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 24 

Abstract 25 

Aridification and climate stress threaten global plant productivity, but the survival strategies of 26 

desert plants remain only partly understood. In this study, we examined how the microbiome of 27 

Citrullus colocynthis, a hardy desert cucurbit valued for its ecological and medicinal benefits, may 28 

influence the plant’s ability to withstand harsh conditions. Using 16S rRNA amplicon sequencing, 29 

shotgun metagenomics, and culture-based methods, we analyzed microbiome changes across two 30 

regions of the UAE during the rainy and dry seasons. Leaf and root bacterial communities showed 31 

clear seasonal shifts, with greater richness in winter and higher evenness in summer, while soil 32 

microbiomes remained stable. Dominant bacterial groups, Actinomycetota and Pseudomonadota, 33 

varied seasonally, indicating trade-offs between stress tolerance and metabolic flexibility. Fungal 34 

communities (mainly Ascomycota and Basidiomycota) were stable at the phylum level but 35 

reorganized by order between seasons; archaeal populations showed little change. Among 24 36 

cultured bacterial isolates, including three potential new species, we identified multiple stress 37 

tolerance and plant growth–promoting traits. Genomic data revealed biosynthetic clusters for 38 

antimicrobial and stress-protective functions, as well as adaptation genes in Pseudomonas 39 

orientalis. These results demonstrate that the dynamic, functionally diverse microbiome of C. 40 

colocynthis enhances its resilience to desert stress, offering potential for arid-land agriculture. 41 

  42 

Keywords: Citrullus colocynthis, desert microbiome, plant-microbe interactions, stress tolerance 43 
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1. Background 45 

Climate stressors, including heat, drought, and salinity, are increasingly tightening their hold on 46 

global agriculture, making resilience a necessity rather than just an aspiration (Vandenkoornhuyse 47 

et al., 2015; (IPCC), 2023). In deserts, survival often depends not only on plant physiology but 48 

also significantly on partnerships with microbes that support tolerance to water scarcity, extreme 49 

temperatures, and nutrient deficiency (Rodriguez and Redman, 2008; Alsharif et al., 2020; Glick 50 

and Gamalero, 2021; Shah et al., 2021; Zhang and White, 2021). However, the ways in which 51 

these plant–microbiome partnerships function across different spaces and seasons remain only 52 

partially understood. Research across systems shows that plant-associated communities can 53 

change notably between wetter and drier periods, often with greater shifts in leaves and roots 54 

compared to nearby soils (Edwards et al., 2018; Landesman et al., 2019; Howe et al., 2023; 55 

Argiroff William et al., 2024; Zhang et al., 2024). Gaining a clear understanding of these dynamics 56 

is essential for moving from simple observation to uncovering mechanisms. 57 

 58 

Citrullus colocynthis offers a unique opportunity to explore these questions firsthand in real-world 59 

conditions. This desert cucurbit is valued for its medicinal and agricultural potential (Dane et al., 60 

2006; Hussain et al., 2014; Silva and Hussain, 2017; Meybodi, 2020; Abushamleh et al., 2022) 61 

and exhibits notable physiological adaptations to extreme temperatures (Elnaggar et al., 2024). 62 

Previous studies on C. colocynthis and its microbial partners help shape our understanding: 63 

isolation-based research has identified disease-suppressive and growth-promoting activities 64 

among endophytes and rhizobacteria (Al-Shuaibi et al., 2023), antibacterial properties in 65 

endophytic actinobacteria (Ali et al., 2022a), and tissue- and site-specific diversity of fungal 66 

endophytes (Sohrabi et al., 2024). Broader desert surveys that included C. colocynthis have 67 
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occasionally detected limited fungal diversity (Noor et al., 2021). Moving beyond culture-based 68 

efforts, we conducted an initial study on the bacterial component of the microbiome and identified 69 

various bacteria associated with the plant, many of which are known to promote plant growth 70 

(Procter et al., 2022). Subsequent culture-based research further emphasized that rhizosphere 71 

isolates can possess multiple traits supporting plant growth under arid conditions (Dekak et al., 72 

2025). Collectively, these studies motivate a more integrated approach to understanding the C. 73 

colocynthis holobiont, one that links community changes with functional capabilities. 74 

 75 

The holobiont perspective considers plants and their microbes as an adaptive system where 76 

performance results from interactions among partners (Hassani et al., 2018; Mesny et al., 2023). 77 

In this context, differences in lifestyle between plant-associated and free-living microbes become 78 

essential. For example, plant-associated Pseudomonas often show genomic features related to 79 

rhizosphere competence (such as antibiotic and siderophore pathways, and the ability to trigger 80 

systemic resistance), while many beneficial plant bacteria produce the auxin indole-3-acetic acid 81 

(IAA) through tryptophan-based routes, influencing development and defense (Loper et al., 2012; 82 

De Vrieze et al., 2020; Saati-Santamaría et al., 2022; Tang et al., 2023a). These principles suggest 83 

testable connections between seasonal fluctuations in community composition, habitat specificity 84 

(leaf, root, soil), and functions vital for stress tolerance. 85 

 86 

Guided by this framework, our goal was to determine whether the spatiotemporal dynamics of the 87 

microbiome and microbial traits align with the ecological needs of a desert plant. We examined 88 

the microbiome of C. colocynthis using 16S rRNA amplicon sequencing and shotgun 89 

metagenomics of plants and surrounding soils sampled in two emirates of the United Arab 90 
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Emirates (UAE) during rainy and dry seasons. We then isolated endophytic strains from leaf and 91 

root tissues, sequenced their genomes, and assessed stress tolerance and plant growth–promoting 92 

traits, including phytohormone production and antimicrobial activity in vitro. Along with previous 93 

studies, our results together provide a clear picture of how the C. colocynthis holobiont may 94 

support resilience in dry environments. 95 

2. Methods 96 

2.1. Sample collection  97 

Leaf, root, root zone, and bulk soil samples were collected from three C. colocynthis plants in 98 

natural populations at Al Ain city (24°27'50.8" N 55°38'37.1" E) and Ras Al Khaimah (RAK) 99 

emirate (25°33'11.7" N 55°53'18.9" E), UAE, as described previously (Procter et al., 2022). Thus, 100 

the study included three biological replicates and three technical replicates for each biological 101 

replicate, per sample type, per season. The locations were selected due to their different rainfall 102 

patterns and geography. Endophytic bacteria were isolated from freshly collected leaf and root 103 

samples from the Al Ain site in January 2022, and samples from March and August 2022 were 104 

used for microbiome analysis. 105 

2.2. Amplicon Profiling and Metagenomic Analyses 106 

2.2.1. DNA extraction 107 

Root and leaf samples were surface sterilized (1% bleach, 3 min; two sterile water washes; 70% 108 

ethanol, 3 min; six sterile water washes) (Sahu et al., 2022). The final wash water was plated on 109 

nutrient agar (NA, HiMedia, Mumbai, India) and potato dextrose agar (PDA, Conda Lab, Madrid, 110 
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Spain) to assess sterility. DNA was extracted using the XpressDNA Plant Kit (MagGenome, India) 111 

according to the manufacturer's protocol. However, the root samples were incubated at 56 °C for 112 

an additional 30 minutes during the lysis step. DNA was extracted from 2g of soil using a 113 

combination of the DNeasy PowerSoil Pro (Qiagen, Hilden, Germany) and XpressDNA Soil Kit 114 

(MagGenome, India). These extractions were repeated and pooled (for the same  biological 115 

replicate, i.e., technical replicates were pooled) until enough DNA was obtained for the respective 116 

sequencing strategies. The quality and quantity of the extracted DNA were confirmed as 117 

previously described (Procter et al., 2022). 118 

 119 

2.2.2. 16S rRNA Gene-based Microbial Profiling  120 

16S rRNA amplicon sequencing validated DNA suitability and provided a preliminary comparison 121 

of  samples across locations and seasons, . The DNA samples were amplified, trimmed, and quality 122 

assessed as described previously (Procter et al., 2022). We used the ASV file for analyses with 123 

MicrobiomeAnalyst2 (Lu et al., 2023) and the updated Greengenes database (McDonald et al., 124 

2024). Alpha diversity was assessed using Shannon (Shannon, 1948) and Chao1 (Chao, 1984) 125 

indices, and NMDS was  employed for beta diversity analysis, which guided subsequent 126 

metagenomic analysis.  127 

 128 

2.2.3. Metagenome-based Microbial Profiling 129 

Shotgun metagenomic sequencing was performed on an Illumina NovaSeq PE150 (150 bp paired-130 

end) platform, generating approximately 20 GB of raw data per sample. The quality of the PE 131 

reads was assessed with FastQC v.0.11.9 (Andrews, 2010). Low-quality reads and adapter 132 

sequences were removed using Trimmomatic v.0.39 (Bolger et al., 2014). The trimmed reads were 133 
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then used for metagenome profiling with Kraken 2, a standard k-mer based method for taxonomic 134 

classification of metagenomic reads (Wood et al., 2019).  135 

2.2.4. Seasonal and Geographic Comparisons of the Bacterial Microbiome 136 

Kraken-based metagenomic reports and sample metadata were used to compare bacterial 137 

communities in leaf and root tissues across seasons and locations. Although the archive contained 138 

other sample classes, this analysis was restricted to leaf and root samples (24 profiles total). All 139 

viral and non-bacterial assignments were excluded before downstream analysis. Kraken lineage-140 

style abundance reports were parsed, bacterial terminal assignments were retained, and profiles 141 

were collapsed to a comparable genus-level representation for cross-sample analysis. Relative-142 

abundance tables were then used for diversity and community analyses.  143 

Alpha diversity was summarized using observed bacterial genera, Shannon diversity, and Pielou 144 

evenness (Pielou, 1966). Bray-Curtis dissimilarities (Bray and Curtis, 1957) quantified 145 

compositional turnover, and metric multidimensional scaling were used for ordination. Seasonal 146 

effects within each location-tissue subgroup were tested using PERMANOVA (Anderson, 2001). 147 

