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Abstract: Life in arid regions and, in particular, hot deserts is often limited due to their harsh environmental conditions, such as large
temperature fluctuations and low amounts of water. These extreme environments can influence the microbial community present on
the  surface  sands  and  any  rhizosphere  members  surrounding  desert  plant  roots.  The  Jizan  desert  area,  located  in  Saudi  Arabia,
supports  particular  vegetation  that  grows  in  the  large  sandy  flat  terrain.  We  examined  five  different  samples,  four  from  the
rhizosphere of pioneer plants plus a surface sand sample, and used pyrosequencing of PCR-amplified V1-V3 regions of 16S rDNA
genes from total extracted DNA to reveal and compare the bacterial population diversity of the samples. The results showed a total of
3,530 OTUs in the five samples, calculated using ≥ 97% sequence similarity levels. The Chao1 estimation of the bacterial diversity
fluctuated  from  637  to  2,026  OTUs  for  a  given  sample.  The  most  abundant  members  found  in  the  samples  belong  to  the
Bacteroidetes, Firmicutes and Proteobacteria phyla. This work shows that the Jizan desert area of Saudi Arabia can contain a diverse
bacterial community on the sand and surrounding the roots of pioneer desert plants. It also shows that desert sand microbiomes can
vary depending on conditions, with broad implications for sandstone monument bacterial communities
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INTRODUCTION

The Earth’s arid regions represent > 30% of the continental surface, and are defined as regions that receive ≤ 250
mm of average annual rainfall (AAR) [1 - 3]. Life in deserts is limited due to lack of available water, high UV exposure
and high temperature fluctuations that have led hot deserts to be considered as extreme environments [1, 3, 4]. The
presence of plants is often restricted in deserts due to the harsh conditions, such as low nutrient levels and strong winds
[5].  The  diversity  of  plant-associated  bacteria  may  play  a  fundamental  role  in  different  processes  such  as  organic
material recycling, mineralization and fixation of essential nutrients, such as carbon (C), nitrogen (N) and phosphorus
(P).  These  nutrients  are  responsible  for  important  processes  in  biogeochemical  cycles,  where  photosynthesis,
atmospheric  N  fixation  and  microbial  mineralization  are  parts  of  primary  production  [6,  7].

Soils  are  one  of  the  most  studied  environments  in  microbiology,  owing  to  large  differences  in  habitats,  for
examining patterns of genetic diversity in different ecosystems and to analyze the functional organization of the native
microorganisms [8]. In these environments, the rhizosphere is defined as the zone of soil immediately adjacent to plant
roots that supports high levels of bacterial activity [9] and    is considered a   rich zone   for microbial   populations [10].
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For this reason, the rhizosphere is considered a unique region from the bulk soil, where organic compounds are released
by the roots, making this zone high in nutrients [11].

Most soil microorganisms are non-cultivable under laboratory conditions [12]. Advances in high-throughput DNA
sequencing  techniques  provide  important  advances  in  microbial  research  in  a  broad  range  of  ecosystems  and
applications  including  desert  sand  and,  eventually,  sandstone  monument  surfaces  [13].  Microbial  diversity
investigations of deserts have included a large range of studied regions, methods of analyses and applications. Zhang et
al., (2012) studied the distribution and diversity of bacteria in the southeast edge of the Tengger Desert of China, and
their work provided a key approach of the correlations between the bacterial communities identified by DGGE bands
and the structure of desert soil enzyme activities [14]. An et al., (2013) analyzed the bacterial diversity of surface sand
samples  from  the  Gobi  and  Taklamaken  deserts  using  bacterial  Tag-Encoded  FLX  Amplicon  Pyrosequencing
(bTEFAP) of PCR amplified 16S rDNA. Their results revealed an enormous bacterial diversity residing in the surface
sands  (≥  103  OTUs/5g  sand)  of  these  two  deserts.  Members  belonging  to  four  phyla:  Firmicutes,  Proteobacteria,
Bacteroidetes and Actinobacteria were found to be the dominant bacterial members of the samples [15]. Using the same
sequencing technology, Steven et al., (2013) characterized the bacterial communities of bio crusts in water tracks of the
Artic polar region. They suggested that the water tracks in permafrost soils represent a novel ecosystem for microbial
and nutrient diffusion from soils to freshwater ecosystems [16].

