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Abstract

Aloe vera is well known for its high tolerance to adverse environmental conditions. However, the
molecular pathways governing its adaptive response mechanisms to abiotic stress remain unclear.
Thus, the expression of AOG, ABA2 and GMMT genes on Aloe vera plant subjected to saline-water
stress was evaluated. Thus, saline-water stress significantly influenced the expression of key genes
related to stress response in Aloe vera. AOG and GMMT expression levels were higher under field
capacity (FC) than under water deficit (PWP), with AOG reaching >4% under 40 mM salinity at FC.
In contrast, ABA2 was strongly upregulated under PWP, particularly at 40 mM salinity, with
expression increasing up to fivefold compared to control. However, salinity above 40 mM led to
reduced ABA2 expression. GMMT was overexpressed (~6%) under severe stress, while mannose
content increased significantly with salinity but remained unaffected by soil moisture. These findings
highlight gene-specific responses to combined stress.

Keywords: AOG gene; ABA2 gene; GMMT gene; Aloe vera; saline-water stress; mannose-rich
polysaccharides

1. Introduction

Climate change is exerting unprecedented pressure on plant systems worldwide, challenging
their survival through increased temperatures, altered precipitation patterns, and the intensification
of abiotic stresses such as drought or salinity [1]. These environmental perturbations not only
compromise plant productivity and biodiversity but also affect global food security and ecosystem
resilience [2,3].

In the last years, Aloe vera (A. vera) has emerged as a model of resilience among the plant species
demonstrating remarkable tolerance to harsh environmental conditions [2—4]. This succulent plant,
native to arid and semi-arid regions, exhibits high adaptability to extreme drought and saline
environments —conditions increasingly prevalent under current climate scenarios [3-11]. From a
physiological perspective, A. vera reduces its foliar area to minimize evapotranspiration during
prolonged drought periods and enhances the synthesis of aloin, polysaccharides, and phenolic
compounds, along with an increase in antioxidant activity, as part of its defense response to stress
[2,3,8]. Indeed, a critical component of A. vera’s stress resilience is the biosynthesis of acemannan, a
bioactive acetylated polysaccharide stored in the parenchymatous gel of the plant [57-9],
contributing to cellular water retention and stabilization of membrane structures [5,12]. At the
molecular level, A. vera deploys a series of biochemical and genetic strategies that underpin its
survival under abiotic stress [5,12]. Thus, the enzyme glucomannan mannosyltransferase (GMMT),
encoded by the CSLA-9 gene, plays a key role in the synthesis of acemannan [5]. Under stress
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conditions, upregulation of CSLA-9 enhances acemannan production, improving the structural
plasticity of A. vera cell walls, including the modification of pectin composition and branching,
supporting mechanical stability and stress signaling [8,9]. These molecular adaptations are
accompanied by the accumulation of secondary metabolites with antioxidant properties, further
protecting the plant from oxidative damage [8].

Additional to this, one of the most prominent mechanisms involves the upregulation of stress-
responsive genes related to the biosynthesis and signaling pathways of abscisic acid (ABA), a key
phytohormone in drought and salinity tolerance [5,13,14]. Within context, genes such as ABA2 and
AOG, which regulate the biosynthesis and transport of active ABA, are significantly modulated under
water-deficit conditions [13,15]. The elevated expression of these genes facilitates stomatal closure,
minimizes water loss, and activates downstream protective responses, including antioxidant defense
systems and osmoprotectant accumulation [1,13,16,17].

Understanding the molecular and physiological mechanisms that confer stress tolerance in A.
vera offers valuable insights into the design of climate-resilient crops. As global temperatures
continue to rise, harnessing such natural resilience—either through genetic engineering or cross-
breeding strategies—may be crucial for sustaining agricultural productivity in vulnerable regions
[18].

