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The citrus root and rhizosphere microbiomes have been relatively well 
described in the literature, especially in the context of Huanglonbing disease. Yet 
questions addressing the assembly of root microbial endophytes have remained 
unanswered. In the above ground tree tissues, leaves and stems have been the 
research focus point, while flush and flower microbiomes, two important tissues 
in the vegetative and reproductive cycles of the tree, are not well described. 
In this study, the fungal and bacterial taxa in five biocompartments (bulk soil, 
rhizosphere, root endosphere, flower and flush) of citrus trees grown in a single 
California orchard were profiled using an amplicon-based metagenomic Illumina 
sequencing approach. Trees with no observable signs of abiotic or biotic stresses 
were sampled for two consecutive years during the floral development phase. 
The rhizosphere was the most biodiverse compartment compared to bulk soil, 
root endosphere, flower and flush microbiomes. In addition, the belowground 
bacteriome was more diverse than the mycobiome. Microbial richness decreased 
significantly from the root exosphere to the endosphere and was overall low in the 
above ground tissues. Root endophytic microbial community composition shared 
strong similarities to the rhizosphere but also contained few taxa from above 
ground tissues. Our data indicated compartmentalization of the microbiome 
with distinct profiles between above and below ground microbial communities. 
However, several taxa were present across all compartments suggesting the 
existence of a core citrus microbiota. These findings highlight key microbial taxa 
that could be engineered as biopesticides and biofertilizers for citriculture.
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Introduction

Developing integrated agriculture systems has become increasingly needed in the face of 
mounting global challenges. The environmental impact of agrochemical pesticides and fertilizers 
is leading to changes in consumer behavior toward sustainably grown food and food products 
and as a result, farmers are increasingly relying on biological-based technologies and less on 
synthetic chemistries. Microbiomes have been shown to provide many benefits to plants by 
priming the immune system and protecting them from diseases, facilitating nutrient acquisition, 
and overall enhancing health and increasing yield. Taking advantage of the microbiome at work, 
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i.e., the capitalization on microbial traits that are beneficial to the host 
or the environment or both, presents a promising avenue for the 
development of a more sustainable next-generation agriculture 
(Schlaeppi and Bulgarelli, 2015).

Commonly occurring organisms across similar microbiomes 
form a core microbial community that is hypothesized to play critical 
roles in ecosystem functioning within that type of microbial habitat 
(Shade and Handelsman, 2012; Gopal et al., 2013). While many deep 
sequencing studies have shown that plant microbiomes are made up 
of a plethora of microbial taxa, only a few taxa typically predominate 
in the larger community (Sagaram et al., 2009; Gottel et al., 2011; 
Weinert et al., 2011; Bodenhausen et al., 2013; Peiffer et al., 2013). 
Even in a variety of experimental settings, some of the highly abundant 
taxa in these studies are noticeably conserved across the microbiomes 
of related plant species. This implies that a core microbial community 
consistently associates with specific hosts at different spatial and 
temporal scales. However, it is known that the composition of the 
plant microbiota is influenced by a number of biotic and abiotic 
factors (Redford and Fierer, 2009; Bulgarelli et al., 2012; Lundberg 
et al., 2012; Rastogi et al., 2012). There is still much to learn about the 
composition of the core microbiome community and its significance 
for plant health, given that only a few studies have identified the key 
players in plant-associated microbial communities (Bulgarelli et al., 
2012; Lundberg et al., 2012; Rastogi et al., 2012).

Citrus is one of the most important perennial fruit crops in the 
world. Being a good source of vitamins, fiber, and minerals, it is 
commended for its nutritional qualities and advantages for human 
health. Citrus is also a major contributor to the economic value of the 
agricultural sector. It accounts for 16% of the total value of the 
United  States fruit production (Li et  al., 2020) with California 
representing 80% of the nation’s fresh fruit market with an annual 
value of 2.3 billion dollars (CDFA, 2021). There has been tremendous 
interest in exploring the structure and function of the citrus 
phyllosphere and rhizosphere microbiomes and engineering its 
assembly to address current challenges in citriculture (Zhang et al., 
2021; Ginnan et al., 2022). Root microbiome has emerged as a focal 
point of citrus health especially in the context of Huanglongbing 
(HLB) disease (Blaustein et al., 2017; Xu et al., 2018; Ginnan et al., 
2020; Wu et al., 2020).