Because each subgroup contained only three winter and three summer replicates, seasonal changes 148 

in alpha diversity and genus-level relative abundance were evaluated with exact two-sided Mann-149 

Whitney tests and Cliff's delta effect sizes, with false discovery rate correction applied within each 150 

test family. Interpretation emphasized effect sizes and multivariate shifts more than adjusted taxon-151 

level p-values alone. 152 

 153 

2.2.5. Functional Profiling using Root Samples 154 

Functional profiling was restricted to root samples which is essential because the rhizosphere 155 

provides a more stable, manageable environment for beneficial microbes to directly enhance plant 156 
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water/nutrient acquisition and survival against severe abiotic stresses. Analyses used HUMAnN 157 

output, including gene-family, pathway-abundance, pathway-coverage tables, and merged 158 

relative-abundance matrices. HUMAnN estimates microbial pathway abundance by mapping 159 

reads to pangenome and protein reference databases, providing robust community-scale functional 160 

reconstruction (Franzosa et al., 2018; Beghini et al., 2021). The merged pathway abundance matrix 161 

was the main input for downstream analyses.  162 

Unstratified pathways summarized community-wide functions for ordination and seasonal 163 

comparisons, while stratified rows identified contributing taxa. Pathway names with provenance 164 

tags (e.g., plants, yeast, archaea) were retained if linked to MetaCyc reactions, interpreted as shared 165 

pathways. Analyses focused on enriching endophytic taxa involved in exopolysaccharide 166 

production, biofilm formation, one-carbon metabolism, amino-acid biosynthesis, cofactor salvage, 167 

and redox buffering, all relevant to the C. colocynthis habitat.  168 

 169 

2.3. Bacterial culture identification and genome annotation 170 

2.3.1. Isolation 171 

Root and leaf samples were surface-sterilized as previously described. Tissues were homogenized 172 

in 10 mL of sterile water, diluted 1:10, and stored at 4°C for 7 days before being serially diluted 6 173 

times. The last three dilutions were plated on half-strength NA and starch nitrate agar (SNA) 174 

supplemented with cycloheximide (100 mg/L), dried upright at room temperature, and then 175 

incubated inverted at 28°C. Colonies were sub-cultured until pure. Cultures were grouped by 176 

morphotype and maintained on Luria-Bertani (LB) agar (HiMedia, Mumbai, India) without 177 

antibiotics. 178 

.CC-BY 4.0 International licenseavailable under a 
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 

The copyright holder for this preprint (whichthis version posted May 8, 2026. ; https://doi.org/10.64898/2026.05.07.723578doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.07.723578
http://creativecommons.org/licenses/by/4.0/


 
 

9 

 179 

2.3.2. Initial identification 180 

Pure cultures were grown in LB broth at 30°C with agitation at 150 rpm for 48 hours, and DNA 181 

was extracted using the Xpress DNA Bacteria Kit (MagGenome) per the manufacturer’s protocol. 182 

DNA quantity and quality were assessed as previously described (Procter et al., 2022). The 16S 183 

rRNA gene was used for initial identification and amplified with primers 27F 184 

(AGAGTTTGATCMTGGCTCAG) and 1492R (GGTTACCTTGTTACGACTT) in 20 μL 185 

reactions using DreamTaq Polymerase (Thermo Fisher Scientific, California, USA). PCR products 186 

were analyzed on a 1% agarose gel and purified using ExoSAP-IT (Applied Biosystems, Thermo 187 

Fisher Scientific). Cycle sequencing was performed using the BigDye Terminator v3.1 kit 188 

(Applied Biosystems) with the same primers and analyzed on an Applied Biosystems 3500 Series 189 

Genetic Analyzer. Consensus sequences from forward and reverse primers were generated with 190 

BioEdit (Hall, 1999). Homologous sequences were identified via BLAST 191 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) using blastN. 192 

 193 

2.3.3. Whole-genome sequencing (WGS) 194 

The same DNA extracted for initial identification was used, and WGS libraries (Illumina and ONT, 195 

respectively) were prepared. Raw data were trimmed, a hybrid genome assembly was performed, 196 

and gene annotation was completed as described by (Elmahi et al., 2021). Assembly was conducted 197 

with Unicycler v.0.4.8 (Wick et al., 2017), MaSuRCA v.4.0.4 (Zimin et al., 2013), and CANU 198 

v.2.2 for hybrid assembly. The assembled genomes were corrected for errors using Pilon (Walker 199 

et al., 2014). Assembly completeness was validated with BUSCO (Seppey et al., 2019). The 200 

assembled genome sequences were uploaded to the Type (Strain) Genome Server (TYGS) 201 
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(https://tygs.dsmz.de/) for precise identification. For isolates suspected to be new species, ANI 202 

scores between the genome and the closest relative (based on TYGS and BLAST) were calculated 203 

using CJ Bioscience's online Average Nucleotide Identity (ANI) calculator (Yoon et al., 2017). An 204 

ANI score of ≥ 96% indicates the same species, ≥ 99% indicates the same strain, and less than 205 

96% suggests a new species.  206 

 207 

2.3.4. Functional annotation 208 

The assembled genomes were annotated in NCBI GenBank using the NCBI Prokaryotic 209 

Annotation Pipeline (Tatusova et al., 2016). Protein similarities were identified with BlastP against 210 

UniProt (Ewens and Grant, 2001; UniProt, 2023). Metabolic pathway genes were detected via 211 

KEGG-KAAS using GHOSTZ (Moriya et al., 2007) and mapped with KEGG Mapper. The COG 212 

classification utilized COGclassifier v.1.0.5. Gene Ontology data were obtained from UniProt. 213 

Biosynthetic gene clusters (BGCs) were annotated with antiSMASH 7.0 (Blin et al., 2023), and 214 

OrthoVenn3 (Sun et al., 2023) was used to compare orthologous clusters with reference genomes. 215 

2.4. Culture-based Biochemical Assays and Stress Tolerance 216 

2.4.1. Stress tolerance 217 

Cultures grown on LB agar for one week served as the inoculum for the assays. Drought tolerance 218 

was tested by adding 10-30% PEG8000 (Muthuraja, 2023 #63) to LB broth, with incubation at 219 

30°C and 150 rpm overnight. OD600 readings classified isolates as sensitive (≥0.29), moderately 220 

tolerant (0.3–0.39), or tolerant (≤0.4). Salinity tolerance was assessed on LB agar with 2-12% 221 

NaCl (w/v) in 2% increments, and the plates were incubated as above. Heat tolerance was tested 222 

at 22°C and 30–55°C in 5°C increments; plates with no growth after 7 days were kept at 22°C to 223 
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assess recovery. pH tolerance was determined using LB broth, adjusted from pH 4 to 10 with 1 M 224 

HCl or NaOH, and incubated as described. 225 

 226 

2.4.2. Qualitative enzyme activity assays 227 

The inoculum was prepared as described under stress tolerance. Screening media included skim 228 

milk agar (HiMedia) for nitrogen dissolution (Li et al., 2022), Pikovskaya’s agar (HiMedia) with 229 

5% bromophenol blue for phosphate solubilization, M9 salts (HiMedia) with 1% (w/v) citrus 230 

pectin for pectinase, or 1% CMC for cellulase, starch agar for amylase (HiMedia), Aleksandrow 231 

agar (HiMedia) for potassium solubilization, and nitrogen-free Dworkin and Foster’s salts minimal 232 

agar (DF; (Dworkin and Foster, 1958)) with 2 g (NH4)2SO4 or 3 mM ACC (Sigma-Aldrich, 233 

Maryland, USA) as sole nitrogen source. After incubation at 35℃ for up to seven days in triplicate, 234 

the pectinase, amylase, and cellulase plates were stained with Gram's iodine or Congo red to 235 

visualize clear zones. IAA was detected by incubating LB broth with 2 g/L L-tryptophan at 37℃ 236 

with shaking (150 rpm) for 24 h, followed by the addition of Salkowski’s reagent (2:1) and 237 

incubation in the dark for 30 min (Saeed, 2024 #64). A red color indicated the presence of IAA.  238 

 239 

2.4.3. Phytohormone production 240 

Spent LB culture medium was used for LC-MS/MS analysis to examine if the bacteria can produce 241 

phytohormones related to PGP. We tested for 6-benzylaminopurine (6-BA), naphthalene acetic 242 

acid (Shah et al.), IAA, salicylic acid (SA), indole-3-butyric acid (IBA), isopentenyl adenine (iPA), 243 

gibberellic acid (GA3), and abscisic acid (ABA), based on available standards. The methodology 244 

followed is described in the Appendix. 245 

 246 
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2.5. Pangenome analysis of Pseudomonas orientalis 247 