We report here our results examining the bacterial diversity of the rhizosphere of pioneer plants (n=4), plus a non-
rhizosphere sand sample (n=1), of the Jizan desert area in Saudi Arabia. We compared the bacterial communities among
these samples using pyrosequencing of PCR amplified DNA of V1-V3 regions of 16S rDNA from total genomic DNA
extracted  from  these  five  samples.  The  sequences  were  subsequently  analyzed  by  bioinformatic  tools  and  we
determined  the  richness  and  diversity  of  each  sample  in  relation  with  those  of  the  other  hot  desert  sands.

MATERIALS AND METHODS

Sample Collection

The Jizan region (16º90’N 42º58’E) covers a superficial area of 11,671 km2 and comprises of a 4 km long and 500
m wide stretch of intertidal mud and sand flats between Jizan port and the northern outskirts of the city of Jizan in Saudi
Arabia [17]. With an altitude of 4 m [18], Jizan is located in the south western part of Saudi Arabia where the Red Sea
reaches its maximum width (about 360 km) [19]. The temperature (period 2000-2010) is seasonal, with a maximum
annual average in summer (June-September) of 45.3ºC and a minimum annual average in winter (December-February)
of 11.9ºC. The mean annual temperature average is 31.6ºC. Total annual rainfall is approximately 130 mm [20]. The
rhizosphere  from  four  pioneer  plants  (Panicum  turgidum  Forssk.  (Graminea,  perennial)  (Pt);  Tribulus  pentandum
Forssk. (Zygophyllaceae, annual) (Tp); Tribulus terrestris L. (Zygophyllaceae, annual) (Tt), Zygophyllum simplex L.
(Zygophyllaceae, annual) (Zs) [21, 22] and one sample of soil (Ss) on a sandy terrain were collected near Jizan (N16º
52.656' E 042º 36.972') on march, 2012 (Fig. 1). Triplicate samples were taken from the rhizosphere or soil with the
sand surface temperature at 37ºC, and 48 % relative humidity for the samples. The terrain showed poor vegetation, with
well separated individual plants. The control soil sample was taken at a site that was 5 m from any other vegetation.
Intact  plants,  containing  their  5  cm  rhizosphere,  were  completely  extracted  with  a  small  shovel,  carefully  without
disrupting the root system. The rhizosphere was defined by separating the roots from the surrounding soil by carefully
removing the entire plant with intact roots and subsequently rinsing with sterilized H2O. Chemical analyses of these five
samples were performed at the Biochemistry Laboratory at Wageningen University, Netherlands (Table 1).

DNA Extraction

Genomic DNA was extracted from each sample using a protocol adapted from that of Zhou et al., (1995) [23]. Five
grams of sand sample were rehydrated in 1 ml of 1/4 TS (Tryptic Soy) Broth. To extract DNA, 13.5 ml of extraction
buffer (0.1M Tris/HCl pH 8, 0.1M EDTA pH 8, 0,1M Na2PO4, 1.5M NaCl, 1% [w/v] CTAB (Cetyltrimethylammonium
bromide) containing 50 μl of self-digested Pronase (20 mg/ml) and 10 μl of RNAse A (10 mg/ml) were incubated for 2-
h at 37ºC with shaking. Subsequently, 2.5 ml of 20% SDS [w/v] was added and a further incubation for 2-h at 65ºC was
performed. The supernatant fluid was collected after a 20 min centrifugation at 6000 ×g at room temperature. A further
extraction was performed on the pellet with 4.5 ml of extraction buffer and 0.5 ml of 20% SDS, mixed by vortexing for
10s, followed by incubation for 10-min at 65ºC and centrifugation for 15 min at 6000 ×g. The supernatant fluids were
then combined and mixed. The nucleic acids were extracted by the addition of an equal volume of chloroform/isoamyl
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alcohol (24:1), and, after centrifugation for 20 min at 6000 ×g, the aqueous phase containing the nucleic acids was
removed.  Then,  0.6 volume of  isopropanol  was added and a 1 h incubation at  room temperature was performed to
precipitate  the  DNA.  Following  this,  centrifugation  for  20  min  at  13000  ×g  was  performed.  The  DNA  pellet  was
washed with 1 ml of 70% ethanol and centrifuged at 11000 ×g for 5 min at 4ºC. The DNA pellet was then dried and
resuspended in 50 μl 1/10 TE buffer (1mM Tris-HCl pH 8, 0.1 mM Na EDTA pH 8) and incubated overnight at 4ºC and
then stored at -20ºC.

