress effects on known
biochemical processes involved in stress response. Cell cultures were sampled at 0, 24,
48 and 72 h for cell viability measurements using the MTT (3-(4,5-dimethylthiazolyl2-2,5-
dipenyltetrazolium) assay [115], and proline and glycine betaine content analysis using
hydrophilic interaction chromatography in tandem with liquid chromatography–mass
spectrometry (HILIC LC-MS) [56,116]. The osmolyte content was analysed on a QTRAP
6500 MS (Applied Biosystems Sciex, Foster City, CA, USA) following the detailed protocol
described in our previous study [56]. In the current study, 0 h denotes the time prior to
stress treatment. All measurements were carried out on four biological replicate cell cultures
per treatment group. In addition, to the biological replicates, two technical replicates were
included for the MTT assay.
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3.3. Secreted Protein Extraction, iTRAQ and LC-MS/MS Analyses

Proteomic analysis of the secreted proteins was conducted only for the control and
combined stress conditions using the isobaric tags for relative and absolute quantification
(iTRAQ) gel-free method. Four biological replicate cell cultures were harvested 72 h
after stress treatment, and secreted proteins were extracted from the culture medium as
described previously [117]. After protein quantification, 12.5 µg aliquots of each sample
were used for iTRAQ labelling. Protocols for trypsin digestion, iTRAQ labelling, sample
clean-up, and liquid chromatography-tandem mass spectrometry (LC-MS/MS) are as
described in our previous publications [56,59]. LC-MS/MS was performed on a Triple TOF
6600 mass spectrometer (Applied Biosystems Sciex) linked to an Eksigent 425 LC system
via a Sciex Nanospray III source (Applied Biosystems Sciex), and mass spectrometer data
were acquired using the Applied Biosystems Sciex Analyst TF 1.7.1 instrument control and
data processing software [59].

3.4. Protein Identification and Bioinformatics Analysis

Protein identification and relative quantification were conducted as described by
Goche et al. [56] with minor modification as specified in Muthego et al. [59]. Differentially
expressed proteins in response to the combined osmotic and heat stress were statistically
analysed using the Student’s t-test at p ≤ 0.05. The stress-responsive proteins were as-
signed with Gene Ontology terms using the UniProt database [66] and protein family
names using the Interpro [118] and Pfam [119] databases to assist with their theoretical
functional classification. Signal peptides were predicted using the SignalP 6.0 server [120]
to assess the likelihood of the stress-responsive proteins being secreted via the classical
secretory pathway.

3.5. Total RNA Extraction and Gene Expression Analysis

Three biological replicate control and combined osmotic and heat-stressed sorghum
cell cultures were harvested 72 h post-treatment for RNA extraction. The 72-h time-point
was selected to correspond with the harvest time used for the proteome analysis. Total
RNA was extracted using the Spectrum Plant Total RNA kit (Sigma) according to the
manufacturer’s instructions. A DNase digestion step was performed to remove residual
genomic DNA during total RNA extraction using the On-Column DNase 1 Digestion Set
(Sigma) following the manufacturer’s instructions. A microgram of total RNA was used for
complementary DNA (cDNA) synthesis using the GoScript Reverse Transcriptase System
(Promega, Southampton, UK) according to the manufacturer’s instructions. Quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR) was performed using the
SsoAdvanced Universal SYBR Green Supermix kit (Biorad, Hercules, CA, USA) following
the manufacturer’s instructions. Reaction mixtures consisted of 10 µL of the SsoAdvanced
Universal SYBR Green Supermix, forward and reverse primers at a final concentration of
4 µM each, and 5 µL of the cDNA template diluted 1:50 in a final volume of 20 µL. All
reactions were performed on a CFX Connect Real-Time System (Biorad) using the following
thermal cycling conditions: initial denaturation at 95 ◦C for 30 s, followed by 40 cycles
of denaturation at 95 ◦C for 10 s, and annealing/extension and plate read at 60 ◦C for
30 s, and a melt curve analysis using default settings. The thermal cycling protocol used
is as described in the Biorad SsoAdvanced Universal SYBR Green Supermix user manual.
Data analysis was conducted using the CFX Maestro software version 4.1.2433.1219 with
two reference control sorghum genes, EIF4a1 Sb04g003390 [121] and an uncharacterised
Sb03g03891033 gene [26]. The gene specific primers were designed using the Primer-BLAST
tool [122], which is available in the National Centre for Biotechnology Information database.
Primer sequences of all target and reference control genes are listed in Table S1. Target
genes were randomly selected from the stress-responsive proteins and consisted of both up
and downregulated proteins (Tables S1 and S4).
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4. Conclusions and Future Perspectives

Much of our knowledge of the plant secretome has been gained from studies of plants
exposed to individual stresses [41,42,44,58], yet stress combinations often occur under field
conditions [3,4]. With the projections in climate change and global warming scenarios,
especially in sub-Saharan Africa, drought and heat stress combinations are becoming
the leading cause of crop failure and food insecurity in the region [7,8]. Therefore, more
drought and heat-resilient crops are required to meet the global food demand in a changing
climate. Without a doubt, understanding plant adaptive responses to combined drought
and heat stress is a prerequisite for developing crops that are well adapted to a hotter and
drier climate. As our study is the first to report on the effects of combined osmotic and
heat stress on the sorghum secretome, it lays a foundation for more investigations in this
research field.

