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« Correlated acemannan and Na accumulation in leaf gel in response to soil salinity.
 Altered root-associated prokaryotic and fungal communities.

» Root prokaryotes shifted to monoderm bacteria associated with stress tolerance.

Aloe barbadensis displays coordinated plant—-microbe responses under soil salinity.

Salinity adversely impacts soil ecosystems, by inducing osmotic stress, ionic imbalances, water deficit, and oxidative damage in plants. It also
alters the composition of plant-associated microbial communities in the rhizosphere and roots, while disrupting microbial processes critical to
nutrient cycles. Aloe vera (Aloe barbadensis Miller), a xerophytic succulent plant, produces acemannan, a bioactive polysaccharide in its leaf gel
with pharmaceutical applications. Acemannan contributes to drought tolerance by facilitating water storage within the leaf gel tissue. This study
examined the effects of soil salinity on rhizosphere properties, plant nutrient acquisition, acemannan accumulation, and plant-associated microbial
communities in A. vera plants grown in the field in Laconia, Greece. Both acemannan and sodium (Na) accumulated in the leaf gel in response
to soil salinity, showing a strong positive correlation. Significant differences in the composition and structure of the rhizosphere and root microbial
communities were also observed under salinity, with the prokaryotic microbial community in the plant roots showing a pronounced shift towards
functionally relevant membership and abundance of monoderms. Moreover, we observed significant co-variation of changes in the acemannan
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2 Coordinated responses of A. vera and root-associated microbes to soil salinity

and Na concentrations in the leaf gel with changes in the prokaryotic rhizosphere soil community and the fungal community in the roots. Our findings
demonstrate enhanced accemanan production and indicate links between osmolyte accumulation and microbial community adaptation in A. vera

under soil salinity.
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1 Introduction

Soil salinity presents major challenges to plant growth, soil
fertility and productivity, and ecological stability worldwide
(Zhou et al., 2017; Litalien and Zeeb, 2020; Jaiswal et al.,
2022). Salinity induces ion availability changes and osmotic
stress in the rhizosphere triggering substantial modifications
in physiological and biochemical processes in planta (Zhou
et al., 2024). Common effects include reduced photosynthe-
sis and growth, oxidative stresses, and disruptions in nutrient
uptake and homeostasis. However, plants differ widely in
their sensitivity and adaptive responses to salinity (Roussos
et al., 2013; van Zelm et al., 2020; Zhou et al., 2024).

At the same time, it influences the composition, structure
and functions of soil microbial communities (Rietz and
Haynes, 2003; Rath and Rousk, 2015; Philippot et al., 2021,
2024). Elevated salinity typically leads to reduced microbial
biomass, microbial enzyme activities, and decomposition
rates of organic matter (Singh, 2016; Boyrahmadi and
Raiesi, 2018; Xu et al., 2021), though threshold values vary
and are context dependent. Previous studies have reported
that salinity reduces the activity of extracellular enzymes,
such as B-glucosidase, urease, and phosphatase, which are
critical for carbon, nitrogen, and phosphorus cycling (Wichern
et al., 2006; Morrissey et al., 2014). The effects of salinity on
the composition and structure of soil microbial communities,
have been related to differences in tolerance of taxa and
specific genotypes to osmotic stress and ion toxicity
(Pankhurst et al., 2001; Nelson and Mele, 2007; Chowdhury
et al.,, 2011). These shifts often reflect selection for functio-
nally relevant traits resulting in microbial assemblages that
exhibit greater salinity tolerance and ecosystem-level adap-
tation (Xu et al., 2021). Microbial community changes are
particularly dynamic in the rhizospheric soil, where interac-
tions with plant roots may play a major role in shaping the
resilience and productivity of plant ecosystems under salinity
(Yuan et al., 2016). However, while the impacts of salinity on
soil properties, enzyme activities, and microbial communities
are becoming increasingly well-documented, integrative
studies linking these changes to plant secondary
metabolism remain scarce.

Aloe vera is a xerophytic succulent belonging to the
Asphodelaceae family and is widely valued for its nutraceuti-
cal and medicinal properties (Jales et al., 2021). Cultivated
in arid and semi-arid regions, it has developed strategies to

cope with osmotic stress caused by salinity and/or water
scarcity (Quezada et al., 2017). The leaves are characterized
by the formation of mucilaginous gel tissue between the
abaxial and adaxial regions, known as the hydrenchyma,
which functions mainly in water and energy storage (Salinas
et al.,, 2019; Comas-Serra et al., 2024). Under osmotic
stress, the gel plays a key role in maintaining tissue hydration
by supporting osmotic adjustment processes within the leaf.
Increases in water-soluble polysaccharides in the gel
contribute to improved water retention and sustained photo-
synthetic activity in the chlorenchyma (Ahl et al., 2019;
Fradera-Soler et al., 2022).

B-(1—4) acetylated glucomannan, commonly known as
acemannan is one of the most important polysaccharides in
Aloe vera leaf gel, exhibiting diverse pharmaceutical proper-
ties, including anti-cancer, anti-inflammatory, anti-diabetic
and wound-healing activities (Choi et al., 2001; Bai et al.,
2023; Nikolaou et al., 2023). Acemannan functions as an
osmolyte, contributing to osmotic adjustment and water
redistribution from the hydrenchyma to the chlorenchyma
(Ahl et al., 2019; Salinas et al., 2019; Fradera-Soler et al.,
2022). lts hydrophilic and acetylated structure also facilitates
water sequestration within the hydrenchyma (Femenia et al.,
1999; Fradera-Soler et al., 2022). Accordingly, acemannan
levels are known to increase under drought stress (Salinas
et al,, 2019), and under combined drought and salinity
stress (Gonzalez-Delgado et al., 2023; Comas-Serra et al.,
2024). However, no specific mechanism has been described
for the accumulation of acemannan under salinity stress
alone. This increase appears to arise from shared physio-
logical responses under drought and salinity, as both are
primarily manifested as osmotic stress (Wang et al., 2003).
Supporting this, abscisic acid (ABA), a key hormone mediat-
ing plant tolerance to both salt and water stress, has been
shown to induce acemannan synthesis in Aloe vera (Salinas
etal., 2019).