Table 1. Physical and chemical properties of the five desert sand samples.

Physical and chemical properties
Sample

Pt Tp Tt Zs Ss
C (mg/kg) 11 11 15 12 14
N-NH4 (mg/Kg) 1.1 1.3 1.2 1.1 1.7
N-(NO3+NO2) (mg/Kg) 0.7 1.6 2.5 1.8 1.2
P (mg/kg) 2.1 2 3 1.7 1.7
K (mg/kg) 33 54 59 38 48
pH 7.28 7.69 7.55 7.29 7.38

Fig.  (1).  Jizan  desert  area  sampling  site  (red)  located  at  N16°  52.656'  E  042°  36.972',  Saudi  Arabia.  Image  source:
www.mapsopensource.com/saudi-arabia-map-black-and-white.html

Bacterial Tag-Encoded PCR and GS Junior Amplicon Pyrosequencing (BTEGAP)

The 16S rDNA of bacteria was amplified using an initial concentration of 10 ng/μl of the total extracted DNA. PCR
reactions  (25  μl  each)  were  performed  using  the  universal  16S  rDNA  bacterial  primers  27F  (5’-Ad.A  +
GAGTTTGATCMTGGCTCAG-3’) and 518R (5’-Ad.B + xxxxxxxxxx + WTTACCGCGGCTGCTGG-3’), where the

http://www.mapsopensource.com/saudi-arabia-map-black-and-white.html
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Ad. A and Ad. B represent the adaptors for pyrosequencing (Roche/454), and the xxxxxxxxxx represents ten nucleotide
sequence  MIDs  (multiplex  identifiers)  for  sample  identification  barcoding.  Two  different  thermostable  DNA
polymerases were used in the PCR amplifications: (I) AccuPOLTM DNA Polymerase (Ampliqon, Denmark): 95ºC for 2-
min, followed by 30 cycles of 95ºC for 30 s (denaturation), 54ºC for 30 s (annealing), 72ºC for 1 min (polymerization),
and a final extension is performed at 72ºC for 10-min; (II) Phire Hot Start II DNA Polymerase (Thermo Scientific,
Sweden): 98ºC for 2 min followed by 30 cycles of 98ºC for 10 s (denaturation), 56ºC for 30 s (annealing), 72ºC for 15 s
(polymerization),  and a  final  extension is  performed at  72ºC for  10 min.  Three  tubes  of  25 μl  PCR reactions  were
performed for each thermostable DNA polymerase and each sample using 10 ng DNA, 0.1 μM of each primer (Sigma-
Aldrich, MO, USA), 0.2 mM dNTP mix (Fermentas, ON, Canada), 2.5 units of thermostable DNA polymerase for I and
1.25 units of thermostable DNA polymerase for II using the corresponding buffers with each polymerase. The PCR
products  were  then  combined  by  sample  and  polymerase  used,  and  the  amplified  16S  DNA  fragments  were  then
purified  from  a  1%  agarose  gel  using  the  NucleoSpin  Extraction  Kit  (Macherey-Nagel,  Hoerdt,  France).  Twenty
nanograms of purified PCR product from each sample were mixed for pyrosequencing performed on a Roche/454 GS
Junior Pyrosequencer (Department of Biology, University of Oulu, Finland).