We observed that 117 (25%) of the 459 sorghum secreted proteins were responsive to
the combined stress and had putative functions in defence/oxidative stress response (41%),
followed by cell wall modification (18%), metabolism (18%), proteolysis (11%) and signal
transduction (3%). These results highlight the specialised functions of secreted proteins in
stress-adaptive responses. Furthermore, our “omics” data of sorghum, a naturally drought
and heat-tolerant crop, provide candidate stress-responsive genes and proteins for further
in silico and experimental characterisation as we aim to improve the annotation of sorghum
genes and proteins. We acknowledge that the identified proteins are members of large
multigene families and, thus, potentially participate in a myriad of biological processes
depending on their subcellular location and stress conditions; hence, we propose further
functional validation studies using transgenic overexpression, knockdown or knockout
mutant lines to elucidate the role of some of these proteins in stress response. After that,
promising candidate genes and proteins with remarkable influence on plant tolerance to
combined drought and heat stress could be used in more extensive breeding programmes
to evaluate their influence on the growth and yield parameters of field-grown plants
under stress. Since our iTRAQ data show a myriad of secreted proteins with and without
predicted signal peptide sequences, subcellular localisation experiments using fluorescent
protein tagging methods are encouraged to elucidate the locations of these proteins.

The notable trends observed in the current study expand our knowledge of the effects
of stress combinations in the apoplast. For example, the upregulation of antioxidant
enzymes such as SODs and GST in the sorghum ECM suggests the need for maintaining
cell redox homeostasis in this cell compartment. Nevertheless, it remains unclear why
ICSB338 sorghum cells massively downregulate extracellular peroxidases in response to
the combined stress, in stark contrast to results observed in the secretome of white sorghum
cells under osmotic stress [50]. Since plant peroxidases are members of a large multigene
family and are involved in generating and detoxifying ROS, more studies are required to
ascertain their specific role in combined stress response. Furthermore, physiological and
biochemical studies aimed at identifying and quantifying ROS levels and the degree of
membrane damage through lipid peroxidation under control conditions and single and
combined stresses could elucidate the magnitude of oxidative stress and its effects in the
ECM. Likewise, other studies could assess the biochemical activities of enzymatic and
non-enzymatic ROS scavengers in the ECM under similar stress treatments to complement
and validate our iTRAQ proteomic data. Another study successfully measured peroxidase
activities in the culture medium of black pine (Pinus nigra) cell suspension cultures [81] and
thus illustrates the feasibility of such experiments.

Plant signalling systems are vital components of stress response pathways, and the
roles of proteases in generating signalling peptides in the ECM ought to be further investi-
gated [123]. Generally, the secreted stress-responsive proteins are protected from proteolysis
via a strong downregulation of aspartic peptidases and an upregulation of inhibitors of
other proteases. Furthermore, the identification of highly upregulated ubiquitin-related
proteins suggests that the sorghum ECM environment selectively marks unwanted proteins
for degradation via the ubiquitin–proteasome system. We propose further characterisation
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of various sorghum aspartic peptidases using transgenic plants to elucidate their role in
plants subjected to single and combined stresses of heat and drought.

Apart from the proteomic data summarised above, this study also highlights that
proline and glycine betaine accumulation is not necessarily universal across treatments
of osmotic stress, heat, and their combination. These results will inform molecular plant
breeders of the complex dynamics in stress response between single stresses and their com-
binations and guide future crop improvement programmes for a drier and hotter climate.
While the current study used cell suspension cultures as a source of the secreted proteins,
which is in line with numerous other studies [41], we acknowledge the pros and cons of
this experimental system in secretomics. As discussed in previous reviews [42,58], tissue-
specific protein expression profiles may not be evident in cell culture-derived proteomics
data. As such, we encourage future studies to utilise in planta experimental systems that
promote tissue-specific secretome analyses [41,42,58] under combined stresses. In addi-
tion, the levels of stress treatments, such as mild, moderate, and severe drought, could
be imposed in comparative studies between plant species and even genotypes with con-
trasting phenotypes within a species. Such diverse experimental systems could generate
comprehensive data on the intra- and interspecies similarities and variations in response
to different levels and types of abiotic stress. Indeed, our study forms a foundation for
more investigations on the composition and biological roles of the plant secretome under
combined osmotic and heat stress and opens more avenues for investigating the molecular
basis of stress tolerance in plants.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants13131874/s1, Figure S1: Glycine betaine content analysis
of ICSB338 sorghum cell cultures under osmotic stress, heat and combined osmotic and heat stress;
Figure S2: Molecular functions of the sorghum secretome in response to combined osmotic and heat
stress. Table S1: List of sorghum primer sequences used in gene expression analysis; Table S2: List of
secreted proteins identified in ICSB338 sorghum cell suspension cultures; Table S3: List of sorghum
secreted proteins differentially expressed in response to combined osmotic and heat stress; Table S4: List
of combined osmotic and heat stress-responsive secreted proteins of ICSB338 sorghum cell suspension
cultures at 5% significance level.