In our study, we investigated the effects of soil salinity on
the soil-microbiome-plant continuum. Specifically, we exam-
ined soil physicochemical properties, extracellular soil
enzyme activities (EEAs), structure and function of rhizo-
sphere and root-associated microbial communities, nutrient
acquisition, and the compartmentalization of acemannan
and sodium in Aloe vera leaves. Given acemannan’s dual
role as a valuable secondary metabolite and potential
osmotic stress response compound, we specifically



Christina N. Nikolaou et al.

examined how soil salinity influences acemannan accumula-
tion in field-grown Aloe vera, and whether these changes
are associated with shifts in root-associated microbial
communities. The research was conducted in an organically
cultivated field of 3 years old Aloe vera plants, in a coastal
region in Laconia, Greece, where natural spatial variation in
salinity was associated with distance from the coastline. We
hypothesized that spatial variation in soil salinity within an
otherwise homogeneous field would be associated with
differences in: (i) the structure and composition of root-asso-
ciated microbial communities, and (ii) plant physiological
responses, including acemannan accumulation and nutrient
partitioning.

2 Materials and methods

2.1 Experimental setup

This study employed an observational field survey design
comparing two naturally occurring salinity zones within the
same field. While this approach limits causal inference
compared to controlled experiments, it allowed us to investi-
gate plant—-microbe—soil associations under authentic field
conditions with shared pedoclimatic history and management
practices. The study was conducted in an experimental
organic Aloe vera farm, with a planting distance of 80 cmXx
80 cm and a plantation density of 10000 plants ha~" located
in the coastal region of Viglafia, Greece. All plants belonged
to the same Aloe vera cultivar and originated from vegetative
propagation through suckers derived from mother plants
cultivated on-site. The region is characterized by a typical
Mediterranean climate with a xeric soil moisture and a
thermic soil temperature regime (latitude: 36.540, longitude:
23.025). Sampling was conducted in June 2022 to coincide
with the period of elevated temperatures, during which
Aloe vera exhibits enhanced secondary metabolic activity,
including increased production of bioactive compounds. The
field exhibited a naturally formed soil salinity gradient rele-
vant to the distance from the coastline. Prior to sampling,
soil electrical conductivity (EC) was measured in situ using
a portable conductivity meter (averages of six replicates
per area). We identified two areas with distinct soil salinity
levels (“low” and “high”) with mean bulk soil EC values of
0.8 dS m! in the low-salinity area and 2.1 dS m' in the
high-salinity area, both planted with 3-year-old plants grown
under the same cultivation protocols, that exhibited similar
phenotypic characteristics across both areas. All plants were
irrigated under the same drip irrigation regime during the
growing season (spring—summer), typically 2-3 times per
week depending on climatic conditions, ensuring uniform
water input across both salinity zones. From each area, six
plants were selected (biological replicates) and rhizospheric

soil samples, leaves and roots (one leaf and root sample per
plant) were collected, resulting in twelve in total samples for
each plant compartment (rhizospheric soil, root, leaf), six
from the low salinity area and six from the high salinity area.
Plant biometric characteristics, including plant height,
number of leaves, and number of offshoots, were measured
in the field.

Rhizospheric soil samples consisted of three homogenized
subsamples per plant collected from the proximal rhizosphere
zone using a 5 cm diameter step-probe to a depth of 10 cm
(Fig. S1). Root fragments were carefully removed and
homogenized, while rhizospheric samples were sieved to
4 mm, and partitioned into a small part that was kept at
—20 °C for DNA extraction and determination of extracellular
soil enzyme activities (EEAs) (approximately 50 g) and to a
larger part that was air dried and used for determination of
soil physicochemical analysis (approximately 300 g). Imme-
diately after sampling, root fragments were surface-sterilized
by a single immersion in 1% (w/v) NaCIO for 1 minute,
followed by six rinses in sterile distilled water to remove
residual disinfectant. Sterilized roots were then stored at
—20 °C for DNA extraction. The leaves were separated into
their outer rind and inner gel tissues. The rind samples were
dried at 60 °C for nutrient content analysis. The gel samples
were kept at —20 °C until they were lyophilized, for the deter-
mination of acemmanan and nutrient concentration analysis.

2.2 Soil physicochemical analysis

The electrical conductivity of the saturation paste extract
(ECe) was measured for all soil samples (Carter, 1993). The
saturation paste extract was also used to quantify the
concentration of soluble cations Na, Ca, and Mg and to
calculate the Sodium Absorption Ratio (SAR) index (Carter,
1993; FAO, 2020). Soil texture was estimated with the
hydrometer method (Ashworth et al., 2001; FAO, 2020). The
pH was measured using a standard glass/calomel electrode
in 1:2.5 (w/v) ratio soil-CaCl, (0.01 M) suspensions (Carter,
1993). For the quantification of soil organic carbon content
the potassium-dichromate oxidation method was used
(Nelson and Sommers, 1996). The available P-olsen was
estimated in sodium bicarbonate extracts, followed by the
Murphy-Riley color reaction with a T60 UV/Vis spectropho-
tometer (PG instruments, United Kingdom), at 880 nm
wavelength. Exchangeable cations (Na, K, Ca, Mg) and
extractable Zn, Fe, and Mn were determined following the
ammonium acetate (Carter, 1993) and diethylenetriamine-
pentaacetic acid (DTPA) extraction methods (Lindsay and
Norvell, 1978), respectively.

2.3 Extracellular enzyme activity assays

The potential activities of five hydrolytic enzymes related to
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C, N and P cycling were estimated, including B-galactosi-
dases and B-glucosidases (breakdown of low molecular-
weight carbohydrates), N acetylglucosaminidases (NAGase)
(hydrolysis of chitin and peptidoglycan), alkaline and acid
phosphatases (hydrolysis of organophosphates) (Tabatabai,
1994; Sinsabaugh et al., 2008; Jian et al., 2016).