Whole-genome sequences for P. orientalis, were downloaded from NCBI in FASTA format, and 248 

used alongside our genome sequence for isolate B20 to create a pangenome dataset. Annotations 249 

were generated with Prokka v.5.30.2 (Kimbrel et al., 2022), and completeness and quality assessed 250 

using BUSCO. High-quality GFF3 files were input into Roary (Page et al., 2015) (BLASTP 251 

identity ≥ 95%) for pan-genome analysis, producing a gene presence/absence matrix visualized in 252 

R (heatmap2; (R Core Team, 2024)). Pan-genome openness was modeled with the power-law 253 

equation K = κ⋅n−γ (Matthews et al., 2024); γ > 1 indicates a closed pan-genome, 0 < γ ≤ 1 an 254 

open one. TWILIGHT (Horesh et al., 2021) identified lineage-specific accessory gene adaptations 255 

in complete genomes of free-living and plant-associated strains (including B20). Genes were 256 

grouped into core, accessory, intermediate, and unique categories, and their phylogenetic mapping 257 

was used to detect selection and ecological associations. Pan-genome fluidity and diversity 258 

(pairwise diversity π, Watterson’s θ) were estimated with ANGSD (Korneliussen et al., 2014), 259 

using P. aeruginosa mutation rates (10⁻¹¹). Effective population size (Ne) was calculated as θ = 260 

2Neμ. Statistical differences between lifestyles were tested with the Wilcoxon test (R; P < 0.05). 261 

3. Results 262 

3.1. Seasonal dynamics of microbial communities reflect environmental changes 263 

3.1.1. Amplicon-based diversity reveals tissue- and season-dependent community structure. 264 

Amplicon sequencing produced 3,302,346 reads from leaf and root samples, grouped into 2,437 265 

ASVs and rarefied to 115,691; soils yielded 1,535,076 reads and 19,729 ASVs, rarefied to 40,741. 266 

Diversity across plant tissues varied significantly with season. Species richness, estimated by 267 
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Chao1, decreased noticeably from winter to summer in both leaves (winter 38.5 ± 4.7, summer 3.8 268 

± 1.7; Mann-Whitney U = 36, p = 0.005) and roots (winter 32.3 ± 7.7, summer 9.2 ± 3.3; U = 36, 269 

p = 0.005). Shannon diversity showed a contrasting pattern between tissue types: root communities 270 

were significantly more diverse in summer than winter (winter 0.423 ± 0.098, summer 0.713 ± 271 

0.091; U = 36, p = 0.002), while leaf communities showed no significant seasonal change in 272 

evenness despite their reduced richness (U = 27, p = 0.180), suggesting that the remaining leaf-273 

associated taxa maintained a stable relative distribution across seasons. Roots harbored 274 

significantly greater Shannon diversity than leaves overall (U = 122, p = 0.004), consistent with 275 

roots supporting a more evenly distributed microbiome regardless of season (Figure 1A–B). Beta 276 

diversity analysis based on Jensen-Shannon divergence confirmed strong seasonal structuring of 277 

plant-associated communities, with season explaining 71.9% of total compositional variation 278 

(PERMANOVA: pseudo-F = 14.24, R² = 0.719, p = 0.0008). Tissue type accounted for a smaller 279 

but still significant proportion of variation (pseudo-F = 4.72, R² = 0.179, p = 0.041), while 280 

sampling location had no significant effect on community composition (pseudo-F = 0.07, p = 281 

0.806). This indicates that seasonal dynamics and tissue identity, rather than geography, are the 282 

main factors shaping plant-associated microbial community structure. NMDS ordination 283 

confirmed clear seasonal separation and tight within-season clustering across both tissue types and 284 

locations (stress = 0.016; Figure 1C). 285 

 286 
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 287 

Figure 1. Alpha and beta diversity of plant tissue-associated microbial communities. (A) Shannon 288 

diversity index and (B) Chao1 species richness of leaf- and root-associated communities across 289 

seasons and sampling locations. Individual points represent biological replicates (n = 6 per group; 290 

3 Al Ain, 3 Ras Al Khaimah); horizontal bars and error bars indicate mean ± SD. Significance 291 

brackets denote pairwise Mann-Whitney U test results (** p < 0.01; * p < 0.05; ns, not significant). 292 

† indicates the overall comparison between leaf and root communities pooled across seasons (U = 293 

122, p = 0.004 for Shannon; U = 3, p = 0.020 for Chao1 in summer only). (C) Non-metric 294 

multidimensional scaling (NMDS) ordination of community composition based on Jensen-295 

Shannon divergence distances calculated at species level. Dashed ellipses represent 95% 296 

confidence intervals around seasonal group centroids. PERMANOVA results (9,999 297 

permutations) are shown in the annotation box. Colour indicates season (orange, summer; blue, 298 

winter); marker shape indicates sampling location (circle, Al Ain; triangle, Ras Al Khaimah). 299 

 300 

In contrast, soil microbial communities showed much greater stability across different seasons. 301 

Root zone soil Shannon diversity did not significantly differ between winter and summer at either 302 

site (overall: winter 4.479 ± 0.294, summer 4.450 ± 0.122; U = 24, p = 0.394; Al Ain: U = 9, p = 303 

0.100; RAK: U = 2, p = 0.400), and species richness estimated by Chao1 remained similarly stable 304 

(overall: winter 395.9 ± 46.5, summer 376.7 ± 43.0; U = 26, p = 0.240). Root zone soils supported 305 

significantly higher species richness than bulk soils (386.3 ± 43.9 vs 313.1 ± 41.3; U = 33, p = 306 

0.031), although bulk soils tended to have higher Shannon evenness (4.686 ± 0.053 vs 4.465 ± 307 

0.215; U = 4, p = 0.048). However, bulk soil sampling was limited to RAK and included only three 308 

samples (Figure 2A–B), so these comparisons are exploratory and should be interpreted 309 
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accordingly. Beta diversity analysis confirmed no seasonal variation in soil communities 310 

(PERMANOVA: pseudo-F = 0.363, p = 0.865), contrasting sharply with the clear seasonal pattern 311 

observed in plant tissues. Communities in root zone and bulk soil differed in composition (pseudo-312 

F = 10.722, R² = 0.541, p = 0.001), aligning with the known influences of root exudates and 313 

rhizosphere activity on soil microbial assembly. NMDS ordination showed no obvious seasonal 314 

clustering but did reveal a clear separation between root zone and bulk soil samples (stress = 0.086; 315 

Figure 2C). 316 

 317 

 318 

Figure 2. Alpha and beta diversity of soil microbial communities. (A) Shannon diversity index and 319 

(B) Chao1 species richness of root zone and bulk soil communities across seasons. Root zone 320 

samples: n = 6 per season (3 Al Ain, 3 Ras Al Khaimah); bulk soil samples: n = 1 (winter) and n 321 

= 2 (summer), Ras Al Khaimah only. For root zone groups, horizontal bars and error bars indicate 322 

mean ± SD; mean and SD are not shown for bulk soil groups owing to insufficient replication. 323 

Significance brackets denote Mann-Whitney U test results (ns, not significant; * p < 0.05). † 324 

indicates the comparison between root zone and bulk soil communities pooled across seasons, 325 

which should be interpreted with caution, given the limited bulk soil sample size and single-326 

location sampling. (C) NMDS ordination of community composition based on Jensen-Shannon 327 

divergence distances at the species level. Dashed ellipses represent 95% confidence intervals 328 

around seasonal group centroids. PERMANOVA results (9,999 permutations) are shown in the 329 

annotation box; the location result is noted as confounded with sample type, as all Al Ain samples 330 

are root zone, while Ras Al Khaimah includes both root zone and bulk soil. * denotes sample 331 

WRAK4RZ_DS, which showed an atypical ordination position and was retained in all analyses. 332 
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Color indicates season (orange, summer; blue, winter); marker shape indicates sampling location 333 

(circle, Al Ain; triangle, Ras Al Khaimah). 334 

 335 

3.1.2. Metagenomic profiling corroborates seasonal restructuring and highlights root community 336 

turnover. 337 

Shotgun metagenomic sequencing and Kraken2 taxonomic classification were used to characterize 338 

bacterial communities at the genus level across leaf and root tissue samples from both sites and 339 

seasons (n = 3 per location–tissue–season subgroup; 24 profiles total). Alpha diversity was 340 

summarized as observed bacterial genera, Shannon diversity, and Pielou evenness, with seasonal 341 

comparisons evaluated using Mann-Whitney tests and Cliff's delta effect sizes; full statistical 342 

outputs are provided in Supplementary Table S1. 343 

 344 

Leaf-associated communities showed no meaningful seasonal change in Shannon diversity, 345 

observed genera, or evenness at either site. Root communities, by contrast, showed consistent 346 

summer declines in Shannon diversity and evenness at both sites, while observed genus richness 347 

remained stable. Shannon diversity decreased from 5.924 ± 0.194 to 4.784 ± 1.434 in Al Ain roots 348 

(U = 7, Cliff's δ = −0.556, p = 0.4) and from 5.962 ± 0.397 to 4.916 ± 0.569 in Ras Al Khaimah 349 

roots (U = 9, Cliff's δ = −1.0, p = 0.1), with corresponding declines in evenness at both sites (Al 350 

