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Introduction

The date palm (Phoenix dactylifera) is a popular crop tree 
traditionally grown in arid and semi-arid regions, and its 
fruits are globally valued for their nutritional and health-
promoting values (Ben Chobba et al. 2013). Date palms 
occupy the most prominent area among the fruit trees 
grown in Qatar, with 7.2% of the total agricultural produc-
tion (Muhammed et al. 2015). The date palm cultivars in 
Qatar are divided into two groups, common cultivars (e.g. 
Barhi, Bin Saif, Hilaini, Hilali, Hitimi, Jabri, Khalas, Khu-
naizi, Naboot Saif, Rotanah, Shishi) and unique cultivars 
(e.g., Azat, Bashbak, Berz, Disky, Niqal, Qashmak, Tara-
him, Taumai Aswad, Ward, Zary) that only occur in Qatar 
(Muhammed et al. 2015). Most cultivation of date palm 
is present in the north, and central areas of Qatar, where 
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Abstract
The date palm (Phoenix dactylifera) is an important cultivated crop in arid areas. Here, we studied the effect of plant 
genotype and type of fertilizers on the eukaryotic community structures of the date palm rhizosphere. Samples were col-
lected from one wild population, five cultivars from two farms, and a factorial fertilizer experiment (organic, chemical, 
and biofertilizer) in Qatar. The eukaryotic communities were sequenced using a next-generation sequencing method. A 
total of 2422 Operational Taxonomic Units (OTUs) were identified as belonging to 15 phyla, Chlorophyta, Streptophyta, 
Imbricatea, Chytridiomycota, Ascomycota, Olpidiomycota, being dominant. The wild-type date palms showed a low num-
ber of OTUs compared to cultivated date palms, potentially due to the strong influence of soil salinity and low moisture 
level. However, the wild-type date palm hosted the highest number of unique OTUs. PCA revealed that the eukaryotic 
microbiome of the wild date palms was separated from the cultivated date palms and that the eukaryotic microbial diver-
sity varied between date palm cultivars in similar environments. Using the highest amounts of biofertilizer and chemical 
fertilizer decreased the species diversity within the samples. However, a high concentration of biofertilizer combined with 
a low concentration of chemical fertilizers enhanced the eukaryotic diversity within the samples. We conclude that cultivar 
type (biotic factor), type of fertilizer, and dosage (abiotic factor) play significant roles in determining the microbiome 
diversity of the rhizosphere. The wild date palm population could potentially host salt and drought-tolerating eukaryotes 
that should be further investigated for future development of biofertilizers suitable for drylands.
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the soils have low salinity levels compared to soils in other 
parts of the country (Muhammed et al. 2015).

Crops depend heavily on healthy soils where soil qual-
ity, fertility, and productivity reduction can occur because of 
agricultural practice and land use (Price et al. 2015; Cheru-
bin et al. 2015). Indeed, various reports relate soils’ health 
and productivity to microbial processes (Heilmann-Clausen 
et al. 2015; Guo et al. 2015; Stott and Taylor 2016). Modern 
agricultural practices, such as excessive use of pesticides 
and high levels of inorganic fertilizers, affect soil microbial 
populations, which affect the ecological process (Filimon et 
al. 2015; Esmaeili Taheri et al. 2015; Rangel et al. 2015; 
Pose-Juan et al. 2015).

Soils harbor thousands of microbial species that play 
dynamic roles in natural and managed agricultural soils 
(Abed et al. 2013; Kaisermann et al. 2015; Al-Sadi et al. 
2015; Tardy et al. 2015). Eukaryotic microorganisms 
include most of the natural microbes and are associated with 
the sustainability of the soil-based ecosystem and biologi-
cal processes (Crossley and Hendrix 2004; Falkowski et al. 
2008; DeLong 2009; Aslani et al. 2022). The soil eukaryotic 
microbiome plays a role in soil structure formation, litter 
decomposition, and nutrient cycling (Brussaard et al. 2007; 
Zhao et al. 2018; TiÁskal et al. 2021). In addition, eukary-
otes play a key role in soil fertility and influence prokaryotic 
community structure (Ali et al. 2018). There are five super-
groups belonging to eukaryotes, including Archaeplastida, 
SAR, Excavata, Amoebozoa, and Opisthokonta (Fierer et 
al. 2007). They comprise about 11% of cellular biomass in 
the soil community (Urich et al. 2008). Fungi that belong 
to Opisthokonta are often the soil’s most dominant eukary-
otic species (Kazeeroni and Al-Sadi 2016). They are hugely 
diverse, from single microscopic cells like yeast to large 
macrofungi (Bridge and Spooner 2002). Like other eukary-
otic microorganisms, Fungi have beneficial roles such as 
mycorrhizal symbiosis, soil aggregation, and plant uptake 
(Guo et al. 2021; Ul Haq et al. 2022). Furthermore, the mac-
roaggregate (0.25-2 mm) limits oxygen diffusion and regu-
lates water flow (3–7). The effect of microorganisms on soil 
aggregation occurs directly (through hyphal entanglement 
and exopolysaccharide secretion) and indirectly (through 
the regulation of soil organic carbon) (Daynes et al. 2012; 
Tisdall et al. 2012). Arbuscular mycorrhizal fungi (AMF) 
could augment the plant uptake of comparatively immobile 
nutrients, especially phosphorous and micronutrients (Guo 
et al. 2021). Caragana korshinski and Caragana micro-
phylla are extensively colonized by AMF whereas host spe-
cific interaction between Caragana microphylla and AMF 
was noticed decertified grasslands in northern China desert 
(Ma et al. 2016). However, fungi can be harmful and be 
plant pathogens (Thomson et al. 2015; Guo et al. 2015; Stott 
and Taylor 2016). C. radicola is one of the pathogenic fungi 