2. Results

2.1. RNA Extraction and Quality

The genes ACT (actin), GMMT, AOG, and ABA2 showed well-defined amplification curves, with
a clear exponential phase and high fluorescence levels, indicating good efficiency and specificity.
Opposite to this, the ABA8 and ZEP genes exhibited very low or flat signals, without reaching
significant fluorescence levels, suggesting low expression (Figure 1). Thus, these last genes were
excluded from further analysis.
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Figure 1. Fluorescence of different genes: actin (¢), GMMT (¢), AOG (¢), ABA2 (¢), ABAS (*), ZEP ().
2.2. Expression of Key Gens on Aloe vera Under Saline-Water Stress

2.2.1. Expression of AOG Gen on Aloe vera Under Saline-Water Stress

The expression of AOG gene in A. vera plants grown under saline-water stress is showed in
Figure 2. As can be seen, the AOG expression was significantly affected by saline-water stress (p <
0.05). The AOG expression ranged from 0.1% to > 4%, being the lowest expression observed in those
plants grown at the higher stress conditions (S80WD) whereas those plants grown under 40 mM
salinity but irrigated at FC exhibited the highest expression of this gen. It is important to note that
the AOG expression was more affected by water deficit than by saline stress, with most of the plants
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grown under water deficit exhibiting the lowest expression, >1%. Interestingly, those plants taken as
a control exhibited a relative expression of AOG gene of 1 + 0.3%.
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Figure 2. Expression of AOG gene of Aloe vera subjected to salinity-water stress.

2.2.2. Expression of ABA2 Gen on Aloe vera Under Saline-Water Stress

The relative ABA2 expression showed significant differences between treatments (p < 0.05)
(Figure 3). Interestingly, this gene exhibited larger expression than AOG when A. vera plants were
subjected to salinity-water stress, reaching expression levels around 5.5%. Further, those plants
grown at field capacity (FC) conditions exhibited lower ABA2 expression than plants under
permanent wilting point (PWP) conditions. Notably, those plants grown under PWP conditions and
40 mM salinity showed positive regulation, denoted by expression levels increasing approximately
four-fold compared to the control samples. Curiously, the lowest levels of ABA2 were observed when
Aloe vera was grown under higher salinity conditions. Specifically, ABA2 levels were reduced to less
than 2% when salinity exceeded 40 mM salinity at PWP and dropped to below 1% when salinity was
greater than 20 mM salinity at FC (p < 0.05).
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Figure 3. Expression of ABA2 gene of Aloe vera subjected to salinity-water stress.

2.2.3. Expression of GMMT Gen on Aloe vera Under Saline-Water Stress

Saline-water stress promoted the overexpressing of the glucomannan mannosyl transferase
(GMMT) in A. vera (see Figure 4). The expression of GMMT in Aloe plants grown under FC was higher
than those grown under PWP, except for plants exposed to the most extreme conditions (PWP with
80 mM salinity) (p < 0.05). Interestingly, a significant increase of the GMMT levels was observed in
those plants grown under 40mM salinity and FC. However, further increases in salinity led to a
significant reduction in GMMT expression. On the contrary, Aloe vera grown under PWP condition
reached the highest GMMT levels at 80 mM, the most severe condition.
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Figure 4. Expression of GMMT gene of Aloe vera subjected to salinity-water stress.

2.3. Biosynthesis of Mannose-Rich Polysaccharides in Aloe vera

Mannose-rich polysaccharides play a key role in the stress tolerance of A. vera plant. Thus, the
content of mannose as a function of individual stressors, either water deficit or saline concentration,
was evaluated (Figure 5). As can be seen, the mannose content was not significantly affected by the
soil moisture levels, FC or PWP (p > 0.05). However, the salinity led to a significant increase in
mannose, from ~60 up to ~140 mg/g sample, in the parenchymatous tissue (p < 0.05). On the other
hand, the effect of saline-water stress on A. vera, the gene expression was also compared by individual
stressors.

The expression of AOG and GMMT genes was higher in plants grown under FC conditions than
in those under PWP. Notably, the ABA2 gene was overexpressed when A. vera was subjected to water
restriction (PWP condition). Interestingly, the gene expression increased as salinity increased from 0
to 40 mM NaCl but decrease when salinity exceeded 40 mM, except for the GMMT gene, which was
overexpressed near to 6%.
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Figure 5. Mannose content (Man) compared with the expression of the three genes (AOG, ABA2 and GMMT)

under the different stress conditions: (A) soil moisture and (B) salinity.