The activities were measured by quantifying p-nitrophenol
released from the substrates: pNP-B-glucopyranoside (for -
glusosidase, acetate buffer pH = 6), 4-nitrophenyl-B-D-
galactopyranoside (for B-galactosidase, acetate buffer pH =
6), p-nitrophenyl-N-acetyl-G-D-glucosaminide (for NaGase,
acetate buffer pH = 5.5), p-NP phosphate (for acid phos-
phatase, acetate buffer pH = 5). For alkaline phosphatase
the incubation was carried out in tris acetate buffer pH = 8
(Tabatabai, 1994; Parham and Deng, 2000; Sun et al.,
2017). The assays were performed in a microplate format
according to Jackson et al. (2013) and soil slurries (2 g of
soil added to 10 mL of buffer) were incubated with each
substrate at 37 °C for 2 h (Tabatabai, 1994). P-nitrophenol
(PNP) absorbance was measured at 410 nm wavelength
using a Multiscan-Sky Microplate Reader (Thermo-Scien-
tific). All enzymatic activities were assayed in triplicate and
were expressed in pmol PNP h~1 g~ dry soil.

2.4 Nutrients in leaf rinds and gel

The dried leaf rinds and lyophilized gels samples were finely
ground in a stainless-steel Wiley mill. A subsample of 0.5 g
for rinds and 50 mg for gels was heated to ash at 550 °C
(Zheljazkov and Warman, 2002). The rind extracts were
digested with 5 mL of 65% HNO,, diluted to 25 mL with
dH,0 and filtered. Similarly, gel extracts were digested with
1 mL of 65% HNO; and diluted to 10 mL with dH,0O. Total
concentration of P was determined following the Murphy-
Riley color reaction method, with a PG T60 UV/Vis spec-
trophotometer, at 880 nm wavelength (Olsen, 1954). K and
Na were measured by flame photometry (PG 2000 Instru-
ments). The concentrations of Mg, Fe, Zn and Mn were
determined by flame atomic absorption spectrophotometry
(Varian, A-300; Varian Techtron Pty. Limited, Mulgrave,
Australia), using an air—acetylene flame, while Ca concen-
tration was determined using an acetylene—N,O flame. The
N concentration in the rind samples was estimated in 0.5 g
subsamples with the Kjeldahl method (Bremner, 1965).

2.5 Acemannan quantification assay

The acemannan content of gel samples was estimated
using the spectrophotometric Congo Red method,
(Eberendu et al., 2005; Cardarelli et al., 2013; Nikolaou et
al., 2023), with certain modifications. Briefly, 10 mg of
lyophilized gel was diluted to 50 mL of dH,O after two hours
of shaking at 28 °C and 30 min in an ultrasonic bath. The

extract was passed through a 0.45 pm filter, before perform-
ing the color reaction. Konjac glucomannan (Megazyme)
was used as standard (Quezada et al., 2017) and the
absorbance was measured at 540 nm using a T60 UV/Vis
spectrophotometer (PG instruments, United Kingdom).

2.6 Amplicon sequencing and bioinformatic analysis

DNA extraction from each soil sample (0.25 g) was
performed with the DNeasy Power soil DNA isolation kit
(Qiagen, Hilden, Germany) and from root samples with the
NucleoSpin Plant 1l kit (MACHEREY-NAGEL, Germany)
following the manufacturer’s instructions. The amplification
of the bacterial and archaeal 16S rRNA genes was
performed with the primer set 515f-806r (Caporaso et al.,
2012; Walters et al., 2016), which targets the V4 region of
the 16S rRNA, following the protocol of the Earth Microbiome
Project (Caporaso et al., 2018). The fungal ITS region was
amplified using the primers ITS7f—ITS4r (White et al., 1996;
Ihrmark et al., 2012), following the protocol described by
lhrmark et al. (2012). A two-step PCR was conducted using
the Q5® High—Fidelity DNA Polymerase (NEB, Ipswich,
Massachusetts, USA). During the second PCR, for each
gene region, a unique 12-bp index was added to serve as a
barcode to identify each sample in the multiplexed libraries
based on in-house protocols (Vasileiadis et al., 2015, 2018).
Amplicons were sequenced via MiSeq lllumina v3 2x300 bp
paired end reads at the Greek Genome Center of the
Biomedical Research Foundation Academy of Athens
(BRFAA, Athens, Greece). Flexbar v3.0 (Dodt et al., 2012)
was used to de-multiplex by sample the retrieved reads. The
de-multiplexed paired end sequences were then clustered
into amplicon sequence variants (ASVs) after processing
with the DADA2 package (Callahan et al., 2016), following
the standard operation procedure. Taxonomic information
was assigned to ASVs based on Silva v138.1 small ribosomal
subunit database (Yilmaz et al., 2014) for prokaryotes and
on UNITE database v9.0 (Nilsson et al., 2019) for fungal
community.

A total of 494361 and 655951 paired-end sequence reads
were obtained and assembled for the prokaryotic and fungal
community, respectively. After further processing for remov-
ing low quality reads and chimeras 163736 and 219807
reads remained for the 16S and ITS region, respectively.
Non-target taxa (e.g., NAs at Kingdom level, chloroplasts
and mitochondria for the 16S rRNA gene and unknown or
protists for the ITS) and ASVs with relative abundance
<0.1% were excluded. Finally, 364 prokaryotic and 360
fungal ASVs were included in downstream analysis.

2.7 Statistical analysis

All statistical analyses were conducted using the R
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software (v.4.3.1) (R Core Team et al., 2022). Independent
(Two-Sample) Student’s t-Test was performed to assess
whether rhizospheric soil and plant sampling properties
differed significantly between the two salinity areas. All
values are presented as the mean + standard error of mean.
Possible correlations among acemannan concentration,
EEAs and plant/soil variables were assessed using Spear-
man’s rank correlation coefficient (r;). p-values were
adjusted using the Benjamini-Hochberg false discovery rate
(FDR) procedure.

