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Abstract

Plants inhabitng in arid and semi-arid ecosystems, such as Citrullus colocynthis (L.) Schrad., are
adapted to drought, heat, salinity, and nutrient limitation. Their associated microbial communities
may further support plant persistence under these harsh conditions. Here, we characterized the
bacterial communities associated with leaf endosphere, rhizosphere and roots of C. colocynthis
growing in a semi-arid region of Moroccan using 16S rRNA gene amplicon sequencing, culture-
dependent isolation, and genome-informed functional profiling of selected isolates. The results
revealed a structured microbiome, with rhizosphere harboring the highest bacterial diversity, roots
representing an intermediate selective habitat, and the leaf endosphere containing a more restricted
assemblage. Communities were dominated by members of the phyla Pseudomonadota,
Actinomycetota, Bacillota, and Bacteroidota. Several families associated to plant colonization,
nutrient mobilization, and stress tolerance, including Pseudomonadaceae, Microbacteriaceae,
Rhizobiaceae, Devosiaceae, and Xanthomonadaceae, showed compartment-specific enrichment.
Although soil physicochemical properties influenced bacterial community structure, they
explained only part of the variation observed, suggesting that bacteriome assembly is shaped by
both environmental conditions and host filtering processes. Culture-bdependant analyses
recovered diverse endophytic genera, mainly Achromobacter, Pseudomonas, and Glutamicibacter,
most of which were also detected in the amplicon sequencing dataset. Genome-based profiling
identified traits related to stress response, osmoprotection, nutrient-related metabolism,

colonization, and plant—microbe interactions. Together, these findings highlight C. colocynthis as
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a reservoir for functionally relevant bacterial diversity with ecological and biotechnological
potential in semi-arid environments.

Importance

Understanding how plants survive in arid and semi-arid ecosystems is increasingly important in
the context of climate change and land degradation. This study demonstrates that Citrullus
colocynthis hosts a structured and functionally diverse bacteriome across the leaf endosphere,
rhizosphere, and root compartments. By combining amplicon sequencing, cultivation, and
genome-informed functional analyses, we identified bacterial taxa and traits associated with stress
tolerance, nutrient acquisition, and plant colonization. The recovery of cultivable endophytes with
adaptive genomic features highlights the potential of desert plant-associated microbiota as a source
of beneficial microorganisms for sustainable agriculture and biotechnological applications in

water-limited environments.

Keywords: Citrullus colocynthis; plant microbiome; bacterial endophytes; semi-arid

environment; 16S rRNA gene sequening; stress adaptation.

Plants growing in arid and semi-arid environments are exposed to multiple environmental
constraints, including drought, salinity, high temperatures, and nutrient limitation (1). In these
ecosystems, survival depends on a tightly integrated combination of morphological, physiological,
genetic, ecological, and microbial adaptations that collectively regulate water acquisition, stress
tolerance, and reproductive success (2-4). Increasingly, plant performance in drylands is
understood not only as a function of host traits, but as an emergent property of the plant—microbe
holobiont, where root-associated microbial communities extend the adaptive capacity of plants
under environmental stress (5-7).

At the structural level, hot desert plants exhibit extensive morphological and anatomical
adaptations such as deep or highly branched root systems, modified xylem architecture, reduced
leaf area, thick cuticles, and succulent tissues, all of which reduce water loss and improve hydraulic
efficiency (2, 3, 8-10). These traits are complemented by physiological strategies including
increased water-use efficiency, stomatal regulation, osmotic adjustment through compatible
solutes, and enhanced antioxidant defenses that mitigate oxidative stress induced by drought and

heat (11-14). At the molecular level, selection on genes involved in water transport, stress


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY-NC 4.0 International license.

signaling, and metabolic regulation further contributes to adaptation in extreme environments (2,
9).

In parallel, root-associated microbial communities play a central role in plant adaptation to arid
conditions. Plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal (AM) fungi
enhance nutrient acquisition, improve soil structure, modulate phytohormone signaling, and
increase drought tolerance through improved water uptake and stress mitigation (7, 8, 15, 16).
Microbial production of extracellular polymeric substances (EPS) contributes to soil aggregation
and water retention, while microbial regulation of hormonal pathways such as abscisic acid and
auxin integrates environmental signals into plant developmental and stress-response programs (17,
18).

A key concept emerging in dryland plant—microbe ecology is the rhizosheath, defined as the layer
of soil tightly adhering to roots and forming a functional interface between the plant root system
and the surrounding soil environment (19-22). This rhizosphere—endosphere continuum acts as a
dynamic protective barrier that enhances plant resilience to abiotic stress by stabilizing the root-
zone microenvironment, reducing the formation of air gaps at the root—soil interface, and
improving hydraulic continuity and water transport under drought conditions. The rhizosheath also
regulates nutrient fluxes, contributes to soil aggregation, and suppresses soil-borne pathogens,
thereby supporting plant performance in resource-limited ecosystems. Importantly, it constitutes a
favorable niche for drought-adapted and plant growth-promoting microorganisms, including
rhizobacteria and AM fungi, that facilitate water and nutrient acquisition and modulate plant stress
responses. These microbial communities are often enriched in taxa capable of producing EPS,
osmoprotectants, phytohormones, and other stress-alleviating metabolites, collectively extending
the physiological tolerance of plants under extreme environmental conditions (19, 21, 22).
Citrullus colocynthis (L.) Schrad., commonly known as bitter apple or desert gourd, is a wild
cucurbit species widely distributed across arid and semi-arid regions of Africa, the Middle East,
and South Asia. It thrives in deserts, dry riverbeds, sandy soils, and degraded lands (23, 24). Its
ecological success is associated with a deep tuberous root system, efficient water acquisition and
storage, reduced transpiration, osmoprotectant accumulation, and high genetic diversity (25, 26).
In addition to its ecological importance, C. colocynthis is widely studied for its phytochemical
richness, including alkaloids, flavonoids, glycosides, phenolics, and terpenoids, which contribute
to antimicrobial, antioxidant, antidiabetic, anti-inflammatory, and anticancer activities (23, 24,

27). However, despite extensive phytochemical characterization, the microbial communities
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94 associated with this species remain poorly understood, particularly in relation to their ecological
95  roles in stress adaptation.

96  Previous studies have reported diverse endophytic and rhizospheric bacteria associated with C.
97 colocynthis, including taxa with plant growth-promoting and antimicrobial properties (28).
98¢ Amplicon sequencing-based surveys further indicate that its bacterial community includes diverse
99 soil- and plant-associated taxa linked to nutrient cycling and stress resilience (29). More broadly,
100  plant microbiome research shows that microbial community assembly is shaped by host
101 compartment, soil properties, environmental conditions, and host genotype, and that these
102 communities are increasingly recognized as key contributors to plant adaptation in stressed
103 ecosystems (30-32). However, microbiome structure and function remain highly underexplored
104 for C. colocynthis across different geographic regions.

105 Despite growing recognition of the importance of plant—microbe interactions in dryland
106 ecosystems, several key knowledge gaps remain. First, the microbiome of Citrullus colocynthis
107 has not been comprehensively characterized across plant compartments (foliar tissues, roots, and
108 rhizospheric soil), particularly in North African semi-arid environments. Second, the extent to
109 which cultivable endophytes reflect the broader bacterial community remains poorly understood.
110 Third, the functional potential of microbial communities associated with this drought-adapted
111 species has not been investigated through an integrated community- and genome-based
112 framework.

113 This study aimed to characterize the bacterial communities associated with C. colocynthis in a
114 semi-arid Moroccan ecosystem and to link bacteriome composition with cultivable diversity and
115 genome-resolved functional traits. We hypothesized that (i) bacterial communities differ among
116 foliar, root, and rhizospheric soil compartments due to strong microenvironmental filtering; (i)
117 root-associated and rhizospheric bacteriomes are enriched in taxa involved in plant growth
118 promotion and drought adaptation, consistent with the concept of a functional rhizosheath; and
119 (iil) the cultivable fraction of the bacteriome represents dominant taxa detected by amplicon
120  sequencing and harbors genomic traits associated with plant colonization and environmental stress
121 tolerance.

122

123 Materials and Methods:

124 Sample collection and processing
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125 Samples were collected near the Green City of Benguerir, Morocco, from a dry wastewater
126  drainage channel where Citrullus colocynthis was naturally growing (32°11'48.6"N,
127 7°56'30.0"W). Two sampling campaigns were performed. The first campaign was conducted in
128 June 2022 and included 35 plants from five populations, while the second was conducted in July
129 2023 and included 30 plants from six populations. The sampled populations were distributed along
130 the drainage channel, and sampling intensity varied according to population size, with 3 to 20
131 plants collected per population to avoid overharvesting. For each plant, root and shoot tissues were
132 collected together with rhizospheric soil. Samples were placed in sterile plastic bags, transported
133 to the laboratory on ice packs, and prepared upon arrival.

134 Plant samples were washed under running water to remove soil and debris. Root and foliar tissues
135 were separated using sterile blades, surface-disinfected with 70% ethanol, rinsed with sterile
136 distilled water, and dried on sterile paper towels. Plant tissues and sieved soil samples from both
137 sampling campaigns were stored at —20°C until DNA extraction for 16S rRNA gene amplicon
138 sequencing.