Ain: 0.741 ± 0.026 to 0.598 ± 0.179; Ras Al Khaimah: 0.748 ± 0.052 to 0.611 ± 0.065). Leaf 351 

communities showed higher Shannon diversity and evenness than root communities across both 352 

sites and seasons (Figure 3 A-C). 353 

 354 
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 355 

Figure 3. Alpha diversity of metagenome-derived bacterial communities across tissue types, 356 

sampling locations, and seasons. (A) Shannon diversity index, (B) observed bacterial genera, and 357 

(C) Pielou evenness. Individual points represent biological replicates (n = 3 per group); horizontal 358 

bars and error bars indicate mean ± SD. Color indicates season (orange, summer; blue, winter); 359 

marker shape indicates sampling location (circle, Al Ain; triangle, Ras Al Khaimah). Full seasonal 360 

comparison statistics are provided in Supplementary Table S1. 361 

 362 

 363 

Beta diversity analysis based on Bray-Curtis dissimilarities confirmed substantially greater 364 

seasonal compositional turnover in root communities than in leaf communities. Winter-to-summer 365 

centroid shifts were 0.384 and 0.372 in Al Ain and Ras Al Khaimah roots respectively, compared 366 

with 0.130 and 0.040 in the corresponding leaf communities. PERMANOVA indicated moderate-367 

to-large seasonal effects in Al Ain leaves (pseudo-F = 8.08, R² = 0.669, p = 0.099), Al Ain roots 368 

(pseudo-F = 2.80, R² = 0.412, p = 0.099), and Ras Al Khaimah roots (pseudo-F = 3.34, R² = 0.455, 369 

p = 0.099), while Ras Al Khaimah leaves showed a weaker seasonal effect (pseudo-F = 1.53, R² = 370 

0.276, p = 0.194). Metric multidimensional scaling ordination confirmed tighter cross-seasonal 371 

clustering in leaf samples, particularly in Ras Al Khaimah, and greater seasonal separation in root 372 

samples at both sites (Figure 4A–B). 373 

 374 
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 375 

Figure 4. Seasonal compositional turnover of metagenome-derived bacterial communities across 376 

tissue types and sampling locations. (A) Winter-to-summer Bray-Curtis centroid shifts for each 377 

location–tissue subgroup. (B) Metric multidimensional scaling ordination of community 378 

composition based on Bray-Curtis dissimilarities. Dashed ellipses represent 95% confidence 379 

intervals for root communities and solid ellipses for leaf communities. PERMANOVA results 380 

(9,999 permutations) are shown in the annotation box. Color indicates season (orange, summer; 381 

blue, winter); marker shape indicates sampling location (circle, Al Ain; triangle, Ras Al Khaimah). 382 

 383 

3.1.3. Taxonomic composition identified key taxa driving seasonal turnover across methods 384 

At broad taxonomic levels, amplicon profiles revealed clear spatiotemporal patterns. Leaves and 385 

roots were predominantly composed of Bacteroidota and Pseudomonadota, with Actinomycetota 386 

and Bacillota at lower levels; soils were mainly dominated by Actinomycetota, Pseudomonadota, 387 

and Bacillota, while Bacteroidota and Chloroflexota varied by site and season (Figure 5). A 388 

decrease was noted in the relative abundance of Actinomycetota and Pseudomonadota from winter 389 

to summer. The abundance of Bacteroidota increased from winter to summer in Al Ain root zone 390 

samples, while the opposite was seen in the RAK root zone samples. Chloroflexota was more 391 

abundant in bulk soil than root zone soils and showed a decrease in the Al Ain root zone from 392 

winter to summer, but an increase in the RAK root zone.  393 
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 394 

 395 

Figure 5: Seasonal Variation in the Relative Abundance of Bacterial Phyla in Al Ain and Ras Al 396 

Khaimah (RAK) Based on 16S rDNA Amplicon Data. (A, B) Relative abundance of bacterial 397 

phyla during summer in Al Ain and RAK, respectively. (C, D) Relative abundance during winter 398 

in Al Ain and RAK, respectively. Missing bulk soil samples are labeled as “No valid data.”. To 399 

note, Firmicutes are shown as two separate taxa due to the polyphyletic lineages present within the 400 

phylum in the Greengenes database reference tree. Other datasets show the phylum as a 401 
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monophyletic lineage, as per the Greengenes FAQ page (https://gtdb.ecogenomic.org/faq), and the 402 

International Code of Nomenclature of Prokaryotes (ICNP) has updated the naming conventions 403 

for prokaryotic phyla, standardizing names with the suffix "-ota" derived from the type genus 404 

(Oren & Garrity, 2021). This change had not been reflected in the Greengenes database, which 405 

still presents Bacillota as “Firmicutes” at the time of our analysis. 406 

 407 

When examined at finer resolution, Actinomycetota orders followed the seasonal trend (Figure 6): 408 

Mycobacteriales were more abundant in summer and decreased in winter as Actinomycetales 409 

increased; Propionibacteriales in summer were offset by Coriobacteriales in winter, with root-zone 410 

soils often showing the opposite pattern (Figure 6). This example illustrates how changes within 411 

Actinobacteriota orders exhibit greater seasonal and sample type variability, highlighting the 412 

dynamic and detailed nature of community shifts that may not be as apparent when viewed only 413 

at the phylum level.  414 

 415 
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 416 

Figure 6: Seasonal variation in the relative abundance of Actinobacteriota orders across different 417 

sample types. Pie charts show the community composition of Actinobacteriota at the order level 418 

in leaf, root, and root zone soil samples during summer and winter. The charts highlight shifts in 419 

the relative abundance of dominant and minor orders across seasons and sample types. 420 

Shotgun metagenomes confirmed the taxonomic patterns seen in the amplicon data. 421 

Shotgun metagenomic data from the same DNA as the amplicon analysis revealed 422 

that more than 50% of reads in root and leaf samples mapped to Eukaryota, whereas 423 

Bacteria dominated in soil samples (>50%). Archaea, Virus, and Fungi (inside 424 

Eukaryota) each contributed less than 1% of reads (Supplementary Figure 1). 425 

Unclassified and non-fungal Eukarya were removed to focus on relevant microbial 426 

taxa. Relative abundances were calculated from read counts for each taxonomic 427 

.CC-BY 4.0 International licenseavailable under a 
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 

The copyright holder for this preprint (whichthis version posted May 8, 2026. ; https://doi.org/10.64898/2026.05.07.723578doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.07.723578
http://creativecommons.org/licenses/by/4.0/


 
 

22 

group, and the top 15 phyla were highlighted by sample type, location, and season 428 

(Figure 7). Phylum-level distributions showed that Al Ain and RAK were similar 429 

within the same season, while differences between summer and winter at each site 430 

led to the clearest shifts (Figure 7). Across different sample types, Actinomycetota 431 

and Pseudomonadota were the predominant bacterial phyla (with Actinomycetota 432 

especially abundant in soil), and Ascomycota and Basidiomycota dominated fungal 433 

communities (Figure 7, 8). Archaeal compositions remained relatively stable across 434 

seasons and locations (Figure 7, 8).  435 

 436 
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 437 

Figure 7: Phylum-level relative abundance of microbial communities in Al Ain and RAK samples 438 

based on metagenomic data. Bar graphs show the relative abundance of the top 15 bacterial (A–439 

D), fungal (E–H), and archaeal (I–L) phyla across different sample types collected during summer 440 

and winter from Al Ain and Ras Al Khaimah (RAK). Each panel represents seasonal and site-441 

specific variation within a specific microbial group. 442 
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 443 

At the order level (Figure 8), the highest turnover was observed in bacteria such as 444 

Pseudomonadales, Burkholderiales, Bacillales, Kitasatosporales, Pseudonocardiales, and 445 

Micrococcales. Leaves were enriched in Bacillales, along with noticeable Flavobacteriales, while 446 

roots or root-zone soils were dominated by Kitasatosporales, Pseudonocardiales, and 447 

Micrococcales. Seasonal differences were particularly evident in plant tissues: for example, 448 

Pseudonocardiales decreased from summer to winter in Al Ain roots, with winter roots showing a 449 

more uniform distribution of bacterial orders. RAK roots showed a similar trend but to a lesser 450 

extent. Fungal orders also shifted, with Pleosporales increasing from summer to winter across 451 

multiple tissues and sites, while Eurotiales decreased in Al Ain roots and Sordariales declined in 452 

Al Ain root compartments during the same period.  453 

 454 
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 455 

Figure 8: Order-level relative abundance of microbial communities in Al Ain and RAK samples 456 

based on metagenomic data. Bar graphs show the relative abundance of the top 15 bacterial (A–457 

D), fungal (E–H), and archaeal (I–L) orders across different sample types collected during summer 458 

and winter from Al Ain and Ras Al Khaimah (RAK). Each panel represents seasonal and site-459 

specific variation within a specific microbial group. 460 

At the genus level, these order-level shifts were driven by a small number of taxa showing great 461 

directional seasonal change in root communities at both sites. Examination of the 40 most abundant 462 
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bacterial genera identified directional seasonal shifts concentrated in root communities 463 

(Supplementary Table S2). In Al Ain roots, Saccharopolyspora (log2FC = 3.91), Amycolatopsis 464 

(log2FC = 3.28), and Pseudonocardia (log2FC = 3.24) increased markedly in summer, while 465 

Pseudomonas (log2FC = −2.54) and Massilia (log2FC = −4.74) declined. In Ras Al Khaimah roots, 466 

the largest summer increases were in Nonomuraea (log2FC = 5.04), Amycolatopsis (log2FC = 467 