Data Analysis

Raw  DNA  sequences  were  extracted  and  selected  by  their  length  (200-600  bp)  using  mothur  software  [24].
Sequences were also trimmed and retained if they contained no ambiguous base, no homopolymers ≥8 and no more
than one mismatch to the sequencing primer. Adaptor sequences were removed from the sequences using the cutadapt
tool implemented on the Galaxy server of the Institut de Génétique et Microbiologie (IGM) of the Université Paris-Sud
(http://galaxy.igmors.u-psud.fr/).  A  second  trimming,  using  a  90%  quality  score  with  >25,  was  performed  using
Condetri  V_2.2  [25].  The  sequences  were  screened  for  potential  chimeric  sequences  with  the  Decipher  web  tool
(http://decipher.cee.wisc.edu) [26]. Sequences were classified to the genus level using the Greengenes 2013 release
database (202,421 bacterial and archaea sequences) at an 80% confidence threshold with mothur and using the RDP-II
Naïve  Bayesian  Classifier  [27].  To  estimate  the  bacterial  population  richness  and  diversity,  the  RDPII  pyro  site
(https://pyro.cme.msu.edu/index.jsp)  was  used  to  calculate  the  Chao1  estimator  and  Shannon  diversity  index.  The
Jaccard index was also estimated and the relative abundance of operational taxonomic units (OTUs) were determined
using a 0.03 distance limit (97% similarity) by clustering on RDP’s pyrosequencing pipeline. All sequences have been
deposited in the GenBank Sequence Read Archive (SRA) under the SRP049954 accession number.

Table 2. Number of Treated Sequences, Average Length, OTUs, Richness and Diversity for Each Sample.

Sample name Number of
Sequences Number of Sequences After Trimming Average Sequences Length OTUs Chao1 Shannon Index

Pt 5,363 4,361 472 319 637 2.25
Tp 4,941 4,031 469 900 1,754 5.62
Tt 6,145 4,814 462 737 1,245 4.89
Zs 3,106 2,185 470 613 1,282 5.26
Ss 3,690 2,622 472 961 2,026 6.18

RESULTS

We examined five different samples from the Jizan desert area to reveal the environmental properties and relations
with the bacterial diversity of the rhizosphere of four pioneer plants growing in this desert area. The five samples were
named “Pt” (Paricum turgidum), “Ss” (Soil sample), “Tp” (Tribulus pentandrus), “Tt” (Tribulus terrestris), and “Zs”
(Zygophyllum simplex), after the plants (or not) rhizosphere from where they were isolated.

Physical and Chemical Properties of the Rhizosphere and Sand Samples

The physical and chemical parameters show C, N, P and K element levels and the low carbon compound levels in
the five samples. The pH values ranged from 7.28 in the Pt sample to 7.69 in the Tp sample, suggesting that all samples
are close to neutral in pH (Table 1).

Pyrosequencing Data

Pyrosequencing was performed on the V1-V3 regions of 16S rDNA genes PCR amplified from total DNA extracted

http://galaxy.igmors.u-psud.fr/
http://decipher.cee.wisc.edu
https://pyro.cme.msu.edu/index.jsp
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from the five desert samples. The total number of sequences obtained for the five samples were 23,245, with an average
length of 469 bases after trimming. After quality score adjustments, approximately 23% of the total sequences were
removed. The largest number of sequences were obtained from the Tt sample (6,145 sequences), while the Zs sample
contained the smallest number of sequences (3,106 sequences) (Table 2).

Bacterial Diversity and Richness Analyses

Diversity statistics for each sample are displayed in Table 2. We measured the sample richness, based on OTUs
defined as sequences sharing ≥ 97% sequence similarity, which represents the potential number of species present in a
community. The OTUs, ranging from 319 (Pt sample) to 961 (Ss sample) per sample, were discerned in the 5 samples.
The Chao1 estimator and the Shannon diversity index were calculated. The richness, assessed with the Chao1 estimator
using a 3% difference among the sequences, showed that the diversity can significantly vary among rhizospheric plant
and soil samples in the same desert. For the samples studied, the richness, estimated by Chao1, ranged from 637 (Pt
sample)  to  2,016  (Ss  sample)  OTUs per  5g  sample.  The  Shannon index  (Table  2)  provides  a  representation  of  the
diversity in the samples, where the highest diversity level is observed in the Ss sample.