139 Bacterial endophytes were isolated from root and foliar tissues collected during the first sampling
140  campaign to obtain viable isolates for culture-based characterization. Isolation, purification, and
141 preservation followed procedures described previously (33). Briefly, surface-sterilized tissue
142 fragments were placed on culture media, and emerging colonies with distinct morphologies were
143 purified by repeated subculturing. Purified isolates were stored at —80°C in glycerol stocks. In
144 parallel, genomic DNA was extracted from fresh bacterial biomass according to the protocol
145 reported previously (34) and stored at —20°C.

146

147 Soil physicochemical analysis

148 Composite soil samples were prepared for each subregion and analyzed at the AITTC laboratory,
149 University Mohammed VI Polytechnic, Benguerir, Morocco. A total of 20 physicochemical
150 parameters were measured, including granulometry, pH, electrical conductivity, nitrate,
151 ammonium, total nitrogen, P-0s, K20, CaO, CaCOs, Fe, Zn, Cu, Mn, Na.O, MgO, organic matter,
152 and cation exchange capacity.

153

154 16S rRNA gene sequencing and phylogenetic analysis of cultured isolates

155 Preliminary taxonomic identification of cultured bacterial isolates was performed using 16S rRNA

156 gene Sanger sequencing, following the procedure described previously (34). Forward and reverse
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157 sequence reads were processed using Geneious Prime v2023.0.4 (Biomatters, New Zeland). Low
158 quality terminal regions were trimmed, and forward and reverse seqeuences from each isolate were
159 aligned, inspected, and assembled into curated consensus 16S rRNA gene sequences. Sequences
160  marked as noise, low quality, or unsuitable for alignment were excluded from downstream
161 analysis. The retained sequences were organized in FASTA format.

162 Taxonomic assignment of bacterial isolates was performed using local BLAST nucleotide searches
163 against a 16S rRNA gene reference database (35) with BLAST+ (36). Closest reference matches
164 were identified based on percentage identity, query coverage, E-value, and bit score. Curated 16S
165 TRNA gene sequences were subsequently deposited in GenBank, with the final dataset comprising
166 112 sequences.

167 A complete 16S rRNA gene phylogenetic tree was first generated using all GenBank-submitted
168 cultured isolate sequences together with their closest reference sequences. Sequences were aligned
169 using MAFFT v7.526 (37), and phylogenetic inference was performed using FastTree v2.2.0 (38)
170 under a nucleotide substitution model appropriate for 16S rRNA gene sequences. Branch support
171 values were displayed at internal nodes, and tree visualization and annotation were performed
172 using iTOL (39). Reference sequences were included to provide phylogenetic context for the
173 taxonomic placement of the cultured isolates.

174 To provide a simplified overview of the cultured collection, a representative 16S rRNA gene
175 phylogeny was additionally generated using the same alignment and tree-building workflow. For
176 this representative tree, isolate sequences were summarized at the genus level and analyzed
177 together with closely related reference sequences, allowing the main taxonomic groups recovered
178 from Citrullus colocynthis to be visualized more clearly.

179

1830  DNA extraction and 16S rRNA gene amplification

181 Total genomic DNA was extracted from soil, root, and shoot samples from both sampling
182 campaigns. For soil samples, 250 mg of material was processed using the DNeasy PowerSoil Pro
183 Kit, whereas 50 mg of root or shoot tissue was extracted using the DNeasy Plant Pro Kit, following
184 the manufacturer’s instructions (Qiagen, Global Diagnostic Distribution, Témara, Morocco).
185 Before extraction, samples were homogenized using a TissueLyser II with 2 mm tungsten beads
186 (Giagen) at 24 Hz for 15 min. DNA quality and quantity were assessed by agarose gel
187 electrophoresis and spectrophotometric measurement using a BioSpectrophotometer (Eppendorf,

188 Humborg, Germany).
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189 The V5-V6 region of the bacterial 16S rRNA gene was amplified using HPLC purified primers
190 containing  custom  sequence  adapters at the 5° end: CS1-719F @ 5'-
191  ACACTGACGACATGGTTCTACA-AACMGGATTAGATACCCKG-3" and CS2-1115R 5'-
192 TACGGTAGCAGAGACTTGGTCT-AGGGTTGCGCTCGTTG-3" (40). Each 25 upuL PCR
193 reaction contained 1x Platinum Direct PCR Universal Master Mix (Thermo Fisher Scientific,
194 Rabat Morocco), 0.2 pM of each primer, and approximately 10 ng of template DNA.
195 Amplifications were performed in duplicate using a Mastercycler X50s (Eppendorff, Hamburg,
196 Germany) under the following conditions: initial denaturation at 94°C for 3 min; 35 cycles of 94°C
197 for 30 s, 55°C for 30 s, and 72°C for 1 min; followed by a final extension at 72°C for 5 min. No-
198 template controls containing sterile Milli-Q water were included in each PCR run.

199

200 Amplicon library preparation and sequencing

200 Amplicon library preparation was performed following the protocols described by (21, 41). PCR
202 products were purified using Agencourt AMPure XP beads, washed twice with ethanol, air-dried,
203 and resuspended in 10 mM Tris buffer at pH 8.5. A second PCR was performed to attach [llumina
204 sequencing adapters and index tags. Indexing reactions contained 5 pL of purified PCR product,
205 2.5 pL of Fluidigm Access Array Barcode 384, and 1x KAPA HiFi HotStart ReadyMix in a final
206  volume of 50 pL. The indexing PCR consisted of an initial denaturation at 95°C for 3 min,
207 followed by eight cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension
208 at 72°C for 5 min.

209 Indexed amplicons were purified using Agencourt AMPure XP beads and quantified using a Qubit
210 fluorometer with the DNA HS kit. Library quantification, normalization, and pooling were
211 performed according to Illumina recommendations. The final 16S rRNA gene amplicon libraries
212 were sequenced on an Illumina MiSeq platform using a MiSeq Reagent Kit v3 with paired-end
213 sequencing.

214

215 16S rRNA gene amplicon processing and ASV inference

216 Paired-end 16S rRNA gene amplicon reads were processed in R v4.4.2 using DADA2 v1.34.0
217 following the standard DADA?2 workflow (42). Raw read quality profiles were inspected, and
218 primer/adaptor sequences were removed using cutadapt v5.2 prior to denoising (43). Reads were
219 then quality filtered, denoised, merged, and chimera-filtered using DADA2 to generate a non-

220  chimeric amplicon sequence variant (ASV) table for downstream community analyses.
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221 Taxonomic assignment was performed using an RDP-based taxonomy workflow (44, 45). Non-
222 prokaryotic and off-target assignments, including plant-derived, chloroplast, mitochondrial,
223 eukaryotic, fungal, and metazoan sequences, were removed, while archaeal ASVs were retained.
224 The final filtered prokaryotic ASV table was combined with sample metadata in phyloseq v1.54.0
225 and used for downstream analyses (40).

226

227 Amplicon sequencing community analyses

228 Taxonomic composition was summarized from the filtered prokaryotic ASV table at the phylum,
229 family, and genus levels. For each taxonomic level, only ASVs assigned at that level were retained,
230 and relative abundance was calculated among assigned taxa. Mean relative abundance was then
231 calculated for each compartment—year group. Dominant assigned taxa were visualized as stacked
232 bar plots, while remaining assigned taxa were grouped as “Other”. Data processing was performed
233 in R v442 (47) wusing dplyr v1.2.1 (https://dplyr.tidyverse.org/), tidyr v1.3.2
234 (https://tidyr.tidyverse.org/), and readr v2.2.0 (https://readr.tidyverse.org/). Stacked bar plots were
235 generated using ggplot2 v4.0.3 (https://ggplot2-book.org/), with percentage axis formatting
236 performed using scales v1.4.0 (https://scales.r-lib.org/).

237 Alpha diversity was calculated from the curated non-chimeric ASV table using the Shannon and
238 inverse Simpson indices (48). Because samples from the two sampling campaigns were stored for
239 different durations before DNA extraction, the year grouping was not treated as a purely temporal
240  biological factor, as storage conditions and pre-extraction handling can affect inferred microbial
241 community profiles in amplicon sequencing studies (49, 50). Accordingly, alpha-diversity
242 comparisons were performed among compartments within each year group. Due to non-normal
243 distributions and unequal variances, differences in alpha diversity among compartments were
244 assessed using Kruskal-Wallis tests followed by pairwise Wilcoxon rank-sum tests with Holm
245 correction (51-53). Alpha-diversity distributions were visualized as boxplots.

246 Beta diversity was assessed using Bray—Curtis dissimilarity after transforming ASV counts to
247 relative abundance (54). Community structure was visualized by principal coordinates analysis.
248 Compartment effects were tested separately within each year group using PERMANOVA with
249 999 permutations (55). Homogeneity of multivariate dispersion was evaluated using betadisper,
250 followed by permutation testing (53). Pairwise PERMANOVA and pairwise dispersion tests were

251 performed within each year group, with P-values adjusted using Holm correction (53)
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252 Differential abundance analysis was performed using ANCOM-BC2 implemented in the
253 ANCOMBC v2.12.0 package (56). The filtered ASV table, taxonomy table, and metadata were
254 combined into a phyloseq object using phyloseq v1.54.0 (46). ANCOM-BC2 was run separately
255 for each year group, with sample compartment as the fixed effect. Analyses were performed
256 independently at the phylum, family, and genus levels. Pairwise comparisons were conducted for
257 roots vs foliar, soil vs foliar, and soil vs roots. Models were run with structural-zero detection,
258 negative lower-bound correction, and pseudo-count sensitivity analysis enabled, using Holm
259 correction and a significance threshold of a = 0.05. Family-level results were used for the main
260  visualization because they provided the best balance between taxonomic resolution and
261 interpretability.

