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The structure and function of the global citrus
rhizosphere microbiome
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Citrus is a globally important, perennial fruit crop whose rhizosphere microbiome is thought
to play an important role in promoting citrus growth and health. Here, we report a com-
prehensive analysis of the structural and functional composition of the citrus rhizosphere
microbiome. We use both amplicon and deep shotgun metagenomic sequencing of bulk soil
and rhizosphere samples collected across distinct biogeographical regions from six con-
tinents. Predominant taxa include Proteobacteria, Actinobacteria, Acidobacteria and Bacter-
oidetes. The core citrus rhizosphere microbiome comprises Pseudomonas, Agrobacterium,
Cupriavidus, Bradyrhizobium, Rhizobium, Mesorhizobium, Burkholderia, Cellvibrio, Sphingomonas,
Variovorax and Paraburkholderia, some of which are potential plant beneficial microbes. We
also identify over-represented microbial functional traits mediating plant-microbe and
microbe-microbe interactions, nutrition acquisition and plant growth promotion in citrus
rhizosphere. The results provide valuable information to guide microbial isolation and cul-
turing and, potentially, to harness the power of the microbiome to improve plant production
and health.
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undoubtedly benefit plants by preventing pathogenic
infection and assisting in nutritional acquisition from the
soil. Understanding the taxonomic, genomic, and functional
components of the rhizosphere microbiome is crucial for mana-
ging them for sustainable crop production2. Progress has been
made toward the characterization of rhizosphere microbiomes in
certain model and crop plant species, including Arabidopsis>*,
rice’, millet®, soybean’, corn®, barley’, wheat!?, sugarcane!l,
cucumber!?, citrus!3, populus!4, and grapevine!® by exploring the
structure, functional genes, and factors that determine assembly
of the microbiome. Most studies of plant-associated microbial
communities have been conducted by means of ribosomal
amplicon-based approaches3-6810:1L14-16 " However, amplicon-
based community profiling does not provide either the genomic
or functional details of the microbiome. Research priorities
for harnessing plant microbiomes for sustainable agriculture
include determining the functional mechanisms mediating
plant-microbiome interactions and defining the core microbiome
of crop and non-crop plant species2. These research priorities
require metagenomic studies of the microbiome that can provide
taxonomic, genomic, and functional information for a given
community. Such whole-genome shotgun sequencing-based
metagenomic studies have been conducted for human, animal,
and oceanic microbiomes'718 as well as complex soil
communities»!>»1319-22 However, the global pattern of the
genomic and functional contents of rhizosphere microbial com-
munities remains largely unexplored; such information is needed
to understand and manage microbial functions in agroecosystems
in support of enhancing global agriculture in the future?3.
Citrus originated in southeast Asia?*2%, and cultivation of
citrus began at least 4000 years ago?®. Citrus is a large
genus including several major cultivated species. Citrus is culti-
vated in more than 140 countries that define several
distinct biogeographical regions. The total worldwide citrus
acreage was approximately 9 million hectares with a production

The rhizosphere harbors diverse microbes, many of which

Lat

of 122.3 million tons in 2009, making citrus the largest fruit
crop?’. The genome sequences of several citrus germplasms have
been deciphered?’-39, extending the capacity to effectively
genetically interrogate plant-microbiome interactions. Citrus
thus represents an ideal model system to study the taxonomic,
genomic, and functional components of the rhizosphere micro-
biome at a global scale. Moreover, citrus production worldwide
has recently been hampered by environmental and disease pres-
sures’!, and harnessing citrus-microbiome interactions to
address biotic and abiotic stresses offers an opportunity to
increase sustainable citrus production.

The International Citrus Microbiome Consortium was estab-
lished in 2015%2. Members of the consortium sampled rhizo-
sphere and bulk soil samples from six continents representing
distinct biogeographical regions, and performed amplicon and
deep shotgun metagenomic sequencing of the rhizosphere and
bulk soil samples to define the rhizosphere in each setting. Here,
we present the results of this comparative study and define the
genomic and functional features of the citrus rhizosphere from
metagenomic sequencing of the community members, laying a
foundation for harnessing the microbiome for sustainable citrus
production.

Results

Taxonomic features of the global citrus rhizosphere micro-
biome. Citrus rhizosphere and the associated bulk soil samples
were collected from 23 representative locations in eight major
citrus-producing countries spanning all six continents where
citrus is grown>3 to explore the identity of the microbes con-
stituting the rhizosphere microbiome and their genomic and thus
functional features (Fig. 1, Supplementary Table 1, Supplemen-
tary Figure 1 and Supplementary Data 1). These 23 locations
included 7 different soil types, and 6 climate types, with soil pH
varying from pH 5.2 to 8.8, and with highly variable organic C, N,
and P contents. A total of 12 citrus varieties were assessed. We
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100 200
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Fig. 1 Geographic distribution of sampling sites across the world's citrus producing regions. Purple stars, the sampling sites; orange, major citrus producing
countries. Map was adapted according to FAQ data from 2016 (ref. 33). Asterisk: only rhizosphere soil samples were collected
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performed both amplicon (16S rDNA and ITS2) and deep
shotgun metagenomic sequencing of both the rhizosphere and
bulk soil samples. Approximately 1.22 and 0.76 million high-
quality sequence tags were generated for the 16S and ITS
sequencing samples, respectively (Supplementary Table 2, 3).
After removal of sequences associated with the citrus host, on
average 21,942 and 22,797 16S rDNA tags and 21,523 and 22,555
ITS2 tags were generated for each bulk soil and rhizosphere
sample, respectively (Supplementary Table 2, 3).