3. Discussion

Aloe vera (Aloe barbadensis Miller) is without doubt one of the most popular plants used in
traditional medicine, and recently, in food industry. This popularity has been largely attributed to
the high adaptability to adverse environments, including drought and salinity conditions. However,
despite its high tolerance to adverse conditions, A. vera can still experience abiotic stress when water
deficit and salinity occur simultaneously [6,8,9]. Aloe vera’s tolerance to water and salt stress appears
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to be closely linked to the regulation of specific biosynthetic pathways mediated by abscisic acid
(ABA), particularly those involved in the synthesis of acemannan, a functionally important acetylated
glucomannan [5]. Several studies have shown that ABA not only acts as a physiological regulator in
response to water deficit but also directly modulates gene expression, promoting the synthesis of
hydrophilic polysaccharides capable of retaining water in parenchymal tissues [13,14,19]. In this
context, the CSLA9 gene, which encodes the enzyme glucomannan mannosyltransferase (GMMT),
has been identified as a central element in the synthesis of the acemannan skeleton [5]. Evidence
suggests that GMMT expression is positively regulated by ABA, both under water stress conditions
and through exogenous application of the phytohormone, with an overexpression of up to fourfold
compared to the control group being observed after 48 h of ABA treatment [5], indicating that GMMT
is an ABA-regulated gene, which represents a novel finding in CAM plants such as A. vera.

At the metabolic level, a significant accumulation of acemannan was observed under combined
stress conditions (water deficit and salinity), along with an increase in its acetylation level, suggesting
a structural adaptation to enhance water retention [8,9]. In parallel, endogenous ABA levels
progressively increase with stress severity, reaching increases of up to 15.5-fold compared to control,
reinforcing its role as a molecular signal in this response [5]. At this point, it is important to note the
GMMT activation does not occur in isolation, the genes AOG and ABA2, respectively involved in the
transport of conjugated ABA (ABA-GE) and its conversion into active ABA, show expression patterns
consistent with stress levels. ABA2 was especially sensitive to water deficit, with overexpression
under permanent wilt point (PWP) conditions and 40 mM salinity. For its part, AOG showed
differential regulation, decreasing drastically under high combined stress conditions, suggesting a
limitation in the intracellular availability of active ABA under extreme conditions. Together, these
findings highlight the ABA-GE — ABA activation pathway mediated by AOG and ABA? as a key
regulatory mechanism of GMMT expression. The overexpression of the latter under stress suggests
an adaptive mechanism by which A. vera increases acemannan biosynthesis to counteract water loss
and maintain the functional integrity of the gel. From a biochemical perspective, stress conditions
also alter cell wall polysaccharides. Mannose content increased significantly under salinity,
reinforcing the connection between gene regulation and mannose-rich polysaccharide accumulation.
Both pectins and acemannan underwent structural changes: acetylation of acemannan increased by
90-150% under low humidity and high salinity, while pectin methylesterification remained high
(~60%), thereby stabilizing the cell wall and preventing collapse [8,9]. These molecular and chemical
responses converge to support the hypothesis that acemannan and pectins are central to the resilience
strategy of A. vera [9].

The results of this study further demonstrate that abiotic stress represses AOG expression as
stress severity increases, whereas well-hydrated control plants exhibited the highest levels (10.3%).
AOG encodes an ABA-glucosyltransferase that conjugates ABA with glucose ester to form ABA-GE,
an inactive storage form of ABA typically sequestered in vacuoles [13]. Under severe stress, Aloe vera
prioritizes survival over productivity, entering dormancy and reducing AOG activity. This aligns
with the general role of ABA as a “stress hormone” [13,14]. Indeed, stress conditions trigger ABA
biosynthesis, catabolism, and transport, leading to upregulation of genes in ABA metabolism and
signaling [20]. Accumulated evidence shows that cell wall polysaccharides synthesized by the
cellulose synthase-like (CSL) gene family are critical for plant development and stress tolerance.
Several Arabidopsis CSLA members, for instance, are involved in high-mannose polysaccharide
synthesis [21,22]. In A. vera, GMMT has been consistently identified as a key ABA-regulated gene
mediating water stress tolerance through the synthesis of mannose-rich polysaccharides [5,23]. In
addition, the chemical modifications previously reported in key polysaccharides, such as the
increased acetylation of acemannan combined with the structural stability provided by pectin,
enhance water retention and cellular resistance, positioning A. vera as an effective model for
biochemical adaptation to multiple abiotic stresses.
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4. Materials and Methods

