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Abstract 

Background The microbiome of the Sinai Desert farming system plays an important role in the adaptive strategy 
of growing crops in a harsh, poly‑extreme, desert environment. However, the diversity and function of microbial 
communities under this unfavorable moisture and nutritional conditions have not yet been investigated. Based on 
culturomic and metagenomic methods, we analyzed the microbial diversity and function of a total of fourteen rhizo‑
sphere soil samples (collected from twelve plants in four farms of the Sinai desert), which may provide a valuable and 
meaningful guidance for the design of microbial inoculants.

Results The results revealed a wide range of microbial taxa, including a high proportion of novel undescribed line‑
ages. The composition of the rhizosphere microbial communities differed according to the sampling sites, despite 
similarities or differences in floristics. Whereas, the functional features of rhizosphere microbiomes were significantly 
similar in different sampling sites, although the microbial communities and the plant hosts themselves were different. 
Importantly, microorganisms involved in ecosystem functions are different between the sampling sites, for example 
nitrogen fixation was prevalent in all sample sites while microorganisms responsible for this process were different.

Conclusion Here, we provide the first characterization of microbial communities and functions of rhizosphere soil 
from the Sinai desert farming systems and highlight its unexpectedly high diversity. This study provides evidence that 
the key microorganisms involved in ecosystem functions are different between sampling sites with different environ‑
ment conditions, emphasizing the importance of the functional microbiomes of rhizosphere microbial communities. 
Furthermore, we suggest that microbial inoculants to be used in future agricultural production should select microor‑
ganisms that can be involved in plant‑microorganism interactions and are already adapted to a similar environmental 
setting.
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Background
As an important part of earth’s diverse environments, 
deserts occupy about one-third of the terrestrial ecosys-
tem. Deserts are extreme environments that are typically 
dry and host vast communities of unrevealed, unique 
microorganisms. Previous studies have characterized 
the diversity and function of microbial communities in 
different desert environments [1–3], including targeted 
studies on typical ecological regions within them, such as 
oases [4] and dry valleys [5]. However, the microbiomes 
of artificially modified agricultural regions located in the 
desert (desert farms), remain mysterious [6]. Due to their 
dry conditions and lack of precipitation, growth of desert 
farming crops usually depends on continuous water sup-
port from irrigation systems, limiting the development 
of desert farms [6]. Besides that, the impact of micro-
organisms on desert farms cannot be ignored. Previous 
studies have emphasized that rhizosphere microbiomes, 
and their diverse interactions, play an important role 
in regulating the drought resistance of plants and crops 
[7–9], and the microbial diversity associated with crops 
in desert farming is distinct from those in conventional 
farming systems [10, 11]. Given their exposure to severe 
drought stress, desert farms are ideal subjects for studies 
on drought adaptation of crops and rhizosphere micro-
biomes. Nonetheless, relatively few microbial studies 
related to desert farms have been reported [11, 12], so it 
remains unclear whether crops affect soil microbiomes 
under the extreme nutrient and water limitations of the 
desert environment.

The diverse interactions between crop and rhizosphere 
microbiome were exploited in the agricultural system, 
continuous studies [7–9] have shown that rhizosphere 
microbiomes play an important role in regulating the 
stress resistance and growth of plants. Manipulating the 
rhizosphere microbial community by inoculating micro-
organisms to enhance stress resistance and improve the 
yield of crops, which comes with the approach of syn-
thetic microbial communities (SynComs) [13, 14]. The 
taxonomic and functional information of single strain 
in the SynComs is clear, so the ecological effects of the 
entire community and individual strains can be clearly 
analyzed by the reductionist approach [15]. The SynComs 
approach has been well practiced in various studies of 
plant-microbiota interactions, typically in the researches 
on model plants, such as Arabidopsis thaliana [16–18], 
that have been well studied with clear background of res-
ident microbiota composition. Even though the SynComs 
inoculation have long been applied in the agriculture 
systems, like inoculants for biocontrol or biostimulation 
[19, 20]. However, the filed efficacy of SynComs is incon-
sistent that varies with different conditions of local envi-
ronment. It can be explanted by the previous proposed 

theory of priority effect [21], that is, the establishment 
of inoculated microorganisms or microbiota in the local 
microbial community can be mediated by the efforts of 
the indigenous microbiome, and the effect is usually neg-
ative. How to select appropriate microorganisms of spe-
cific SynComs to effectively manipulate the rhizosphere 
microbiome of plants is still an unresolved problem.