More than 1.49 terabase pairs (Tbp) of shotgun metagenomic
sequences were generated, yielding an average of 231.2 million
(standard deviation, 3.55) paired-end reads (150 bp) for each
sample. After the removal of sequences of citrus (on average,
1.16% of the clean reads) (Supplementary Table 4), de novo
assembly was performed using a groupwise approach (see
Methods, Supplementary Figure 2 and Supplementary Table 5).
On average, 48.3% of the reads were utilized for metagenomic
contig construction (Supplementary Table 5), a proportion that is
higher than previous studies'>!3. Approximately 230 million
metagenes were predicted from the metagenomic contigs. These
metagenes were then clustered into about 183 million non-
redundant genes (unigenes).

Amplicon-based community composition analysis is a classical
approach for microbiome analysis. However, shotgun metage-
nomic sequences generated without PCR amplification can also
be used to determine the identity and relative abundance of
microbes whose presence might not be detected in ribosomal
gene amplicons due to primer bias® and have been successfully
utilized in the interrogation of diverse microbiomes®!>17:18,
Here, we determined the identity of microbes in the citrus
rhizosphere and associated bulk soil primarily by metagenomic
sequencing, but complemented such assessments using amplicon
sequences. Taxonomic annotations were assigned to 40.66% of
the unigenes, 40.48% of which were prokaryotic (bacteria and
archaea) (representing 99.55% of the total annotated unigenes).
Only 0.17% of the unigenes were annotated as eukaryotic
(including fungi, protozoa, algae, and plants) (representing
0.41% of the total annotated unigenes). Viral genes represented
only 0.02% of the annotated unigenes, indicating potential
annotation biases that lead to the underestimation of eukaryotic
and viral communities. Such results support the conjecture that
our understanding of soil/plant microbiomes is at an early stage,
with little known about many community members>4, Estimates
of community composition made from amplicon and metage-
nomic sequences were highly concordant at the phylum level
(pairwise Spearman’s correlation coefficient R% > 0.85 for 16S and
unigenes, and R?>0.73 for ITS2 and unigenes). The dominant
prokaryotic phyla found in the citrus rhizosphere included
Proteobacteria, Actinobacteria, Acidobacteria, and Bacteroidetes,
while fungal phyla, included Ascomycota and Basidiomycota
(Fig. 2a and Supplementary Figure 3, 4).

We have previously observed the difference between the
microbial diversity in the bulk soil and the rhizosphere of citrus
using samples from the same location and observed the effect of
root exudates on the composition of the rhizosphere commu-
nity>>. We investigated the taxonomic distinctiveness of the
citrus rhizosphere and bulk soil microbiomes with samples
across-the-globe here. No significant difference between the
alpha diversity of the bulk soil and rhizosphere was seen; overall
(P-value > 0.05, pairwise ANOVA) or within-site comparison
(P-value > 0.05, one-sided t-tests, Fig. 2b and Supplementary
Figure 5a). Samples from Brazil were the exception, however,
with rhizosphere and bulk soils differing in community
composition (P-value < 0.05 based on t-tests). Principal coordi-
nate analysis (PCoA) and variation partitioning analysis (VPA)
based on unweighted UniFrac distance (beta diversity) also

revealed that the community composition of the rhizosphere
and bulk soil did not differ (P-value > 0.05, F-value = 1.23 using
permutation-based ANOVA, Fig. 2c and Supplementary Fig-
ure 5b). We then compared the relative abundances of microbes
in the bulk soil and rhizosphere at both high (phylum) and low
(genus) taxonomic ranks using amplicon-based and metage-
nomic sequences to identify those community members
differing in abundance in these two habitats (corrected P-
value < 0.05, DESeq2, Supplementary Data 2-5 and Supplemen-
tary Figure 6, 7). Both amplicon-based and metagenomic
approaches revealed that multiple bacterial phyla, such as
Proteobacteria and Bacteroidetes, were present at a higher
relative abundance in the rhizosphere, whereas multiple archaea
phyla, such as Crenarchaeota, Euryarchaeota, and Thaumarch-
aeota were recovered at lower relative abundance in the
rhizosphere (corrected P-value <0.05, DESeq2, Supplementary
Data 2 and 3). No fungal phyla exhibited any difference in
relative abundance between rhizosphere and bulk soil (corrected
P-value > 0.05, DESeq2, Supplementary Data 2 and 3). At lower
taxonomic ranks, 142 genera were enriched in the rhizosphere
microbiome, whereas 160 genera were depleted (corrected P-
value < 0.05, DESeq2, Supplementary Data 4, 5 and Supplemen-
tary Figure 6, 7). The rhizosphere-enriched prokaryotic genera
were over-represented in the phyla of Proteobacteria and
Bacteroidetes (corrected P-value <0.05, Fisher’s exact test),
whereas the depleted genera were mainly affiliated with
Cyanobacteria, Firmicutes, Actinobacteria, and Euryarchaeota.
Several genera distributed in Ascomycota were enriched in
the rhizosphere microbiome (Supplementary Data 4, 5 and
Supplementary Figure 7).