that causes black score disease in date palms. Although most 
microorganisms are still unknown, which refers to the dif-
ficulty of their isolation from complex environmental matri-
ces (which are not cultivable on media) (Amaral Zettler et 
al. 2002; Rappé and Giovannoni 2003; Bonkowski 2004).

Different abiotic variables influence the diversity of 
microorganisms; for example, pH frequently controls bacte-
rial diversity (Bahram et al. 2018), climate impacts fungi 
(Tedersoo et al. 2014), and soil moisture influences protists 
(Oliverio et al. 2020). Many studies have studied the rhi-
zosphere microbiome of plants to verify their certain roles, 
such as plant growth regulator (PGR), drought resistance, 
and salinity resistance (Abumaali et al. 2023b). Therefore, 
improving our knowledge about conditions for benefi-
cial plant-associated microbiomes is essential to develop-
ing tools for improving agriculture and plant conservation 
(Quoreshi et al. 2019).

There is a growing number of studies on the microbiome 
of the date palm, and they tend to focus on fungal or bac-
terial communities (Ben Chobba et al. 2013; Cherif et al. 
2015; Yaish et al. 2016; Mosqueira et al. 2019; Abumaali 
et al. 2023a). However, more comprehensive studies that 
focus on the effect of the genotype and the fertilizers on 
the eukaryotic microbiome are lacking. For that, this study 
aimed to identify the structure of the eukaryotic communi-
ties found in the rhizosphere between and among wild-type 
and cultured date palm populations and to study the effect 
of different fertilizers on eukaryotic microbiome diversity 
using high-throughput sequencing approaches. We propose 
the following hypothesis, (1) eukaryotic diversity from the 
rhizosphere of wild date palms is lower than those collected 
from cultivated date palms on farms, and (2) the biofertil-
izer enhances the eukaryotic diversity more than the chemi-
cal fertilizers.

Materials and methods

Soil samples collection

A total of 103 soil samples were collected from the rhizo-
sphere of date palms using a small shovel, roughly 10 cm 
below the surface (50–80 cm from the date trees), with a 
high abundance of fine date palm roots, as follows: five trees 
were chosen randomly for sampling the rhizosphere for each 
cultivar (Berhi, Shishi, Nabot Saif, Khalas, and Khenezy) 
and the wild date palm. The samples were collected from 
three locations: wild date palms soil samples were collected 
from Umm Bab (25°13’07.8"N 50°46’04.5"E), while the 
cultivated date palm soil samples were collected from Qatar 
University Farm (25°48’2"N 50°46’02.5"E), and Rowdat 
Al-Faras Farm (25°49’22.3"N 51°19’58.1"E). All sampling 
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was conducted in March 2021. The wild date palms occur 
scattered along the beach at Umm Bab for a stretch of a few 
kilometers, the size of the plot with the different cultivars of 
date palms at the Qatar University farm is 2 ha, the size of 
the plot with different cultivars of date palms at Rowdat Al-
Faras Farm is 1.7 ha, and the size of the fertilizer experiment 
at Rowdat Al-Faras Farm is 1.3 ha. In total, 55 soil samples 
(5 replicate* 5 cultivars* 2 farms + 5 samples from one wild 
population) were obtained to compare the eukaryotic com-
munities in the rhizosphere of a wild date palm population 
(oasis ecosystem) and various cultivars grown on farms 
(agroecosystem). Five date palm trees were randomly cho-
sen from the wild population and each of the different culti-
vars at the two farms for the sampling. The cultivated date 
palms in both farms had a drip irrigation system.