Author Contributions: Conceptualization, R.N. and S.C.; methodology, S.P.N., A.P.B., R.N. and S.C.;
software, R.N., A.P.B. and S.C.; formal analysis, S.P.N. and S.J.M.; investigation, S.P.N.; resources,
N.G.S., R.N. and S.C.; data curation, S.P.N., R.N. and S.C.; writing—original draft preparation, S.P.N.
and R.N.; writing—review and editing, S.P.N., S.J.M., N.G.S., R.N. and S.C.; supervision, R.N. and
S.C.; project administration, R.N.; funding acquisition, R.N. and S.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of South Africa-Thuthuka
Grant [number 113966] awarded to R.N. and the Royal Society-Newton Advanced Fellowship Grant
[number NA160140] jointly awarded to R.N. and S.C. The APC was partly funded by the University
of the Free State’s Open Access Publication fund and the Durham University research funds.

Data Availability Statement: The datasets generated and/or analysed during this study are available
from the corresponding author on request.

Acknowledgments: S.P.N. and S.J.M. were supported by the National Research Foundation post-
graduate student bursaries.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References
1. Levitt, J. Responses of Plants to Environmental Stresses: Water, Radiation, Salt and Other Stresses, 2nd ed.; Academic Press: New York,

NY, USA, 1980; Volume 2.
2. Levitt, J. Responses of Plants to Environmental Stresses: Chilling, Freezing, and High Temperature Stress, 2nd ed.; Academic Press: New

York, NY, USA, 1980; Volume 1.

https://www.mdpi.com/article/10.3390/plants13131874/s1
https://www.mdpi.com/article/10.3390/plants13131874/s1


Plants 2024, 13, 1874 20 of 24

3. Mittler, R. Abiotic stress, the field environment and stress combination. Trends Plant Sci. 2006, 11, 15–19. [CrossRef] [PubMed]
4. Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and biotic stress combinations. New Phytol. 2014, 203,

32–43. [CrossRef] [PubMed]
5. Pandey, P.; Ramegowda, V.; Senthil-Kumar, M. Shared and unique responses of plants to multiple individual stresses and stress

combinations: Physiological and molecular mechanisms. Front. Plant Sci. 2015, 6, 723. [CrossRef] [PubMed]
6. IPCC. Climate Change 2014: Synthesis Report. Contributions of Working Groups I, II and III to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change; Core Working Team, Pachauri, R.K., Meyer, L.A., Eds.; IPPC: Geneva, Switzerland,
2014; p. 151.

7. Kotir, J.H. Climate change and variability in Sub-Saharan Africa: A review of current and future trends and impacts on agriculture
and food security. Environ. Dev. Sustain. 2011, 13, 587–605. [CrossRef]

8. Gan, T.Y.; Ito, M.; Hulsmann, S.; Qin, X.; Lu, X.X.; Liong, S.Y.; Rutschman, P.; Disse, M.; Koivusalo, H. Possible climate
change/variability and human impacts, vulnerability of drought-prone regions, water resources and capacity building for Africa.
Hydrol. Sci. J. 2016, 61, 1209–1226. [CrossRef]

9. Serdeczny, O.; Adams, S.; Baarsch, F.; Coumou, D.; Robinson, A.; Hare, W.; Schaeffer, M.; Perrette, M.; Reinhardt, J. Climate
change impacts in Sub-Saharan Africa: From physical changes to their social repercussions. Reg. Environ. Chang. 2017, 17,
1585–1600. [CrossRef]

10. Kurukulasuriya, P.; Mendelsohn, R.; Hassan, R.; Benhin, J.; Deressa, T.; Diop, M.; Eid, H.M.; Fosu, K.Y.; Gbetibouo, G.; Jain, S.;
et al. Will African agriculture survive climate change? World Bank Econ. Rev. 2006, 20, 367–388. [CrossRef]

11. Mittler, R.; Blumwald, E. Genetic engineering for modern agriculture: Challenges and perspectives. Annu. Rev. Plant Biol. 2010,
61, 443–462. [CrossRef] [PubMed]

12. Farooq, M.; Wahid, A.; Kobayashi, N.; Fujita, D.; Basra, S.M.A. Plant drought stress: Effects, mechanisms and management. Agron.
Sustain. Dev. 2009, 29, 185–212. [CrossRef]

13. Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M.R. Heat tolerance in plants: An overview. Environ. Exp. Bot. 2007, 61, 199–223.
[CrossRef]

14. Anami, S.; De Block, M.; Machuka, J.; Van Lijsebettens, M. Molecular improvement of tropical maize for drought stress tolerance
in Sub-Saharan Africa. Crit. Rev. Plant Sci. 2009, 28, 16–35. [CrossRef]

15. Janni, M.; Gulli, M.; Maestri, E.; Marmiroli, M.; Valliyodan, B.; Nguyen, H.T.; Marmiroli, N. Molecular and genetic bases of heat
stress responses in crop plants and breeding for increased resilience and productivity. J. Exp. Bot. 2020, 71, 3780–3802. [CrossRef]
[PubMed]

16. Shinozaki, K.; Yamaguchi-Shinozaki, K. Molecular responses to dehydration and low temperature: Differences and cross-talk
between two stress signaling pathways. Curr. Opin. Plant Biol. 2000, 3, 217–223. [CrossRef] [PubMed]

17. Knight, H.; Knight, M.R. Abiotic stress signalling pathways: Specificity and cross-talk. Trends Plant Sci. 2001, 6, 262–267.
[CrossRef] [PubMed]