Core taxa of the global citrus rhizosphere microbiome. Since
the metagenomic sequences obtained provided more compre-
hensive taxonomic information and given the community com-
positions made by this method were consistent with that from the
amplicon sequences, this method was chosen to define a core
rhizosphere microbiome. The metagenomic sequences also pro-
vided both taxonomic and functional information of a given
taxon’. The core taxa of the rhizosphere microbiome were
identified based on the following criteria: the genera were both
enriched in the rhizosphere compared to the corresponding bulk
soil samples and present in more than 75% of the samples from
across-the-globe®. By such a metric, the majority of the identified
microbes, namely, 1677 of 2193 (76.5%) genera were present in
more than 75% of the rhizosphere samples and 138 genera were
enriched from bulk soil to the rhizosphere. Using the afore-
mentioned criteria, 132 genera were identified in the core citrus
rhizosphere microbiome (Fig. 3a and Supplementary Data 5).
The core rhizosphere microbes, such as Pseudomonas, Agro-
bacterium, Cupriavidus, Bradyrhizobium, Rhizobium, Shinella,
Mesorhizobium, Burkholderia, Cellvibrio, Sphingomonas, Var-
iovorax, Paraburkholderia, Dyadobacter, Novosphingobium,
Devosia, and Ensifer, were over-represented in Proteobacteria
(corrected P-value < 0.05, Fisher’s exact test) (Fig. 3b and Sup-
plementary Figure 7a). Multiple members affiliated with these
core bacterial genera are known as plant beneficial microbes, and
these microbes might help maintain plant hormone balance,
control root development, facilitate nutrition acquisition, and
prevent disease in the plant host3®37. In addition, seven core
rhizosphere fungal genera, affiliated with Ascomycota, were
identified as core microbiota (Fig. 3b and Supplementary Fig-
ure 7a). Some of these core fungal genera, such as nonpathogenic
Fusarium and Hirsutella, may be potential biocontrol agents that
could control fungal and nematode pathogens, respectively383°,
Exophiala and Colletotrichum have been suggested to promote

| (2018)9:4894 | DOI: 10.1038/541467-018-07343-2 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-07343-2

a c 16S data
16S Meta
19 s — — EEmmm W Others 0.2 Compartment
I — = —_— W Spirochaetes A "
- ] Rle)igococcus-ihermus N <> Bulk soil
) - ® Tenericutes * A Rhizosphere
2 0.75 A - W Candidatus_Tectomicrobia 0.1- P A | Location
®© B Candidatus_Rokuabacteria ° A AUS
'g B Cyanobacteria N A
S ® Verrucomicrobia 3 A A BR
Qo Nitrospirae ~ .
T 0.5 B Firmicutes LAY M CN
(] Gemmatimonadetes O & FR
.; M Planctomycetes a 53
© B Thaumarchaeota A mIT
[ B Crenarchaeota A s ¢
@ 0.25 W Chloroflexi 01— o - W SA
. Bacteroidetes
B Acidobacteria ¢ " M SP
s . m s
0 N e N e 024 ¢
S < S & T T T T
N K N e -02 -01 -00 -01 -02
& & PC1 16.57%
& &
b 168 data
9.5 —_ J—
oo — - ﬁ : BE E Ii' . N.S.
x 8.5 i i N.S.
3 - ] i N.S.
g — ) H
2 8.0 NS : -
c H
© H
5 = . N.S.
7.5 4
NS T
7.0 H
AUS BR CN — FR IT SA SP us
6.5 - T T T T T T T T T T T T T T T
0\\ Q\QJ & 0\?) 0\\ Q}Q) 0§ Q}Q & Q}Q Q}Q o§, Q}Q o\\ Q}QJ
@ N @ & @ v @ & @ & & @ N @ &\
¥ rgQ N q,Q N QQ N %Q N %Q QQ ¥ o_,Q N r:,Q
> S QX O > o ° S < S o > S o s
AR < QT & & & T & R
& & & <& & & & &

Fig. 2 Taxonomic distribution and diversity comparisons in citrus rhizosphere and bulk soil microbiomes. a Phyla-level distributions in the bulk soil and
rhizosphere samples based on 16S amplicon and metagenomic data. b Alpha diversity comparison between the bulk soil and rhizosphere samples from
each location based on the Shannon index using the 16S data; N.S. no significant, *P-value < 0.05. One-sided t-test; center value represents the median of
Shannon index. ¢ PCoA based on the unweighted UniFrac distance between the bulk soil and rhizosphere for each location using the 16S data. AUS
Australia, BR Brazil, CN China, FR French Réunion island, IT Italy, SA South Africa, SP Spain

plant growth via hormone production and phosphorus absorp-
tion, respectively, under abiotic stresses*%-41.