Impact of the chemical and organic fertilizers on 
eukaryotic microbial community structures in date 
palm rhizosphere

To assess the effect of different chemical and organic fertil-
izers on eukaryotic community structures in the date palm 
rhizosphere, 15 different fertilizer types were applied to date 
palm (Khalas Cultivar) at Rodat Al-Faras Research Station 
in a randomized complete block design (RCBD) experiment 
with three replications. 48 soil samples (3 replicate*15 fer-
tilizer types + 3 control) from cultivated date palm trees 
rhizosphere were collected from 15 different fertilizer types 
in addition to control (no fertilizer). The fertilizer treat-
ments include organic fertilizer (animal waste; 30 kg per 
tree per year), biofertilizer (commercial bio-fertilizer named 
Rewital Plus) obtained from BIO-GEN company (https://
bio-gen.pl/en/); 85 g of fertilizer per 100 L of water per 15 

days), and chemical fertilizer (N:P: K ration of 1.8:0.8:1 kg/
date palm tree (numbers for the 100% treatment) (Table 1). 
The fertilizer treatments were applied for 48 months, after 
which the sampling occurred.

All soil samples were stored in paper bags with proper 
labeling until delivered to the laboratory (directly after the 
sampling). Following the protocol of a global project (Ted-
ersoo et al. 2021), the soil samples were air-dried for seven 
days at the laboratory. After drying and removing all roots, 
root fragments, and rock debris from the soil, soil samples 
were ground by hand inside plastic bags to prevent contami-
nation (Tedersoo et al. 2021). The composite samples were 
prepared by combining (pooling) five samples from the same 
cultivars from the same locations by the ratio (1:1:1:1:1 g), 
after which chemical and molecular analysis were done, and 
the remaining material was stored at -20 for backup.

Molecular analyses, sequencing, and bioinformatics

DNeasy PowerSoil kit (Qiagen, Germany) was used to 
extract DNA from composite soil samples following the 
manufacturer’s instructions. Thirty ng of the extracted 
DNA samples were used as templates to amplify the V4 
region of the 18S SSU rRNA gene using the TAReuk-
454FWD1 (5’-CCAGCASCYGCGGTAATTCC-3’) and 
TAReukREV3 (5’-ACTTTCGTTCTTGATYRA-3’) oligo-
nucleotides in subsequent polymerase chain reaction (PCR) 
amplification. Agencourt AMPure XP beads (Beckman 
Coulter) were used to purify the DNA, and the Agilent Tech-
nologies 2100 bioanalyzer was used to qualify the library. 
The qualified libraries were sequenced using the pair-end on 
Hiseq 2500 platform according to their insert size.

Table 1 Alpha diversity for eukaryotic communities in the rhizosphere of date palms in response to different fertilizer treatments. See Table S1 
for the key to samples
Sample Name sobs chao ace shannon simpson coverage
L 488 530.3684 534.5833 3.098749 0.173906 0.998594
M 196 269.0286 337.4592 2.588567 0.155426 0.993624
N 611 709.7838 676.633 4.904598 0.017108 0.99826
O 520 587.1622 569.4924 3.549404 0.180337 0.998562
P 394 491.0000 471.8765 0.936699 0.770712 0.998052
Q 666 729.3818 723.2437 4.974267 0.016991 0.998293
R 398 448.5714 440.7932 3.882892 0.04259 0.998795
S 519 555.2727 556.4964 4.516013 0.037431 0.998844
T 373 406.6098 409.0341 3.279219 0.104732 0.998933
U 194 246.2857 255.8367 3.155697 0.087144 0.992159
V 490 589.1071 557.1855 4.517582 0.024453 0.99849
W 520 569.7632 563.3902 4.749396 0.025683 0.998746
X 706 782.5600 765.9148 4.841822 0.029906 0.998219
Y 874 977.9091 948.2122 4.882772 0.023747 0.99725
Z 660 697.3469 694.8379 5.098301 0.016141 0.99875
AA 798 844.7746 843.438 5.042452 0.023817 0.998305
Stand. Dev 191.7404 197.912 184.3953 1.162798 0.186143 0.001955
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nutrients for nitrates and nitrites were analyzed using a UV 
spectroscopy (EasyChem Analyzer Plus) (O’Dell 1993). 
Trace Metals were analyzed using Inductively Plasma Opti-
cal Emission Spectrometry (ICP_OES). A 0.25 g of soil was 
weighted into Teflon tube and digested using a combination 
of Nitric acid and Hydrofluoric acid followed by set at 95oc 
in a Hot Block Heater as per PA200.7.