Differences in prokaryotic and fungal rhizospheric and root
microbial composition, structure and a- and B-diversity
patterns were analysed/compared across the two salinity
areas. a-diversity metrics, Observed ASVs and Shannon
diversity were computed with vegan package (Dixon, 2003).
B-diversity patterns were visualized by Principal Coordinate
Analysis (PCoA) based on the Bray—Curtis dissimilarity
metric and PERMANOVA was conducted with 999 permuta-
tions in microeco package (Liu et al., 2021). Relative abun-
dances for both prokaryotes and fungi were calculated and
visualized using the microeco package. Differentially abun-
dant ASVs (bacterial and fungal) that varied significantly in
abundance between the two salinity levels in the rhizosphere

Table 1 Rhizosheric soil properties of the low vs high salinity area.

and in the root community were identified with the
Kruskal-Wallis and the Wilcoxon rank-sum post-hoc tests,
as employed by Bekris et al. (2021) to the top 200 more
abundant ASVs. To investigate potentially significant corre-
lations between prokaryotic/fungal B-diversity patterns and
plant/soil variables the Mantel test was performed (according
to Pearson correlation (R), using 999 permutations), for
each salinity driven habitat variant, between Bray—Curtis
distances of community composition and Euclidean
distances of plant/soil variables, using the microeco and
vegan package. All plots were created in R with the packages
microeco, ggplot2 (Wickham, 2016) and ggpubr (Kassam-
bara, 2023).

3 Results

3.1 Rhizosphere soil properties

Data on rhizospheric soil properties are summarized in
Table 1. The soil was a loamy sand and exhibited three-fold
higher electrical conductivity (ECe) in the rhizosphere sam-
ples of the high salinity area, reaching 10.7 + 0.8 dS m,

Salinity level
Rhizospheric soilproperties t-Test

Low High
Silt (%) 13.0+£0.05 10.0+0.7 ns
Clay (%) 120+ 0.4 13.0 0.1 ns
Sand (%) 75.0 £ 0.08 77.0+04 ns
ECe (dSm™) 33107 10.7+0.8 **
SAR 55+0.2 121 +0.1 hx
pH (1:2.5 (w/v) in CaCl, (0.01M)) 7.1£0.05 6.7 £ 0.04 **
Na-Exch (mg kg™") 340714 1,040 £ 178 **
K-Exch (mg kg™1) 238 +32.2 201 +20.8 ns
Ca-Exch (mg kg™1) 1,426 + 179 1,121 £ 164 ns
Mg-Exch (mg kg™1) 260.0 + 23.3 302.6 + 28.4 ns
Fe-DTPA (mg kg™"') 50+04 9.0%£1.0 *
Zn-DTPA (mg kg™1) 1.5%0.1 27%+04 *
Mn-DTPA (mg kg™") 3.0+04 33+0.7 ns
P-Olsen (mg kg™") 59+05 21.3%3.2 o
SOC (%) 0.55 + 0.04 0.50 + 0.04 ns
B-Glucosidase (umol PNP g~ soil h™1) 1.1+0.2 1.0 £ 0.02 ns
B-Galactosidase (umol PNP g=* soil h=1) 0.26 £ 0.02 0.20 £ 0.03 ns
NaGase (umol PNP g1 soil h™1) 0.39 £ 0.07 0.28 £ 0.09 ns
Acid phosphatase (umol PNP g~ soil h™1) 1.9+0.2 1.8+0.3 ns
Alkaline phosphatase (umol PNP g~ soil h™1) 0.50+0.1 1.5%0.2 *

Average values are presented + standard errors (n = 6). Significance is indicated with * for p < 0.05, ** for p < 0.01, *** for p < 0.001. ns, non-
significant, based on t-Tests. Abbreviations: ECe, electrical conductivity of the saturation paste extract; SAR, sodium adsorption ratio; SOC,
soil organic carbon; Exch, exchangeable; NaGase, N-acetyl-B-glucosaminidase; PNP, p-nitrophenol.



6 Coordinated responses of A. vera and root-associated microbes to soil salinity

compared to those of the low salinity area (p < 0.01).
Exchangeable Na and P-Olsen values were also three-
fold higher in the high salinity area reaching 1040 and
21.3 mg kg™' respectively (p < 0.01), while the Sodium
Absorption Ratio (SAR) doubled reaching 12.1 (p < 0.001).
Regarding micro-nutrients, Fe-DTPA and Zn-DTPA were
higher (nearly double) in the high salinity area (p < 0.05). On
the contrary, the pH was slightly, but significantly, lower in
the high salinity area (6.7), compared to the low salinity area
(7.1, p < 0.01). All other soil properties including macro- and
micro-nutrients and organic matter content presented similar
values in the two salinity areas (Table 1).

The potential enzyme activity profiles were not affected by
soil salinity, with the notable exception of the alkaline phos-
phate which was increased three-fold in the rhizosphere soil
under high salinity (p < 0.05, Table 1). B-glucosidase,
showed a negative correlation with ECe in the rhizosphere
soil in the high salinity area (r, = -0.906, p < 0.05) and with
soil Na availability in the low salinity area (r, = —0.924, p <
0.05).

3.2 Plant growth and concentrations of acemannan and
nutrients in the leaves

Plants did not differ in their main biometric growth characte-
ristics (height, number of leaves and offshoots) between the
high and low salinity areas (Table S1). However, plants culti-
vated in the high salinity area demonstrated significantly
higher accumulation of acemannan (p < 0.01) (Fig. 1)
compared to those grown under low salinity conditions. The
leaf rinds of the plants grown under high salinity exhibited
significantly higher Fe (p < 0.05) concentrations but lower K
(p < 0.05) (Table 2), while their gel showed significantly
higher concentrations of Na (p < 0.01) and P (p < 0.01) but
lower K (p < 0.05) and Mg (p < 0.001) (Table 2). Acemannan
concentration was positively correlated with the concentration

of Na (r,=0.96, p < 0.01) and Fe (r,= 0.88, p < 0.05) in the
leaf gel, and with P (r,= 0.85, p < 0.05) in the leaf rinds of
the plants grown under high salinity, but not of those under
low salinity (Spearman rank correlation tests, Table S2).