Core functional traits of the global citrus rhizosphere micro-
biome. The unigene set of the citrus rhizosphere and bulk soil
microbiomes was four and 18-fold larger than that of the human
gut and Tara oceanic microbiomes, respectively, and both human
and Tara data were saturated'®42. However, rarefaction analysis
of our unigene set indicated that the unigene sets for both citrus
rhizosphere and bulk soil microbiomes did not reach a plateau
(Fig. 4a), suggesting higher diversity and complexity within the
citrus rhizosphere and bulk soil microbiomes remains to be
found. Functional annotations were obtained for approximately
54% of the unigenes (98.8 of 183 million) by blasting against the
KEGG Orthology (KO) database, and 15,610 KOs were assigned
to the annotated unigenes. The KOs were mainly involved in 23
KEGG level 2 pathways (Fig. 4b). In total, 10,258 out of 15,405
(66.6%) and 10,749 out of 15,072 (71.3%) KOs were identified in
at least 75% of the rhizosphere and bulk soil microbiomes,
respectively, that were examined. A pairwise comparison of the
rhizosphere and bulk soil samples revealed that 1748 KOs were

enriched in the rhizosphere samples, whereas 1417 KOs were
depleted. Using such a 75% representation and enrichment as in
the core taxa analysis, we defined the core and depleted functional
traits of the citrus rhizosphere microbiome. Consequently, 1620
core and 1400 depleted functional traits were identified in the
citrus rhizosphere (corrected P-value <0.05, DESeq2, Fig. 4c, d
and Supplementary Data 6). These core functional traits were
mainly involved in plant-microbe and microbe-microbe inter-
actions and pathways that might be involved in nutrient acqui-
sition of microbes. The rhizosphere-depleted functional traits
were involved in genetic information processing and metabolic
pathways, such as carbohydrate metabolism, amino acid bio-
synthesis, energy metabolism, and nucleic acid biosynthesis
(Fig. 4e, Supplementary Figure 8 and Supplementary Data 6).
Plant-microbe and microbe-microbe interactions are very
likely to be important factors that would influence the assembly
of rhizosphere microbiomes. The KOs involved in known
plant-microbe and microbe-microbe interactions, such as
bacterial secretion systems, flagella assembly, bacterial chemo-
taxis, bacterial toxins, bacterial motility, two-component system,
and biofilm formation, were over-represented in the core
rhizosphere microbiome (corrected P-value < 0.05, Fisher’s exact
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Fig. 3 Characterization of the core citrus rhizosphere microbes. a Venn plot
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rhizosphere using metagenomic sequences. b Relative abundances of the
60 most relatively abundant core rhizosphere genera across locations and
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Australia, BR Brazil, CN China, FR French Réunion island, IT Italy, SP Spain

test, Fig. 5a and Supplementary Figure 9, 10a). The antimicrobial-
resistance and antibiotic synthesis genes associated-KOs were also
enriched in the rhizosphere microbiome (Supplementary Fig-
ure 10b). These observations suggested that more intimate
host-microbe and microbe-microbe interactions occur in the
rhizosphere than in the bulk soil. Notably, the KOs involved in
CRISPR-associated immunity, including Csm3, Cmr3, Csc2,
Cmré6, and Csxl, were enriched in the bulk soil microbiome
(Supplementary Figure 10b).

Nutrition is an important factor that shapes the rhizosphere
microbiome. The rhizosphere is replete with plant-derived
compounds that would be likely nutrient sources for microbes.
Consistent with this, the KOs that include transporters

responsible for transporting plant-derived nutrients, such as,
amino acid, peptide, urea, oligosaccharide, and monosaccharide,
into microbial cells, were over-represented in the core rhizo-
sphere microbiome (corrected P-value < 0.05, Fisher’s exact test,
Supplementary Figure 1la). The enrichment of pathways
involved in the degradation of aromatic compounds such as
benzoate, aminobenzoate, and xylene, was also observed in the
core rhizosphere microbiome (Supplementary Figure 11b). Plants
would commonly release such aromatic compounds, often as
defenses to plant pathogens. On the other hand, the rhizosphere-
depleted KOs included those mediating carbon fixation and
amino acid biosynthesis (Fig. 5b and Supplementary Figure 12).
Such findings were consistent with the fact that rhizosphere
microbes can acquire diverse simple carbon and nitrogen sources
from root exudation*3, and thus would not need to invest in their
biosynthesis. These observations were also consistent with the
observation that photosynthetic microorganisms, such as Cyano-
bacteria were under-represented in the citrus rhizosphere
microbiome. In addition, the KOs affiliated with peptidases,
which are involved in protein degradation and amino acid
recycling, were depleted in the rhizosphere microbiome, further
suggesting that rhizosphere microbes can directly obtain amino
acids from root exudates, and that amino acids represent a more
important nitrogen and/or carbon source than proteins in this
habitat (Supplementary Figure 13a). Transcription factors also
tend to be over-represented in the rhizosphere communities
(corrected P-value <0.05, Fisher’s exact test, Supplementary
Figure 13b). Those transcription factors that were most over-
represented included those in the LysR, AraC, Lacl, GntR, IcIR,
and LuxR families of transcriptional regulators. Such regulators
are typically involved in metabolism, transport, quorum sensing,
motility, the stress response, and pathogenesis*4~4°, processes that
might be expected to be prominent in the rhizosphere.