262

263 Association between soil physicochemical properties and community structure

264 Associations between regional physicochemical properties and prokaryotic community structure
265 were assessed using constrained analysis of principal coordinates/distance-based redundancy
266 analysis based on Bray—Curtis dissimilarities (57). Analyses were conducted in R using phyloseq
267 and vegan. ASV counts were transformed to relative abundance before Bray—Curtis dissimilarities
268 were calculated.

269 Physicochemical variables were available at the year—region level and were assigned to sequencing
270 samples according to their corresponding year and region. Models were fitted separately for each
271 year group and included sample compartment as a conditioning factor using Condition(Origin).
272 Reduced environmental models were defined based on ecological relevance and correlation
273 screening to avoid overparameterization. Overall model significance and individual environmental
274 terms were assessed using permutation tests with 999 permutations, and model explanatory power
275 was summarized using R? and adjusted R2.

276

277 Comparison between cultured isolates and amplicon-sequencing detected taxa

278 To evaluate the overlap between the cultured isolate collection and the amplicon-detected
279 community, Sanger-based genus assignments of cultured isolates were compared with genus-level
280  assignments in the filtered amplicon taxonomy table. For each cultured genus, detection in the
281 amplicon dataset was recorded based on the presence of the corresponding genus in the filtered

282 ASV table. Detection was additionally summarized by compartment, including foliar, root, and
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283 soil samples. This comparison was interpreted as genus-level taxonomic correspondence only and
284 does not imply detection of the same cultured isolate or strain in the amplicon dataset.

285

286 Genome-level functional characterization of selected cultured isolates

287 Whole-genome sequence data were used to provide functional context for selected cultured
288 isolates. Sample preparation, sequencing, read preprocessing, assembly, and initial taxonomic
280 analyses of the genome-sequenced isolates were performed as described previously (33). Briefly,
200  raw reads were quality filtered using a Phred quality threshold of Q20 and a minimum read length
2010 of 100 bp, assembled de novo, and evaluated using standard genome-quality metrics including
202 completeness, contamination, N50, contig number, genome size, and GC content.

293 For the present study, redundant genome assemblies corresponding to the same species-level
204 clusters were removed before functional summarization, retaining one genome per redundant
295 cluster based on taxonomic relatedness and assembly quality. The final non-redundant genome set
206 included 17 selected cultured isolates. Genome annotation was performed using Prokka v1.14.6
297 (58) with the bacterial kingdom setting. Prokka annotation tables were screened using custom
20¢  Python 3 scripts to identify curated functional marker sets associated with plant-microbe
299 interactions and environmental adaptation, including ACC deaminase, siderophore/iron
300  acquisition, nitrogen-related metabolism, osmoprotection, oxidative stress response, general stress
301 response, motility/chemotaxis, biofilm/adhesion, secretion systems, and antagonism-associated
302 markers.

303 For each functional system, predefined marker groups were searched in Prokka gene names and
304 product annotations using regular-expression matching. Marker-set completeness was calculated
305 as the percentage of predefined marker groups detected in each genome. Data processing and
306 reshaping were performed in R using dplyr, tidyr, and readr, and the resulting matrix was
307 visualized as a heatmap using ggplot2.

308

309 Results

310 16S rRNA gene sequencing output and ASV dataset quality

311 The curated DADAZ2 tracking table included 174 samples. Across all samples, 19,358,967 input
312 reads were processed, of which 18,502,284 reads were retained after quality filtering,
313 corresponding to a quality-filtering retention of 95.57%. After denoising, paired-end read merging,

314 and chimera removal, the final non-chimeric ASV table contained 14,528,658 reads, representing

10
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315 75.05% of the input reads (Table S1). The average number of reads per sample was approximately
316 83,500.

317

318 Taxonomic composition of the bacterial community

319 Community composition was summarized at the phylum, family, and genus levels across
320 compartments and year groups. At the phylum level, Pseudomonadota represented a major
321 component of the assigned community in plant-associated compartments, particularly in leaf
322 endosphere and root samples. Rhizosphere samples showed a distinct broader taxonomic profile,
323 with greater representation of Chloroflexota and other phyla. Differences in the relative
324 contribution of dominant phyla were observed across compartment and year groups (Figure S1).
325 Atthe family level, dominant assigned families differed among compartments. Pseudomonadaceae
326  predominated in plant-associated samples, whereas Tepidiformaceae was more abundant in
327 rhizosphere-associated communities. Several other families, including Bacillaceae, Erwiniaceae,
328 Nocardioidaceae, Trueperaceae, and Micrococcaceae, exhibited variable relative abundances
329  across compartments and sampling years. A substantial proportion of sequences was assigned to
330  the “Other” category, reflecting the contribution of numerous low-abundance families to the
331 overall community structure (Figure 1).

332 At the genus level, community composition was more heterogeneous, with the “Other” category
333 accounting for a substantial proportion of assigned genera across several compartment—year
334 combinations. Pseudomonas was among the most abundant genera in plant-associated
335 compartments, whereas genera such as Nocardioides, Truepera, Kaistella, Brevundimonas, and
336 Tepidiforma showed variable distributions among compartments and sampling years. Overall, the
337 taxonomic profiles revealed clear compartment-specific patterns in bacterial community
338 composition, with temporal variation becoming more pronounced at finer taxonomic resolution
339 (Figure S2).

340

321 Alpha diversity differs among compartments

322 Alpha diversity varied significantly among compartments within both year groups. Shannon
343 diversity differed among leaf endosphere, root, and rhizosphere samples in Year 1 (Kruskal-Wallis
344 2 =59.70,df =2, p=1.09 x 107*%) and Year 2 (y*> = 55.07, df =2, p = 1.10 x 107*?) (Figure 2,
345 Table S2). The same pattern was observed for inverse Simpson diversity in Year 1 ()* = 60.02, df

36 =2,p=9.28 x107") and Year 2 (y* =43.13,df =2, p=4.30 x 107'°) (Figure 3, Table S2).
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347 airwise Wilcoxon rank-sum tests with Holm correction showed significant differences among all
348 compartment pairs for both alpha-diversity indices in both year groups (Table S3). Soil samples
329 were consistently the most diverse compartment. In Year 1, foliar samples showed the lowest
350 diversity, while root samples were intermediate. In Year 2, foliar diversity was higher than in Year
351 1, although this difference should be interpreted cautiously because the year groups differed in
352 storage duration. Supporting aligned rank transform ANOVA confirmed a strong compartment
353 effect for both Shannon and inverse Simpson diversity. For Shannon diversity, compartment, year,
354 and their interaction were significant, whereas for inverse Simpson diversity, compartment and the
355 compartment—year interaction were significant, while the overall year effect was not (Table S4).
356

357  Beta-diversity structure across compartments

358 Principal coordinates analysis based on Bray—Curtis dissimilarities showed clear compartment
359 related structuring of bactrial community composition within both year groups (Figure 4).
30 PERMANOVA confirmed significant differences among compartments in Year 1 (R>=0.2803, F
361 = 15.3860, p = 0.001) and Year 2 (R? = 0.2920, F = 18.3540, p = 0.001), indicating that
362 compartment explained approximately 28-29% of the variation in Bray—Curtis community
363 structure within each year group (Table S5).

364  However, homogeneity of dispersion tests were also significant in both Year 1 (F = 62.3777,p =
365 0.001) and Year 2 (F = 111.4881, p = 0.001), indicating that within-compartment dispersion
366 differed among groups. Therefore, the observed beta-diversity patterns reflect both compartment-
367 associated differences in community composition and differences in within-group heterogeneity.
368 All pairwise compartment contrasts were significant by PERMANOVA after Holm correction in
369 both year groups (adjusted p = 0.003 for all comparisons). Pairwise dispersion tests were also
370 significant for all comparisons except foliar versus roots in Year 1, suggesting that several pairwise
371 beta-diversity differences were accompanied by unequal within-group dispersion (Table S6).

372

373 Differentially abundant families across compartments

374 ANCOM-BC2 was used to identify robust differentially abundant families among leaf endosphere,
375 rhizosphere, and root compartments, with analyses performed separately for each year group.
376 Family-level results were used for visualization because they provided a balance between

377 taxonomic resolution and interpretability. Across pairwise compartment comparisons, the number
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378 of robust differentially abundant families ranged from 18 to 56 per contrast. For each comparison,
379 the top 15 families ranked by absolute log-fold change were visualized (Figure 5; Table 2).