18. Roychoudhury, A.; Paul, S.; Basu, S. Cross-talk between abscisic acid-dependent and abscisic acid-independent pathways during
abiotic stress. Plant Cell Rep. 2013, 32, 985–1006. [CrossRef] [PubMed]

19. Zhang, H.N.; Sonnewald, U. Differences and commonalities of plant responses to single and combined stresses. Plant J. 2017, 90,
839–855. [CrossRef] [PubMed]

20. Zandalinas, S.I.; Mittler, R.; Balfagon, D.; Arbona, V.; Gomez-Cadenas, A. Plant adaptations to the combination of drought and
high temperatures. Physiol Plant. 2018, 162, 2–12. [CrossRef]

21. Lawas, L.M.F.; Zuther, E.; Jagadish, S.V.K.; Hincha, D.K. Molecular mechanisms of combined heat and drought stress resilience in
cereals. Curr. Opin. Plant Biol. 2018, 45, 212–217. [CrossRef]

22. Ngara, R.; Chivasa, S. Applications of “omics” technologies in plant responses to combined drought and heat stress: Trends
and future perspectives. In Multiple Abiotic Stress Tolerances in Higher Plants: Addressing the Growing Challenges; Gupta, N.K.,
Shavrukov, Y., Singhal, R.K., Borisjuk, N., Eds.; CRC Press: Boca Raton, FL, USA, 2023; pp. 267–276.

23. Rivero, R.N.; Mittler, R.; Blumwald, E.; Zandalinas, S.I. Developing climate-resilient crops: Improving plant tolerance to stress
combination. Plant J. 2022, 109, 373–389. [CrossRef]

24. Rizhsky, L.; Liang, H.J.; Mittler, R. The combined effect of drought stress and heat shock on gene expression in tobacco. Plant
Physiol. 2002, 130, 1143–1151. [CrossRef]

25. Rizhsky, L.; Liang, H.J.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When defense pathways collide. The response of
Arabidopsis to a combination of drought and heat stress. Plant Physiol. 2004, 134, 1683–1696. [CrossRef]

26. Johnson, S.M.; Lim, F.L.; Finkler, A.; Fromm, H.; Slabas, A.R.; Knight, M.R. Transcriptomic analysis of Sorghum bicolor responding
to combined heat and drought stress. BMC Genom. 2014, 15, 456. [CrossRef] [PubMed]

27. Wang, L.B.; Liu, L.J.; Ma, Y.L.; Li, S.; Dong, S.K.; Zu, W. Transcriptome profilling analysis characterized the gene expression
patterns responded to combined drought and heat stresses in soybean. Comput. Biol. Chem. 2018, 77, 413–429. [CrossRef]
[PubMed]

28. Demirel, U.; Morris, W.L.; Ducreux, L.J.M.; Yavuz, C.; Asim, A.; Tindas, I.; Campbell, R.; Morris, J.A.; Verrall, S.R.; Hedley,
P.E.; et al. Physiological, biochemical, and transcriptional responses to single and combined abiotic stress in stress-tolerant and
stress-sensitive potato genotypes. Front. Plant Sci. 2020, 11, 169. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tplants.2005.11.002
https://www.ncbi.nlm.nih.gov/pubmed/16359910
https://doi.org/10.1111/nph.12797
https://www.ncbi.nlm.nih.gov/pubmed/24720847
https://doi.org/10.3389/fpls.2015.00723
https://www.ncbi.nlm.nih.gov/pubmed/26442037
https://doi.org/10.1007/s10668-010-9278-0
https://doi.org/10.1080/02626667.2015.1057143
https://doi.org/10.1007/s10113-015-0910-2
https://doi.org/10.1093/wber/lhl004
https://doi.org/10.1146/annurev-arplant-042809-112116
https://www.ncbi.nlm.nih.gov/pubmed/20192746
https://doi.org/10.1051/agro:2008021
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1080/07352680802665305
https://doi.org/10.1093/jxb/eraa034
https://www.ncbi.nlm.nih.gov/pubmed/31970395
https://doi.org/10.1016/S1369-5266(00)80068-0
https://www.ncbi.nlm.nih.gov/pubmed/10837265
https://doi.org/10.1016/S1360-1385(01)01946-X
https://www.ncbi.nlm.nih.gov/pubmed/11378468
https://doi.org/10.1007/s00299-013-1414-5
https://www.ncbi.nlm.nih.gov/pubmed/23508256
https://doi.org/10.1111/tpj.13557
https://www.ncbi.nlm.nih.gov/pubmed/28370754
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1016/j.pbi.2018.04.002
https://doi.org/10.1111/tpj.15483
https://doi.org/10.1104/pp.006858
https://doi.org/10.1104/pp.103.033431
https://doi.org/10.1186/1471-2164-15-456
https://www.ncbi.nlm.nih.gov/pubmed/24916767
https://doi.org/10.1016/j.compbiolchem.2018.09.012
https://www.ncbi.nlm.nih.gov/pubmed/30476702
https://doi.org/10.3389/fpls.2020.00169
https://www.ncbi.nlm.nih.gov/pubmed/32184796


Plants 2024, 13, 1874 21 of 24

29. Mahalingam, R.; Duhan, N.; Kaundal, R.; Smertenko, A.; Nazarov, T.; Bregitzer, P. Heat and drought induced transcriptomic
changes in barley varieties with contrasting stress response phenotypes. Front. Plant Sci. 2022, 13, 1066421. [CrossRef] [PubMed]