Many of the core rhizosphere KOs might benefit plants
through their involvement in multiple processes, such as
nutritional acquisition, hormonal balance, environmental adapta-
tion, and pathogenic inhibition to protect plants (Supplementary
Figure 14). Specifically, some rhizosphere-enriched KOs are
involved in phosphate solubilization (pgqB, appA), phosphate
transport (phnCEF), nitrate/nitrite transport (nrtABC), and
siderophore (iron chelating compound) synthesis. However,
some KOs involved in responses to low phosphate levels
(phoRPA, senX3, regX3) as well as nitrification (pmoA/amoA)
were depleted in the rhizosphere microbiome (Supplementary
Figure 14). The KOs involved in salicylate synthesis (ics and irp9),
salicylate degradation (nagG and mnagH), and acetoine/2,3-
butanediol synthesis (budC) were enriched in the rhizosphere
microbiome. However, some KOs involved in nitric oxide
synthesis (nirK) were depleted in the rhizosphere microbiome
(Supplementary Figure 14).

Discussion

In this study, we performed a biogeographical study of the
taxonomic and functional features of citrus rhizosphere micro-
biomes on a global scale to better determine plant driven taxa and
their properties in this habitat. Previous studies of rhizosphere
and soil microbiomes have been mainly based on amplicon
sequencing approaches3-6810:11,14-16,50.51 However, small-scale
shotgun metagenomic studies of soil and rhizosphere micro-
biomes have been conducted®!213.19.20 that also can provide
functional information of the community in addition to com-
munity taxon composition. The decreasing cost of metagenomic
sequencing has made large-scale and global studies of micro-
biomes in human gut*2, ocean!$, and soil21-22 possible. Recently,
Bahram and colleagues analyzed the structure and function of the
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A: Two-component system

B: Transcription factors

C: ABC transporters

D: Biofilm formation

E: Bacterial motility proteins

F: Bacterial secretion system

G: Antimicrobial resistance genes

H: Benzoate degradation

I: Quorum sensing

J: Xylene degradation

K: Arginine and proline metabolism

L: Chlorocyclohexane and chlorobenzene degradation
M: Membrane and intracellular structural molecules
N: Polyketide biosynthesis proteins

O: Prokaryotic defense system

P: Aminobenzoate degradation

Q: Glyceropholipid metabolism

R: Lipopolysaccharide biosynthesis proteins

S: Sulfur metabolism

T: Cysteine and methionine degradation

U: Flagellar assembly

V: Lysine degradation

W: Dioxin degradation

X: Toluene degradation

Y: Phenylalanine degradation

Z: Bacterial toxins

A1: Phosphonate and Phosphinate metabolism
B1: Bacterial chemotaxis

C1: Tyrosine metabolism

D1: Geraniol degradation

E1: Polycyclic aromatic hydrocarbon degradation

Fig. 4 Characterization of the core function of the citrus rhizosphere microbiome. a Rarefaction curve of detected genes in citrus rhizosphere and bulk soil
microbiomes based on 100-fold permuted sampling orders, center value represents the median of detected genes. b Functional KEGG level 2 pathway
comparison of citrus rhizosphere and bulk soil microbiomes. € Venn plot depicting the number of core rhizosphere KOs based on the presence rate (>75%) in
all samples and the KO enrichment from bulk soil to rhizosphere. d Venn plot depicting the number of universal rhizosphere-depleted KOs based on the
presence rate (>75%) in all samples and the depleted KOs from bulk soil to rhizosphere. e The distributions of the rhizosphere core KOs in the KEGG level 3
pathways; *corrected P-value < 0.05; **corrected P-value < 0.01; ***corrected P-value < 0.007; Fisher's exact test and P-value corrected by the BH method

global topsoil microbiome using a metagenomic approach?2. Such
a study addressed the need to understand both global distribution
patterns of taxa and their functional genes to better understand
soil functioning®?. In this study, we compared the structure and
function of the global citrus rhizosphere with that in the asso-
ciated bulk soil using both the amplicon and shotgun metage-
nomic sequencing approaches. There was a strong concordance
between the abundant microbes detected with these two methods
as in the previous studies®. As in earlier studies that used a
metagenomic approach to profile the plant-associated micro-
biome?, we found that bacteria dominated the rhizosphere and
that eukaryotes accounted for a small fraction of the sequences
that could be associated with known taxa. The apparently low
proportional representation of eukaryotes in the rhizosphere
probably results from the fact that our taxonomic classification
method to identify community composition was reference-based,
and the reference genomes of most eukaryotes are not available®.
Such a conjecture is supported by the fact that more than 59% of
the unigenes could not be assigned to any known taxon.