In this study, we firstly aimed to determine whether the 
taxonomic and functional structure of microbial com-
munities inhabiting desert farming system are (1) crop- 
specific or (2) distinct from those and alternatively linked 
with the environmental variation brought with change 
in geographic location. Secondly, and anchored on the 
previous point, we aimed to provide guidance in improv-
ing synthesis of microbial inoculants to assist in future 
desert agricultural production processes. To this end, 
we integrated culturomics- and metagenomics-based 
approaches to provide the first comprehensive view of 
taxonomic composition and functional trials of the Sinai 
desert farms rhizosphere microbiome, and also proposed 
the advice which could be useful in synthesis of microbial 
inoculants and improvement of current agricultural prac-
tices under these settings.

Materials and methods
Project design and sampling
The microbial diversity and function of total of fourteen 
rhizosphere soil samples (collected from twelve plants in 
four desert farms of the Sinai desert) were investigated in 
this study (Additional file  1: Table  S1, Additional file  2: 
Figure S1). The rhizosphere soils of cucumber, tomato, 
lettuce, peas, cabbage, onion, lemon, carob, apricot, 
mango and guava were sampled from three desert farms 
(farm A, farm B and farm C). To compare the microbi-
ome of the same plants, we also sampled the rhizosphere 
soils of one unknown same plant from two desert farms 
(farm C and farm D). Each sample was obtained from 5 
to 10 cm depth near the actively growing roots. Approxi-
mately 100 g of soil was collected at each sampling point 
and kept in sterile plastic bags at air temperature (37 °C) 
during 3 h transportation to the laboratory in Arish Uni-
versity, Egypt. The samples transported to the laboratory 
were promptly divided into three parts, one was stored at 
4 °C for the isolation and culture of microorganisms; one 
was placed at room temperature (28 °C) for the physical 
and chemical determination of the samples; the other 
was stored in a −80 °C refrigerator for high-throughput 
sequencing. All samples were tested for determination 
of total carbon (TC) and total nitrogen (TN) content 
by using a varioEL C/N analyzer (Elementar Analysen-
systeme GmbH, Hanau, Germany) (Additional file  1: 
Table S1).
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Strain isolation and identification
Soil (2.5 g) was suspended in 20 mL sterile distilled water 
and incubated in a rotary shaker for 1 h (180 rpm, 30 °C). 
The suspensions were serially diluted and aliquots of 
100 μl of each diluted suspension were plated on stand-
ard Petri dishes poured with six different freshly prepared 
growth solid media Reasoner’s 2A agar (R2A), Minimal 
Medium (MM), Trypticase Soy Agar (TSA), Trehalose-
Proline medium (TP), mix medium of TSA, R2A and 
TP (TRT), mix medium of R2A and TP (RT) (Addi-
tional file 1: Table S2), supplemented with nalidixic acid 
(20  mg/L) and nystain (50  mg/L). Preliminary growth 
experiments were performed with three pH variants (pH 
6, pH 7 and pH 8) and plates were incubated at 28  °C, 
37 °C and 45 °C under aerobic conditions for two weeks. 
After comparing the results of the preliminary experi-
ments, plates with pH 7 and incubated at 28 °C were cho-
sen as further culture conditions for isolating the highest 
number of microbial strains. Single colonies were then 
tested for purity performing two rounds of streaking on 
the original isolation media. DNA of each pure culture 
was extracted using TIANGEN™ and primers 27F-1492R 
were used for PCR amplification [22]. Amplicons were 
verified on 0.8% agarose gel with 2 kb DNA ladder (Fer-
mentas) and then sequenced on Sanger platform (Sangon 
Biotech, Shanghai, China). 16S rRNA gene sequences of 
the isolates were used for taxonomic identification using 
RDP classifier [23]. Assigned taxonomies were accepted 
at estimated confidence higher than 95%.

16S rRNA gene amplicon sequencing
Total DNA from each sample was extracted from 
approximately 20  g of soil by using a DNeasy Pow-
erMax Soil Kit (Qiagen) with an additional step to 
facilitate cell lysis: after step 2 of the protocol, the Pow-
erMax Bead Tube was frozen at −80 °C for 20 min and 
then heated at 65 °C for 10 min, with this process being 
repeated twice; after 10  min, 300  μl lysozyme (50  mg/
ml) were added to the tubes which were then incubated 
in a rotary shaker for 1 h (100 rpm, 37 °C). This was fol-
lowed by the addition of 150 μl proteinase K (20 mg/ml) 
and 750 μl SDS (10%), and incubation at 55  °C for 1 h 
(shaking the tubes every 15 min); 5 ml phenol–chloro-
form-isoamyl alcohol (25:24:1) were added to the tubes 
before continuing to step 3 of the DNeasy PowerMax 
Soil Kit protocol. The extracted DNA was used for 16S 
rRNA gene amplicon sequencing and shotgun sequenc-
ing. The V4 hypervariable region of the 16S rRNA gene 
was selected for generating amplicons and following 
taxonomy analysis [24]. Next generation sequencing 
library preparations and Illumina MiSeq sequencing 
were conducted at GENEWIZ, Inc. (Suzhou, China).