380  In Year 1, the roots versus leaf endosphere comparison showed a root-enrichment pattern among
3s1  the displayed families. Root-enriched families included several Actinomycetota and plant-
382 associated lineages, such as Microbacteriaceae, Micromonosporaceae, Nocardioidaceae,
383  Micrococcaceae, and Jonesiaceae, together with Rhizobiaceae, Devosiaceae, and
3g4  Xanthomonadaceae. In the rhizosphere versus leaf endosphere comparison, rhizosphere-enriched
3gs  families included environmental and soil-associated lineages such as Nocardioidaceae,
386 Geodermatophilaceae, Myxococcaceae, Oscillochloridaceae, and unassigned families within
37 higher soil-associated lineages. Leaf endosphere-enriched families included Pseudomonadaceae,
3ss  Moraxellaceae, Enterobacteriaceae, Erwiniaceae, Staphylococcaceae, Streptococcaceae, and
389 Enterococcaceae. The rhizosphere versus roots comparison showed enrichment in both
390  compartments, with rhizosphere-associated families enriched on one side and root-associated
391 families such as Microbacteriaceae, Rhizobiaceae, Devosiaceae, Pseudomonadaceae, and
392 Xanthomonadaceae enriched on the other.

393 In Year 2, the rhizosphere versus leaf endosphere comparison again yielded the highest number of
394 robust differentially abundant families, with 56 families detected. Among the top 15 displayed
395 families, 10 were enriched in the rhizosphere and five were enriched in the leaf endosphere, with
396  log-fold change values ranging from —2.573 to 3.545 (Table 2). The roots versus leaf endosphere
397 comparison identified 52 robust differentially abundant families, with the top 15 families showing
398 enrichment in both compartments: seven in roots and eight in the leaf endosphere. The rhizosphere
399 versus roots comparison identified 35 robust differentially abundant families, with five of the top
400 15 families enriched in the rhizosphere and 10 enriched in roots.

s01  Overall, the ANCOM-BC2 results at the family level showed clear compartment-associated
a02  differences within each year group. Rhizosphere versus leaf endosphere comparisons contained
a03  the highest number of robust differentially abundant families in both independently analyzed year
a04  groups, while root-associated contrasts showed distinct family-level enrichment patterns relative
405 to the leaf endosphere and rhizosphere compartments.

406

407 Associations between soil physicochemical properties and community structure

a0 CAP/db-RDA was used to assess whether regional physicochemical profiles were associated with

409 bacterial community composition after accounting for sample origin. Models were fitted separately
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a10  for each year group, and origin was included as a conditioning factor to account for compartment-
a11  level effects (Table 3).

412 In Year 1, the broad soil condition model showed a marginal association with community structure
413 butdid not reach statistical significance under permutation testing (p = 0.060, R*=0.0523, adjusted
a1 R?=0.0070) (Table S7), indicating a trend toward significance. The nutrient/fertility model was
a1s  significant (p = 0.015, R? = 0.0459, adjusted R? = 0.0099), with potassium showing the strongest
416 individual marginal association among the tested terms (Table S8). The texture/mineral model was
417 also significant overall (p = 0.040, R? = 0.0536, adjusted R? = 0.0084), with clay showing the
a18  strongest individual association (Table S9). Overall, these results indicate weak but detectable
419 associations between regional physicochemical profiles and bacterial community structure in Y ear
420 1, with low adjusted explanatory power.

421 In Year 2, all three reduced environmental models were significant. The broad soil condition model
422 was associated with community structure (p = 0.001, R>=0.0877, adjusted R* = 0.0520), with pH,
423 clay, organic matter, Olsen phosphorus, and electrical conductivity showing significant marginal
424 associations (Table S7). The nutrient/fertility model was also significant (p = 0.001, R = 0.0730,
425 adjusted R?=0.0441), and all included variables showed significant marginal associations (Table
426 S8). Similarly, the texture/mineral model was significant (p = 0.001, R? = 0.0877, adjusted R* =
427 0.0520), with clay, sand, pH, total limestone, and cation exchange capacity all significant in
428 marginal tests (Table S9).

429 Together, the CAP/db-RDA results suggest that regional physicochemical profiles were associated
430 with bacterial community composition after accounting for compartment identity. However,
431 adjusted R? values remained low to modest across models, indicating that these environmental
432 variables explained only a limited fraction of total community variation.

433

432 16S rRNA gene-based identification of cultured bacterial isolates

435 A total of 112 curated 16S rRNA gene sequences from cultured bacterial isolates were retained in
436 the final GenBank-submitted dataset. Local BLASTn comparison against the 16S rRNA reference
437 database assigned the isolates to multiple genus-level groups. The most represented genera were
438 Achromobacter (n = 26), Pseudomonas (n = 24), and Glutamicibacter (n = 15). Other recovered
439 genera included Erwinia (n = 10), Enterococcus (n = 6), Advenella (n = 6), Paenibacillus (n = 5),
as0  Microbacterium (n = 3), Brucella (n = 3), Desemzia (n = 2), and Pantoea (n = 2). Several genera

aa1 were represented by a single isolate, including Bacillus, Robertmurraya, Carnobacterium,
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as2  Psychrobacillus, Sanguibacter, Brevibacterium, Arthrobacter, Stenotrophomonas, Alcaligenes,
443 and Pollutimonas.

aas All sequences were deposited in GenBank, and their accession numbers are provided in Table S10.
as5  Because the sequences represented partial 16S rRNA gene fragments, taxonomic assignments
as6  were interpreted conservatively at the genus level, while species-level BLAST matches were
as7  treated as closest reference matches rather than definitive species identifications.

ass  The representative 16S rRNA gene phylogeny summarized the taxonomic structure of the cultured
aa9  collection and showed clear genus-level clustering of isolates with their closest reference
aso  sequences (Figure 6). Major clusters corresponded to the dominant cultured genera, including
451 Achromobacter, Pseudomonas, Glutamicibacter, Erwinia, Enterococcus, Paenibacillus, and
452 Microbacterium. The complete isolate-level tree, including all GenBank-submitted sequences and
453 closest reference sequences, is provided as Supplementary Figure S3.

454

455 Overlap between cultured isolates and amplicon-detected taxa

ss6  The cultured isolate collection was compared with the bacterial amplicon dataset to evaluate
457 whether genera recovered by cultivation were also detected by amplicon sequencing. Overlap was
asg  assessed at the genus level by comparing Sanger-based genus assignments of cultured isolates with
459 genus-level assignments in the filtered amplicon ASV table.

460  Most cultured genera were also detected in the amplicon dataset. Of the 21 cultured genera, 20
461 were detected by amplicon sequencing. Several cultured genera, including Achromobacter,
462 Advenella, Pollutimonas, Pseudomonas, Arthrobacter, Glutamicibacter, Erwinia, Pantoea,
463 Enterococcus,  Paenibacillus,  Bacillus,  Psychrobacillus,  Robertmurraya, Brucella,
464 Carnobacterium, Microbacterium, Brevibacterium, and Sanguibacter, were detected across foliar,
465 root, and soil amplicon profiles. Alcaligenes was detected in foliar and root samples, while
466 Desemzia was detected only in root samples. Stenotrophomonas was the only cultured genus not
a67  detected in the filtered amplicon dataset (Table 4).

a6 These results indicate broad genus level overlap. However, it only indicates taxonomic
469 correspondence and not evidence that the same cultured isolates or strains were detected by
470 amplicon sequencing.

471

472 Genome-inferred functional traits associated with plant colonization, stress tolerance, and

473 growth promotion
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474 Functional marker-set profiling was performed on the selected genome-sequenced cultured
475 isolates. The heatmap showed that all genomes contained marker groups associated with oxidative
476 stress response, while general stress-response markers were detected at high completeness across
477 nearly all genomes. Osmoprotection related marker sets were also broadly represented, with
a7e completeness values ranging from moderate to high across the genome set (Figure 7).

479 Siderophore/iron acquisition and nitrogen related metabolism showed more variable completeness
ag0  among isolates. Siderophore/iron acquisition marker-set completeness ranged from low to
ag1  complete detection, with several genomes showing high completeness, including AGC53, AGCS55,
482 AGC69, and AGC94. Nitrogen related metabolism also varied among genomes, with several
483 isolates showing complete or near complete marker-set representation. Motility/chemotaxis
aga  showed strong variation, with some genomes showing complete marker-set detection and others
485 showing low or no detected completeness. ACC deaminase markers were detected only in a subset
ags  of genomes, including AGC53, AGCS5, AGC69, AGC70, AGC85, AGC86, and AGC93.
ag7  Biofilm/adhesion, secretion systems, and antagonism-associated markers were also detected
488 across the genome set with variable completeness.

489 Overall, the selected genome-sequenced cultured isolates encoded multiple functional marker sets
a90  associated with plant-associated lifestyles, with conserved detection of stress-related markers and
491 more variable profiles for ACC deaminase, siderophore/iron acquisition, motility/chemotaxis,
492 secretion systems, and antagonism associated markers.