3.3 The effect of salinity on microbial community composition

Prokaryotic and fungal communities tended to show greater
richness and diversity in the rhizospheric soil compared to
the root environment (Figs. S2, S3), but these differences
were not statistically significant. Salinity had no effect on the
a-diversity indexes of prokaryotes, apart from leading to
more consistent diversity values in the roots (Fig. S2). For
the fungal communities, salinity led to lower richness and
diversity in the rhizospheric soil, but to increased values for
both indexes in the roots (Fig. S3).

Regarding B-diversity, PERMANOVA test based on the
Bray—Curtis dissimilarity metric showed that salinity had a

35 *+
3
i Y S
:\530 ——ee—
g !

Low High

Salinity!LowtHigh

Fig. 1 Content of acemannan (AC% d.w.) in the leaf gel of Aloe
vera plants grown in the low vs. high salinity area. The upper and
lower box boundaries indicate the 75th and the 25th percentiles,
respectively; the midline indicates the median, and the whiskers
above and below indicate the 90th and 10th percentiles, respec-
tively; the dots indicate outliers (n = 6). Significance is indicated with
* for p < 0.05, ** for p < 0.01, *** for p < 0.001, based on t-Tests.

Table 2 Concentration of the minerals in the leaf rind and gel of Aloe vera plants grown in the low vs high salinity area.

Rind minerals Gel minerals

Low salinity High salinity (et Low salinity High salinity tTest
N (%) 6.540.3 75404 ns - -
Na (g kg") 14.8 £1.0 15.3+0.9 ns 254+1.3 34.7£1.9 o
K (g kg") 8.7+0.8 53106 * 10.1£0.4 6.6+ 1.1 *
Na/K 1.7 2.9 25 53
Ca(gkg™) 10.3+1.2 8.9+1.3 ns 23.0+4.3 17028 ns
Mg (g kg ') 48104 4604 ns 45101 3.24£0.1
P (gkg) 0.46 £ 0.04 0.55 + 0.05 ns 0.30 £ 0.01 0.40 £ 0.01 o
Fe (mg kg") 533145 745+ 4.6 * 85.9+5.2 79.8+11.2 ns
Zn (mg kg) 11.2£0.8 11.6 £ 0.9 ns 30.4£0.8 341+43 ns

Average values are presented * standard errors (n = 6). Significance is indicated with ns, non-significa; * p < 0.05; ** p < 0.01; *** p < 0.001;

based on t-Tests.
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significant effect on both the rhizospheric prokaryotic (p <
0.01) and fungal communities (p < 0.05), whereas in the
roots, soil salinity significantly affected the prokaryotic (p <
0.05), but not the fungal community composition (p > 0.05)
(Fig. 2). PCoA visualization also showed that both the
prokaryotic and fungal communities diverged and clustered
in distinct groups under low compared to high salinity, even
for the fungal communities in the roots (Fig. 2). The
strongest clustering into distinct groups under high and low
salinity according to the PCoA, appears to occur in the
rhizosphere for both prokaryotes and fungi.

3.4 Composition of Microbial Communities

The prokaryotic community composition in the rhizosphere
differed substantially between salinity levels. Under high
salinity, notable increases were observed in the relative
abundance of Actinobacteria and Rubrobacteria (Fig. 3A),
bacterial groups commonly enriched in arid and saline envi-
ronments due to their osmotolerance and ability to form
resistant spores or produce compatible solutes. Conversely,
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y-Proteobacteria decreased in relative abundance under
high salinity, consistent with their generally lower salt toler-
ance. These compositional shifts likely underline the g-diver-
sity patterns observed in PERMANOVA (Fig. 2), where
salinity explained 15% of community variation.

Within the root-associated communities, the most striking
change was the appearance of several normally soil-
dwelling lineages (including Chloroflexi class KD4-96 and
certain Actinobacteria) under high salinity, which may
explain the increased a-diversity in this compartment
(Fig. S2). This pattern suggests that salinity stress may alter
root physiology or exudation profiles in ways that permit
colonization by a broader taxonomic spectrum of soil
microorganisms.

At the ASV level, differential abundance analysis revealed
enrichment of two Rubrobacteria ASVs, one Candidatus
Nitrososphaera, one Planococcaceae, one Micrococcaceae
and one KD4-96 (uncultured and unclassified class-level
taxon within the phylum Chloroflexi (Quast et al., 2013;
Parks et al., 2020) under low salinity. In contrast, high salinity
was associated with enrichment of four members of Plano-
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Fig. 2 Principal Coordinate Analysis (PCoA) based on Bray—Curtis dissimilarity metric for prokaryotic (A) and fungal (B)
communities among two salinity levels of the rhizosphere and root. Each dot represents the corresponding community of a
single sample (biological replicate). Lines connect the dots with the centroid of each grouping factor. Ellipses represent the 95%
confidence interval around the group’s centroid. The effect of salinity level according to PERMANOVA results based on
Bray—Curtis dissimilarity metric is shown above each corresponding PCoA plot (***, **, and * indicate significance at pgay.cyris <
0.001, 0.01, and 0.05, respectively, based on 999 permutations and RZ.cg, the percentage of the total variation explained by

salinity).
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the two salinity areas for each examined habitat (rhizosphere and root).

coccaceae and one of Bacillaceae (all Firmicutes) and one
Enterobacterales (gamma-Proteobacteria) (Fig. S4A). The
root prokaryotic community of the plants grown under low
salinity showed low richness at the Class level and was over-
dominated by gamma-Proteobacteria, mainly Enterobac-
terales followed by Xanthomonadales and Pseudomon-
adales. Actinobacteria, mainly Streptomycetales were also
prevalent, and Bacilli were present at lower abundances
(Fig. S5). However, in the roots of the plants grown under
high salinity Thermoleophilia and alpha-Proteobacteria were
also prevalent, while Rubrobacteria and Bacteroidia were
also present at low abundances, giving rise to a more
diverse prokaryotic root community. For the root prokaryotic
community, one ASV of Enterobacterales, one Streptomyces
and two Rhodanobacteraceae were enriched under low
salinity. In contrast, under high salinity only one ASV
belonging to the Rhodanobacteraceae family was enriched
(Fig. S4B).