Most reports, as in the study have revealed that while there is a
great diversity of bacterial communities, relatively few bacterial
taxa predominate in any given soil. Delgado-Baquerizo et al.
reported that only 2% of bacterial taxa account for nearly half of
the soil bacteria at various sites around the globe>!. We likewise
found that only a few bacterial taxa, such as Proteobacteria,
Actinobacteria, Acidobacteria, and Bacteroidetes, are abundant in
both the bulk soil and citrus rhizosphere from samples taken on
various continents. These abundant bacterial taxa in the citrus
rhizosphere microbiome are also found to be the dominant
members of the rhizosphere of other plant species>~1214-16_ Some

taxa from Proteobacteria and Bacteroidetes were enriched from
bulk soil to rhizosphere, whereas some autotrophic microorgan-
isms, such as Cyanobacteria, were depleted in the rhizosphere
microbiome. The enrichment of the microbes in the rhizosphere
can be attributed to their lifestyles (e.g., the fast growth and ability
of copiotrophs to utilize a variety of C sources present in the
rhizosphere)?1>2. Several other reports have documented the
enrichment of Proteobacteria and Bacteroidetes in the rhizo-
spheres of different plant species>®!1. Our study revealed that
components of the citrus rhizosphere under field conditions were
similar, despite there being present in different geographical
locations, suggesting a host-driven selection for particular traits.
The fact that only a few prevalent microbes are enriched in the
rhizosphere from apparent soil sources, should simplify the
identification of microbes as targets for future interventional
studies to test their role in citrus productivity and studies in
disparate locations.

The particular microbial taxa recruited to the rhizosphere from
the soil microbial reservoir vary between plant species; however, a
given plant genotype apparently selects a particular core
microbiome! %6, The core microbiome of the plants probably
contributes to plant growth® and health!3-3%°3, Thus far, the core
microbiome of most plants has been defined based on taxonomic
markers>»®1116 However, some have emphasized that more
attention should be placed on identifying of microbes having
common functions that are selected for in a given rhizosphere
setting; such a function-based definition of the microbiome
should facilitate efforts to manipulate communities for useful
purposes>®>4, Our comprehensive metagenomic sequencing of
rhizosphere communities from diverse biogeographical regions
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Fig. 5 Relative abundances of core and universally depleted KOs in the rhizosphere microbiome. a Relative abundances of core rhizosphere KOs involved in
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and associated with different citrus germplasms enabled us to
better define a global core of rhizosphere microbes and their
functional traits. Some of the core citrus rhizosphere microbes
identified here overlap with those identified in previous studies of
Arabidopsis>*, millet®, sugarcane!!, and cooloola!®, suggesting
that many plant factors driving community assembly may be
common between plant species. Furthermore, some of these core
citrus root-associated microbes are beneficial to the plants®. For
example, Pseudomonas, Agrobacterium, Bradyrhizobium, Rhizo-
bium, and Burkholderia have all been found to inhibit plant
disease in different contexts'>3>>3, The identification of a core of
rhizosphere microbes on citrus provides a useful starting point for
future studies that could exploit synthetic communities to
determine the interaction between microbes in their interactions
with citrus itself. It will be important to determine not only the
manner in which these microbial assemblages associated with the
roots of citrus, but also their stability before one can associate
them with, and perhaps exploit them for, stress tolerance, and
disease resistance. Although we defined the core rhizosphere
microbiome under the aforementioned criteria, some of these
core rhizosphere microbes may be common in all soils where
citrus is planted but may not be specific for citrus. Consequently,
further experiments are needed to define the specific core citrus
rhizosphere microbiome.

Many of the core functional traits that are over-represented in
the citrus rhizosphere microbiome can be logically associated
with their growth and survival in the chemically-distinct envir-
onment mediated by root exudates of citrus as well as the
enhanced microbe-microbe interactions that would be expected
to be present in the communities of higher cell density found in
the rhizosphere. In contrast, as seen in other studies®1243,
functions related to carbohydrate metabolism and amino acid
metabolism are under-represented in the rhizosphere core
microbiome. This would suggest that the resources and