30. Sewelam, N.; Brilhaus, D.; Brautigam, A.; Alseekh, S.; Fernie, A.R.; Maurino, V.G. Molecular plant responses to combined abiotic
stresses put a spotlight on unknown and abundant genes. J. Exp. Bot. 2020, 71, 5098–5112. [CrossRef] [PubMed]

31. Zhang, M.H.; Li, G.W.; Huang, W.; Bi, T.; Chen, G.Y.; Tang, Z.C.; Su, W.A.; Sun, W.N. Proteomic study of in response to combined
heat and drought stress. Proteomics 2010, 10, 3117–3129. [CrossRef] [PubMed]

32. Hu, X.L.; Wu, L.J.; Zhao, F.Y.; Zhang, D.Y.; Li, N.N.; Zhu, G.H.; Li, C.H.; Wang, W. Phosphoproteomic analysis of the response of
maize leaves to drought, heat and their combination stress. Front. Plant Sci. 2015, 6, 298. [CrossRef] [PubMed]

33. Ashoub, A.; Baeumlisberger, M.; Neupaertl, M.; Karas, M.; Bruggemann, W. Characterization of common and distinctive
adjustments of wild barley leaf proteome under drought acclimation, heat stress and their combination. Plant Mol. Biol. 2015, 87,
459–471. [CrossRef]

34. Zhao, F.Y.; Zhang, D.Y.; Zhao, Y.L.; Wang, W.; Yang, H.; Tai, F.J.; Li, C.H.; Hu, X.L. The difference of physiological and proteomic
changes in maize leaves adaptation to drought, heat, and combined both stresses. Front. Plant Sci. 2016, 7, 1471. [CrossRef]

35. Katam, R.; Shokri, S.; Murthy, N.; Singh, S.K.; Suravajhala, P.; Khan, M.N.; Bahmani, M.; Sakata, K.; Reddy, K.R. Proteomics,
physiological, and biochemical analysis of cross tolerance mechanisms in response to heat and water stresses in soybean. PLoS
ONE 2020, 15, e0233905. [CrossRef] [PubMed]

36. Dobra, J.; Motyka, V.; Dobrev, P.; Malbeck, J.; Prasil, I.T.; Haisel, D.; Gaudinova, A.; Havlova, M.; Gubis, J.; Vankova, R.
Comparison of hormonal responses to heat, drought and combined stress in tobacco plants with elevated proline content. J. Plant
Physiol. 2010, 167, 1360–1370. [CrossRef] [PubMed]

37. Obata, T.; Witt, S.; Lisec, J.; Palacios-Rojas, N.; Florez-Sarasa, I.; Yousfi, S.; Araus, J.L.; Cairns, J.E.; Fernie, A.R. Metabolite profiles
of maize leaves in drought, heat, and combined stress field trials reveal the relationship between metabolism and grain yield.
Plant Physiol. 2015, 169, 2665–2683. [CrossRef] [PubMed]

38. Da Costa, M.V.J.; Ramegowda, V.; Ramakrishnan, P.; Nataraja, K.N.; Sheshshayee, M.S. Comparative metabolite profiling of rice
contrasts reveal combined drought and heat stress signatures in flag leaf and spikelets. Plant Sci. 2022, 320, 111262. [CrossRef]
[PubMed]

39. López-Hidalgo, C.; Lamelas, L.; Cañal, M.J.; Valledor, L.; Meijón, M. Untargeted metabolomics revealed essential biochemical
rearrangements towards combined heat and drought stress acclimatization in Pinus pinaster. Environ. Exp. Bot. 2023, 208, 105261.
[CrossRef]

40. Sinha, R.; Fritschi, F.B.; Zandalinas, S.I.; Mittler, R. The impact of stress combination on reproductive processes in crops. Plant Sci.
2021, 311, 111007.

41. Agrawal, G.K.; Jwa, N.S.; Lebrun, M.H.; Job, D.; Rakwal, R. Plant secretome: Unlocking secrets of the secreted proteins. Proteomics
2010, 10, 799–827. [CrossRef] [PubMed]

42. Krause, C.; Richter, S.; Knoll, C.; Jurgens, G. Plant secretome—From cellular process to biological activity. Biochim. Biophys. Acta
2013, 1834, 2429–2441. [CrossRef] [PubMed]

43. Wang, X.F.; Chung, K.P.; Lin, W.L.; Jiang, L.W. Protein secretion in plants: Conventional and unconventional pathways and new
techniques. J. Exp. Bot. 2018, 69, 21–37. [CrossRef]

44. Farvardin, A.; González-Hernández, A.I.; Llorens, E.; García-Agustín, P.; Scalschi, L.; Vicedo, B. The apoplast: A key player in
plant survival. Antioxidants 2020, 9, 604. [CrossRef]

45. House, L.R. A Guide to Sorghum Breeding, 2nd ed.; International Crops Research Institute for the Semi-Arid Tropics: Patancheru,
India, 1985; p. 238.