The fungal community composition in all habitats and
salinity levels was composed mainly by Ascomycota of the
orders of Hypocreales, Sordariales, Pleosporales, Euro-
tiales, Capnodiales (Fig. 3B). However, in the rhizosphere of
the low salinity area the order of Pezizales was also preva-
lent. At the ASV level, all enriched ASVs at low salinity, were
affiliated with unidentified fungal taxa, but at high salinity
one member of the Sordariomycetes (ASV23) and one of
the Papulaspora (ASV 45), a Dark Septate Endophyte
(DSE), were enriched (Fig. S4C). The fungal communities in
the roots were dominated by three classes: Hypocreales,
that showed increased abundance compared to the rhizo-
sphere soil environment, Eurotiales, and Sordariales. In
addition, Ascomycota of the order of Botryosphaeriales were
represented in the roots of the plants grown in both high and
low salinity. At the ASV level, no significant enrichment was
detected in the root community under low salinity, but under

high salinity we identified ASV23, that was also enriched in
the rhizoshere and one member of the Papulaspora (ASV
72), a Dark Septate Endophyte (DSE) (Fig. S4D). Similarly
to the prokaryotic communities, a wider range of fungal
classes were observed in the roots under high salinity.

3.5 Relationships of microbial community composition with
plant osmolytes

We tested for putative correlations of variations in soil pro-
perties, nutrient concentration and accumulation of
osmolytes and acemannan (Euclidean distances) with
bacterial/fungal community composition (Bray—Curtis dissim-
ilarity distances), within each salinity area. Statistically
significant associations under low and high salinity conditions
for each microbial community are summarized in Tables S4
and S5 for prokaryotic and fungal communities respectively.
Differentiations in the rhizospheric prokaryotic community
composition were positively correlated with changes in
acemannan (R = 0.77, P = 0.001) and Na concentration
(R = 0.69, P < 0.01) in the leaf gel under high salinity
(Fig. 4A and 4B). Similarly to the rhizospheric prokaryotic
community, differentiations in the root fungal community
composition were positively correlated with changes in
acemannan (R = 0.77, P = 0.001) and Na concentration of
the leaf gel (R = 0.73, P < 0.01) under high salinity (Fig. 4C
and 4D). No significant correlations were observed for
changes in the rhizosphere-fungal and the root-prokaryotic
communities with changes in osmolytes in planta (Fig. S6).

4 Discussion

We focused on the spatial differentiation of soil salinity in an
otherwise homogenous field cultivated organically with Aloe
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and the associated p-value, respectively.

vera plants, to investigate the interplay between soil salinity,
accumulation of acemannan polysaccharides in planta, and
plant-associated microbial communities. Our observational
design does not allow us to definitively isolate salinity effects
from potential baseline differences in microbial communities
or unmeasured soil properties. Future controlled experiments
manipulating salinity levels with replicated randomized plots
would complement these findings by establishing causal
relationships. We hypothesized that elevated soil salinity
would be associated with accumulation of acemannan in A.
vera leaves. Accumulation of acemannan in the gel
compartment of A. vera leaves may result as a response to
osmotic stress induced by Na in the rhizosphere environment
(Gonzalez-Delgado et al., 2023; Comas-Serra et al., 2024).
However, its relation to Na and K acquisition and allocation,

and to shifts in root- and rhizosphere-associated prokaryotic
and fungal microbial communities remains poorly under-
stood.

4.1 Na, K and acemannan interplay

Plants exhibit specific mechanisms to tolerate salinity,
including vacuolar compartmentalization of toxic anions,
exclusion of Na ions, osmotic adjustments through the accu-
mulation of compatible solutes and enhanced production of
antioxidants (Shanker and Venkateswarlu, 2011; van Zelm
et al.,, 2020; Ntanos et al., 2021). A. vera is a xerophytic
plant with succulent leaves that exhibits crassulacean acid
metabolism (CAM), which improves water-use efficiency by
shifting CO, uptake to nighttime thereby reducing evaporative
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water loss, while accumulating non-ionic osmoregulators
under salinity stress (Derouiche et al., 2023). A three-fold
higher concentration of exchangeable Na was observed in
the rhizosphere soil in the high salinity area. Na in the
leaves accumulated mainly in the leaf gel, where its concen-
tration was significantly higher in the plants grown under
high salinity compared to those grown under low salinity, but
it remained low and showed no significant differentiation in
the leaf rinds. This indicates activation of tolerance rather
than Na exclusion mechanisms (Munns and Tester, 2008)
by compartmentalization of excess Na taken up by the
plants inside the leaf gel tissue and away from sites of
metabolism, to bypass toxicity related to Na overaccumula-
tion. Moreover, under high salinity, the Na-to-K ratios were
over-doubled, from 2.5 to 5.3, in the leaf gel, but were only
increased from 1.7 to 2.9 in the leaf rinds (Table 1), thus
protecting K* homeostasis (Assaha et al., 2017) and facili-
tating leaf physiological functionality in the rinds. Potassium
ions are essential for metabolic functions occurring in the
cytosol, but they also function as osmoregulators protecting
succulent plants from salt stress. Besides, Na* uptake and
its consequential influx into the cytoplasm causes
membrane depolarization resulting in the extrusion of K*
(Shabala and Pottosin, 2014). High soil K availability is
therefore essential for protecting plants from Na-induced
salinity stress. In our work, K availability in the rhizosphere
soil of the A. vera plants (201-238 mg kg~ soil) may be
considered agronomically adequate, based on estimations
for A. vera plants grown in a more acidic and heavy-texture
soil (Sultana et al., 2021). However, K concentrations in the
leaf rinds were comparatively low, indicating that K fertiliza-
tion could further improve tolerance of Na-associated salinity
in the A. vera plants. Genes coding for salt overly sensitive
(SOS), vacuolar Na*/H* antiporter (NHX) and sodium trans-
porter (HKT1) proteins, involved in Na* recirculation/seques-
tration and K* transport selectivity (Ali et al., 2019) may also
be involved in ion homeostasis and the observed resilience
of the Na-to-K ratios in the leaf rinds under salinity, but
specific experimentation is needed to examine their precise
role.