493

494 Discussion

495 This study provides an integrated characterization of the bacterial communities associated with
496 Citrullus colocynthis in a semi-arid Moroccan environment using amplicon sequencing, culture-
497 dependent isolation, Sanger-based identification, culture—amplicon comparison, and genome-
a98  informed functional profiling. The results suggest a structured community across the plant—soil
a99  system, in which the rhizosphere, roots, and the leaf endosphere represent distinct but
soo  interconnected microbial habitats.

so1  Multiple complementary analyses support compartment-associated differences in community
so2  structure. Soil samples exhibited higher alpha diversity compared to plant-associated
503 compartments. Beta-diversity analyses based on Bray—Curtis distances indicated clear separation
so4  among soil, root, and leaf endosphere samples. PERMANOVA confirmed statistically significant
sos  differences between compartments, and ANCOM-BC?2 identified differentially abundant bacterial
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sos  families across compartments. Together, these results indicate that compartment identity is a major
so7  factor associated with bacterial community composition in C. colocynthis.

so8  Soil represented the most diverse compartment and showed a distinct community composition
so9  compared to plant-associated compartments. This pattern is consistent with the role of soil as a
s:10  broad microbial reservoir (59). The higher representation of taxa such as Chloroflexota and other
511 soil-associated groups further supports this distinction. These observations align with the general
s12 concept that rhizospheric soil provides a diverse microbial pool from which plant-associated
513 compartments recruit a subset of taxa (60). In semi-arid environments, soil physicochemical
514 constraints, water limitation, and nutrient availability may further influence microbial community
515 assembly processes (21, 61). Multivariate analyses (CAP/db-RDA) indicated that measured
si16  environmental variables were associated with community variation, particularly in the second-year
517 sampling group. However, relatively low to moderate explained variance suggests that additional
s18  factors, including host-related selection and unmeasured environmental heterogeneity, may also
519 contribute to community structure.

520  Root-associated communities showed intermediate diversity and composition between soil and
521 leaf endosphere compartments. Several bacterial families enriched in roots, including
s22  Microbacteriaceae, Rhizobiaceae, Devosiaceae, Pseudomonadaceae, and Xanthomonadaceae, are
523 commonly reported in plant-associated environments. These taxa include members previously
524 associated with plant colonization, nutrient cycling, and stress tolerance (62). In particular,
525 Pseudomonadaceae, including Pseudomonas, contains strains described for siderophore
526 production, hormone modulation, phosphate solubilization, ACC deaminase activity, and
527 biocontrol potential (63, 64). Actinomycetota-related families, such as Microbacteriaceae,
528 Micrococcaceae, Nocardioidaceae, and Micromonosporaceae, are frequently associated with soil—
529 root interfaces and have been linked to secondary metabolite production and adaptation to dry
530 environments (65).

531 Leaf endosphere communities showed lower diversity compared to soil and root compartments
532 and formed distinct clusters in beta-diversity analyses. This pattern is consistent with stronger
533 environmental filtering in the leaf endosphere, where microbial communities are exposed to
53¢ limited nutrients, desiccation, UV radiation, and host-driven selection (66, 67). The recurrent
535 detection of Pseudomonadaceae and Pseudomonas across plant-associated compartments suggests
53 that these taxa may include members adapted to both root and aerial plant habitats, although their

537 ecological roles likely vary at the strain level. Pseudomonas is widely recognized as a key plant-
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538 associated genus with strong capacities for nutrient mobilization and plant growth promotion,
539 including siderophore production, phosphate solubilization, phytohormone-mediated growth
sa0  regulation, and biocontrol activities that contribute to plant health and ecological resilience in
541 host—microbe systems (63).

s42 The observed compartmental structure is generally consistent with previous microbiome studies
543 on C. colocynthis in arid and semi-arid environments. Previsou investigation has reported diverse
sas  bacterial assemblages across soil and plant compartments, including taxa commonly associated
sas  with soil functioning and plant-associated lifestyles such as Acidobacteria, Bacteroidetes, and
sa6  Actinobacteria (29). In the present study, the rhizosphere soil again represented the most diverse
sa7 compartment, while root and leaf endosphere communities appeared more strongly shaped by
sag  filtering processes. Differences in dominant taxa compared to previous studies are expected due
sa9  to variation in geography, soil properties, climate conditions, host genotypes, and methodological
sso choices such as 16S rRNA gene region selection (68). These differences highlight the context
551 dependency of microbiome assembly in stress-adapted plant species.

ss2  The culture-dependent approach provided complementary resolution to amplicon-based profiling
553 by enabling the recovery of cultivable bacterial taxa (69, 70). Sanger-based identification indicated
ss4  that the cultured collection included several dominant genera, with Achromobacter, Pseudomonas,
sss  and Glutamicibacter among the most frequently detected. Phylogenetic analysis of 16S rRNA gene
ss6  sequences confirmed the taxonomic diversity of the isolates and provided isolate-level resolution
557 complementary to the amplicon dataset. Most cultured genera were also detected in the sequencing
sse  data, indicating overlap in taxonomic detection between approaches, although not necessarily at
559 the strain level.

seo0  The cultured isolate collection provides an important bridge between the amplicon-detected
se1  community and cultivable members, consistent with the complementary use of culture-dependent
se2  and culture-independent approaches in microbiome studies (69-71). Sanger-based identification
s63  showed that the cultured collection included several genus-level groups, with Achromobacter,
se4  Pseudomonas, and Glutamicibacter being the most represented. The representative 16S rRNA
ses  gene phylogeny confirmed the taxonomic breadth of the collection, while the complete tree
se6  provided isolate-level context for the GenBank-submitted dataset. Importantly, most cultured
s67  genera were also detected in the amplicon dataset. This overlap reflects taxonomic correspondence

ses  rather than detection of the same strain by both approaches.
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se9  Previous studies have reported that C. colocynthis can host bacterial isolates with plant-associated
s70  functional traits, including antimicrobial activity, pathogen suppression, and plant growth
571 promotion. Endophytic actinobacteria such as Streptomycetaceae and Nocardiopsaceae have been
572 associated with antibacterial activity (28). Other isolates have shown inhibitory effects against
573 phytopathogens such as Fusarium solani and Pythium aphanidermatum, as well as growth-
574 promoting effects in model plants (72). Additional studies have reported traits such as
575 phytohormone production and mineral solubilization in rhizospheric isolates from arid
s76  environments (72). These findings suggest that cultivable members of the C. colocynthis
577 microbiome may include bacteria with functional potential, although these traits remain strain-
578 dependent and require experimental validation.

579 Genome-informed functional profiling of selected isolates provided additional insight into
sso  potential ecological roles. Whole-genome sequencing revealed the presence of genes associated
ss1  with stress response and environmental adaptation, consistent with genome-based approaches for
sa2  predicting plant-associated traits (73). Genes related to oxidative stress response were widely
sg3  distributed among isolates, which is consistent with exposure to semi-arid environmental
sas  conditions and with the role of plant-associated bacteria in abiotic stress tolerance (74, 75).
sss  Osmoprotection-related genes were also frequently detected, suggesting potential relevance to
sss  water limitation and osmotic stress adaptation.

sg7  Functional genes associated with siderophore production, nitrogen metabolism, ACC deaminase
sgg  activity, motility, chemotaxis, biofilm formation, secretion systems, and antagonistic interactions
sss  were detected with variable distribution across isolates. These functions are commonly associated
soo  with plant-associated bacteria, although their expression is context-dependent and may vary with
so1  environmental conditions and host interactions (63, 76). The observed variability suggests
s92  functional heterogeneity among cultivable isolates rather than a uniform functional profile.

s93  Overall, the combined dataset indicates a structured bacterial community associated with C.
soa  colocynthis, differentiated across soil, root, and leaf endosphere compartments. Soil acts as a
s95  diverse microbial reservoir, roots represent a selective transition zone, and the leaf endosphere
so6  appears as a more strongly filtered habitat. The partial overlap between cultured isolates and
s97  amplicon-detected taxa, together with genome-encoded functional traits related to stress adaptation
s9¢  and plant association, suggests that the cultivable fraction includes bacterial lineages with potential
599 ecological roles in semi-arid environments.

600
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601 Conclusion

602 This study demonstrates that C. colocynthis hosts a structured and compartmentalized bacterial
603  microbiome primarily shaped by habitat differentiation across the rhizosphere, roots, and the leaf
604  endosphere. Rhizosphere functions as a highly diverse microbial reservoir, while root-associated
605 and leaf endosphere communities appear progressively more selective, consistent with increasing
606  environmental and host-mediated filtering.

607 By integrating amplicon sequencing, culture-dependent isolation, and genome-informed
e0s  functional profiling, the study reveals a general concordance between taxonomically detected and
609 cultivable bacterial groups. It also highlights the prevalence of ecologically relevant taxa,
610  including Pseudomonas, Achromobacter, and several Actinobacteria-related lineages. Functional
611 genomic analyses further indicate that many isolates encode traits associated with stress tolerance,
612 nutrient acquisition, and plant interaction, which is consistent with adaptation to semi-arid
613 environmental conditions. These findings suggest that the C. colocynthis microbiome constitutes
614  astructured and functionally diverse bacterial network potentially contributing to plant persistence
615 in harsh environments. The cultivable fraction represents a particularly promising reservoir for
616  1dentifying bacteria with ecological and biotechnological relevance in arid and semi-arid systems.
617  Future work should focus on experimentally validating the functional potential of key isolates
618 under environmentally relevant conditions, including plant inoculation assays to assess growth
619  promotion and stress mitigation. In addition, the development of synthetic bacterial consortia
620 based on functionally complementary strains could provide a more realistic framework for
621 improving plant performance under drought and nutrient-limited conditions. Metabolomic and
622 transcriptomic profiling of both plants and associated bacteria would further help to clarify
623  microbe—plant interaction mechanisms and identify key bioactive compounds involved in stress
624  adaptation. Integrating these approaches with field-based trials across environmental gradients
625 would also strengthen the ecological relevance and translational potential of the findings for

626  sustainable agriculture in semi-arid ecosystems.
627

628  Acknowledgments

629  We thank Prof. Khaoula Errafii, Dr. Safaa Machraoui, and Mr. Abdelhadi Ziami for their valuable
630  technical assistance and support. We gratefully acknowledge the financial support provided by

631 OCP Nutricrops through Project AS-85. We also acknowledge the Toubkal Supercomputer Team

20


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

632 at UM6P (Morocco) for providing computational resources and technical support that contributed
633 to this work.
634  Funding

635 This research project was funded by OCP Nutricrops (Project No. AS85).

636  Author Contributions

637 K.A.S.M. contributed to sampling, experimental work, sequencing data analysis, and manuscript
638 drafting. S.M. and L.K. assisted with laboratory work and sample preparation. N.R. contributed to
639 sequencing and data curation. F.A. contributed to library preparation. H.M. contributed to
640  conceptualization, manuscript drafting, review, and supervision. All authors contributed to the

641 manuscript and approved the submitted version.