Comparison of Bacterial Community

The Jaccard index (Table 3) is a statistic that is used to calculate the similarity and richness of a set of samples. We
constructed  a  UPGMA tree  generated  by  the  R  Statistical  Computing  Package  (Fig.  2).  The  most  distant  bacterial
population from the samples was found to be the Pt sample, whereas the Tp and Zs samples have the most similar
bacterial populations.

Bacterial Phylogenetic Composition

The bacterial populations in the samples were classified from the 16S rDNA sequences with the mothur algorithm
using  the  Greengenes  database  for  bacteria  and  archaea  using  the  RDP  Naïve  Bayesian  Classifier  with  an  80%
confidence threshold (Fig. 3). The most abundant bacteria were from the Proteobacteria, with a range from 15% in the
Pt sample to 41.5% in the Zs sample. The Pt sample has 79.1% of its members from the Bacteroidetes phylum, while
members of this group are not present at ≥ 30% in the other samples. Following this,  we observed members of the
Firmicutes, with a range from 0.7% in the Pt sample to 24.3% in the Ss sample, plus Actinobacteria with a range from
1.2% in the Pt sample to 17.6% in the Tt sample. The unclassified sequences at the phylum level ranged from 0.6% in
the Pt  sample to 3.2% in the Ss sample.  Bacteria  from a total  of  31 genera are  represented in Fig.  (4).  The genera
representing less than 1% of the population were grouped into “other genera”. The most abundant bacteria are from
genera  represented  by  the  Flavobacterium  (68.1%)  for  the  Pt  sample,  Pontibacter  (19.3%)  for  the  Tt  sample  and
Bacillus with 12.0% for Tp, 17.9% for Zs and 18.6% for the Ss samples. The unclassified sequences, at the genus level,
ranged from 6.3% for the Pt sample to a 55.5% for the Ss sample, suggesting many new bacterial groups remain to be
discovered.

DISCUSSION

During the course of the last decade, interest in the study of hot desert microbial diversity has increased [28 - 31]
due to global climate change, as arid regions are thought to be more vulnerable. Pyrosequencing of PCR amplified V1-
V3 regions of 16S rDNA genes from total extracted DNA from the rhizospheric plant samples (Pt. Tp, Tt, Zs) and soil
sample (Ss) from the desert area of Jizan (Saudi Arabia) revealed a large bacterial biodiversity in these harsh conditions.
We  obtained  23,245  high  quality  sequences,  which  we  classified  at  the  phylum  and  genus  levels,  and  observed
differences among the bacterial communities of the five samples studied. It is important to note that the five samples
came from different  sites  of  the same desert,  and included the rhizosphere of  four different  pioneer plants  and one
surface sand sample. The surface sand sample showed the highest level of unclassified sequences from the phylum to
the genus level, though the reason for this is not clear at the current time [32].
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Fig. (2). Jaccard’s distance tree of the bacterial populations among the five samples (≥97% sequence similarity level) from the Jizan
desert. The tree was generated on the RDP website using the R Statistical Computing Package (UPGMA).

Fig.  (3).  Taxonomic  classification  of  bacterial  sequences  at  the  phylum level  from the  five  Jizan  desert  sand  samples.  See  the
Materials and Methods section for details.

Table 3. Number of treated sequences, average length, OTUs, richness and diversity for each sample.