Statistical analysis

Alpha diversity was measured by the observed species 
index, Chao index, ace index, Shannon index, Simpson 
index, and Good-coverage index. Samples with low sobs 
(OTUs number) and high Shannon index indicates low 
diversity and vice versa. Alpha diversity was estimated by 
MOTHUR (v1.31.2) (Schloss et al. 2009). Sequenced data 
is considered sufficient when the rarefaction curve tends to 
be smooth (Amato et al. 2013). Otherwise, it is suggested to 
increase the sample size. The Shannon and Simpson index 
analyses were applied to estimate eukaryotic species diver-
sity and fungal species richness. The good-coverage index 
shows the coverage of the sample library. Smaller index val-
ues indicate a lower probability that sample sequences are 
not sequenced. This value reflects whether the sequencing 
results can represent the sample’s real property. Beta diver-
sity analysis was used to evaluate the differences between 
samples in terms of species complexity. Beta diversity analy-
sis was carried out using QIIME(v1.80) software (Caporaso 
et al. 2010). The beta diversity distance was calculated using 
the ‘OTU table biom’ file. A heatmap is a data visualization 
technique showing a phenomenon’s magnitude as color in 
two dimensions. Clustering of samples based on species 
abundance in samples (at all seven levels) was performed 
to reveal the similarity among samples. The heatmap of 
different classification levels was plotted with R package 
v3.4.1 and “ggplot” to complete the clustering method and 
‘Euclidean’ distance. XLSTAT was used to investigate rela-
tionships between the composition of different soil fungal’ 
groupings, the chemical parameters in soils, different loca-
tions sampled, and to understand the relationship between 
different organic fertilizers and the eukaryotic diversity. For 
the principal component, the PCA in OTUs was plotted with 
XLSTAT to visualize the linkages between the soil fungal 
communities and the main drivers, soil parameters and sites, 
and cultivars (farms with cultivated date palms, cultivars, 
and wild date palms).

Raw reads were filtered to remove adaptors and low-
quality and ambiguous bases. Then, the fast Length Adjust-
ment of short reads program (Flash, v1.2.11) (Magoč and 
Salzberg 2011) was used to get the tags for paired-end 
reads. After that, the tags were clustered into Operational 
Taxonomic Units (OTUs) with 97% similarity using 
UPARSE software (v7.0.10.90) (Edgar 2013). Chimaera 
sequences were detected by comparing with UNITE data-
base (v20140703) using UCHIME (v4.2.40) (Edgar et al. 
2011). Then, the ribosomal Database Project (RDP) Clas-
sifier v.2.2 was used to taxonomic the OTUs representative 
sequences within a minimum confidence threshold of 0.6 
and trained on the Silva (V138) and UNITE (Version8.2) 
by QIIME v1.8.0 (Caporaso et al. 2010). The USEARCH_
global (Edgar 2010) was used to compare all tags to OTUs 
to get each sample’s OTU abundance statistics table. Mothur 
v1.31.2 (Schloss et al. 2009) and QIIME v1.8.0 (Caporaso 
et al. 2010) software were used to estimate alpha and beta 
diversity, respectively, at the OTUs level. A 27 samples 
cluster was conducted by QIIME (v1.8.0) (Caporaso et al. 
2010) based on UPGAMA.

OTUs Rank curve, Core-Pan OTUs of samples, and 
species accumulation curves were plotted with R pack-
ages v3.1.1., while principal component analysis (PCA) in 
OTUs was plotted with R package “ade4” by QIIME v1.8.0 
(Caporaso et al. 2010). GraPhlAn created a GraPhlan map 
of species composition. In addition, the phylogenetic tree 
of species was constructed using FastTree v2.1.3 (Price et 
al. 2010). Furthermore, the UPGMA cluster and abundance 
map was done using phytools and R package v.3.5.1.

Chemical analysis

Initially, 27 composite soil samples were oven dried at 
60–62 ̊C for 48 h to avoid the decomposition of organic 
materials and augment mineral extractability (Adenan et al. 
2021). The dried soil samples were then crushed to a fine 
powder in a rotary ball mill (Retch Mill, Haan, Germany) at 
a speed of 250 rpm for 40 min, followed by passing through 
a 2 mm mesh of a standard sieve. Subsequently, three rep-
licates of each composite soil sample were used to measure 
the pH, salinity, total carbon (TC), total nitrogen (TN), 
NO3

−, NO2
− as well as the concentration of chemicals ele-

ments such as Ca, K, Mg, P, Cd and Pb using standard pre-
viously published procedures (International Organization 
for Standardization (ISO/IEC 17025) (Adenan et al. 2021). 
All physiochemical analyses (pH, TSS, Salinity, and elec-
trical conductivity) were measured using a YSI probe and 
employed the use of a 1:5 soil-to-distilled water ratio (Har-
die and Doyle 2012). Soil nitrogen and carbon were ana-
lyzed using the elemental analyzer. 5 g of soil sample was 
directly analyzed by using a TOC/TN Soil Analyser. Soil 
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To estimate the alpha diversity within the samples, the 
refraction curves were first generated (Figure S1). The 
alpha diversity of five date palm cultivars samples (Berhi, 
Khenezy, Khalas, Shishi, and Nabot saif) from the two farm 
locations are presented along with Sobs, Chao, Shannon, 
and ace indexes (Table 2). The Shannon values of date palm 
cultivars from farm two (Qatar University farm) and wild 
date palm samples ranged from 3.02 to 5.2. In contrast, the 
lowest value was obtained from the Khenezy cultivar sam-
ple from farm one (Rowdat Al-Faras), while the highest was 
obtained from the Barhi cultivars sample from farm one. 
These results indicate that Khenezy had higher diversity 
than other cultivars in farms one and two. However, Barhi 
showed the lowest eukaryotic diversity among the samples. 
The sobs value for five date palm cultivars from farm two 
and wild-type date palm samples ranged from 402 to 778. 
In contrast, the lowest sobs value was obtained from the 
Khenezy cultivar sample from farm one, while the highest 
was obtained from the Khalas cultivars sample from farm 
two (Qatar University). The sobs value for wild-type date 
palm samples was 435, and the Shannon index was 3.8, 
indicating high diversity.