46. Doggett, H. Sorghum, 2nd ed.; Longman Scientific & Technical: Essex, UK, 1988; p. 512.
47. Ngara, R.; Ndimba, B.K. Model plant systems in salinity and drought stress proteomics studies: A perspective on Arabidopsis

and Sorghum. Plant Biol. 2014, 16, 1029–1032. [CrossRef] [PubMed]
48. Showalter, A.M. Structure and function of plant cell wall proteins. Plant Cell 1993, 5, 9–23. [PubMed]
49. Hoson, T. Apoplast as the site of response to environmental signals. J. Plant Res. 1998, 111, 167–177. [CrossRef] [PubMed]
50. Ngara, R.; Ramulifho, E.; Movahedi, M.; Shargie, N.G.; Brown, A.P.; Chivasa, S. Identifying differentially expressed proteins in

sorghum cell cultures exposed to osmotic stress. Sci. Rep. 2018, 8, 8671. [CrossRef] [PubMed]
51. Ngcala, M.G.; Goche, T.; Brown, A.P.; Chivasa, S.; Ngara, R. Heat stress triggers differential protein accumulation in the

extracellular matrix of sorghum cell suspension cultures. Proteomes 2020, 8, 29. [CrossRef] [PubMed]
52. Raja, V.; Qadir, S.U.; Alyemeni, M.N.; Ahmad, P. Impact of drought and heat stress individually and in combination on physio-

biochemical parameters, antioxidant responses, and gene expression in Solanum lycopersium. 3 Biotech 2020, 10, 208. [CrossRef]
[PubMed]

53. Ashraf, M.; Foolad, M.R. Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 2007,
59, 206–216. [CrossRef]

54. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing environments: A review.
Plant Signal. Behav. 2012, 7, 1456–1466. [CrossRef]

55. Qaseem, M.F.; Qureshi, R.; Shaheen, H. Effects of pre-anthesis drought, heat and their combination on the growth, yield and
physiology of diverse wheat (Triticum aestivum L.) genotypes varying in sensitivity to heat and drought stress. Sci. Rep. 2019,
9, 6955. [CrossRef]

https://doi.org/10.3389/fpls.2022.1066421
https://www.ncbi.nlm.nih.gov/pubmed/36570886
https://doi.org/10.1093/jxb/eraa250
https://www.ncbi.nlm.nih.gov/pubmed/32442250
https://doi.org/10.1002/pmic.200900637
https://www.ncbi.nlm.nih.gov/pubmed/20661954
https://doi.org/10.3389/fpls.2015.00298
https://www.ncbi.nlm.nih.gov/pubmed/25999967
https://doi.org/10.1007/s11103-015-0291-4
https://doi.org/10.3389/fpls.2016.01471
https://doi.org/10.1371/journal.pone.0233905
https://www.ncbi.nlm.nih.gov/pubmed/32502194
https://doi.org/10.1016/j.jplph.2010.05.013
https://www.ncbi.nlm.nih.gov/pubmed/20619485
https://doi.org/10.1104/pp.15.01164
https://www.ncbi.nlm.nih.gov/pubmed/26424159
https://doi.org/10.1016/j.plantsci.2022.111262
https://www.ncbi.nlm.nih.gov/pubmed/35643604
https://doi.org/10.1016/j.envexpbot.2023.105261
https://doi.org/10.1002/pmic.200900514
https://www.ncbi.nlm.nih.gov/pubmed/19953550
https://doi.org/10.1016/j.bbapap.2013.03.024
https://www.ncbi.nlm.nih.gov/pubmed/23557863
https://doi.org/10.1093/jxb/erx262
https://doi.org/10.3390/antiox9070604
https://doi.org/10.1111/plb.12247
https://www.ncbi.nlm.nih.gov/pubmed/25258177
https://www.ncbi.nlm.nih.gov/pubmed/8439747
https://doi.org/10.1007/BF02507163
https://www.ncbi.nlm.nih.gov/pubmed/11541948
https://doi.org/10.1038/s41598-018-27003-1
https://www.ncbi.nlm.nih.gov/pubmed/29875393
https://doi.org/10.3390/proteomes8040029
https://www.ncbi.nlm.nih.gov/pubmed/33105781
https://doi.org/10.1007/s13205-020-02206-4
https://www.ncbi.nlm.nih.gov/pubmed/32351866
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.4161/psb.21949
https://doi.org/10.1038/s41598-019-43477-z


Plants 2024, 13, 1874 22 of 24

56. Goche, T.; Shargie, N.G.; Cummins, I.; Brown, A.P.; Chivasa, S.; Ngara, R. Comparative physiological and root proteome analyses
of two sorghum varieties responding to water limitation. Sci. Rep. 2020, 10, 11835. [CrossRef]

57. Xu, Z.J.; Sun, M.L.; Jiang, X.F.; Sun, H.P.; Dang, X.M.; Cong, H.Q.; Qiao, F. Glycine betaine biosynthesis in response to osmotic
stress depends on jasmonate signaling in watermelon suspension cells. Front. Plant Sci. 2018, 9, 1469. [CrossRef] [PubMed]

58. Alexandersson, E.; Ali, A.; Resjo, S.; Andreasson, E. Plant secretome proteomics. Front. Plant Sci. 2013, 4, 9. [CrossRef] [PubMed]
59. Muthego, D.; Moloi, S.J.; Brown, A.P.; Goche, T.; Chivasa, S.; Ngara, R. Exogenous abscisic acid treatment regulates protein

secretion in sorghum cell suspension cultures. Plant Signal. Behav. 2023, 18, e2291618. [CrossRef] [PubMed]
60. Chung, K.P.; Zeng, Y. An overview of protein secretion in plant cells. Methods Mol. Biol. 2017, 1662, 19–32. [PubMed]
61. Kunze, M.; Berger, J. The similarity between N-terminal targeting signals for protein import into different organelles and its

evolutionary relevance. Front. Physiol. 2015, 6, 259. [CrossRef] [PubMed]
62. Davis, D.J.; Kang, B.H.; Heringer, A.S.; Wilkop, T.E.; Drakakaki, G. Unconventional protein secretion in plants. Methods Mol. Biol.