FastQC was used for checking the quality of fastq 
files, and 16S rRNA gene sequence analyses were per-
formed with QIIME [25]. The reads were joined and 
assigned to samples based on barcode, and after demul-
tiplexing and primer removal, joined reads were filtered 
by mean Phred quality score ≥ 20 and setting a mini-
mum length of 200  bp. Operational taxonomic units 
(OTUs) were clustered at 97% sequence identity with 
VSEARCH (v1.9.6) [26]. Taxonomic assignment was 
performed with RDP classifier [23]. Diversity statistics 
were performed using QIIME on a rarefied dataset; 
Alpha diversity was measured with Shannon metrics 
while Beta diversity was calculated using Bray–Curtis 
distance matrix and displayed through 2D PCoA plot.

Shotgun sequencing
Sequencing libraries were prepared following the 
manufacturer’s protocol (NEBNext® UltraTM DNA 
Library Prep Kit for Illumina®). The products were 
cleaned using AxyPrep Mag PCR Clean-up (Axygen), 
validated using an Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA), and quantified 
by Qubit2.0 Fluorometer (Invitrogen, Carlsbad, CA, 
USA). Sequencing was performed on Illumina HiSeq 
platform with 2 × 150  bp paired-ends and an approxi-
mate insert size of 350 bp at GENEWIZ, Inc. (Suzhou, 
China). Adaptors were removed using cutadapt [27] 
and the reads were quality filtered as described earlier 
[28]. Microbiome profiling based on taxonomic marker 
genes was performed using MetaPhlAn2 [29]. The out-
put results were parsed and plotted using GraPhlAn 
[30].

Metagenomic data assembly and functional annotation
The high-quality reads of each sample were de novo 
assembled separately using SPAdes (v3.13.1; -t 30 -m 
1000 –meta -k 21,33,55,77,99) [31]. Scaffolds longer 
than 500 bp were retained and translated to protein-cod-
ing open reading frames (ORFs) by using Prodigal [32]. 
ORFs were annotated using DIAMOND [33] against the 
KEGG, eggNOG and NR databases by applying E-val-
ues < 1e−10. Taxonomic information of each gene was 
parsed based on NR annotation results. BBMap [34] 
was used to map high quality reads onto genes, and the 
script “jgi_summarize_bam_contig_depths” packed in 
MetaBAT2 [35] was used to calculate the coverage infor-
mation of each gene. Detailed functional and taxonomic 
count data can be found in Additional file 1: Table S6 and 
Table S9.
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Metagenomic binning and data analyses of MAGs
Genome binning was conducted on contigs with a length 
above 2.5 kbp using MetaBAT2 [35], in which BBMap 
and “jgi_summarize_bam_contig_depths” with the 
same parameters were used to compute the coverage of 
each contigs. Quality control of MAGs was performed 
by checkM [36] to calculate completeness, contami-
nation and other statistics. Overall, we obtained 867 
MAGs classified into medium quality (≥ 50% complete-
ness and < 10% contamination), following the standards 
of Minimum Information about Metagenome-Assem-
bled Genomes (MIMAG) [37]. The phylogenetic tree 
was constructed as previous study [38, 39]. Taxonomic 
assignment of individual MAGs and multiple sequence 
alignments of conserved proteins were performed using 
the GTDB-Tk [40, 41]. Final alignments were used to 
construct phylogenetic trees with IQ-TREE [42] (v1.6.10; 
-alrt 1000 -bb 1000 –nt AUTO). The best-fit model for 
Archaea and Bacteria alignments, determined by Mod-
elFinder [43], were LG + F + R4 and LG + F + R10 respec-
tively according to Bayesian Information Criterion (BIC). 
The relative abundance of the MAGs was estimated 
based on the recruited reads of each MAG, which was 
normalized by the total reads. Putative ORFs of all the 
MAGs were predicted using Prodigal [32] with the “-p 
single” parameter and annotated as described above.

Results
Desert rhizosphere soil microbiome composition remains 
constant within sampling sites
A combined total of 1,099,402 paired-end raw reads 
were generated from the 14 rhizosphere soil samples. By 
quality trimming and sequence filtering, 1,044,045 high-
quality reads with an average read length of 292.65  bp 
were obtained for 16S rRNA gene analysis (Additional 
file 1: Table S3). A total of 3340 OTUs assigned to 40 dis-
tinct phyla were detected in the rhizosphere soil samples 
(Additional file 1: Table S4).