microenvironment provided by plants does not differ much
between plant species. The rhizosphere enrichment of bacterial
secretion systems, chemotaxis, flagella, assembly, nutrient
transporters, antimicrobial resistance, and antibiotic synthesis
genes indicates that the coevolution of host-microbe and
microbe-microbe interactions can be logically linked to the
conditions present in the rhizosphere, thus accounting for their
positive selection®. It is therefore expected that rhizosphere
enrichment of transcriptional factors would also be associated
with such microbes enriched in the rhizosphere because they
would be required for proper expression of adaptations to this
habitat. Interestingly, some CRISPR-associated proteins were
enriched in the bulk soil microbiome, indicating that microbes
face more intense selection pressures from bacteriophages. Phage
infection might be expected to be more prominent in rhizosphere
environments due to their higher population sizes, allowing epi-
demics of viral infection to occur. Consistent with the identifi-
cation of potential plant beneficial microbes in the citrus
rhizosphere, the core functional traits of the citrus rhizosphere
microbiome are likely involved in enhancing nutrient uptake by
plants as well as modulating hormonal balances, thereby influ-
encing environmental adaptation and the prevention of patho-
genic infection in plants. This observation supports that core
rhizosphere microbes provide benefits to plant growth and
health°.

While this study has provided a comprehensive taxonomic and
functional biogeographical analysis of the citrus rhizosphere
microbiome, such studies are still at a very early stage. Although
the current metagenomic sequences provide some insight as to
the potential functions of the rhizosphere community, assess-
ments of interaction between microbes in plants will only be
understood when we have better understanding of the expression
of these traits in situ such as meta-transcriptome!%13, meta-
proteome®’, and meta-metabolome®® data analyses and the study
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of culturable members of the community3>%%. In the long run,
a better understanding of the plant microbiome should enable the
utilization of such microbes to improve citrus health and
productivity.

Methods

Sample collection. To represent the biogeographical differences in rhizosphere
communities, we collected samples from 23 locations in eight citrus producing
countries®> spanning all six citrus-producing continents. The samples were col-
lected from diverse citrus varieties, soil types, and climate types and based on other
soil characteristics (Fig. 1, Supplementary Table 1 and Supplementary Data 1).
Representative citrus rhizosphere and corresponding bulk soil samples from these
locations were collected uniformly by all participants using the following protocol.
For each citrus producing country, three representative geographical locations with
prominent citrus production were selected. One representative commercial grove
from each location was chosen for sample collection. Four healthy citrus trees were
selected from each selected grove, and rhizosphere and corresponding bulk soil
samples were collected from each tree. The rhizosphere and corresponding bulk
soil samples of four trees from the same grove were pooled together as one sample
for each location. For each tree, the samples were collected from the 4 ordinate
directions approximately 1 meter away from the trunk as shown in Supplementary
Figure 1. The top 5-cm of soil was removed, and fine roots (approximately 1 mm
diameter) from a depth of 5-15-cm were collected. The roots were removed from
the soil with a shovel and then gently shaken to remove the soil that was not tightly
attached to the roots. The roots from the four locations were pooled and washed
using PBS buffer. The soil that was washed off from the roots was poured into a 50-
ml Falcon tube, centrifuged and stored at 4 °C until DNA extraction on the same
day; this soil was termed the rhizosphere compartment. Soil from the same 5-15-
cm depth in locations without any roots was collected from multiple sites near the
selected trees and stored at 4 °C until DNA extraction on the same day, and was
termed bulk soil. In total, we obtained 23 rhizosphere soil samples and 20 bulk soil
samples from 23 representative locations in the USA, China, Brazil, Spain, Italy,
Australia, France, and South Africa, (no bulk soil samples were collected from the
locations in South Africa) (Fig. 1 and Supplementary Table 1).

DNA extraction and sequencing. DNA was extracted from each sample using a
MoBio Powersoil DNA extraction kit (MoBio Laboratories Inc. Carlsbad, CA,
USA) following the manufacturer’s instructions with some modifications. The
DNA quality and quantity were determined by using a NanoDrop device (Thermo
Scientific, Wilmington, DE) or other similar equipment and electrophoresis (0.8%
agarose gel, including a 1kb plus ladder). The DNA samples from the four trees
collected from the same grove were pooled together and stored at —80 °C until use.
16S and ITS2 amplicon and metagenomic library preparation and sequencing were
performed according to the manufacturer’s protocol at BGI-Shenzhen, China. For
the amplicon library preparation, the amplification of 16S and ITS2 DNA frag-
ments was performed using the common amplified primers and methods of pro-
karyotic 16S rDNA V4 region (515F and 806R)°! and fungal ITS262. For
metagenomic library preparation, the metagenomic DNA was sonicated to the 350-
bp size range. DNA fragments were then end repaired, 3’-adenylated and amplified
using Illumina sequencing adapter-specific primers. After quality control, quanti-
fication and normalization of the DNA libraries, 150- and 250-bp paired-end reads
were generated from the Illumina HiSeq4000 and MiSeq platform according to the
manufacturer’s instructions with modifications for the metagenome and amplicon
(16S and ITS) analyses, respectively. More than 30 Gb of clean data and 30,000
clean reads were generated for each metagenomic and amplicon sample, respec-
tively (Supplementary Table 2-4).