1.82), and Saccharopolyspora (log2FC = 2.09), with concurrent declines in Clostridium, Vibrio, 468 

and Flavobacterium. Leaf communities showed no consistent directional shifts in dominant genera 469 

at either site (Figure 9, 10). 470 

 471 

 472 

Figure 9. Mean relative abundance of the 20 most abundant bacterial genera across tissue types, 473 

sampling locations, and seasons based on metagenomic data. Each bar represents the group mean 474 

relative abundance (n = 3 biological replicates). Genera are color-coded as shown in the legend; 475 

remaining taxa are pooled as 'Other'. Full seasonal shift statistics for all 40 genera are provided in 476 

Supplementary Table S2. 477 

 478 
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 479 

Figure 10. Seasonal log2 fold-changes in the relative abundance of dominant bacterial genera in 480 

root communities. (A) Al Ain roots and (B) Ras Al Khaimah roots. Each point represents the log2 481 

fold-change in mean relative abundance between summer and winter (positive values indicate 482 

summer enrichment; negative values indicate winter enrichment). Only genera with the strongest 483 

directional shifts are shown; full statistics for all 40 genera are provided in Supplementary Table 484 

S2. 485 

 486 

3.1.4. Functional profiling of root communities shows seasonal restructuring 487 

The interpretation emphasized that the recovered taxa and pathways could contribute to the 488 

survival of C. colocynthis, which persists in sandy desert soils with episodic water availability and 489 

has a documented desert-adapted microbiome. Its leaf water-loss biology indicates a fast-growing, 490 

water-spender strategy rather than the highly conservative strategy seen in evergreen desert shrubs 491 

or date palm (Bueno et al., 2019; Procter et al., 2022; Elnaggar et al., 2024). All 12 libraries 492 

produced usable functional profiles after filtering. Feature recovery differed across groups, with 493 

RAK summer samples showing the highest mean numbers of mapped enzyme classes, gene 494 

families, pathways, total reads, and mapped taxa, while RAK winter samples showed the lowest 495 

mean pathway recovery and the lowest mean mapped-taxon richness (Supplementary Table 3).  496 

 497 

After removal of unmapped and unclassified bins, the dominant named pathways were consistently 498 

central metabolic modules: branched-chain amino-acid biosynthesis, purine and guanosine 499 
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nucleotide de novo biosynthesis, the glyoxylate cycle, and TCA-associated routes (Figure 11). 500 

These functions support maintenance of biosynthetic capacity, carbon flexibility, and nucleotide 501 

turnover across all groups, rather than relying on a single stress-specialist pathway. The heatmap 502 

further showed that variation was concentrated in a subset of pathways related to nucleotide 503 

synthesis, glyoxylate/TCA metabolism, UMP biosynthesis, and fatty-acid initiation, with WBS3R 504 

and especially RAK2R driving several of the strongest sample-level deviations (Figure 12). 505 

 506 

 507 

Figure 11. Mean relative abundance of the 12 most abundant mapped functional pathways in root 508 

microbial communities across sampling locations and seasons, based on HUMAnN pathway 509 

profiling. Non-informative categories (unmapped and unclassified reads) were excluded prior to 510 

analysis. Pathways are color-coded as shown in the legend. 511 

 512 
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 513 

Figure 12. Heatmap of the most variable mapped functional pathways across individual root 514 

samples, based on HUMAnN pathway profiling. Values are row-scaled to highlight relative 515 

enrichment and depletion across samples. Samples are grouped by location and season; color scale 516 

indicates relative abundance after row scaling (warmer colours indicate enrichment, cooler colors 517 

indicate depletion). 518 

 519 

Site-specific pathway contrasts were more informative when interpreted by location separately 520 

(Figure 13, Supplementary Table 4). In Al Ain roots, summer-associated pathways included 521 

colanic acid building-block biosynthesis, CMP-3-deoxy-D-manno-octulosonate biosynthesis, 522 

thiamine diphosphate biosynthesis, aspartate and asparagine biosynthesis, arginine degradation, 523 

and glucose and xylose degradation, collectively compatible with Gram-negative envelope 524 

remodeling, exopolysaccharide production, carbon scavenging, and nitrogen metabolism 525 

maintenance. Winter retained stronger signals for formaldehyde assimilation, tetrahydrofolate 526 

biosynthesis and salvage, NAD salvage, factor 420 biosynthesis, and sucrose degradation routes. 527 

In Ras Al Khaimah roots, the summer profile was characterized by central metabolism and cofactor 528 

maintenance functions, including arginine biosynthesis, glycolysis–pyruvate dehydrogenase–TCA 529 

and glyoxylate coupling, tetrahydrofolate biosynthesis and salvage, reductive TCA, NAD salvage, 530 

and formaldehyde assimilation, while winter retained comparatively higher signals for pyridoxal-531 
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5-phosphate, menaquinol-8, polyamine, and norspermidine-associated pathways. No individual 532 

pathway passed a stringent FDR threshold, and these shifts should therefore be interpreted as 533 

coordinated functional trends rather than definitive individual biomarkers (Supplementary Table 534 

4). 535 

 536 

Figure 13. Site-specific seasonal pathway contrasts in root microbial communities from Al Ain 537 

(A) and Ras Al Khaimah (B), based on HUMAnN pathway profiling. Positive values indicate 538 

summer enrichment and negative values indicate winter enrichment. Pathways are ranked by effect 539 

size within each site. 540 

 541 

Stratified HUMAnN profiles identified the candidate bacterial taxa underlying these site-specific 542 

functional shifts (Figure 14; Supplementary Table 4). In Al Ain roots, dominant functional 543 

contributors shifted from a winter signal centered on Streptomyces griseorubens and Streptomyces 544 

sp. SHP22-7 to a summer signal dominated by Pseudomonas taxa, particularly P. 545 

seleniipraecipitans, P. zeshuii, and P. lutea, with a smaller contribution from Neorhizobium. In 546 

Ras Al Khaimah roots, the opposite pattern emerged, with summer intensifying an actinobacterial 547 

signature centered on Amycolatopsis methanolica, Streptomyces luteus, S. griseorubens, and 548 

Streptomyces sp. SHP22-7. This site-dependent contrast indicates that summer functional 549 

adaptation in C. colocynthis roots is not driven by a single universal bacterial guild, with Al Ain 550 
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recruiting a Gram-negative, envelope- and exopolysaccharide-focused ensemble, while Ras Al 551 

Khaimah intensifies an actinobacterial, central-metabolism-rich consortium. 552 

 553 

 554 

Figure 14. Mean summed stratified pathway abundance for dominant bacterial taxa contributing 555 

to functional profiles in root communities across sampling locations and seasons, based on 556 

HUMAnN stratified output. March and August correspond to winter and summer, respectively. 557 

Taxa are color-coded as shown in the legend. 558 

 559 
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3.2. Cultured isolates mirror in situ taxa and express stress-ready, plant-beneficial 560 

functions 561 

PCR-based 16S rRNA gene sequencing classified the 24 cultured isolates into desert-associated 562 

genera, including Bacillus (B04, B08, B11, B12, B14, B18, B19), Pseudomonas (B03, B05, B06, 563 

B10, B13, B15, B17, B20, B23, B26, B27), Plantibacter (B07), Paenibacillus (B09), Brevibacillus 564 

(B16), Pantoea (B22), Streptomyces (B24), and Arthrobacter (F02). These initial identifications 565 

informed the taxonomy for subsequent assays and reflected lineages observed in the community 566 

datasets (Figure 3–6). Abiotic stress tolerance spanned multiple axes (Table 1). Several isolates 567 

maintained growth under severe osmotic stress (up to 20% PEG). Heat and salinity tolerance were 568 

limited to a few key strains: B04 and B11 grew at 55 °C; B04, B11, and B14 grew at 10% NaCl, 569 

and B11 endured 12% NaCl. Most isolates preferred pH 6–8, while B22 grew across a pH range 570 

of 4–10; multiple Bacillus isolates (B05, B08, B12, B18, B19) tolerated pH 6–12. These patterns 571 

suggest that resilience is distributed across different genera rather than confined to a single group 572 

lineage. 573 

 574 

Plant growth–promoting activities were frequent but varied (Table 1). Nitrogen dissolution was 575 

observed in five Bacillus and two Pseudomonas isolates; ACC deaminase in B07, B24, and B26; 576 

cellulase in six of eleven CMC-positive isolates; amylase in eight isolates; and phosphate 577 

solubilization in ten isolates. Growth on CAS medium (siderophore screen) was common, though 578 

clearing halos were generally weak, with B20 and B27 showing the clearest zones. IAA assays 579 

showed strong positivity in B07 and B22, with mixed results in the others; LC–MS/MS confirmed 580 

the presence of multiple phytohormones (Supplementary Figure 2): Phytohormone production by 581 

bacterial isolates measured using LC-MS/MS. (A) Indole-3-acetic acid (IAA), (B) Gibberellic acid 582 
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(GA3), (C) Salicylic acid (SA), (D) Abscisic acid (ABA), (E) Isopentyl adenine (iPA), and (F) 583 

Indole-3-butyric acid (IBA)., with 6-BA and NAA below detection, and ABA consistently low. 584 

Overall, Bacillus species tended to have broader enzyme capabilities and alkaline tolerance, 585 

Pseudomonas contributed siderophore and hormone-related activity along with salt/heat tolerance, 586 

and Pantoea combined a wide pH range with a strong IAA signal. 587 

 588 
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Table 1: Overview of Stress Tolerance and PGP Assay Results. 