The composition of the rhizosphere microbiome 
(Fig.  1a) was dominated by Proteobacteria (29.9% s.d. 
9.2%) and Actinobacteria (17.1% s.d. 11.4%). Moreover, 
for the archaea, some phyla were commonly found in all 
samples, among which Thaumarchaeota was the most 
dominant phylum, and accounted for 9.6% s.d. 5.2% of 
the rhizosphere microbial community. The comparison 
of Shannon diversity indices between all sampling sites 
(Fig.  1b) showed that values from the same sample site 
were not similar and that sampling sites A and B had gen-
erally higher microbial community diversities than C and 
D. The composition of the rhizosphere microbiome was 
rather stable among rhizosphere samples collected from 
the same sample site but displayed obvious differences 
among sampling sites (Fig.  1c). It is interesting to note 

that the rhizosphere samples within each sampled site 
had very similar community compositions, even though 
their associated plants were quite different.

Isolates and shotgun metagenomic sequencing cover 
a wide range of taxa and reveal a high proportion 
of undescribed taxa
By using multiple different media and conditions, we iso-
lated a total of 528 strains from all rhizosphere samples, 
which were assigned to 5 phyla, 8 classes and 57 genera 
(Table 1). Among those isolated strains, most were clas-
sified as Alphaproteobacteria (298, 56.4%), Actinobacte-
ria (69, 13.1%) and Gammaproteobacteria (62, 11.7%). 
Based on the result of RDP classifier (Additional file  1: 
Table  S5), the isolated strains contained a high propor-
tion of potential undescribed taxa (138, 26.1%) ranging 
from genus to class level.

Following quality filtering, a total of 1,850,309,601 
reads was obtained from the fourteen metagenomic 
libraries, consisting of 132,164,972  s.d. 18,417,345 reads 
pairs. After profiling the composition of microbial com-
munities by MetaPhlAn2, the fourteen samples showed 
obvious difference in taxonomic composition and com-
munity structure, especially pronounced in samples from 
different sites (Additional file 2: Figure S2). The profiling 
result revealed that Bacteria were most abundant (87.7%, 
235 taxa), followed by Archaea (9.3%, 25 taxa), Eukarya 
(2.6%, 7 taxa) and viruses (0.4%, 1 taxa). A total of 114 
taxa out of 268 (42.5%) were identified as unclassified, 
including unclassified species (100/114, 87.7%) and gen-
era (13/114, 11.4%). Moreover, one unclassified fam-
ily (belonging to the order Solirubrobacterales) was also 
found. Consistent with the results of the 16S rRNA gene 
amplicon analysis, Proteobacteria (14.9–35.4%) and Act-
inobacteria (6.3–32.9%) dominated the composition of 
the rhizosphere microbiome in most sampling sites, with 
Thaumarchaeota also being a relevant taxon, yet show-
ing a much wider range of variability in their importance 
(0.1–75.9%).

To further analyze the taxa in the rhizosphere micro-
bial community, the high-quality reads were assem-
bled and binned for generating metagenome-assembled 
genomes (MAGs). After quality filtering and assessment 
of the quality of these genomes, a total of 867 MAGs were 
obtained with the medium quality (≥ 50% completeness 
and < 10% contamination); within these, 400 MAGs had a 
higher quality (≥ 80% completeness and < 5% contamina-
tion). The taxonomic assignment of all MAGs (Fig. 2 and 
Additional file 1: Table S6) inferred by GTDB-Tk showed 
that most were classified as Bacteria (837/867), and the 
rest were assigned to the domain Archaea (30/867). In 
total, MAGs were classified into 22 bacterial phyla and 3 
archaeal phyla (Additional file 1: Table S6). The genomes 
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of Bacteria were mainly assigned to Proteobacteria and 
Actinobacteriota, while Thermoproteota was the domi-
nant taxon for the archaeal MAGs (Fig.  2). Calculat-
ing the ANI values between all MAGs and their closest 

relative genomes available from public database, showed 
that all MAGs represented undescribed species. Further 
novelty was detected for higher taxa with undescribed 
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Table 1 Diversity of the strain collection according to the number of taxa isolated at different taxonomic ranks

Sampling site Number of 
isolates

Domains Phyla Classes Orders Families Genera

A 78 1 4 6 10 15 24

B 125 1 4 6 9 16 24

C 282 1 4 6 13 24 42

D 43 2 4 5 8 13 16

Total 528 2 5 8 15 31 57
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genera (486), families (121), orders (54), classes (2), and 
phylum (1).