The alpha diversity of 16 samples from the Khalas cul-
tivar that were treated with different concentrations and 
combinations of fertilizers is summarized in Table 1. The 
Shannon index for treated samples ranged from 0.94 to 5.1. 
In contrast, the lowest Shannon index was found in sam-
ples with 100% for both biofertilizer and chemical fertil-
izer, while the highest was obtained from samples treated 
with 30% chemical and 100% biofertilizer. The sobs values 
ranged from 194 to 798; the lowest value was obtained from 
samples treated with 70%chemical and 100% biofertilizer, 
while the highest value was obtained from the control sam-
ples (no fertilizer) (Table 1).

Results

The effect of date palm genotype, biofertilzer and 
chemical fertilizers on the rhizosphere eukaryotic 
biodiversity

The Illumina 2 × 300 bp HiSeq 2500 platform generated 
1,671,989 paired-end reads targeting the V4 region of the 
18 S SSU rRNA gene. These reads were quality filtered, 
chimaeras removed, and combined. The final dataset com-
prised 1,248,673 sequences, including 2,422 OTUs from 
the 27 composite soil samples. A total of 2,422 eukaryotic 
OTUs belonging to major 15 phyla, including Chlorophyta 
(14.2%), Streptophyta (6.8%), Imbricatea (2.8%), Chytrid-
iomycota (2.6%), Ascomycota (2.1%), Olpidiomycota, and 
other (66.8%) (Fig. 1).

The core-Pan OTUs plot analysis for eukaryotic com-
munities isolated from the date palm rhizosphere shared 
14 OTUs after removing OTUs related to other eukaryotes 
and OTUs that were not annotated (Fig. 2). The highest 
unique OTUs number was 116 OTUs obtained from wild 
date palms, followed by 67 and 53 OTUs obtained from the 
rhizosphere of Nabot saif and Shishi cultivars, respectively, 
from farm 1 (Rowdat Al-Faras). In contrast, the unique 
OTUs numbers of Nabot saif and Shishi cultivars from farm 
2 (Qatar University) were 31 and 21 OTUs, respectively. 
At the same time, the number of unique OTUs of other cul-
tivars (Berhi, Khalas, and Khenezy) ranged from 12 to 41 
OTUs. The unique OTUs number of soil samples under fer-
tilizer treatment conditions ranged between 3 and 45 OTUs. 
The lowest OTU numbers were found in 70% chemical and 
100% biofertilizer (treatment 10), while the highest number 
was treated with 100% biofertilizer and 30% chemical fer-
tilizer (treatment 14).

Fig. 1 The percentage for the 
dominant groups of eukaryotic 
phyla in the rhizosphere of date 
palms
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groups, CLU1 (n = 10), CLU2 (n = 13), CLU3 (n = 1), and 
CLU4 (n = 3). Group CLU1 was subdivided into sub-groups 
CLU1.1 and CLU1.2. The CLU1.1 included the W sample 
(treated with 30% chemical fertilizer), the Z sample (treated 
with 30% chemical, 100% organic, and 100% biofertilizer), 
and the O sample (treated with 100% organic and 100% 
biofertilizer). The CLU1.2 included seven samples, whereas 

Beta diversity is a measure of the similarity of the mem-
bership and structure found between different samples. The 
heatmap analysis was used to investigate the relationship 
between the soil samples obtained from the rhizosphere 
of the tested date palm trees based on the relative abun-
dance and the eukaryotic phyla relationship (Fig. 3). The 
results showed that the 27 samples were divided into four 

Table 2 Alpha diversity for eukaryotic communities in the rhizosphere of 5 date palm cultivars in two different farm locations in Qatar. See Table 
S1 for the key to samples
Sample Name sobs chao ace shannon simpson coverage
A 767 832.6316 823.877 5.208519 0.013793 0.998202
B 508 555.4583 561.8879 4.438855 0.032201 0.998616
C 493 549.4773 547.8747 3.737486 0.117452 0.998571
D 549 587.5918 589.2226 4.474969 0.028085 0.998744
E 402 461.1667 459.6211 3.026838 0.210204 0.998574
F 565 592.8409 592.1758 4.526553 0.038668 0.998983
G 563 619.6923 607.1319 4.845671 0.0185 0.998635
H 778 821.6974 824.5494 4.820036 0.02858 0.998327
I 686 750.0976 730.964 5.082244 0.016484 0.998522
J 522 576.0286 563.5798 4.889615 0.014921 0.99873
K 435 482.3571 466.044 3.817913 0.088032 0.99895
Stand. dev 124.326 126.4303 125.9112 0.663358 0.061162 0.000233

Fig. 2 Core-Pan OT Us plot for 
eukaryotic communities isolated 
from the rhizosphere of date 
palms from different locations, 
cultivars, and fertilizer treat-
ments. The middle numbers 
indicate the number of OTUs in 
27 composite soil samples, and 
the ellipse outside the center 
circle indicates the number of 
unique OTUs in each sample. For 
the code of samples (letters in the 
outer circle), please see Table S1
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with U sample (treated with 70% chemical and 100% bio-
fertilizer), M sample (treated with 100% organic fertilizer), 
and R sample (treated with 100% chemical, organic and bio-
fertilizer), where the last two samples were closer.