Genus Isolate Drought 

(%) 

Salt 

(%) 

Heat 

(°C) 

pH  IAA N 

dissol. 

ACC 

Deam. 

Cellulase K 

sol. 

Amylase P 

sol. 

Siderophore 

Bacillus B04 10 12 55 6-8 - - - +  - +  - - 

B11 20* 12 55 6-8 - - - +  - +  - - 

B14 10 10 50 6-

10 

- +  - +  - - - - 

B08 0 8 45 6-

12 

- +  - - - +  - - 

B12 0 6 45 6-

12 

- +  - - - +  - - 

B18 0 8 45 6-

12 

+  +  - +  - +  - - 

B19 0 8 45 6-

12 

+  +  - - - +  - - 

Plantibacter B07 20* 6 35 6-8 +  - +  - - - - - 

Paenibacillus B09 0 5 45 6-8 - - - - - +  - - 

Brevibacillus B16 0 2 45 6-8 +  - - - - - +  - 

Pantoea B22 20 5 40 4-

10 

+  - - +  - - +  - 

Streptomyces B24 20 6 45 6-8 - - +  +  - +  - - 

Arthrobacter F2 10 4 40 6-8 +  +  - - - - - - 

Pseudomonas B03 10 2 35 6-

10 

- - - - +  - +  - 

B05 20* 4 35 6-

12 

+  - - - - - - - 

B06 20 4 35 6-

10 

+  - - - - - - - 

B10 0 2 35 6-8 +  - - - +  - +  - 

B13 20* 2 35 6-

10 

+  - - - - - - - 

B15 10* 2 35 6-8 +  - - - +  - +  - 
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B17 0 4 35 6-

10 

+  - - - - - +  - 

B20 20 4 35 6-

10 

+  +  - - - - +  +  

B23 0 2 35 6-

10 

- - +  - +  - - - 

B26 20 2 35 6-

10 

- +  +  - - - +  - 

B27 10* 4 35 6-

10 

+  +  - - +  - +  +  
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Whole-genome sequencing subsequently confirmed species-level identities and clarified 326 

borderline cases (Table 2, Supplementary Table 6). Species-level identification was performed by 327 

using the TYGS platform, which assigns bacterial IDs based on digital DNA-DNA hybridization 328 

(dDDH) scores. Four isolates (B08, B12, B18, B19) were initially identified as Bacillus anthracis. 329 

Due to the high genomic similarity among B. anthracis, B. cereus, and B. thuringiensis (Rasko et 330 

al., 2005), further average nucleotide identity (ANI) analysis was conducted, confirming these 331 

isolates as B. thuringiensis. Motility assays (not shown) on semi-solid agar supported this result, 332 

as all isolates were motile, distinguishing them from non-motile B. anthracis. For isolates flagged 333 

by TYGS as potential novel species (B03, B07, B17, B20, B23, B24, B26, B27, F02), ANI 334 

comparisons with the closest BLAST-matched references revealed that only B03, B23 (both 335 

Pseudomonas), and F02 (Arthrobacter) were below the 95% ANI threshold, indicating potential 336 

novel species. The remaining isolates had ANI values ≥ 95% to known species (Table 2). Genome-337 

derived context for these culture-based traits (biosynthetic gene clusters, ortholog enrichments) is 338 

discussed in the following section. 339 

 340 
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Table 2: TYGS and OrthoANI Results for Bacterial Genomes (showing the closest relative of each isolate) and Assigned Species 

Identity. 

Sample 16S BLAST TYGS Genome used for 

ANI 

OrthoANI 

(%) 

Species 

Identity 

NCBI accession no. 

B03 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

thivervalensis 

93 Pseudomonas 

sp. 

CP176770 

B04 Bacillus sp. Bacillus 

licheniformis 

- - Bacillus 

licheniformis 

CP177039 

B05 Pseudomonas 

sp. 

Pseudomonas 

shirazensis 

- - Pseudomonas 

shirazensis 

CP177040 

B06 Pseudomonas 

sp. 

Pseudomonas 

shirazensis 

- - Pseudomonas 

shirazensis 

CP177041-CP177042 

B07 Plantibacter 

flavus 

New Plantibacter 

sp. 

Plantibacter flavus 95 Plantibacter sp. CP177043 

B08 Bacillus sp. Bacillus 

anthracis 

Bacillus thurgiensis 99.33 Bacillus 

thuringiensis 

CP177035-CP177038 

Bacillus cereus 98.95 
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Bacillus anthracis 98.89 

B09 Paenibacillus 

lautus 

New 

Paenibacillus sp. 

Paenibacillus 

lautus 

98.82 Paenibacillus 

lautus 

CP177044 

B10 Pseudomonas 

sp. 

Pseudomonas 

veronii 

- - Pseudomonas 

veronii 

CP177034 

B11 Bacillus sp. Bacillus 

licheniformis 

- - Bacillus 

licheniformis 

CP177045 

B12 Bacillus sp. Bacillus 

anthracis 

Bacillus 

thuringiensis 

99.1 Bacillus 

thuringiensis 

CP177046 

Bacillus cereus 98.29 

Bacillus anthracis 98.41 

B13 Pseudomonas 

sp. 

Pseudomonas 

shirazensis 

- - Pseudomonas 

shirazensis 

CP177047 

B14 Bacillus sp. Bacillus 

altitudinis 

- - Bacillus 

altitudinis 

CP177125-CP177126 
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B15 Pseudomonas 

sp. 

Pseudomonas 

veronii 

- - Pseudomonas 

veronii 

NZ_JBKEZL000000000 

B16 Brevibacillus 

sp. 

Brevibacillus 

centrosporus 

- - Brevibacillus 

centrosporus 

CP176856-CP176857 

B17 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

orientalis 

99.07 Pseudomonas 

orientalis 

CP176858-CP176859 

B18 Bacillus sp. Bacillus 

anthracis 

Bacillus 

thuringiensis 

99.33 Bacillus 

thuringiensis 

CP176860-CP176863 

Bacillus cereus 98.92 

Bacillus anthracis 98.87 

B19 Bacillus sp. Bacillus 

anthracis 

Bacillus 

thuringiensis 

99.33 Bacillus 

thuringiensis 

CP176864-CP176867 

Bacillus cereus 98.93 

Bacillus anthracis 98.87 

B20 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

orientalis 

99.04 Pseudomonas 

orientalis 

CP176868-CP176869 
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B22 Pantoea sp. Pantoea 

agglomerans 

- - Pantoea 

agglomerans 

CP176870-CP176873 

B23 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

extremaustralis 

94.66 Pseudomonas 

sp. 

CP176771 

B24 Streptomyces 

sp. 

New 

Streptomyces sp. 

Streptomyces 

mutabilis 

95.9 Streptomyces 

mutabilis 

CP176874-CP176875 

B26 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

cedrina 

95.87 Pseudomonas 

cedrina 

CP176793 

B27 Pseudomonas 

sp. 

New 

Pseudomonas sp. 

Pseudomonas 

orientalis 

99.12 Pseudomonas 

orientalis 

CP176876-CP176877 

F02 Arthrobacter 

sp. 

New 

Arthrobacter sp. 

Arthrobacter 

nitrophenolicus 

83.99 Arthrobacter 

sp. 

CP176772 
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3.3. Genome-resolved signals link observed phenotypes to adaptive gene content 340 

Genome mining across the isolate set identified a consistent stress and competition toolkit that 341 

reflects the culture phenotypes discussed in the previous section. KEGG/COG profiling revealed 342 

extensive coverage of central metabolism with genus-specific features: Pseudomonas genomes 343 

were enriched for secondary metabolite biosynthesis, biofilm formation, and two-component 344 

systems, while Bacillus focused on core metabolic and cofactor pathways (Supplementary Table 345 

7, Supplementary Figure 3). Other genera showed characteristic patterns; for example, 346 

Streptomyces with moderate secondary metabolism, and Pantoea with higher nitrogen and 347 

carbohydrate pathway signals but lower oxidative phosphorylation, aligning with niche 348 

specialization (Supplementary Table 7). Biosynthetic gene cluster (BGC) predictions supported 349 

these patterns. Bacillus and Pseudomonas contained lipopeptides (fengycin, surfactin, lichenysin, 350 

viscosin) linked to pathogen suppression (Guo et al., 2014; Ahmad et al., 2023), while classical 351 

antibiotic BGCs (meilingmycin, microansamycin, lankacidin) were found in Streptomyces and 352 

Bacillus. Multiple siderophores (pyoverdine, bacillibactin, petrobactin, schizokinen) indicated iron 353 

acquisition under limitation (Ravel and Cornelis, 2003). Stress-related loci included ectoine (e.g., 354 

B09, B16, B24) and carotenoid-associated clusters (e.g., B05, B06, B07, B13, B22, B24, B26), 355 

reflecting drought/oxidative protection themes seen in vitro (Supplementary Table 8) (Uarrota et 356 

al., 2018; Richter et al., 2019). OrthoVenn3 showed isolate-specific enrichments relevant to 357 

function: benzoate catabolism in B12, phosphonate metabolism in B23, and pyoverdine 358 

biosynthesis in B20, matching its siderophore activity in culture (Supplementary Table 9, 359 