Metagenomic annotation reveals community functional 
similarities among four sampling sites, but differ 
in functional taxa
For profiling the metabolic potential of the rhizosphere 
microbial community, functional features were inferred 
from metagenomic datasets using DIAMOND blastp 
against the KEGG, eggNOG and NR databases. Pro-
teins were classified based on COG categories and fur-
ther divided into four groups (Additional file  2: Figure 
S3). It was clearly noticed that the group of METABO-
LISM constituted the highest proportion of gene abun-
dance, especially COG category E (Amino acid transport 
and metabolism), followed by COG category C (Energy 
production and conversion) and G (Carbohydrate trans-
port and metabolism). Notably, the four sampled sites 
had similar overall community functional composition 
and abundance (Additional file  1: Table  S7). According 

to gene functional orthologs in KEGG database (Addi-
tional file 2: Figure S4), the community functional simi-
larities of four sampling sites were also found, that genes 
involved in Metabolism, Genetic Information Process-
ing and Environmental Information Processing were 
both significantly enriched, consistent with observations 
of functional distribution in the COG categories (Addi-
tional file 2: Figure S3). Overall, we can conclude that the 
rhizosphere microbial communities of the four sampling 
sites maintain similar ecosystem functions, even though 
the sites themselves and their plants differ.

To gain a more detailed overview of the functional 
profiles of the rhizosphere microbial communities, we 
analyzed genes encoding key enzymes of the specific eco-
system functional pathways. Considering the high gene 
abundance linked with metabolism (Additional file  2: 
Figure S3 and Figure S4), the metabolic pathways asso-
ciated with plant-rhizosphere microbiome interactions 
were chosen, including IAA biosynthetic pathway, car-
bon fixation, nitrogen metabolism and sulfur metabolism 
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(Fig. 3). The links between microbial taxa and ecosystem 
functions were investigated in different sampling sites by 
mapping the functional profile against the microbial taxa.

In IAA (indole-3-acetic acid) biosynthesis pathways, 
the ALDH genes (8.2%) that mediate the IPyA pathway 
was the most abundant in all samples (Fig. 3a and Addi-
tional file 1: Table S8), indicating that this pathway is the 

major IAA biosynthetic pathway in those rhizosphere 
microbial communities. Moreover, the IAN pathway 
(DDC gene, 1.6%) also showed a relatively important 
role in IAA production in these communities, but few 
genes (iaaM, iaaH) involved in the IAN pathway were 
annotated (Additional file  1: Table  S8). The majority of 
microbial taxa involved in the IPyA pathway belong to 

A1
C

A2
T

A3
L

A4
P

A5
C

A6
O

B1
L

B2
C

B3
A

D1
U

D2
U

C1
M

C3
G

C4
U

ALDH
DDC
iaaH

abfD
accCAD

aclB
acsB
ccl

ccsA
mcl

prpE
rbcL

amoCAB
hao

napAB
narB

narGHI
nasAB

nifDKH
nirA

nirBD
nirKS
norBC
nosZ

nrfAH
vnfDH

PAPSS
SOX

aprAB
cysJI

cysNDCH
dsrAB

sat
sir

IAA produce Carbon fixation

Nitrogen metabolism Sulfur metabolism
0

1

2

3

A B DC

Sample site

A B

C D

Metabolic process

2
10
50

100

200

500

Gene number (n)

ba

Community (lg(n))

sir

sat

dsrAB

cysNDCH

cysJI

aprAB

PAPSS

nrfAH

nosZ

norBC

nirKS

nirBD

nirA

nasAB

narGHI

narB

napAB

hao

amoCAB

rbcL

prpE

mcl

ccsA

aclAB

accCAD

abfD

iaaM

DDC

ALDH

Ac
ido
ba
cte
rio
ta

Ac
tin
ob
ac
ter
iot
a

Ba
cte
roi
do
ta

Ch
lam

yd
iot
a

Ch
lor
ofl
exo
ta

De
sul
fob
ac
ter
ota

Eis
en
ba
cte
ria

Ge
mm

ati
mo
na
do
ta

Hy
dro
ge
ne
de
nto
ta

Me
thy
lom

ira
bil
ota

My
xo
co
cco
ta

Ni
tro
spi
rot
a

Om
nit
rop
ho
ta

Pla
nc
tom

yce
tot
a

Pr
ote
ob
ac
ter
ia

Su
me
rla
eo
ta

Th
erm

op
las
ma
tot
a

Th
erm

op
rot
eo
ta

Ve
rru
co
mi
cro
bio
ta

Ar
ma
tim
on
ad
ota

Fig. 3 Distribution of metabolic marker genes and microbial taxa involved in specific ecological functional processes within rhizosphere microbial 
communities sampled from all sampling sites. a The abundance of metabolic genes in the metagenomic short reads of each rhizosphere sample, 
which are normalized by log transformation. b The metabolic potential and distribution of the metagenome‑assembled genomes (MAGs) in 
the four sampling sites. Based on the number of rhizosphere samples in each sampling site, percentages of microbial taxa involved in metabolic 
processes are normalized by averaging