Huanglongbing (HLB) or citrus greening is considered the most 
serious problem of citrus worldwide (National Research Council, 
2010). HLB is caused by an uncultivable Gram-negative phloem-
limited bacteria belonging to the Candidatus Liberibacter species (i.e., 
Ca. L. asiaticus, CLas; Ca. L. africanus and Ca. L. americanus), which 
are transmitted from infected to healthy plants by citrus psyllids 
(Bové, 2006). CLas infection causes phloem sieve occlusion and 
impairs translocation of photo-assimilated carbon to the root zone 
thereby weakening trees by decreasing the energy pool of 
non-structural carbohydrates (Etxeberria et  al., 2009). Lasting 
infection leads to root collapse and dysbiosis of root associated 
microbial communities including depletion of keystone taxa and 
enrichment of saprobes and parasitic soilborne fungi such as Fusarium 
and Phytophthora (Ginnan et al., 2020). However, despite our better 
understanding of the importance of root health on disease 
management, tree health and productivity, gaps remain to confidently 
develop effective guidelines for long-term disease management.

The highest concentrations of CLas can be found in midribs of 
flush (Chiyaka et al., 2012). A flush shoot may be defined as a new 

shoot growth with immature leaves but can range from as small as 
newly breaking buds of just feather flush to fully elongated shoots with 
expanded, tender leaves. In California and Mediterranean climates, 
flush is produced twice annually in relatively well-defined cycles, one 
related to plant growth in summer-autumn, and one related to 
flowering and fruiting in spring. Timing of flush development is 
genetically and environmentally governed, with temperature, 
photoperiod, solar radiation and rainfall (Moss, 1969, 1976; Olesen 
et al., 2013). The most critical of these for fruit production is the 
spring leaf flush since it coincides with both flowering and early fruit 
development. However, the microbial composition of the citrus flush 
has to our knowledge not been elucidated, even though this tissue is 
at the forefront of the infection in the HLB pathosystem. Profiling the 
citrus flush microbiome could identify potential beneficial organisms 
that are inhibitory to CLas or provide the host with environmental 
fitness and horticultural advantage.

Similar to the flush, the study of flower microbiome has 
surprisingly received little attention despite its direct role in fruit 
production. In citrus, flowering time and abundance depend largely 
on the species, the tree age, and the climatic conditions (Lau and 
Lennon, 2011; Agustí et al., 2020). However, research indicated that 
rhizosphere microbiome can also drive changes in the host 
phenological traits including flowering period (Lau and Lennon, 2011; 
Lu et al., 2018). The host phenological stage appears to be a major 
driver of the leaf microbiome assemblage indicating that it could also 
influence flower microbiome composition (Ginnan et  al., 2022). 
Flowering is the most important determinate of yield and quality of 
citrus fruit production (Stander, 2015). Particularly, flowers provide 
ephemeral but unique nutrient-rich and protective habitats for 
microorganisms (Aleklett et al., 2014) and the microbial make-up of 
flowers may affect disease outcome and in turn fruit yield. For 
example, fire blight disease severity of apple blossoms caused by 
Erwinia amylovora can be  mitigated by treating flowers with 
endogenous microbial taxa (Cui et al., 2021). The understanding of 
the reproductive microbiome function on flowering may hold the key 
to enhance productivity in agroecosystems.

The objective of this study was to fill in the knowledge gap about 
root microbial assemblage in citrus to better identify key microbes 
recruited by the host that likely harbor beneficial properties, increase 
the host environmental fitness, and support tree health. In addition, 
our goal was to profile the microbiome of the flower and the flush, two 
young tissues that had not been extensively studied despite their 
critical importance in the tree vegetative and reproductive cycles. 
Flush is also critical to the HLB disease epidemiology. Here, 
we provide a microbial map of five distinct compartments (bulk soil, 
rhizosphere, root endosphere, flush and flower) of citrus from a single 
orchard over a two-year period and discuss in what capacity the 
information acquired with this research may help citrus production.