642  Data Availability

643 The 16S rRA gene amplicon sequencing datasets generated in this study are available in the NCBI
644 Sequence Read Archive under accession numbers listed in Table S11. Sanger sequences were

645 deposited at the NCBI and accession numbers are listed in Table S10.

646  References

647 1. Osakabe N. 2014. How the Test of Aharonov-Bohm Effect Was Initiated at Hitachi Laboratory.
648 doi:10.1142/9789814472906 _0010:62-73.

649 2. Jin JS, Yang YG, Wang GH, Gou QQ. 2026. Physiological, Morphological and Genetic Mechanisms of
650 Desert Plants to Drought and Salt Stress. Grass and Forage Science 81.

651 3. Kirschner GK, Xiao TT, Blilou I. 2021. Rooting in the Desert: A Developmental Overview on Desert Plants.
652 Genes (Basel) 12.

653 4. Madouh TA. 2022. Eco-Physiological Responses of Native Desert Plant Species to Drought and Nutritional
654 Levels: Case of Kuwait. Frontiers in Environmental Science 10.

655 5. Lee SJ, Morse D, Hijri M. 2019. Holobiont chronobiology: mycorrhiza may be a key to linking aboveground
656 and underground rhythms. Mycorrhiza 29:403-412.

657 6. Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A. 2015. The importance of the
658 microbiome of the plant holobiont. New Phytol 206:1196-206.

659 7. Legeay J, Basiru S, Ziami A, Errafii K, Hijri M. 2024. Response of Alternaria and Fusarium Species to Low
660 Precipitation in a Drought-Tolerant Plant in Morocco. Microb Ecol 87:127.

661 8. Madouh TA, Quoreshi AM. 2023. The Function of Arbuscular Mycorrhizal Fungi Associated with Drought
662 Stress Resistance in Native Plants of Arid Desert Ecosystems: A Review. Diversity-Basel 15.

663 9. Mohanta TK, Mohanta YK, Kaushik P, Kumar J. 2024. Physiology, genomics, and evolutionary aspects of
664 desert plants. J Adv Res 58:63-78.

665 10. Zahedi SM, Karimi M, Venditti A, Zahra N, Siddique KHM, Farooq M. 2025. Plant Adaptation to Drought
666 Stress: The Role of Anatomical and Morphological Characteristics in Maintaining the Water Status. Journal
667 of Soil Science and Plant Nutrition 25:409-427.

668 11. Khan AA, Wang YF, Akbar R, Alhoqail WA. 2025. Mechanistic insights and future perspectives of drought
669 stress management in staple crops. Front Plant Sci 16:1547452.

670 12. Rafiq S, Igbal U, Abid S, Sharif M, Wahab A, Kaleem M, Mansha M, Mehmood A, Sridhara S, Mahmoud
671 EA, Almutairi KF, Elansary HO, Ahmad KS. 2025. Aridity-induced structural and functional adaptations in
672 Solanum surattense across dryland ecosystems. Sci Rep 15:21918.

21


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

673 13. Sato H, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. 2024. Complex plant responses to drought and heat
674 stress under climate change. Plant J 117:1873-1892.

675 14. Seleiman MF, Al-Suhaibani N, Ali N, Akmal M, Alotaibi M, Refay Y, Dindaroglu T, Abdul-Wajid HH,
676 Battaglia ML. 2021. Drought Stress Impacts on Plants and Different Approaches to Alleviate Its Adverse
677 Effects. Plants (Basel) 10.

678 15. Basiru S, Ait Si Mhand K, Elfermi R, Khatour I, Errafii K, Legeay J, Hijri M. 2024. Enhancing chickpea
679 growth through arbuscular mycorrhizal fungus inoculation: facilitating nutrient uptake and shifting potential
680 pathogenic fungal communities. Mycorrhiza 35:1.

681 16. Trivedi P, Batista BD, Bazany KE, Singh BK. 2022. Plant-microbiome interactions under a changing world:
682 responses, consequences and perspectives. New Phytol 234:1951-1959.

683 17. Costa OYA, Raaijmakers JM, Kuramae EE. 2018. Microbial Extracellular Polymeric Substances: Ecological
684 Function and Impact on Soil Aggregation. Front Microbiol 9:1636.

685 18. Basiru S, Mhand KAS, Hijri M. 2025. Deciphering the mechanisms through which arbuscular mycorrhizal
686 symbiosis reduces nitrogen losses in agroecosystems. Applied Soil Ecology 206.

687 19. Marasco R, Fusi M, Mosqueira M, Booth JM, Rossi F, Cardinale M, Michoud G, Rolli E, Mugnai G, Vergani
688 L, Borin S, De Philippis R, Cherif A, Daffonchio D. 2022. Rhizosheath-root system changes
689 exopolysaccharide content but stabilizes bacterial community across contrasting seasons in a desert
690 environment. Environ Microbiome 17:14.

691 20. George TS, Brown LK, Ramsay L, White PJ, Newton AC, Bengough AG, Russell J, Thomas WT. 2014.
692 Understanding the genetic control and physiological traits associated with rhizosheath production by barley
693 (Hordeum vulgare). New Phytol 203:195-205.

694 21. Legeay J, Errafii K, Ziami A, Hijri M. 2024. The rhizosphere of a drought-tolerant plant species in Morocco:
695 A refuge of high microbial diversity with no taxon preference. Environ Microbiol Rep 16:e13254.

696 22. Li Y, Hong YH, Chen YD, Zhu NY, Jiang SQ, Yao ZX, Zhu M, Ding JF, Li CY, Xu WF, Guo WS, Zhu XK,
697 Zhang JH. 2024. Rhizosheath Formation and Its Role in Plant Adaptation to Abiotic Stress. Agronomy-Basel
698 14.

699 23. Cheng X, Qin M, Chen R, Jia Y, Zhu Q, Chen G, Wang A, Ling B, Rong W. 2023. Citrullus colocynthis (L.)
700 Schrad.: A Promising Pharmaceutical Resource for Multiple Diseases. Molecules 28.

701 24. Al-Qura'n S. 2009. Ethnopharmacological survey of wild medicinal plants in Showbak, Jordan. J
702 Ethnopharmacol 123:45-50.

703 25. Sun Y, Kou DR, Li Y, Ni JP, Wang J, Zhang YM, Wang QN, Jiang B, Wang X, Sun YX, Xu XT, Tan X,
704 Zhang YJ, Kong XD. 2023. Pan-genome of Citrullus genus highlights the extent of presence/absence
705 variation during domestication and selection. BMC Genomics 24:332.

706 26. Wang Z, Hu H, Goertzen LR, McElroy JS, Dane F. 2014. Analysis of the Citrullus colocynthis transcriptome
707 during water deficit stress. PLoS One 9:¢104657.

708 217. Li QY, Munawar M, Saeed M, Shen JQ, Khan MS, Noreen S, Alagawany M, Naveed M, Madni A, Li CX.
709 2021. Citrullus colocynthis (L.) Schrad (Bitter Apple Fruit): Promising Traditional Uses, Pharmacological
710 Effects, Aspects, and Potential Applications. Front Pharmacol 12:791049.

711 28. Ali AR, Bahrami Y, Kakaei E, Mohammadzadeh S, Bouk S, Jalilian N. 2022. Isolation and identification of
712 endophytic actinobacteria from Citrullus colocynthis (L.) Schrad and their antibacterial properties. Microb
713 Cell Fact 21:206.

714 29. Procter M, Kundu B, Sudalaimuthuasari N, AlMaskari RS, Saeed EE, Hazzouri KM, Amiri KMA. 2022.
715 Microbiome of Citrullus colocynthis (L.) Schrad. Reveals a Potential Association with Non-Photosynthetic
716 Cyanobacteria. Microorganisms 10.

717 30. Tabassum N, Ahmed HI, Parween S, Sheikh AH, Saad MM, Krattinger SG, Hirt H. 2024. Host genotype, soil
718 composition, and geo-climatic factors shape the fonio seed microbiome. Microbiome 12:11.

719 31. Hanif MS, Tayyab M, Baillo EH, Islam MM, Islam W, Li X. 2024. Plant microbiome technology for
720 sustainable agriculture. Front Microbiol 15:1500260.

721 32. Ren Y, Yan H, Ma A. 2025. Plant genomic and microbial interplay in the rhizosphere under salt stress: a
722 review. Front Plant Sci 16:1667328.

723 33. Ait Si Mhand K, Mouhib S, Radouane N, Errafii K, Kadmiri IM, Andrade-Molina DM, Fernandez-Cadena
724 JC, Hijri M. 2025. Two Novel Microbacterium Species Isolated from Citrullus colocynthis L.
725 (Cucurbitaceae), a Medicinal Plant from Arid Environments. Microorganisms 13.