Page 8 of 13Lian et al. Environmental Microbiome            (2023) 18:4 

Actinobacteriota and Proteobacteria, followed by Bac-
teroidota, Acidobacteriota and Gemmatimonadota 
(Fig. 3b). However, the DDC genes that mediate the IAN 
pathway were mainly annotated from Actinobacteriota 
and Acidobacteriota, rather than Proteobacteria (Fig. 3b 
and Additional file  1: Table  S9). More importantly, the 
microbial taxa involved in the IPyA pathway were differ-
ent in the four sampling sites. In sampling sites A and B, 
Proteobacteria was the most dominant phylum involved 
in the IPyA pathway, while the sampling sites C and D 
were dominated by Actinobacteriota. Notably, members 
of Actinobacteriota were predicted to play an important 
role in most sampling sites (Fig. 3b and Additional file 1: 
Table S9).

Five carbon fixation pathways were found in rhizo-
sphere microbial communities, including the reverse 
tricarboxylic acid cycle (rTCA), the Calvin-Benson-
Bassham cycle (CBB), the 3-hydroxypropionate bicycle 
(3HP-bicycle), the 3-hydroxypropionate/4-hydroxybu-
tyrate cycle (3HP/4HB) and the dicarboxylate/4-hydroxy-
butyrate cycle (DC/4HB), but a few genes (acsABCDE/
cdhACDE) involved in the Wood–Ljungdahl pathway 
were annotated from all metagenomes (Additional file 1: 
Table  S8). The accCAD genes (12.5%) involved in the 
3HP/4HB pathway showed highest gene abundance in all 
rhizosphere samples, followed by the 3HP-bicycle path-
way (mcl and prpE genes, 2.5%) and the CBB pathway 
(rbcL gene, 0.9%) (Fig. 3a and Additional file 1: Table S8). 
Additionally, the accCAD genes were commonly anno-
tated in a wide range of microbial taxa, dominated by 
Proteobacteria, Actinobateriota, Bacteroidota, Gemma-
timonadota and Acidobacteriota. In contrast, the rTCA 
pathway (aclAB/ccsA genes) was only found in the Nitro-
spirota and Actinobacteriota, respectively, and had a low 
gene abundance (Fig. 3b and Additional file 1: Table S9). 
In the CBB pathway (rbcL gene), Actinobacteriota were 
dominant in sample site D, while Proteobacteria were 
dominant in sample site A. Moreover, diverse microbial 
taxa were involved in the 3HP/4HB pathway at sample 
site A, but other sampling sites only harbored a more 
restricted taxonomic range. For example, the accCAD 
gene was highly annotated from Bacteroidota, Gemma-
timonadota and Planctomycetota in sample site A, while 
other sampling sites, especially sample site D were domi-
nated by Actinobacteriota and Chloroflexota (Fig. 3b and 
Additional file 1: Table S9).

Looking at nitrogen metabolism, several complete 
metabolic pathways were annotated from the metage-
nomes, including dissimilatory nitrate reduction 
(narGHI/napAB and nirBD/nrfAH genes), assimilatory 
nitrate reduction (narB/nasAB and nirA genes) and deni-
trification (narGHI/napAB, nirK/nirS, norBC and nosZ 
genes) (Additional file 1: Table S8). The metabolic genes 

involved in dissimilatory nitrate reduction showed high 
gene abundance (11.9%) and were dominated by narGHI 
and nirBD genes, while few napAB and nrfAH genes were 
annotated (Fig. 3a and Additional file 1: Table S8). Addi-
tionally, the narGHI and nirBD genes were present in 
diverse microbial taxa that differed in all sampled sites. 
As an examples, in sample site A, the narGHI genes were 
annotated in Bacteroidota and Methylomirabilota but 
not in other sampling sites (Fig. 3b and Additional file 1: 
Table  S9). Similarly, a relatively high proportion of pre-
dicted genes were involved in assimilatory nitrate reduc-
tion (4.8%) and denitrification (10.0%), and differences 
in functional microbial taxa that contain key genes for 
those metabolic pathways was found in different sam-
pling sites. Most importantly, genes involved in nitrogen 
fixation were also annotated, including nifDKH/anfG and 
vnfDKGH genes (Fig.  3 and Additional file  1: Table  S8). 
However, microorganisms fixating nitrogen were quite 
different across our rhizosphere samples.