The horizontal groups indicate the similarity of phyla 
among different samples. The phyla were divided into four 
groups: CL1, CL2, CL3, and CL4 (Fig. 3). Group CL1 
was subdivided into three sub-groups involving Bacillari-
ophyta (sub-group CL1.1), Cercozoa (sub-group CL1.2), 
Mucoromycota, and Chytridiomycota (sub-group CL1.3). 
Cluster CL2 included Imbricatea (sub-group CL2.1), Strep-
tophyta (sub-group CL2.2), Ascomycota, and Unclassified 

the E sample (Khenezy cultivar, farm one) was close to the 
Y sample (treated with 100% biofertilizer and 30% chemi-
cal fertilizer), and the A sample (Barhi cultivar, farm1) was 
close to the H sample (Khalas cultivar, farm two). The clus-
ter CLU2 also was subdivided into the CLU2.1 sub-cluster, 
the P sample (treated with100% biofertilizer and 100% 
chemical) and the T sample (treated with 70% chemical and 
100% organic), and the CLU2.2 sub-cluster with 11 sam-
ples, where the AA sample (no fertilizer, control) was closer 
to F sample (Khenezy cultivar, farm two), however, the 
“group” CLU3 included only the wild date palm sample (K) 
which was distinctly apart from the others. Group CLU4, 

Fig. 3 The heatmap for eukaryotic phyla. The horizontal cluster indi-
cates the similarity of specific phyla among different samples. It can 
be inferred that samples are likely to be similar when closer distance/
shorter branch length is shown in the graph. Relative abundance values 

are normalized through log transformation. In addition, if any relative 
abundance value is “0”, then the value will be replaced by half the 
minimum abundance value of all samples. CL OR CLU = cluster.
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Effect of chemical properties, habitat, and fertilizer 
treatments on eukaryotic communities

The principal component analysis (PCA) plot (Fig. 5) 
showed that soil properties such as chemical concentrations, 
pH, salinity, fertilizers, and genotype affects the eukaryotic 
community structure (see Table S2 for soil chemical data 
of the different samples). The PCA showed that salinity, 
conductivity, and NO3- mg/kg soil concentration signifi-
cantly correlated with other elements (NO3-N mg/Kg soil, 
NO2-N mg/ Kg soil, %C, %TN, Ca, Cd, Mg, P, Pb, and K) 
(r-value > 0.5). In contrast, Pb showed almost no correlation 
with the other elements (r value close to 0). Furthermore, the 
PCA suggests a relation between high C%, salinity, and high 
Cryptomycota and Zoopagomycota relative abundance, 
while Streptophyta appears to be affected by conductivity 
and NO3- concentration. The samples from the fertilizer 
experiment showed no correlation with pH, salinity, and 
soil element concentrations (P, Cd, K, Mg, NO2) mg/kg soil 
concentration. As mentioned previously, the Khalas culti-
vars used in the fertilizer experiment were clustered close 
to Khalas samples from other Farms. In addition, the wild 
sample (UB) showed no correlation with other samples.

Discussions

Plant roots have a relationship with the rhizosphere microbi-
ome communities. There are direct and indirect interactions 
with free-living microbes affecting plant health, growth, and 
productivity (Bennett et al. 2012). Through indirect interac-
tions, the microorganism enhances nutrient availability for 
the plant and direct interaction with pathogens and mutual-
ists (Morgan et al. 2005). In contrast, geographic locality, 

(sub-group CL2.3). Cluster CL3 included Haptista and oth-
ers, whereas group CL4 involved Cryptomcota, Rhodophyta 
(sub-group CL4.1), Blastocladiomycota (sub-group CL4.2), 
Chlorophyta (sub-group CL4.3), Basidiomycota and Zoo-
pagomycota (sub-group CL4.4).

Relative abundance on class level showed that most cul-
tivars had a similar relative abundance of eukaryotes except 
for the wild population (K) (Fig. 4). Chlorophyceae had the 
highest relative abundance among cultivars, followed by 
Magnoliopsida, Ulvophyceae, Bacillariophyceae, and Chy-
tridiomycetes. In comparison, Ulvophyceae had the highest 
relative abundance among samples in the fertilizer experi-
ment, followed by Chlorophyceae, Chytridiomycetes, Bac-
illariophyceae, and Magnoliopsida, respectively (Fig. 4). 
Oomycota was presented in all samples except Barhi culti-
vars from farm 2 (B) and samples treated with 100% organic 
fertilizer (M). About 40–90% of the relative abundances 
were unclassified eukaryotic organisms (others).