Apart from Na, acemannan concentration was also higher
in the leaf gel of plants grown under high salinity compared
to those under low salinity. Acemannan functions as a non-
toxic non-ionic compatible solute which A. vera plants accu-
mulate to maintain osmotic balance and cellular function.
Therefore acemannan accumulation may increase when
the plants are exposed to drought or salinity stress (Salinas
et al.,, 2019; Gonzalez-Delgado et al., 2023). In our case
study, since no phenotypic changes were observed (Table
S1), Na compartmentalization and acemannan accumulation
apparently functioned efficiently as adaptive responses of
the plants to the high salinity in the root zone. Abscisic acid
(ABA) levels increase dramatically in planta in response to

salt or drought stress, leading to ABA-induced upregulation
of a range of osmotic stress responsive genes (Dilukshi
Fernando and Schroeder, 2016). Among these genes, the
expression of the gene responsible for acemannan backbone
synthesis, encoding a glucomannan mannosyltransferase
(GMMT, EC 2.4.1.32) has indeed been shown to be induced
in A. vera by ABA under drought stress (Salinas et al.,
2019). Plants experience two-stage salinity stress: Initially
osmotic stress occurs in the rhizosphere, calcium signaling
is observed in the roots (Knight et al., 1997) and, following
ion uptake, accumulation of both Na* and CI- ions progres-
sively generates ionic stress in planta (Tester and Daven-
port, 2003; Munns and Tester, 2008). Therefore, we
propose that the highly significant correlation of acemannan
and Na, observed under high salinity in the leaf gel of A.
vera is associated with two complementary processes.
Acemannan accumulation in the leaf gel of A. vera is initiated
upon osmotic stress involving ABA-induced upregulation of
relevant genes, while Na accumulation in the leaf gel occurs
at a later stage as a compartmentalization response to
excess Na uptake. ABA, synthesized in roots in response to
salinity, may also have a role in regulating K* channels
(Roberts and Snowman, 2000; Deinlein et al., 2014), how-
ever targeted experimentation is needed to investigate this.

4.2 Salinity and plant tolerance—a link to root microbiomes

Salinity has been identified as an important factor in shaping
the composition of microbial communities in soil (Wichern
et al.,, 2006; Xu et al., 2021). In our work, PERMANOVA
showed indeed that the composition of the prokaryotic and
fungal communities differed significantly in the rhizosphere
soil between high and low salinity. PERMANOVA also
revealed significant dissimilarities in community composition
of the prokaryotes in the roots of the A. vera plants, but not
for the fungi. The partially shared root fungal microbiome
may be attributed to the propagation strategy used in Aloe
vera cultivation: The new plants derive from suckers formed
on the mother plants that are already established in the field.
As a result, the new plants are expected to sustain a great
part of the microbiome of the mother plant, which was
already partially shared before their establishment in the
field (Nakkeeran et al., 2021).

Further, we focused on the qualitative and functional char-
acteristics of the differences between microbiomes. The
roots of the A. vera plants were inhabited by prokaryotes
belonging to fewer major taxa compared to the rhizosphere,
confirming that roots function as a strong selection filter for
the prokaryotic rhizosphere microbiota (Bulgarelli et al.,
2012). Gama-proteobacteria became the dominant class of
prokaryotes within the roots (over 70% of the relative abun-
dance of taxa, mainly from the Enterobacterales order,
followed by Actinobacteria and the rare presence of Bacilli).
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Previous studies have highighted that members of the
Enterobacterales order, notably genera like Pantoea and
Enterobacter, are frequently isolated from the roots of Aloe
vera plants (Akinsanya et al., 2015; Nikolaou et al., 2023).
These endophytic bacteria often possess a suite of plant
growth-promoting (PGP) characteristics suggesting that
these taxa may play a crucial role in the resilience of the A.
vera plants in field. Remarkably though, the overdominance
of Gammaproteobacteria was significantly reduced under
high salinity and the taxonomic richness within the roots was
greatly increased: major taxa, including Thermoleophilia,
Alphaproteobacteria, Rubrobacteria and Bacteroidia reap-
peared among the root colonizers under high salinity, while
Bacilli became a major taxon. This is consistent with a func-
tionally pertinent modification, occurring in the roots but not
in the rhizosphere, signifying the activation of root selection
mechanisms under salinity: The overdominance of the Gram-
negative Gamma-Proteobacteria was reduced and balanced
mainly by a range of Gram-positive monoderms, including
Bacilli, Actinobacteria (which maintain their high abunda-
nce), Thermoleophilia, Rubrobacteria and Bacteroidia. Prefe-
rential colonization of plant roots by Proteobacteria and
other diderms, followed by a clear shift to monoderm bacterial
colonizers under drought stress, has been convincingly
presented as a mechanism of adaptation of plants to
drought (Xu and Coleman-Derr, 2019; Breitkreuz et al.,
2021). Plants appear to facilitate this shift by producing
specific carbohydrate and amino-acid compounds under
drought stress, which monoderm bacteria may specifically
utilize, for example glycerol-3-phosphate (G3P) which is an
important precursor to peptidoglycan biosynthesis and
allows monoderm bacterial to build thick cel walls. ABC
transporters of G3P are highly upregulated in monoderm
bacteria while G3P has been shown to be produced by
sorghum roots under drought stress (Xu et al., 2018). More-
over, monoderms have been shown to be less sensitive to
reactive oxygen species (ROS) produced in the roots under
drought stress compared to diderms (Mai-Prochnow et al.,
2016). Here we show characteristic shifts from prokaryotic
diderms towards monoderns in the roots of A. vera plants
under high salinity. Furthermore, differential abundance
analysis at the ASV level revealed that at rhizoshere, mono-
derm taxa mainly affiliated to the Firmicutes, where enriched
under high sainity. We suggest that the respective over-
tripling of the electrical conductivity from 3.3 to 10.7 ds m,
and of Na from 340 to 1040 mg kg~ in the rhizosphere soil
induces strong osmotic stress, leading to plant root
metabolic responses and relevant microbial community
shifts analogous to shifts observed under drought.