Annotation results of key genes involved in sulfur 
metabolism, also revealed the active sulfur metabolic 
activities in these rhizosphere microbial communities. 
The complete metabolic pathway of assimilatory sulfate 
reduction was annotated, and the key genes involved in 
assimilatory sulfate reduction had high gene abundances 
in all sampling sites, including cysNDCH/sat and cysJI/sir 
genes (Fig. 3a and Additional file 1: Table S8). In contrast, 
dissimilatory sulfite reductase encoded by dsrAB genes 
showed little abundance in all sampling sites, suggesting a 
deficiency in dissimilatory sulfite reduction in the rhizo-
sphere microbial communities (Fig.  3a and Additional 
file 1: Table S8). In assimilatory sulfate reduction, the sat 
gene involved in the reduction of sulfate to sulfite was 
present in diverse microbial taxa, including Actinobacte-
riota, Proteobacteria, Acidobacteriota, and others (Fig. 3b 
and Additional file 1: Table S9). Notably, the sat gene was 
annotated from different microbial taxa in different sam-
pling sites. For instance, the sat gene was derived from 
Planctomycetota and Gemmatimonadota in sample site 
A, which was not the case for other sites (Fig.  3b and 
Additional file  1: Table  S9). In particular, the key genes 
involved in thiosulfate oxidation by SOX complex were 
completely annotated with relatively high gene abun-
dance in all sampling sites (Additional file 1: Table S8).

In summary, the metabolic processes associated with 
carbon, nitrogen, sulfur and IAA metabolisms were 
annotated from all rhizosphere samples, with similar rel-
ative abundance of key genes involved in the metabolic 
pathways (Fig.  4), that is consistent with our findings 
in the overall functional profiles (Additional file  2: Fig-
ure S3 and Figure S4). This can be seen, for instance, in 
the high proportion of predicted genes that were domi-
nant and involved in specific pathways in all rhizosphere 
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samples, including the ALDH genes (8.2%) that mediate 
the IPyA pathway and accCAD genes (12.5%) that medi-
ate the 3HP/4HB pathway. It can be concluded that the 
ecological function composition of rhizosphere micro-
bial communities was similar in different samples (Addi-
tional file 2: Figure S3, Figure S4 and Fig. 3a), even when 
their taxonomic compositions were significantly differ-
ent (Fig. 1c). By mapping key genes to microbial taxa, the 
results also suggested that Actinobacteriota and Proteo-
bacteria might play important roles in local biogeochem-
ical cycles (Fig. 3b and Additional file 1: Table S9). This 
is further supported by their high relative abundance in 
rhizosphere microbiome composition (Fig. 1a). In differ-
ent sampling sites, the dominant phyla that perform the 
ecosystem functions were different (Fig. 3b). For example, 
the microbial taxa involved in ecological function of sam-
ple site C, D were dominated by Actinobacteriota, while 
the sample site A, B were dominated by Proteobacteria. 
Notably, Proteobacteria was predicted to play an impor-
tant role in all sampling sites, except for the sampling site 
D, while Nitrospirota only showed metabolic potential in 
sampling sites A and B, and Verrucomicrobiota in sam-
pling sites A and C (Fig. 3b).

Discussion
The diversity of soil microorganisms is an important 
indicator of soil quality [44] and plant health [45], which 
is also essential for the maintenance of soil ecosystem 
functions. In this study, we integrated culture-dependent 
and -independent methods to investigate rhizosphere 
microbial diversity at our target environment, lead-
ing to the isolation of 528 pure strains and assembly of 
837 MAGs, covering a wide diversity of microbial taxa. 
Based on our results, both Proteobacteria and Actinobac-
teria showed high abundance, which is consistent with 
prior studies in other arid and semi-arid environments 
[46, 47]. Interestingly, members of the phylum Thau-
marchaeota (GTDB: c_Nitrososphaeria) -the dominant 
group within the archaeal community- were present in 
relatively high proportions. This might be related to the 
mesophilic and thermophilic adaptability of Thaumar-
chaeota, or their ability to oxidize ammonia aerobically 
[48]. In addition to the aforementioned three phyla, other 
phyla are found to be enriched in the samples, including 
Acidobacteria, Chloroflexi, Bacteroidetes, Firmicutes and 
Gemmatimonadetes. Fittingly, previous studies suggested 
that these phyla might be indispensable for maintain-
ing ecosystem functions and nutrient cycling in desert 
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environment, namely in carbon and nitrogen fixation 
[49]. The isolated strains and MAGs contained a high 
proportion of undescribed taxa, many of which were also 
involved in important soil functions, indicating a vast 
richness of untapped microbial resources in the desert 
farming system.