Amplicon data analysis. Microbial community composition was determined by
sequencing 16S rRNA gene and ITS2 amplicons from DNA samples from the citrus
rhizosphere and corresponding bulk soil. The high-quality paired-end reads of the
16S V4 region and ITS2 were merged using FLASH software with the default
setting®®. The OTUs were obtained using UPARSE pipeline®* based on the merged
sequences. To obtain the taxonomic information of the OTUs, representative
sequences of each OTU were generated and aligned against the SILVA®® and
UNITE® databases using the RDP classifier®” for 16S and ITS2, respectively. The
OTUs and merged sequences, which were defined as unknown, chloroplast,
mitochondria or plants, were removed. The relative abundance tables for taxa
(OTU, genus, and phylum) were generated based on the read count for each taxon
across samples by using the total-sum scaling (TSS) method®®. Within-sample
diversity was calculated for each sample using the Shannon index based on the
normalized OTU abundance table using the rarefied method®. The significant
differences in alpha diversity across compartments were determined using two-way
ANOVA and one-sided t-tests”. The taxonomic dissimilarity analysis between
samples was performed based on the PCoA method with unweighted UniFrac
distances (beta diversity)%°. The VPA analysis with two-way PERMANOVA was
carried out based on the OTU relative abundance table using VEGAN packages in

R software®.

Metagenomic data analysis. The raw reads from metagenome sequencing were
used to generate clean reads by removing adaptor sequences, trimming and
removing low-quality reads (reads with N bases and a minimum quality threshold
of 20) at BGI-Shenzhen, China. The clean reads were further trimmed using Sickle
software’%, and trimmed reads shorter than 80 bp were discarded. The trimmed
reads were mapped to the sweet orange®”, Citrus clementina®® and Swingle citru-
melo’! genomes using Bowtie2 software’? to identify and remove the citrus host-
originated reads. The 23 rhizosphere and 20 soil samples were separated into 9
groups (Supplementary Figure 2) based on their microbial community similarity
calculated by Mash”3, and the pooled metagenomic reads from each group were de
novo assembled using Megahit’# ver. 1.0.3 with the meta-large preset parameter
(Supplementary Table 5). The final assembly comprised 223,971,928 contigs, with a
total length of 133.4 Gb. The metagenes were predicted using Prodigal’®. Using
CD-HIT-est with the identity cutoff of 95%7, 183 million nonredundant meta-
genes (unigenes) were obtained. To generate the taxonomic information of the
unigenes, the protein sequences were aligned against the NCBI microbial NR
database, which included bacteria, archaea, fungi, virus, protozoa, algae, and plants,
using DIAMOND?7 software with an E value cutoff of le—5. Based on the
MEGAN LCA algorithm’8, the taxonomic annotation of the unigenes was
assigned. To obtain functional information for the unigenes, the protein sequences
were blasted against the KO database using DIAMOND software. To generate the
taxonomic and functional abundance profiles, the reads from 23 rhizosphere and
20 soil samples were aligned to the unigenes using SOAP27° with the default
setting. The generated alignments were parsed, and the read count abundance was
generated.

Comparison analysis across compartments. Based on the abundance profiles,
the features (genera, phyla, and KOs) with significantly differential abundances
across compartments were determined using a statistical method, such as
DESeq2%® with a negative binomial generalized linear model. The read count
matrix for DESeq2 testing was normalized using the DESeqVS method®®. For the
detection of rhizosphere-enriched genera (abundance significantly higher than that
in bulk soil), rhizosphere-depleted genera (abundance significantly lower than that
in bulk soil) and KO in the metagenomic data, paired DESeq2 comparison analysis
was performed based on the read count matrix of the genera and KOs across the
bulk soil and rhizosphere samples (1 =20 for each group). To determine
rhizosphere-enriched and rhizosphere-depleted genera detected in the 16S (n =20
for each group) and ITS2 (n =13 for each group) data, we also used the paired
DESeq2 comparison analysis method. P-values for multiple testing were corrected
using the BH method in DESeq2. All items with corrected P-values < 0.05 were
considered significant. Furthermore, we defined core citrus rhizosphere microbial
genera and core citrus rhizosphere KOs based on the following: the genus or KOs
that were present in more than 75% of the samples across-the-globe for each group
and that were statistically enriched in the rhizosphere samples compared with the
corresponding bulk soil samples®. The relative abundances of rhizosphere-enriched
or rhizosphere-depleted taxa and functional traits are shown using the Pheatmap
package in R software. To demonstrate a clear rhizosphere-enriched/depleted
pattern, the relative abundance of each taxon or functional trait was normalized by
removing the mean (centering) and dividing by the standard deviation (scaling).

Code availability. Bioinformatic code is freely accessible through our website
(https://db.cngb.org/icrm).

Data availability

The raw sequencing reads were deposited in the NCBI Bioproject database under
the accession number PRJNA362455. The nonredundant reference catalog of the
citrus rhizosphere and bulk soil microbiome is freely accessible through our website
(https://db.cngb.org/icrm). Other data supporting the findings of the study are
available in this article and its Supplementary Information files, or from the cor-
responding authors upon request.
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