4.1. Plant Material

Aloe vera seedlings, aged 6 months and measuring between 25 and 30 cm, were used for the
experiment. These seedlings were transplanted into 15 kg capacity pots filled with 10 kg of sandy
loam soil collected from the study area. The experiment took place at the Regional University Unit
for Arid Zones of the Autonomous University of Chapingo (Durango, Mexico) during the spring-
summer of 2020. Five saline concentrations were tested: 0, 20, 40, 60, and 80 mM NaCl, along with
two soil moisture levels: field capacity (FC) at 20.7% and permanent wilting point (PWP) at 12.3%
soil water content [3]. This setup resulted in ten treatments: five salinity treatments (S0, S20, 540, S60,
S80) irrigated at FC, and five combined salinity and water deficit treatments (SOWD, S20WD, S40WD,
S60WD, S80WD) irrigated at PWP. Plants grown under 0 mM salinity and irrigated at field capacity
(S0) were used as the control sample. All plants were irrigated weekly according to the experimental
treatments for a period of 3 months. Soil moisture was monitored using an Extech Soil Moisture Meter
MO750 (Nashua, New Hampshire, USA) [8].

After the stress treatments, the plants were carefully washed with distilled water using a spray
bottle. For RNA extraction and subsequent RT-qPCR, the third leaf from the inside to the outside of
the rosette of each plant was sectioned separately. The samples were immediately frozen in liquid
nitrogen and stored at —70 °C until analysis.

4.2. RNA Extraction

The RNA extraction was carried out using the exocarp or leaf cortex, separated from the
parenchyma. This cortex was frozen with liquid nitrogen and ground with a mortar and pestle. This
tissue was chosen to avoid contamination with plant mucilage, as polysaccharides interfere with
RNA extraction. Thus, 700 pL of extraction buffer (2% w/v CTAB, 2% w/v PVP, 100 mM Tris-HCl pH
8, 25 mM EDTA, 2 M Na(l, 0.05% spermidine) and 100 pL of 3-mercaptoethanol were added to the
sample. The mixture was vortexed at maximum speed for 30 s. Then, it was incubated for 10 min at
65 °C, inverting the tube four times. 500 pL of chloroform were added, and the mixture was vortexed
again at maximum speed for 30 s. It was then centrifuged at 10,000 rpm and 4 °C for 10 min. The
supernatant was transferred to a new tube and 350 pL of phenol:chloroform:isoamyl alcohol (25:24:1)
were added. The mixture was vortexed at maximum speed for 30 s and centrifuged at 10,000 rpm
and 4 °C for 10 min. The supernatant was transferred to a new tube, and an equal volume of
chloroform:isoamyl alcohol (24:1) was added. The mixture was vortexed for 30 s and centrifuged at
10,000 rpm and 4 °C for 10 min. Again, the supernatant was transferred to a new tube, and 1/3 volume
of 10 M LiCl was added. It was left to precipitate overnight at 4 °C. The sample was centrifuged at
10,000 rpm and 4 °C for 20 min, decanted, and the sediment was washed with 800 uL of 96% ethanol.
The mixture was centrifuged at 10,000 rpm and 4 °C for 5 min. The sediment was then washed with
800 pL of 70% ethanol and centrifuged at 10,000 rpm and 4 °C for 5 min. Finally, the sediment was
decanted, dried at room temperature, and resuspended in 20 uL of DEPC water.

Then, a DNase treatment was performed to degrade residual DNA using DNase I RNase-free
(Ambion Life Technologies) according to the provider’s instructions. Finally, the RNA extraction was
evaluated for quantity, purity, and integrity using spectrophotometry (NanoDrop 2000, UV/Vis,
Thermo Scientific) and horizontal electrophoresis in 1% agarose gels.

4.3. Primers

A quantity of 40 ng of total RNA per reaction was used to estimate the expression for the ABA
8H, ZEP, ABA2, AOG, and GMMT genes, with actin being the reference gene, using specific primers
(Table 1). All primers were synthesized by Sigma-Aldrich.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Melting Amplicon
Gene Encoded enzyme Primer Sequence Temperature P Reference
©C) size (bp)
ABA 8H-F Abscisic acid 5'-GAGAGAGAGAGGTGCTACATTTG-3' 540 206.0 [24]
ABA 8H-R 8'-hydroxylase 5-ATGTTTGGGTCTTGAGAGTAGAG-3’ ’ ’
ZEP-F Zeaxanthin 5-GAAACTTGGGCAAAGGGAATG-3’ 55.0 258.0 [24]
ZEP-R epoxidase 5'-CTTGTTGTACCCACCCTGATAG-3' ’ ’
ABA2-F  Zeaxanthin epoxidase 5-GGACAGTACAGAGGTCCAATTC-3' 55.0 333.0 [24]
ABA2-R chloroplastic 5-TCCTCAGCAACCTCCAAATC-3' ’ ’
AOG-F Abscisate beta- 5'-GGTGCCCACCCTCTTATTATC-3' 540 2770 [24]
AOG-R glucosyltransferase 5'-AAGGTGAAGGAGGAGGAGAA-3' ’ ’
GMMT-F Glucomannan 5'-GTCCAGATCCCCATGTTCAACGAG-3’ 60.0 107.0 (5]
GMMT-R  mannosyltransferase 5-CCAACAGAATTGAGAAGGGTGAT-3' ’ ’
Act-F . 5-AGCCGTCGATGATTGGGATG-3'
Act-R Actin 5.CCACTGAGCACAATGTTGCC-3' 600 1160 o]