2016, 1459, 47–63.
63. Ding, Y.; Wang, J.; Wang, J.Q.; Stierhof, Y.D.; Robinson, D.G.; Jiang, L.W. Unconventional protein secretion. Trends Plant Sci. 2012,

17, 606–615. [CrossRef] [PubMed]
64. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al.

Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29. [CrossRef] [PubMed]
65. Carnielli, C.M.; Winck, F.V.; Leme, A.F.P. Functional annotation and biological interpretation of proteomics data. Biochim. Biophys.

Acta 2015, 1854, 46–54. [CrossRef]
66. UniProt, C. UniProt: The Universal Protein Knowledgebase in 2023. Nucleic Acids Res. 2023, 51, D523–D531.
67. Jeffery, C.J. Protein moonlighting: What is it, and why is it important? Phil. Trans. R. Soc. B 2017, 373, 20160523. [CrossRef]

[PubMed]
68. Hiraga, S.; Sasaki, K.; Ito, H.; Ohashi, Y.; Matsui, H. A large family of class III plant peroxidases. Plant Cell Physiol. 2001, 42,

462–468. [CrossRef] [PubMed]
69. Almagro, L.; Ros, L.V.G.; Belchi-Navarro, S.; Bru, R.; Barceló, A.R.; Pedreño, M.A. Class III peroxidases in plant defence reactions.

J. Exp. Bot. 2009, 60, 377–390. [CrossRef] [PubMed]
70. Shigeto, J.; Tsutsumi, Y. Diverse functions and reactions of class III peroxidases. New Phytol. 2016, 209, 1395–1402. [CrossRef]

[PubMed]
71. Lane, B.G.; Dunwell, J.M.; Ray, J.A.; Schmitt, M.R.; Cuming, A.C. Germin, a protein marker of early plant development, is an

oxalate oxidase. J. Biol. Chem. 1993, 268, 12239–12242. [CrossRef] [PubMed]
72. Caliskan, M. Germin, an oxalate oxidase, has a function in many aspects of plant life. Turk. J. Biol. 2000, 24, 717–724.
73. Govindan, G.; Sandhiya, K.R.; Alphonse, V.; Somasundram, S. Role of germin-like proteins (GLPs) in biotic and abiotic stress

responses in major crops: A review on plant defense mechanisms and stress tolerance. Plant Mol. Biol. Rep. 2024. [CrossRef]
74. Alscher, R.G.; Erturk, N.; Heath, L.S. Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot.

2002, 53, 1331–1341. [CrossRef]
75. Marrs, K.A. The functions and regulation of glutathione S-transferases in plants. Annu. Rev. Plant Phys. 1996, 47, 127–158.

[CrossRef]
76. Dixon, D.P.; Cummins, I.; Cole, D.J.; Edwards, R. Glutathione-mediated detoxification systems in plants. Curr. Opin. Plant Biol.

1998, 1, 258–266. [CrossRef]
77. Mittler, R.; Zandalinas, S.I.; Fichman, Y.; Van Breusegem, F. Reactive oxygen species signalling in plant stress responses. Nat. Rev.

Mol. Cell Biol. 2022, 23, 663–679. [CrossRef] [PubMed]
78. Bhushan, D.; Pandey, A.; Choudhary, M.K.; Datta, A.; Chakraborty, S.; Chakraborty, N. Comparative proteomics analysis of

differentially expressed proteins in chickpea extracellular matrix during dehydration stress. Mol. Cell Proteom. 2007, 6, 1868–1884.
[CrossRef] [PubMed]

79. Pandey, A.; Rajamani, U.; Verma, J.; Subba, P.; Chakraborty, N.; Datta, A.; Chakraborty, S.; Chakraborty, N. Identification
of extracellular matrix proteins of rice (Oryza sativa L.) involved in dehydration-responsive network: A proteomic approach.
J. Proteome Res. 2010, 9, 3443–3464. [CrossRef] [PubMed]

80. Pinski, A.; Betekhtin, A.; Skupien-Rabian, B.; Jankowska, U.; Jamet, E.; Hasterok, R. Changes in the cell wall proteome of leaves in
response to high temperature stress in Brachypodium distachyon. Int. J. Mol. Sci. 2021, 22, 6750. [CrossRef] [PubMed]

81. Pernis, M.; Salaj, T.; Bellová, J.; Danchenko, M.; Baráth, P.; Klubicová, K. Secretome analysis revealed that cell wall remodeling and
starch catabolism underlie the early stages of somatic embryogenesis in Pinus nigra. Front. Plant Sci. 2023, 14, 1225424. [CrossRef]
[PubMed]

82. Cosgrove, D.J. Plant expansins: Diversity and interactions with plant cell walls. Curr. Opin. Plant Biol. 2015, 25, 162–172.
[CrossRef] [PubMed]