The phylogenetic tree analysis was performed based on 
the genus level for the 27 samples (Figure S2). The phylum 
Evosea had the smallest number of genera, including Hyper-
amoeba and Didymium. The phylum Rhodophyta included 
Peyssonnelia, Cyanidioshyzon, Centroceras, etc. The phy-
lum Zoopagomycota involved Mycoemilia, Cochlonema, 
Rhopalomyces, etc. Chlorophyta included Neochlorosrac-
ina, Prototheca, Symbiochloris, etc., and Basidiomycota 
included Phyllozyma, Kurtzmanomyces, etc. The phylum 
Ascomycota had the highest number of genera, including 
Cladosporium, Neoascochyta, Saccharomyces, Hansenias-
pora, and Kodamaea.

Fig. 4 Relative abundance of 
eukaryotic classes in soil sam-
ples. A - J: 5 cultivars from two 
farm locations and wild samples 
(K). L - Z: samples different 
fertilizer treatments (control = no 
fertilizer (AA)). For the code 
of samples (A-AA), please see 
Table S1
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Our first hypothesis that eukaryotic diversity from soil 
samples from wild date palms is lower than those col-
lected from farms of different date palm cultivars was not 
supported. However, in contrast to Shannon diversity, the 
number of OTUs was low in the wild date palm compared 
to cultivars. The wild date palm oasis where soil samples 
were collected is near the beach. Thus, we expected that the 
long-time evolutionary history of date palms being exposed 
to high salinity in soil (1,5 ppt (parts per thousand) com-
pared to between 0.4 and 0.6 ppt in the fertilizer experi-
ment) (Adenan et al. 2021), and low freshwater availability 
(compared to continuous irrigation of date palms in the 
two farms) would have a negative impact on the eukary-
otic diversity. Our result showed richness, and the effective 
number of species of eukaryotes from the rhizosphere of the 
wild date palms was in the middle range compared to the 
rhizosphere samples from the different date palm cultivars 
collected from farms. The large variation in soil salinity at 
the Rowdat Al-Faras, between different cultivars and the 
fertilizing experiment, might have been caused by excessive 
fertilizing of individual date palms (Darwish et al. 2005). 
While the exact amount of different fertilizers was con-
trolled during the fertilizing experiment, the same was not 
true for the cultivars grown outside the fertilizer experiment. 
This could potentially explain the large variation within the 
farm. Further support for this comes from all soil samples 

environmental factors (abiotic stress), host identity, devel-
opmental stages, and plant properties like age and genotype 
(biotic stress) are considered the main driver of plant fungal 
endophyte diversity and composition (Hunter et al. 2014; 
Mefteh et al. 2017). In line with this, we found that geo-
graphic locality and cultivar type (genotype) were the main 
drivers of variation in eukaryotic communities in the date 
palm rhizosphere by using core-Pan OTUs analysis. Only 
14 OTUs were shared among all samples, and the high-
est unique OTUs number was 116 OTUs (wild date palm 
microbiome population), followed by 67 OTUs (Nabot 
saif cultivar, farm 1) and 53 OTUs (Shishi cultivar, farm 
1). Eukaryotic diversity varies among diverse crops on the 
same farm (Kazeeroni and Al-Sadi 2016). The observed 
OTUs, Shannon index, and Chao1 richness estimates of soil 
samples from date palm and acid limes had higher fungal 
diversity than soil samples from cucumbers in a semi-Oasis 
farm in Oman (Kazeeroni and Al-Sadi 2016). In a study on 
the microbiome of date palms in an oasis in Saudi Arabia, 
Streptophyta dominated in Sukkari cultivars and was absent 
in Khalas cultivars while Ascomycota dominated Khalas 
cultivars and was absent in Sukkari cultivars (Dhawi and 
Alsanie 2022). In another study at a semi-oasis farm and 
organic farm in Oman, Ascomycota was the most dominant 
phylum in most samples (date palm, acid limes, cucumber, 
and tomato) (Kazeeroni and Al-Sadi 2016).