Notably, the observed increase of the taxonomic richness
within the roots under high salinity is also in accordance with
the intermediate disturbance hypothesis (IDH), which
predicts a maximum level of diversity at intermediate levels

of disturbance or stress, due to trade-offs between species
ability to cope with disturbance and their competitive ability
(Grime, 1973; Connell, 1978) and has been shown to apply
in soil microbial communities, leading to increased functional
soil microbial diversity under adequate resource availability
(Zhang et al., 2018).

Changes in the presence of high order fungal taxa within
rhizosphere and root microbiomes were less dramatic
compared to those for prokaryote taxa, in line with numerous
observations regarding other plants under abiotic stress
(Barnard et al., 2013; Furze et al., 2017; Santos-Medellin
et al, 2017; Koyama et al., 2018). We may confirm,
however, a consistent rise in the abundance of Sordari-
omycetes under salinity which have been reported to also
prevail under high salinity in other soil environments (Chen
et al.,, 2022; Zhang et al., 2023). Certain members of the
Papulaspora genus, enriched in both the rhizosphere and
root communities, are classified as dark septate endophytes
(DSEs). These fungi are important players in enhancing
plant nutrition through nutrient acquisition and in alleviating
abiotic stresses like drought and salinity (Mandyam and
Jumpponen, 2005). Regarding differences between the
rhizosphere and the root fungal microbiomes the appearance
of Botryosphaeriales and the higher abundance of Hypocre-
ales in the roots was observed, both groups including well-
known fungi with endophytic lifestyles.

Changes in extracellular enzyme activities under salinity
indicate functional adaptations of the soil microbial commu-
nities. Generally, salinity is reported to have a negative
impact on the potential activity of extracellular soil enzymes
(Frankenberger and Bingham, 1982; Singh, 2016; Dong
et al., 2022). Potential enzyme activities related to C cycling
(beta-gucosidase, beta-galactosidase) and N cycling (N-
acetyl-B-glucosaminidase) did not change significantly
between normal and high salinity in the rhizosphere soil of
our study area. However, the general trend for lower values
in the high salinity area, and the negative correlation of beta-
glucosidase with soil ECe in the high salinity area, and with
soil Na availability in the low salinity area indicate partial
suppression. Microbial adaptation to salinity or to substrate
availability in the form of root deposition and exudates under
salinity in the rhizosphere may have partly counterbalanced
osmotic stress effects on microbial exoenzyme activities.
We also observed a tree-fold increase in the activity of alka-
line phosphatases under salinity. This is in line with the
threefold increase in available phosphorous that was also
observed in the rhizosphere, while a significant correlation
between acemannan and P concentration was observed in
the A. vera leaf rinds under salinity. However, lower alkaline
phosphatase activities are generally reported under salinity
in soils (Frankenberger and Bingham, 1982; Rietz and
Haynes, 2003; Dong et al., 2022). Taken together our
results show that in the rhizosphere soil under study potential
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microbial enzyme activities were generally sustained and
even enhanced under salinity. The soil (typical of a wider
area) is loamy sand with only 0.5% organic matter content,
and salinity coexists with drought events. We suggest that
under these conditions the changes in rhizodeposition and
plant root exudation products in the rhizosphere soil environ-
ment of the A. vera plants may play a key role in sustaining
and enhancing substrate induced microbial metabolic activi-
ties. The higher availability of Fe in the rhizosphere soll
under salinity is in line with changes in root derived C
substrates, as they play a major role in enhancing Fe avai-
lability in the rhizosphere (Marschner and Rémheld, 1994)
and phytosiderophore exudation has been specifically
shown to increase under salinity (Daneshbakhsh et al.,
2013).

4.3 Relationships between plant nutrition, acemannan
accumulation and changes in the prokaryoric and fungal
communities

Interestingly, the prokaryotic communities in the rhizosphere
and the communities of fungi in the roots co-varied with the
configuration of the plant responses to salinity. This may just
reflect independent effects of salinity, on the assembly of the
rhizospheric prokaryotic and root fungal communities and on
the accumulation of both Na and acemannan in the leaf gel.
Possibly, however, these findings indicate a link of aceman-
nan and Na accumulation in planta to prokaryote shifts in
the rhizospheres and to fungal shifts in the roots via niche
specialization and resource acquisition. Prokaryotic microor-
ganisms secrete a plethora of biomolecules (like organic
acids and chelators) that profoundly impact solubilization
and mobilization of soil nutrients, e.g., phosphorus, potas-
sium, and micronutrients in the rhizosphers soil (Danesh-
bakhsh et al., 2013). Their community structure under higher
salinity is likely both a direct response to, and a driver of,
altered ion availabilities which in turn influences the plant's
ion uptake and osmotic adjustment, affecting acemannan
biosynthesis. Respectively, fungal mycelium networks that
colonize plant roots and extend extra-radically improve plant
water uptake and modulate nutrient acquisition particularly
under salinity stress (Jaiswal et al., 2022). The enrichment
in Dark Septate Endophytes (DSE) in rhizophere and erndo-
root tissues under high salinity, especially of Papulaspora
that include many members know to assist plant to alleviate
salinity induced stress supports this view. However, further
research and specifically controlled experimentation is
needed to validate this hypothesis.

5 Conclusions

This field study revealed coordinated shifts in plant bioche-

mistry and root-associated microbial communities in
response to naturally occurring soil salinity gradients in Aloe
vera cultivation. Under high salinity conditions plants accu-
mulated elevated sodium in leaf gel tissue (2.5-fold
increase) alongside increased acemannan content (1.4-fold
increase), without apparent impacts on vegetative growth.
Our results suggest that A. vera plants and their root-associ-
ated microbial communities may develop linked responses
against salinity as the magnitude of community shifts corre-
lated with the extent of acemannan accumulation and
sodium uptake in planta. We specifically show characteristic
shifts from prokaryotic diderms towards monoderns in the
roots of the A. vera plants. Our results highlight the impor-
tance of joined management of plants and associated micro-
bial communities, to exploit the potential of drought tolerant
plants, and optimize their adaptation at an ecosystem level
to soil salinity.
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