Supplementary Figure 5-7).  360 

 361 
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A pangenome analysis using our B20 genome and other publicly available P. orientalis genomes 362 

(Supplementary Table 10) demonstrated an open pangenome (γ = 0.3313), with presence/absence 363 

matrices distinguishing core from accessory modules (Figure 15A–B). Plant-associated genomes 364 

contained more lineage-specific accessory-intermediate genes than their free-living counterparts 365 

(Figure 15C), and several of these plant-associated accessory genes mapped to tryptophan-linked 366 

pathways, including tryptophan 2-monooxygenase (IAM pathway toward IAA) and tryptophan 367 

decarboxylase (tryptamine route), supporting hormone-related activities observed in culture (e.g., 368 

isolate B20) (Supplementary Figure 8, 9). Conversely, free-living strains showed greater 369 

nucleotide diversity (π = 0.021) compared to plant-associated strains (π = 0.016; P < 0.005) (Figure 370 

15D), reflecting broader environmental exposure and gene flow. Lifestyle-related accessory genes 371 

also revealed a competition signal in free-living genomes absent from the plant-associated set: 372 

genes providing protection against bacteriocins, including a colicin-E3 immunity protein, were 373 

found among free-living isolates (Supplementary Figure 8, 9), indicating adaptation to microbe–374 

microbe antagonism outside the host. Alongside the tryptophan-derived modules in plant-375 

associated strains, these differences suggest that accessory content aligns with ecological needs: 376 

host interaction versus environmental competition within P. orientalis.  377 

 378 
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 379 

Figure 15: Pangenome analysis of Pseudomonas orientalis reveals an open pan-genome and 380 

distinct differences between plant-associated and free-living strains. (A) Heatmap displays gene 381 

presence (Rodriguez and Redman) and absence (yellow) across genomes, including isolate B20, 382 
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with hierarchical clustering of core and accessory genes. (B) Curves show gene counts as genomes 383 

increase, with fitted trend lines indicating sustained gene acquisition (γ = 0.3313). (C) Bar plot 384 

compares lineage-specific accessory genes per genome, with higher counts in plant-associated 385 

strains. (D) Nucleotide diversity (π) is higher in free-living strains (π = 0.021) than in plant-386 

associated strains (π = 0.016), indicating greater pan-genome fluidity. 387 

 388 

4. Discussion 389 

This study aimed to explain how the microbiome helps Citrullus colocynthis survive in dry 390 

environments. It placed the results within desert holobionts and combined detailed community 391 

profiling with culture-based traits to explore how seasonal changes relate to stress-related 392 

functions. Unlike previous work on C. colocynthis that focused mainly on cultures or had limited 393 

geographic and temporal scope, this research combines amplicon and shotgun surveys across two 394 

UAE regions with isolate phenotypes and genome analyses, allowing us to connect seasonal 395 

community shifts to traits and genes in representative strains. 396 

 397 

Analysis of 16S amplicon data revealed notable seasonal effects on plant endophytic communities 398 

(Figure 1). Species richness decreased significantly from winter to summer in both leaf and root 399 

endospheres, while Shannon diversity showed a tissue-specific pattern: root communities were 400 

more diverse in summer, whereas leaf communities showed no significant change in evenness 401 

despite reduced richness. NMDS ordination confirmed strong seasonal structuring of community 402 

composition, with season accounting for 71.9% of beta diversity variation (PERMANOVA: R² = 403 

0.719, p = 0.0008), tissue type explaining a further significant proportion (R² = 0.179, p = 0.041), 404 
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and sampling location having no significant effect (p = 0.806). Soil communities remained stable 405 

across seasons in both alpha and beta diversity (Figure 2), consistent with soil acting as a more 406 

stable microbial reservoir than plant endospheric compartments (Edwards et al., 2018; Eida et al., 407 

2018). 408 

 409 

Metagenomic profiling corroborated these patterns while adding resolution that clarifies apparent 410 

discrepancies between the two datasets (Figure 5, 6). Leaf communities showed no meaningful 411 

seasonal change in any diversity metric at either site, consistent with the amplicon findings. Root 412 

communities showed the strongest seasonal signal in both datasets, with Bray-Curtis centroid shifts 413 

in roots substantially exceeding those in leaves and PERMANOVA confirming moderate-to-large 414 

seasonal effects at both sites. The direction of root Shannon diversity differed between methods 415 

— increasing in the amplicon data but decreasing in the metagenome — reflecting their different 416 

resolutions rather than a genuine contradiction. The amplicon captures greater evenness among the 417 

reduced pool of summer-persistent taxa, while the metagenome captures the broader shift toward 418 

dominance by a small number of actinobacterial genera. Together, the two datasets describe the 419 

same ecological event from a complementary perspective. 420 

 421 

Phylum-level amplicon profiles reflect seasonal contrasts between plant compartments and soils, 422 

with Bacteroidota and Pseudomonadota dominating leaves and roots, and Actinomycetota and 423 

Pseudomonadota prominent in soils (Figure 5).  These patterns extended down the taxonomic 424 

hierarchy: within Actinomycetota, Actinomycetales and Coriobacteriales were enriched in winter, 425 

whereas Mycobacteriales and Propionibacteriales were more common in summer (Figure 6). 426 

Consistent with these 16S patterns, shotgun metagenomes showed Actinomycetota and 427 
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Pseudomonadota as the predominant bacterial phyla, with within-site seasonal shifts in plant 428 

tissues but comparatively steady soils (Figure 7). They also captured order-level turnover in 429 

Pseudomonadales, Burkholderiales, Bacillales, Kitasatosporales, Pseudonocardiales, and 430 

Micrococcales, with Pseudonocardiales notably decreasing from summer to winter in Al Ain roots 431 

(Figure 8). At the genus level, this order-level restructuring was driven by the marked summer 432 

expansion of Saccharopolyspora, Amycolatopsis, Pseudonocardia, and Nonomuraea in root 433 

communities at both sites, concurrent with declines in Pseudomonas, Massilia, Flavobacterium, 434 

and Clostridium (Figure 7, 8). These genera are frequently associated with stress tolerance, 435 

secondary metabolism, and persistence under dry or nutrient-limited conditions (Compant et al., 436 

2019; Ali et al., 2022b), and leaf communities showed no equivalent directional restructuring at 437 

either site. Fungal orders also changed seasonally, with winter increases in Pleosporales and a 438 

persistent presence of Eurotiales, while archaeal and viral components remained relatively stable 439 

in space and time (Figure 5–6). Similar host-linked adaptability against a more stable soil 440 

environment has been reported in desert halophytes, cacti along aridity gradients, and in native 441 

Arabian flora, where host identity strongly influences endosphere composition (Eida et al., 2018; 442 

Karray et al., 2020; Khan et al., 2022; Mousa et al., 2024). 443 

 444 

Beyond taxonomic restructuring, shotgun metagenomic pathway profiling provided insight into 445 

the functional consequences of these seasonal community shifts. Despite the absence of a 446 

statistically significant overall four-group effect in the pathway PERMANOVA, functional 447 

profiles did not simplify in summer — pathway diversity rose modestly at both sites in summer, 448 

and the dominant pathways remained centered on amino acid biosynthesis, purine synthesis, 449 

glyoxylate shunts, and TCA-linked functions. This pattern is consistent with summer survival in 450 
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C. colocynthis roots being supported by maintenance of metabolic breadth rather than contraction 451 

into a narrow stress response (Elnaggar et al., 2024) and aligns with prior characterization of this 452 

species as hosting a structured desert microbiome rather than a randomly assembled one (Procter 453 

et al., 2022). 454 

 455 

The site-dependent shift in functional carriers has clear biological relevance. In Al Ain, the summer 456 

recruitment of plant-beneficial Pseudomonas taxa is ecologically meaningful: members of this 457 

genus are well documented for exopolysaccharide production, biofilm formation, ACC-458 

deaminase-mediated stress buffering, siderophore production, and reinforcement of root barriers 459 

under drought and heat (Morcillo and Manzanera, 2021; Zhang and White, 2021; Mehmood et al., 460 

2023; Zboralski and Filion, 2023). The matching Al Ain summer pathway signal (colanic acid and 461 

CMP-KDO biosynthesis, thiamine diphosphate, aspartate and asparagine biosynthesis, and 462 

glucose and xylose degradation) aligns with Gram-negative envelope investment, carbon 463 

scavenging, and anabolic maintenance. In Ras Al Khaimah, the summer intensification of 464 

Amycolatopsis methanolica and multiple Streptomyces taxa points to a different strategy. 465 

Endophytic actinobacteria are repeatedly associated with drought and heat adaptation, secondary 466 

metabolite production, and root growth promotion in stressful habitats (Singh and Dubey, 2018; 467 