83. Tenhaken, R. Cell wall remodeling under abiotic stress. Front. Plant Sci. 2015, 5, 771. [CrossRef] [PubMed]
84. Willick, I.R.; Takahashi, D.; Fowler, D.B.; Uemura, M.; Tanino, K.K. Tissue-specific changes in apoplastic proteins and cell wall

structure during cold acclimation of winter wheat crowns. J. Exp. Bot. 2018, 69, 1221–1234. [CrossRef] [PubMed]
85. Takahashi, D.; Gorka, M.; Erban, A.; Graf, A.; Kopka, J.; Zuther, E.; Hincha, D.K. Both cold and sub-zero acclimation induce cell

wall modification and changes in the extracellular proteome in Arabidopsis thaliana. Sci. Rep. 2019, 9, 2289. [CrossRef]

https://doi.org/10.1038/s41598-020-68735-3
https://doi.org/10.3389/fpls.2018.01469
https://www.ncbi.nlm.nih.gov/pubmed/30369936
https://doi.org/10.3389/fpls.2013.00009
https://www.ncbi.nlm.nih.gov/pubmed/23378846
https://doi.org/10.1080/15592324.2023.2291618
https://www.ncbi.nlm.nih.gov/pubmed/38100609
https://www.ncbi.nlm.nih.gov/pubmed/28861814
https://doi.org/10.3389/fphys.2015.00259
https://www.ncbi.nlm.nih.gov/pubmed/26441678
https://doi.org/10.1016/j.tplants.2012.06.004
https://www.ncbi.nlm.nih.gov/pubmed/22784825
https://doi.org/10.1038/75556
https://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1016/j.bbapap.2014.10.019
https://doi.org/10.1098/rstb.2016.0523
https://www.ncbi.nlm.nih.gov/pubmed/29203708
https://doi.org/10.1093/pcp/pce061
https://www.ncbi.nlm.nih.gov/pubmed/11382811
https://doi.org/10.1093/jxb/ern277
https://www.ncbi.nlm.nih.gov/pubmed/19073963
https://doi.org/10.1111/nph.13738
https://www.ncbi.nlm.nih.gov/pubmed/26542837
https://doi.org/10.1016/S0021-9258(18)31377-2
https://www.ncbi.nlm.nih.gov/pubmed/8509360
https://doi.org/10.1007/s11105-024-01434-9
https://doi.org/10.1093/jexbot/53.372.1331
https://doi.org/10.1146/annurev.arplant.47.1.127
https://doi.org/10.1016/S1369-5266(98)80114-3
https://doi.org/10.1038/s41580-022-00499-2
https://www.ncbi.nlm.nih.gov/pubmed/35760900
https://doi.org/10.1074/mcp.M700015-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/17686759
https://doi.org/10.1021/pr901098p
https://www.ncbi.nlm.nih.gov/pubmed/20433195
https://doi.org/10.3390/ijms22136750
https://www.ncbi.nlm.nih.gov/pubmed/34201710
https://doi.org/10.3389/fpls.2023.1225424
https://www.ncbi.nlm.nih.gov/pubmed/37600183
https://doi.org/10.1016/j.pbi.2015.05.014
https://www.ncbi.nlm.nih.gov/pubmed/26057089
https://doi.org/10.3389/fpls.2014.00771
https://www.ncbi.nlm.nih.gov/pubmed/25709610
https://doi.org/10.1093/jxb/erx450
https://www.ncbi.nlm.nih.gov/pubmed/29373702
https://doi.org/10.1038/s41598-019-38688-3


Plants 2024, 13, 1874 23 of 24

86. Trentin, A.R.; Pivato, M.; Mehdi, S.M.M.; Barnabas, L.E.; Giaretta, S.; Fabrega-Prats, M.; Prasad, D.; Arrigoni, G.; Masi, A.
Proteome readjustments in the apoplastic space of Arabidopsis thaliana ggt1 mutant leaves exposed to UV-B radiation. Front. Plant
Sci. 2015, 6, 128. [CrossRef]

87. Micheli, F. Pectin methylesterases: Cell wall enzymes with important roles in plant physiology. Trends Plant Sci. 2001, 6, 414–419.
[CrossRef] [PubMed]

88. Wormit, A.; Usadel, B. The multifaceted role of pectin methylesterase inhibitors (PMEIs). Int. J. Mol. Sci. 2018, 19, 2878. [CrossRef]
[PubMed]

89. Wu, H.C.; Bulgakov, V.P.; Jinn, T.L. Pectin methylesterases: Cell wall remodeling proteins are required for plant response to heat
stress. Front. Plant Sci. 2018, 9, 1612. [CrossRef]

90. Pelloux, J.; Rustérucci, C.; Mellerowicz, E.J. New insights into pectin methylesterase structure and function. Trends Plant Sci. 2007,
12, 267–277. [CrossRef] [PubMed]

91. Sasidharan, R.; Voesenek, L.A.C.J.; Pierik, R. Cell wall modifying proteins mediate plant acclimatization to biotic and abiotic
stresses. Crit. Rev. Plant Sci. 2011, 30, 548–562. [CrossRef]

92. Vierstra, R.D. Proteolysis in plants: Mechanisms and functions. Plant Mol. Biol. 1996, 32, 275–302. [CrossRef] [PubMed]
93. Schaller, A. A cut above the rest: The regulatory function of plant proteases. Planta 2004, 220, 183–197. [CrossRef] [PubMed]
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