Sample name Ss Tp Tt Zs Pt
Ss 0 - - - -
Tp 0.655 0 - - -
Tt 0.677 0.647 0 - -
Zs 0.728 0.422 0.662 0 -
Pt 0.848 0.952 0.911 0.905 0

Five chemical parameters were examined in our samples: total C, N-NH4, N-(NO3+NO2), total P and total K. These
factors  have  been  recognized  as  soil  variables  that  can  affect  microbial  community  composition.  In  particular,  the
variety of organic compounds released by plants has been postulated to be one of the key factors affecting the diversity
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of microorganisms in the rhizosphere of different plant species [3, 33]. The levels of phosphorus in the soil can explain
some variability in the metabolism and composition of the microbial community, as it may be a limiting micro-nutrient
[34, 35]. It has been reported that the pH in arid land soils is alkaline [3]. In our five samples, the pH ranged between
7.28 and 7.69, and is thus considered to be only slightly alkaline. The pH can be an important factor in the composition
of the bacterial community and it has been reported that a higher diversity in soils is found in samples with near neutral
pHs [36].

Fig. (4). Taxonomic classification of bacterial sequences at the genus level from the five Jizan desert sand samples. Only genera with
members representing ≥ 1% of the population are shown. See the Materials and Methods section for details.

Here, we used DNA sequencing to discern microbial populations of V1-V3 variable regions of PCR amplified 16S
rDNA, as it has been reported to perform well for bacterial assignments in a wide range of datasets [37].

We examined the bacterial richness and diversity in each sample using the Chao1 estimator [38] and found a large
inter-sample variability (from 319 to 961 OTUs) in the five samples from the same desert. It should be noted that the
analysis of these five samples may not be representative of the total microbial diversity of the Jizan desert. These results
revealed that the surface sand (Ss) sample had the lowest number of high quality sequences, but also the largest number
of OTUs. These results suggest that the number of sequences generated from high throughput sequencing is not always
a  limiting  factor  for  estimating  the  total  bacterial  diversity,  though  this  sample  did  contain  the  largest  number  of
unclassified sequences.  The Jaccard index was calculated for our samples and the deduced UPGMA tree showed a
significant distance among the five different samples and less apparent relations with the rhizosphere plant family.

For the 27 phyla found in all  the samples,  the most  abundant  members in three of  the samples (Tp,  Tt  and Zs)
belonged to the Proteobacteria phylum. Several studies have shown that members of this phylum are highly represented
in desert environments, such as the Sonoran [39], Gobi [34], Namib [40], Atacama [31] and Tataouine deserts [32].
However, the Pt sample revealed that 79.1% of bacterial members belonged to the Bacteroidetes phylum, while the
members  of  the  genus  Flavobacterium  represent  68.1%  of  the  OTUs.  Members  of  the  Flavobacterium  genera  are
widespread in aquatic and terrestrial environments and can play an important role in the degradation of organic matter.
They are also abundant in the rhizosphere of agricultural  crops and can be associated with the stimulation of plant
resistance to disease [41, 42]. The soil sample (Ss) showed Firmicutes as the major phylum, with 24.3% of the total
sequences, and members of the genus Bacillus representing the major genus with 18.6% of the total sequences. The
differences  of  bacterial  diversity  in  deserts  can  thus  be  highly  variable  and  can  depend  on  soil  characteristics  and
sampling location, among others [43]. Interestingly, the biggest differences in bacterial composition were observed in
the grass Panicum turgidum when compared to both the free soil sample and the rhizosphere of three different dicotyl
species. These results suggest that both environment and plant species can contribute to the composition of the plant
specific rhizosphere microbiome.
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CONCLUSION

Our study of the bacterial diversity of selected rhizosphere and surface sand samples from the Jizan desert in Saudi
Arabia found that there is a diverse bacterial community composition of the rhizosphere of four pioneer plants in this
desert, comparable to that seen of non-rhizosphere surface sand sample. Within the five samples, members belonging to
the Proteobacteria phylum were the most abundant in the Tp, Tt and Zs samples, the Firmicutes for the Ss sample and
Bacteroidetes  for  the  Pt  sample.  There  were  also  differences  in  the  composition  of  the  less  abundant  community
members among the five different samples collected from the Jizan desert in Saudi Arabia. These results show that the
diversity of desert sand microbiomes can vary with environmental conditions, and thus have implications for studies on
sandstone monument bacterial communities.
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