726 34, Mouhib S, Ait Si Mhand K, Fernandez-Cadena JC, Hijri M. 2026. Rhizobium moroccans sp. nov., a Plant-
727 Associated Bacterium from the Desert Medicinal Plant Peganum harmala, Reveals Genomic Adaptation to
728 Arid Environments. Microorganisms 14.

22


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

729 35. Yarza P, Richter M, Peplies J, Euzeby J, Amann R, Schleifer KH, Ludwig W, Glockner FO, Rossello-Mora

730 R. 2008. The All-Species Living Tree project: a 16S rRNA-based phylogenetic tree of all sequenced type
731 strains. Syst Appl Microbiol 31:241-50.

732 36. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL. 2009. BLAST+:
733 architecture and applications. BMC Bioinformatics 10:421.

734 37. Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: improvements in
735 performance and usability. Mol Biol Evol 30:772-80.

736 38. Price MN, Dehal PS, Arkin AP. 2010. FastTree 2--approximately maximum-likelihood trees for large
737 alignments. PLoS One 5:¢9490.

738 39. Letunic I, Bork P. 2024. Interactive Tree of Life (iTOL) v6: recent updates to the phylogenetic tree display
739 and annotation tool. Nucleic Acids Res 52:W78-W82.

740 40. Radouane N, Meliane Z, Errafii K, Ait Si Mhand K, Mouhib S, Hijri M. 2025. Influence of Ziziphus lotus
741 (Rhamnaceae) Plants on the Spatial Distribution of Soil Bacterial Communities in Semi-Arid Ecosystems.
742 Microorganisms 13.

743 41. Radouane N, Errafii K, Mouhib S, Mhand KA, Legeay J, Hijri M. 2024. Potential Plant-To-Plant
744 Transmission: Shared Endophytic Bacterial Community Between Ziziphus lotus and Its Parasite Cuscuta
745 epithymum. Microb Ecol 87:119.

746 42. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. 2016. DADA2: High-resolution
747 sample inference from Illumina amplicon data. Nat Methods 13:581-3.

748 43. Kechin A, Boyarskikh U, Kel A, Filipenko M. 2017. cutPrimers: A New Tool for Accurate Cutting of Primers
749 from Reads of Targeted Next Generation Sequencing. J] Comput Biol 24:1138-1143.

750 44, Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naive Bayesian classifier for rapid assignment of rRNA
751 sequences into the new bacterial taxonomy. Appl Environ Microbiol 73:5261-7.

752 45. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT, Porras-Alfaro A, Kuske CR, Tiedje
753 JM. 2014. Ribosomal Database Project: data and tools for high throughput rRNA analysis. Nucleic Acids Res
754 42:D633-42.

755 46. McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible interactive analysis and graphics of
756 microbiome census data. PLoS One 8:¢61217.

757 47. R Core Team. 2023. R: A Language and Environment for Statistical Computing, R Foundation for Statistical
758 Computing, Vienna, Austria. https://www.R-project.org/.

759 48. Zhang W, Fan X, Shi H, Li J, Zhang M, Zhao J, Su X. 2023. Comprehensive Assessment of 16S rRNA Gene
760 Amplicon Sequencing for Microbiome Profiling across Multiple Habitats. Microbiol Spectr 11:¢0056323.
761 49. Choo JM, Leong LE, Rogers GB. 2015. Sample storage conditions significantly influence faecal microbiome
762 profiles. Sci Rep 5:16350.

763 50. Marotz C, Cavagnero KJ, Song SJ, McDonald D, Wandro S, Humphrey G, Bryant M, Ackermann G, Diaz
764 E, Knight R. 2021. Evaluation of the Effect of Storage Methods on Fecal, Saliva, and Skin Microbiome
765 Composition. mSystems 6.

766 51. Zheng H, Jiang L, Wang X, Hu J, Ning J, Wang D, Li B, Zheng G, Xu J. 2015. Application experience of
767 intraoperative neuromonitoring in thyroidectomy. Int J Clin Exp Med 8:22359-64.

768 52. Nahm FS. 2016. Nonparametric statistical tests for the continuous data: the basic concept and the practical
769 use. Korean J Anesthesiol 69:8-14.

770 53. Aickin M, Gensler H. 1996. Adjusting for multiple testing when reporting research results: the Bonferroni vs
771 Holm methods. Am J Public Health 86:726-8.

772 54. Khomich M, Mage I, Rud I, Berget I. 2021. Analysing microbiome intervention design studies: Comparison
773 of alternative multivariate statistical methods. PLoS One 16:¢0259973.

774 55. Tang ZZ, Chen G, Alekseyenko AV. 2016. PERMANOVA-S: association test for microbial community
775 composition that accommodates confounders and multiple distances. Bioinformatics 32:2618-25.

776 56. Lin H, Peddada SD. 2024. Multigroup analysis of compositions of microbiomes with covariate adjustments
777 and repeated measures. Nat Methods 21:83-91.

778 57. Shankar V, Agans R, Paliy O. 2017. Advantages of phylogenetic distance based constrained ordination
779 analyses for the examination of microbial communities. Sci Rep 7:6481.

780 58. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30:2068-9.

781 59. Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK. 2020. Plant-microbiome interactions: from community
782 assembly to plant health. Nat Rev Microbiol 18:607-621.

783 60. Bulgarelli D, Rott M, Schlaeppi K, Ver Loren van Themaat E, Ahmadinejad N, Assenza F, Rauf P, Huettel B,
784 Reinhardt R, Schmelzer E, Peplies J, Gloeckner FO, Amann R, Eickhorst T, Schulze-Lefert P. 2012.

23


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

785 Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 488:91-
786 5.

787 61. Maestre FT, Delgado-Baquerizo M, Jeffries TC, Eldridge DJ, Ochoa V, Gozalo B, Quero JL, Garcia-Gomez
788 M, Gallardo A, Ulrich W, Bowker MA, Arredondo T, Barraza-Zepeda C, Bran D, Florentino A, Gaitan J,
789 Gutierrez JR, Huber-Sannwald E, Jankju M, Mau RL, Miriti M, Naseri K, Ospina A, Stavi I, Wang D, Woods
790 NN, Yuan X, Zaady E, Singh BK. 2015. Increasing aridity reduces soil microbial diversity and abundance in
791 global drylands. Proc Natl Acad Sci U S A 112:15684-9.

792 62. Backer R, Rokem JS, Ilangumaran G, Lamont J, Praslickova D, Ricci E, Subramanian S, Smith DL. 2018.
793 Plant Growth-Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to
794 Commercialization of Biostimulants for Sustainable Agriculture. Front Plant Sci 9:1473.

795 63. Sah S, Krishnani S, Singh R. 2021. Pseudomonas mediated nutritional and growth promotional activities for
796 sustainable food security. Curr Res Microb Sci 2:100084.

797 64. Alattas H, Glick BR, Murphy DV, Scott C. 2024. Harnessing Pseudomonas spp. for sustainable plant crop
798 protection. Front Microbiol 15:1485197.

799 65. Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-Kolthoff JP, Klenk HP, Clement C,
800 Ouhdouch Y, van Wezel GP. 2016. Taxonomy, Physiology, and Natural Products of Actinobacteria. Microbiol
801 Mol Biol Rev 80:1-43.

802 66. Vorholt JA. 2012. Microbial life in the phyllosphere. Nat Rev Microbiol 10:828-40.
803 67. Sohrabi R, Paasch BC, Liber JA, He SY. 2023. Phyllosphere Microbiome. Annu Rev Plant Biol 74:539-568.
804 68. Islam W, Noman A, Naveed H, Huang Z, Chen HYH. 2020. Role of environmental factors in shaping the soil

805 microbiome. Environ Sci Pollut Res Int 27:41225-41247.

806 69. Sarhan MS, Hamza MA, Youssef HH, Patz S, Becker M, ElSawey H, Nemr R, Daanaa HA, Mourad EF,
807 Morsi AT, Abdelfadeel MR, Abbas MT, Fayez M, Ruppel S, Hegazi NA. 2019. Culturomics of the plant
808 prokaryotic microbiome and the dawn of plant-based culture media - A review. J Adv Res 19:15-27.

809 70. Stefani FO, Bell TH, Marchand C, de la Providencia IE, El Yassimi A, St-Arnaud M, Hijri M. 2015. Culture-
810 Dependent and -Independent Methods Capture Different Microbial Community Fractions in Hydrocarbon-
811 Contaminated Soils. PLoS One 10:¢0128272.

812 71. Amechatte G, Radouane N, El Mouttaqi A, Licastro D, Hirich A, Mohamed H, Ahmed B. 2026. Deterministic
813 abiotic filtering and halophilic core microbiomes shape bacterial community assembly in coastal salt flats
814 (sabkha) of southern Morocco. Appl Environ Microbiol doi:10.1128/aem.00061-26:¢0006126.

815 72. Al-Shuaibi BK, Kazerooni EA, Hussain S, Velazhahan R, Al-Sadi AM. 2023. Plant-Disease-Suppressive and
816 Growth-Promoting Activities of Endophytic and Rhizobacterial Isolates Associated with Citrullus
817 colocynthis. Pathogens 12.