Previous studies revealed the dynamics of soil micro-
bial community structure response to the state of the soil 
environment, such as soil drought [7, 9], acidification 
[50], or diseases [51]. In this study, the microbial com-
munity structure of rhizosphere samples within each 
sampling site were more similar to each other, even when 
their plant hosts were quite different, indicating that soil 
properties dominated the assembly of the rhizosphere 
microbial community. Although some previous stud-
ies had shown that soil microbial community structure 
is usually related to plant type and agricultural manage-
ment [52], this seems not to be the case here. Indeed, the 
possible dominant factors at play in the current study are 
linked with soil properties rather than plant type. This 
has also been previously proposed by other authors in 
a variety of environments, including farmland [53, 54], 
desert [55], tropical seagrass beds [56], etc.

In the current study, we found similar functional com-
position and abundance in different sampling sites, 
despite significant differences in the taxonomic compo-
sition of their rhizosphere microbial communities. The 
biogeography of soil microorganisms, particularly those 
carrying out soil metabolic processes is linked with the 
ecological function traits of soils [57]. Furthermore, by 
mapping the soil microorganisms to the metabolic path-
ways associated with plant-rhizosphere microbiome 
interactions, we observed that the abundances of key 
genes related to specific metabolic processes were similar 
across sampling sites, but the microorganisms involved 
in these metabolic processes were obviously different. 
In summary, our results emphasize the importance of 
the functional microbiomes of rhizosphere microbial 
communities.

Based on these results, we propose a new approach 
in the design of microbial inoculants which takes into 
account that different soil properties generate different 
microbiomes (diversity and function etc.). According 
to our preliminary results, the rhizosphere shapes the 
same ecological functions with different microbial com-
munities, emphasizing the importance of the functional 
microbiome rather than the taxonomic microbiome. In 

Inoculant

Inoculant

Inoculant

Fig. 5 Proposed strategy for the design of microbial inoculants. The composition of rhizosphere microbial community is different among the 
different soil conditions of rhizosphere environments. The functional microbiome of rhizosphere microbial communities under different soil 
conditions must be taken into consideration, selecting the soil microorganisms that carry out metabolic functions and adapted to local soil 
environments
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the design of microbial inoculants, one usually consid-
ers the metabolic function and interactions of micro-
organisms in these communities at the individual 
level [13]. Only rarely are the functional microbiomes 
of rhizosphere microbial communities under real soil 
conditions systematically considered. This results in 
inconsistent field efficacy of microbial inoculants, vary-
ing with the specific conditions of the different environ-
ments where they are being applied [45]. To address this 
critical problem, the functional microbiomes of rhizos-
phere microbial communities under different soil con-
ditions must be taken into consideration. This would 
allow for selection of microorganisms that carry out 
key metabolic functions and are also already adapted to 
the local soil environments. As shown in Fig. 5, in the 
rhizosphere environment, the composition of rhizos-
phere microbial community is different under different 
soil conditions. Based on our results, one could target 
the isolation of these key functional microbial taxa to 
construct soil-associated inoculants and then use them 
to inoculate local farm soils with similar soil properties. 
Using this approach, the soil-associated inoculants can 
more easily adapt to the local soil environment and play 
a more effective role in diverse plant growth regulation 
and increased crop yields.

Conclusions
A deep understanding of microbial diversity and func-
tion of rhizosphere microbiomes could further provide 
the comprehensive and directional insights required for 
manipulating these microbial communities. Oriented 
by this idea, our study provides the first comprehen-
sive insights into microbial diversity and function of 
rhizosphere microbiomes in the Sinai desert farming 
systems. Our results revealed that variations in rhizo-
sphere microbiome composition were associated with 
changes in geographic location our sampling, rather 
than with the type of crop. These rhizosphere microbial 
communities included a diverse composition but stable 
metabolic function. Importantly, key microorganisms 
involved in ecosystem functions which are different 
between the sampling sites, indicating the "soil-bacteria 
veins". Based on the results of this study, we suggest that 
microbial inoculants to be used in future agricultural 
production should selecting microorganisms that can 
be involved in plant-microorganism interactions and 
are already adapted to a similar environmental setting. 
This principle should be validated and used to guide the 
targeted synthesis of improved microbial inoculants 
to assist in future agricultural production processes in 
desert farms and beyond. Our preliminary results will 

support further work required to confirm the generality 
of these results in field experiments and other farming 
systems and on its potential for implementation.
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