Zhang and White, 2021), and the matching RAK summer pathways (arginine biosynthesis, 468 

tetrahydrofolate biosynthesis and salvage, reductive TCA, NAD salvage, and formaldehyde 469 

assimilation) align with redox management, cofactor economy, and biosynthetic persistence rather 470 

than envelope protection. 471 

 472 
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These contrasting functional strategies reflect the broader biology of C. colocynthis, whose life 473 

strategy creates pressure for below-ground buffering during hot, dry periods, and the present data 474 

suggest that this buffering is achieved through two distinct, site-specific endophytic consortia: a 475 

pseudomonad-rich, exopolysaccharide-centered ensemble in Al Ain and an actinobacterial, 476 

cofactor- and central-metabolism-centered consortium in Ras Al Khaimah. Despite these 477 

compositional differences, both strategies converge on the same functional outcome: maintenance 478 

of root metabolic activity and stress buffering under summer arid conditions, suggesting that C. 479 

colocynthis selects for functional capacity rather than taxonomic identity when assembling its 480 

summer endophytic community. 481 

 482 

Functional specialization explains this plasticity. In silico signals and in vitro traits both pointed 483 

to stress-protectant pathways, phytohormones, and biosynthetic gene clusters (BGCs). Lipopeptide 484 

and siderophore BGCs in Pseudomonas orientalis (B17, B20, B27) and Bacillus licheniformis 485 

(B04) matched with tolerance to drought, salinity, and heat, as well as plant growth–promoting 486 

(PGP) activity (Table 1, Supplementary Table 8). Additional functions, including phytohormone 487 

production, phosphate solubilization, and siderophore biosynthesis, were seen in Paenibacillus 488 

lautus (B09) and Streptomyces mutabilis (B24), among others. Genes for ectoine and carotenoids 489 

support osmotic and oxidative stress protection, as seen in arid environments (Guo et al., 2014; 490 

Uarrota et al., 2018; Richter et al., 2019; Ahmad et al., 2023). This pattern aligns with broader 491 

evidence that desert microbiomes favor salt and heat-tolerant communities with metabolites that 492 

help hosts thrive under water stress and high temperatures (Glick, 2012; Backer et al., 2018; 493 

Alsharif et al., 2020). 494 

 495 
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Genome-resolved analysis refined these connections. The P. orientalis pangenome was open, with 496 

distinct core–accessory divisions (Figure 15). Plant-associated genomes contained accessory genes 497 

linked to tryptophan pathways for IAA, including tryptophan 2-monooxygenase (IAM pathway) 498 

and tryptophan decarboxylase (tryptamine route), which matched culture-level IAA signals and 499 

known Pseudomonas adaptations (Loper et al., 2012; Li et al., 2018; Saati-Santamaría et al., 2022; 500 

Tang et al., 2023b). In contrast, free-living genomes exhibited higher nucleotide diversity and 501 

included competition-related factors, like a colicin-E3 immunity protein that was absent from the 502 

plant-associated group (Supplementary Figure 9), aligning with selective pressures in open 503 

environments. Altogether, these differences indicate that accessory genome content reflects 504 

ecological demands, like host interaction versus environmental competition, within a single 505 

species. 506 

 507 

The ecological and practical implications are outlined below. The connection between seasonal 508 

community shifts (Figure 7, 8), isolated phenotypes (Table 1), and genome-inferred capabilities 509 

highlights potential microbiome-aware strategies for arid conditions. Stress-tolerant, growth-510 

promoting bacteria can boost nutrient uptake and crop yields while reducing input requirements in 511 

saline or drought-prone environments (Glick, 2012; Backer et al., 2018). Regional experience from 512 

the Arabian Peninsula, including the UAE, supports this potential: desert plant systems produce 513 

endophytes with high salt tolerance and measurable plant growth-promoting effects in crops, 514 

creating a pipeline from native flora to bioinoculants (Eida et al., 2018; Gairola et al., 2018; 515 

Alsharif et al., 2020; Mousa et al., 2024). In this context, C. colocynthis not only serves as a model 516 

for understanding desert holobionts but also as a source of strong strains with potential for practical 517 

applications. 518 
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 519 

Our design prioritized a broad scope and the integration of community surveys with culture-based 520 

work. Therefore, metagenomes were analyzed for their composition rather than pathway 521 

reconstruction, and taxonomic classifications naturally depend on database choice and classifier 522 

thresholds. Amplicon profiling (V3–V4) provides robust community patterns but, by design, has 523 

region-specific biases and limited strain-level resolution. Building on this foundation, 524 

transcriptomics and metabolomics would test whether key genes and clusters are active under 525 

plant-relevant conditions, and controlled in planta experiments would establish causal effects on 526 

host performance. Expanded bulk-soil sampling and longer time series could improve the contrast 527 

between soil stability and plant-driven turnover. Finally, targeted evaluation of highlighted strains 528 

(e.g., representatives of B. licheniformis and P. orientalis) under field-relevant stress conditions 529 

provides a practical next step toward developing bioinoculants for desert agriculture. 530 

 531 

This study builds on a previously published single-season, single-location pilot characterization of 532 

the C. colocynthis endophytic microbiome (Procter et al., 2022) which identified a structured, 533 

biologically interesting microbial community and provided the rationale for expanding sampling 534 

to two sites and two seasons in the present work. The primary limitation of the current study is the 535 

modest number of biological replicates (n = 3 per location–tissue–season subgroup), reflecting its 536 

role as an expanded exploratory baseline for an understudied desert holobiont. Prior to sequencing, 537 

three technical replicates per biological sample were pooled to maximize community 538 

representativeness within each data point. Statistical interpretation therefore relies on effect sizes, 539 

multivariate patterns, and directional consistency rather than taxon-level adjusted p-values. Where 540 

the two sequencing approaches converge, namely stronger seasonal turnover in roots than in leaves 541 
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and summer enrichment of actinobacterial genera, conclusions are reinforced by cross-method 542 

agreement. Where they diverge, most notably in the direction of change in root Shannon diversity, 543 

the discrepancy reflects methodological differences in taxonomic resolution and sensitivity to 544 

dominant taxa rather than a biological contradiction, as discussed above. 545 

A further limitation concerns the relationship between the cultured isolate collection and the 546 

metagenomic community profiles. The taxa driving the main seasonal story in the metagenome, 547 

particularly Saccharopolyspora, Amycolatopsis, Nonomuraea, and the Pseudomonas taxa 548 

dominant in Al Ain summer roots, are not well represented among the cultured isolates 549 

characterized in this study. This gap is common in culture-based microbiome work, where the most 550 

ecologically abundant or functionally active taxa are frequently the least amenable to standard 551 

cultivation conditions (Liu et al., 2021; Nauwynck et al., 2025). The cultured collection, therefore, 552 

provides complementary functional and genomic resolution for the taxa it does capture, but should 553 

not be interpreted as representative of the dominant metagenomic community. Future work 554 

combining targeted isolation strategies, such as dilution-to-extinction or in situ cultivation 555 

approaches, with the metagenomic profiles generated here would help close this gap. Taken 556 

together, the findings should be considered hypothesis-generating, pending validation in larger 557 

cohorts and cultivation approaches informed by the dominant taxa identified here. 558 

5. Conclusion 559 

Across two regions in the UAE and different seasons, the Citrullus colocynthis holobiont shows 560 

evidence of a microbiome that reorganizes under environmental pressure in a consistent and 561 

ecologically coherent manner; an adaptive “intelligence” expressed through changes in community 562 

membership and the selective retention of stress-relevant functions. By combining spatiotemporal 563 
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community profiling across amplicon and metagenomic resolution with cultured representatives 564 

and genome-level context, this work establishes a clear framework that links who is present, what 565 

they can do, and how those abilities are distributed across different lifestyles. These foundations 566 

directly point to practical applications. Stress-tolerant, growth-promoting taxa, their functional 567 

pathway repertoires, and their gene inventories offer accessible entry points for microbiome-aware 568 

strategies in arid agriculture, from targeted inoculants and consortium design to screening pipelines 569 

based on desert-native diversity. More broadly, the dataset and framework provided here form the 570 

backbone for future studies that incorporate expression and metabolite evidence, test causal effects 571 

in plants, and translate desert holobiont principles into resilient, sustainable food systems. 572 

6. List of abbreviations 573 

ABA Abscisic Acid  

ACC 1-aminocyclopropane-1-carboxylate 

ANI Average Nucleotide Identity  

ASV Amplicon Sequence Variant  

BGCs Biosynthetic Gene Clusters  

BUSCO Benchmarking Universal Single-Copy Orthologs 

CAS Chrome azurol S 

CFUs Colony Forming Units 

CMC Carboxymethyl cellulose  

COG Cluster of orthologous gene  

dDDH Digital DNA-DNA Hybridization 

DF Dworkin and Foster  

GA3 Gibberellic Acid 

GO Gene Ontology 

IAA Indole-3-Acetic Acid  

IBA Indole-3-Butyric Acid 

ICNP International Code of Nomenclature of Prokaryotes 

IDs Identities 

iPA Isopentyl Adenine 

ITS Internal Transcribed Spacer Region 

KEGG Kyoto Encyclopedia of Genes and Genomes 

KO KEGG Orthology 
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LB Luria-Bertani 

LC-MS/MS  Liquid chromatography-mass spectrometry/mass spectrometry 

NA Nutrient Agar 

NMDS Non-Metric Multidimensional Scaling 

ONT Oxford Nanopore Technologies 

PCoA Principal Coordinates Analysis  

PDA Potato Dextrose Agar 

PDB Potato Dextrose Broth 

PE Paired-End 

PEG Polyethylene Glycol 

PGP Plant Growth Promoting 

PGPR Plant Growth Promoting Rhizobacteria 

RAK Ras Al Khaimah 

ROS Reactive Oxygen Species 

SA Salicylic Acid 

SNA Starch Nitrate Agar  

TYGS Type (Strain) Genome Server  

w/v Weight per volume 

WGS Whole Genome Sequencing 
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