818 73. Santoyo G, Moreno-Hagelsieb G, Orozco-Mosqueda Mdel C, Glick BR. 2016. Plant growth-promoting
819 bacterial endophytes. Microbiol Res 183:92-9.

820 74. Gupta A, Mishra R, Rai S, Bano A, Pathak N, Fujita M, Kumar M, Hasanuzzaman M. 2022. Mechanistic
821 Insights of Plant Growth Promoting Bacteria Mediated Drought and Salt Stress Tolerance in Plants for
822 Sustainable Agriculture. Int J Mol Sci 23.

823 75. Gamalero E, Glick BR. 2022. Recent Advances in Bacterial Amelioration of Plant Drought and Salt Stress.
824 Biology (Basel) 11.

825 76. Orozco-Mosqueda MDC, Glick BR, Santoyo G. 2020. ACC deaminase in plant growth-promoting bacteria
826 (PGPB): An efficient mechanism to counter salt stress in crops. Microbiol Res 235:126439.

827

828

24


https://doi.org/10.64898/2026.06.05.730417
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.05.730417; this version posted June 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

829 Table 1. Pairwise Wilcoxon comparisons of alpha diversity among compartments within each
830  year group.

Comparison Shannon, Shannon, Inverse Simpson, | Inverse Simpson,
Year 1 Year 2 Year 1 Year 2

Leaf endosphere vs Roots 0.0147 6.90 x 107 0.00437 0.00902

Leaf endosphere vs Rhizosphere | 8.86 x 107" 7.08 x 10 2.22 %1013 6.23 x 10

Roots vs Rhizosphere 3.27 x 1013 3.95 x 1013 9.82 x 1077 5.70 x 10

831

832 Table 2. Summary statistics of family-level pairwise ANCOM-BC?2 analyses. The table presents
833  the ranges of log fold-change (LFC) values and adjusted g-values for the 15 most robust
834  differentially abundant families identified in each pairwise comparison. Minimum and maximum
835 LFC values correspond to the observed range among these families, while minimum and maximum
836 adjusted g-values indicate the corresponding significance range. Results are reported separately
837 for each year and compartment contrast.

Year Contrast Total LFC min LFC max | q-value g-value
robust top 15 top 15 min top 15 | max top
families 15
Year 1 | Roots vs Leaf 18 1.617 4.529 4.87e-19 0.00479
endosphere
Year 1 | Rhizosphere vs Leaf 50 -5.027 4.161 5.52e-17 1.76e-4
endosphere
Year 1 | Rhizosphere vs Roots 32 -4.370 3.585 2.06e-12 1.76e-4
Year2 | Roots vs Leaf 52 -2.920 3.546 2.95e-18 8.88e-6
endosphere
Year 2 | Rhizosphere vs Leaf 56 -2.573 3.545 4.79e-27 9.76e-10
endosphere
Year 2 | Rhizosphere vs Roots 35 -3.397 2.662 1.81e-12 1.95e-5

838

g9 Table 3. Summary of CAP/db-RDA models testing associations between regional

sa0  physicochemical properties and bacterial community composition.

Model Variables included Year Df | F value p-value R? Adjusted R* Significant /
strongest terms
Broad soil pH, clay, organic matter, Olsen | Year 1 5 1.1496 0.060 0.0523 | 0.0070 pH
condition phosphorus, electrical
conductivity
Broad soil pH, clay, organic matter, Olsen | Year2 | 5 2.3763 0.001 0.0877 | 0.0520 pH, clay,
condition phosphorus, electrical organic matter,
conductivity Olsen
phosphorus,
electrical
conductivity
Nutrient/fertility | Organic matter, Olsen Year | 4 1.2648 0.015 0.0459 | 0.0099 Potassium
phosphorus, potassium, total
nitrogen
Nutrient/fertility | Organic matter, Olsen Year2 | 4 2.4428 0.001 0.0730 | 0.0441 Organic matter,
phosphorus, potassium, total Olsen
nitrogen phosphorus,
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potassium, total

limestone, cation exchange

nitrogen
Texture/mineral | Clay, sand, pH, total Year | 5 1.1799 0.040 0.0536 | 0.0084 Clay
limestone, cation exchange
capacity
Texture/mineral Clay, sand, pH, total Year 2 5 2.3763 0.001 0.0877 0.0520 Clay, sand, pH,

total limestone,

capacity cation exchange
capacity
Table 4. Genus-level overlap between cultured isolates and the 16S rRNA gene amplicon
sequening dataset.
Cultured genera Isolation origin Detected in Amplicon compartments detected
amplicon dataset
Achromobacter Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Advenella Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Alcaligenes Leaf endosphere Yes Leaf endosphere; Roots
Pollutimonas Roots Yes Leaf endosphere; Roots; Rhizosphere
Pseudomonas Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Arthrobacter, Roots Yes Leaf endosphere; Roots; Rhizosphere
Glutamicibacter Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Erwinia, Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Pantoea Leaf endosphere Yes Leaf endosphere; Roots; Rhizosphere
Enterococcus Roots Yes Leaf endosphere; Roots; Rhizosphere
Paenibacillus Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Bacillus Leaf endosphere Yes Leaf endosphere; Roots; Rhizosphere
Psychrobacillus Roots Yes Leaf endosphere; Roots; Rhizosphere
Robertmurraya Leaf endosphere Yes Leaf endosphere; Roots; Rhizosphere
Brucella Roots Yes Leaf endosphere; Roots; Rhizosphere
Carnobacterium Leaf endosphere Yes Leaf endosphere; Roots; Rhizosphere
Desemzia Roots Yes Roots
Microbacterium Leaf endosphere; Roots Yes Leaf endosphere; Roots; Rhizosphere
Brevibacterium Roots Yes Leaf endosphere; Roots; Rhizosphere
Sanguibacter Leaf endosphere Yes Leaf endosphere; Roots; Rhizosphere
Stenotrophomonas | Roots No Not detected
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gag  Figure 1. Family-level composition of bacterial communities across compartments and years.
sa9  Stacked bar plots show the mean relative abundance of the dominant bacterial families in leaf
sso  endosphere, root, and rhizosphere samples collected during Year 1 and Year 2. Families not
ss1  included among the dominant taxa were grouped as “Other.” Relative abundances were calculated
852 from ASVs assigned at the family level. Colors indicate bacterial families.
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855 Figure 2. Shannon diversity across leaf endosphere, root, and rhizosphere compartments by
ss6  year. Boxplots show Shannon alpha diversity of bacterial communities in leaf endosphere, root,
857 and rhizosphere compartments, displayed separately for Year 1 and Year 2. Points represent
sss  individual samples, and brackets indicate significant pairwise differences among compartments
859 within each year.
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Figure 3. Inverse Simpson diversity across leaf endosphere, root, and rhizosphere
compartments by year. Boxplots show Inverse Simpson alpha diversity of bacterial communities
in leaf endosphere, root, and rhizosphere compartments, displayed separately for Year 1 and Year
2. Points represent individual samples, and brackets indicate significant pairwise differences
among compartments within each year.
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Figure 4. Principal coordinates analysis of Bray—Curtis dissimilarities by compartment and
year. Principal coordinates analysis (PCoA) based on Bray—Curtis dissimilarities showing
variation in bacterial community composition among leaf endosphere, root, and rhizosphere
compartments across Year 1 and Year 2. Each point represents an individual sample and is colored
according to compartment. The percentage of variance explained by each axis is indicated on the
corresponding axis label.
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876 ANCOM-BC2 log fold change

877 Figure 5. Family-level differential abundance across compartments. Top 15 robust
g7e  differentially abundant bacterial families identified by ANCOM-BC2 in pairwise comparisons
g79  among leaf endosphere, root, and rhizosphere compartments in Year 1 (A) and Year 2 (B). Each
sso  panel represents a single pairwise comparison. The x-axis shows the ANCOM-BC2 log fold
ss1  change, and the dashed vertical line indicates no difference between compartments. Positive values
ss2  indicate enrichment in the first compartment named in the panel title, whereas negative values
883 indicate enrichment in the second compartment. Taxa are shown at the family level; “Unass_Fam”
ss4  denotes an unassigned family within the corresponding higher-level taxonomic lineage.
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gg7  Figure 6. Representative 16S rRNA gene phylogeny of bacterial isolates associated with
sss  Citrullus colocynthis. The phylogenetic tree illustrates the taxonomic diversity of the cultured
889 bacterial collection recovered in this study. Reference sequences are indicated by “Ref” and shown
890 1in blue, whereas isolates from this study are shown in black and grouped at the genus level, with
go1  the number of isolates represented in parentheses. Bootstrap support values (%) are displayed at
892 internal nodes. The scale bar corresponds to 0.1 nucleotide substitutions per site, indicating the
893 estimated evolutionary distance (sequence divergence) among taxa..
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gos  Figure 7. Functional marker-set completeness in genomes of selected cultured isolates.
897 Heatmap showing the percentage completeness of curated functional marker sets across selected
gog  bacterial genomes. Functional categories include ACC deaminase, siderophore and iron
899  acquisition, nitrogen metabolism, osmoprotection, oxidative stress response, general stress
900  response, motility and chemotaxis, biofilm formation and adhesion, secretion systems, and
901  antagonism-associated traits. Values represent the percentage of predefined marker groups
902 detected in Prokka-annotated genomes, providing an overview of the functional potential of each
903  isolate.
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