Fig. 5 Principal component analysis (PCA) plot showing the associa-
tions between chemical element concentrations, pH, salinity, eukary-
otic phyla (shown in red), date palm cultivars among locations in 
Qatar, and fertilizer treatments (shown in blue). The significant influ-

ence of the chemical parameters & eukaryotic phyla (shown in red) is 
indicated by the distance of each point from the origin. For the code of 
samples, please see Table S1
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avenae) (Qiu et al. 2020). Organic fertilizers often enrich 
microbial diversity compared to chemical fertilizers in con-
ventional agriculture (Maeder et al. 2002; Chaudhry et al. 
2012). Our results showed that using highly concentrated 
biofertilizer enhances eukaryotic diversity when combined 
with low concentrations of chemical fertilizers. The fertil-
ization practices influence the soil microbiome by altering it 
through the enrichment of soil chemical characteristics (Ai 
et al. 2015; Yao et al. 2018). In addition, inoculating plants 
with microbial communities has frequently been shown to 
support growth and yield, and combined with fertilizers, 
this could optimize agricultural practices (Guo et al. 2021; 
Khan et al. 2022; Ul Haq et al. 2022). These findings can 
help the management of microbiota in the date rhizosphere 
and improve soil management techniques for date palm 
management.

Conclusions

Chlorophyta, Streptophyta, Imbricatea, Chytridiomycota, 
Ascomycota, and Olpidiomycota were the dominant eukary-
otic phyla from the date palm rhizosphere. The eukaryotic 
microbial communities varied between wild and cultivated 
date palms. The rhizosphere of the wild-type date palm had 
fewer eukaryotic OTUs (435) than cultivated date palms 
(402–778), possibly due to the strong influence of soil salin-
ity and moisture level on microbes. However, the rhizo-
sphere of wild-type date palms hosted the highest number 
of unique OTUs (116), likely reflecting selection from the 
stressful environment, less available nutrients, and water 
compared to cultivars grown on farms. PCA revealed that 
the eukaryotic microbiome of the wild date palms was sepa-
rated from the cultivated date palms and that the eukaryotic 
microbial diversity varied between date palm cultivars in 
similar environments. The 100% biofertilizer and chemical 
fertilizer resulted in the lowest alpha diversity. In contrast, 
a high concentration of biofertilizer combined with a low 
concentration of chemical fertilizers enhanced the eukary-
otic diversity within the community, suggesting that a com-
bination of biofertilizers and chemical fertilizers may be 
needed to optimize soil health. Future research should focus 
on the interaction between microbial communities and fer-
tilizers and their impact on date palm yield, quality, and 
stress tolerance.
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supplementary material available at https://doi.org/10.1007/s10725-
024-01121-5.
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showing low salinity levels within the fertilizing experiment 
where the fertilizing was controlled. The soil microbial 
community could be altered due to soil salinization, affect-
ing the soil nutrient cycle in terrestrial ecosystems (Zhang 
et al. 2019b, 2019c). Soil salinity and water availability are 
factors that affect the microbe’s population in deserts (Rath 
and Rousk 2015). Usually, microbes contain 70% moisture 
in their cell, and soil moisture level strongly influences the 
gaseous exchange and liquid diffusion of microbes in the 
soil (Banerjee et al. 2016). Our results align with other stud-
ies that found the microbial community in the rhizosphere 
associated with wild and cultivated plants to differ. For 
example, there were significant differences in fungal com-
munity structures between the wild and reintroduced rhizo-
sphere soil of Magnolia sinica in the relative abundance of 
taxa at the phylum level (Shen et al. 2020). Similarly, the 
dominant fungal phyla differed between natural and culti-
vated walnut trees, and naturally growing trees had a higher 
Shannon diversity (Bai et al. 2020). In contrast, there were 
no significant differences in the dominant phyla and genera 
in the rhizosphere of wild and cultivated soybean (Zhang et 
al. 2019a).

Our second hypothesis that the biofertilizer results in 
higher eukaryotic diversity in the rhizosphere compared to 
chemical and organic fertilizers was not supported by the 
results obtained from this study. Instead, the highest diver-
sity in the rhizosphere was found in the treatments combin-
ing biofertilizer and chemical fertilizers. However, similar 
to other studies, we found the OTUs number increased 
with decreasing chemical fertilizer treatment concentration. 
Date palm trees used for fruit production at commercial 
levels, unlike wild-type date palms, require extra energy 
to maximize the yield of dates besides maintaining normal 
tree growth. For that, stable and high date yields depend 
on healthy soil structure and fertility support. Soil fertiliza-
tion, involving organic or chemical fertilizer, could influ-
ence rhizosphere microbial communities by altering their 
food or energy sources, whereas the quality and quantity of 
root exudates (Kerry 2000; Van Nuland et al. 2016; Zhang 
et al. 2017). Our result showed that the highest richness and 
greatest effective number of eukaryotic species was found 
in the combination of 100% biofertilizer and 30% chemical 
fertilizers. However, bioorganic fertilizer leads to signifi-
cantly higher fungal diversity in a maize-cabbage rotation 
system than chemical fertilizer alone (Qiao et al. 2019).

Proper agriculture management of perennial woody plants 
should conserve soil microbiota and allow soil microbes to 
enrich the rhizosphere (Maeder et al. 2002; Chaudhry et al. 
2012). A study in China found that applying organic fertil-
izer changed not only the fungal rhizosphere but also sup-
pressed a common soil-born pathogen that frequently causes 
significant losses in yields of cereal crops (Heterodera 
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