4.4. RT-gPCR Quantitative Analysis

The RT-qPCR was conducted using the Power SYBR® Green RNA-to-CT™ 1-Step Kit
(ThermoFisher Scientific,c, USA) on a Step One™ Real-Time PCR System (Applied Biosystems)
according to the manufacturer’s protocol, with a reaction volume of 10 uL. A negative control,
containing DEPC water, was included. The thermal cycling conditions were as follows: reverse
transcription at 48 °C for 30 min, Taq polymerase activation at 95 °C for 10 min, initial denaturation
at 95 °C for 15 s, and annealing at 60 °C for 1 min. This cycle was repeated 40 times, followed by a
melting curve analysis: 95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s. Relative expression levels
were determined using the Quantitation-Comparative CT (AACr) method [25].

Fold change = 272A¢r

After RT-qPCR, melting curves were generated to verify the specificity of the amplification.
Additionally, a horizontal electrophoresis was performed on a 1.2% agarose gel as a complementary
test. All assays were carried out in triplicate.

4.5. Biosynthesis of Mannose-Rich Polysaccharides

The biosynthesis of mannose-rich polysaccharides was associated to the mannose content. Thus,
the extraction as well as the carbohydrate composition of mannose-rich polysaccharides was
conducted according to the described methodology by Comas-Serra, et al. [9]. The alcohol residue
insoluble was obtained from freeze-dried A. vera gel which was then subjected to water extraction
and the water-soluble material was freeze-dried and subjected to hydrolysis. The released mannose
was derivatized to their alditol acetate and quantified by GC [9].

4.6. Statistical Analysis

All results were statistically analyzed by ANOVA. The soil moisture and NaCl concentration
were taken as factors, and a General Linear Model was utilized to conduct ANOV A with a statistical
significance level of a < 0.05. The post-hoc analysis was performed using the lower significant
difference (LSD) test. All statistical analyses were performed in MINITAB® software.

5. Conclusions

The study highlights that Aloe vera activates a hormonal cascade under saline-water stress that
enhances the biosynthesis and signaling of ABA through key genes like ABA2 and AOG. These genes
regulate the balance between active and conjugated ABA, enabling the plant to adjust stomatal
behavior and cellular stress defenses. Concurrently, the gene GMMT, encoding the enzyme
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responsible for acemannan biosynthesis, is upregulated in response to stress, particularly under
moderate salinity and water deficit, reinforcing cell wall structure and water retention through
increased production and acetylation of mannose-rich polysaccharides. At the biochemical level,
these polysaccharides, along with stable pectic matrices, enhance the plant’s capacity to retain water
and maintain cellular integrity under extreme conditions. While ABA2 expression peaks under
drought stress, AOG expression is downregulated under high stress intensity, suggesting a metabolic
shift toward ABA preservation and survival prioritization. Altogether, the findings support a model
in which A. vera’s resilience is rooted in its ability to integrate hormonal, genetic, and structural
responses, allowing it to thrive in increasingly hostile environments. Understanding and leveraging
these adaptive mechanisms offers promising avenues for the development of climate-resilient crops
through biotechnological or breeding strategies. There is no doubt that climate change is intensifying
abiotic stressors such as drought and salinity, posing serious threats to global agriculture and
ecosystem resilience. In this context, A. vera emerges as a resilient model species, displaying a
complex and highly coordinated response to environmental adversity. This response involves
morphological adaptations, physiological regulation, and a robust molecular network driven
primarily by the abscisic acid (ABA) pathway.
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