Materials and methods

Plant sampling and processing

The experimental orchard is located at the Lindcove Research and 
Extension Center, California (GPS coordinates 36°21′10″N; 
119°03′40″W). The plant materials were collected from 11 years-old 
conventionally farmed citrus cv. ‘Tango’ on ‘Carrizo’ rootstock (Citrus 
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sinensis L. Osbeck × Poncirus trifoliata L.). All samples were collected 
at the flower initiation stage on 4/7/2021 and 3/28/2022. Flower, flush 
(the new foliar growth between bud break and shoot expansion), root 
and rhizosphere samples were collected each year from 12 random 
trees. Flush and flower samples were collected from the four quadrants 
and pooled. Feeder roots were sampled from two sides of the tree 
approximately 0.3 m away from the base of the trunk. Five bulk soil 
samples were also collected each year from the four corners and the 
middle of the citrus grove. Gloves were changed and clippers and 
shovels were sterilized with 30% household bleach between each 
sampled tree. All samples were immediately placed on ice in a cooler 
for transit to the laboratory and were frozen. All samples were 
processed within 24 h. Root and rhizosphere samples were processed 
as described by (Lundberg et al., 2012). Briefly, roots were placed in 
sterile 50-mL conical tube with 25-mL of PBS with 200-μL L−1 Silwet® 
L-77 surfactant. Samples were vortexed at maxim speed for 15 s. Roots 
were then transferred to a clean 50-mL conical tube with 25 ml of 
PBS. The first tube was centrifuged at 3200 g for 15 min and the 
aqueous layer was removed. The pellet was retained as the rhizosphere 
fraction. The roots continued to be vortexed and were moved to a 
clean PBS tube until PBS remained clear after vortexing. Roots were 
then sonicated using a Branson Sonifier 450 at a low frequency for 
5 min (five 30 s bursts followed by 30 s breaks). Roots were then stored 
at −70°C for further processing. Flowers, flushes, and roots were then 
lyophilized in the FreeZone 2.5-L benchtop freeze dry system 
(Labconco, Kansas City, United States) for 72 h. Specifically, flower 
and flush samples were not surface sterilized; thus, the aboveground 
microbial next-generation sequencing datasets included both 
epiphytes and endophytes. Samples were then ground to a powder 
using the MM300 grinder (Retsch, Haan, Germany) in a 35-mL 
stainless steel grinding jar with 20-mm stainless steel balls at 25 
oscillations per second in 30-s increments until sample was 
fully pulverized.

Microbiome library preparation

DNA was extracted from all samples using the ZymoBIOMICS 
DNA miniprep kit per manufacturer’s protocol, using 100 mg of dried 
tissue or 250 mg of wet rhizosphere (Zymo Research, Irvine, 
United States). DNA was assessed for quality and quantity using the 
Qubit 4 Fluorometer with the Qubit dsDNA HS Assay (Thermo Fisher 
Scientific Inc., MA, United States). Both bacterial 16S–V4 and fungal 
ITS rRNA regions were amplified using the Earth Microbiome 
protocol and primers.1 Briefly, primers 515F(GTGYCAGCMGC 
CGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT) were 
used for bacterial microbiomes and ITS1f (CTTGGTCATTTAG 
AGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC) for 
fungal ITS amplification (Caporaso et al., 2010). PCR reactions of 
25 μl contained 10 μl of Phusion hot start flex 2 × master mix, 0.5 μl of 
each primer (10 μm) and 2 μl of DNA. In bacterial above-ground 
tissue (flower and flush), universal pPNA and mPNA clamps were 
added at a starting concentration of 1.25 μl (5 μm). These clamps were 
designed to reduce the amplification of host chloroplasts and 

1 http://www.earthmicrobiome.org/

mitochondria while having no effect on bacterial amplification 
(Fitzpatrick et al., 2018b). A negative control was added to each PCR 
to ensure barcodes and master mix were not contaminated. Successful 
amplification was verified on a 1% agarose gel and DNA was quantified 
using the NanoDrop  2000 Spectrophotometers (Thermo Fisher 
Scientific Inc., MA, United States). A total of 1,200 ng of each sample 
in a library were combined into an Eppendorf tube and cleaned using 
the AMPure XP PCR purification system (Beckman Coulter, Brea, 
United States) per manufacturer’s protocol. Final concentration of 
libraries was determined using both qPCR and bioanalyzer before 
being sequenced on the MiSeq instrument (Illumina, San Diego, 
United States) using Miseq run (2 × 300 paired end) for fungal reads 
and Miseq run (2 × 250 paired end) for bacterial microbiome at the 
UC Riverside Genomics Core facility. Fungal and bacterial sequences 
were deposited in NCBI under the accession number SUB12502574 
and SUB12495203, respectively.

Computational analysis

The R Core Team v4.1.1 was used to perform all computational 
analysis. Most processing for the reads were done in DADA2 v 1.16.0 
(Callahan et al., 2016) including further quality control sequencing 
filtering, dereplication, chimera identification, merging paired end 
reads, and construction of sequence tables. Taxonomy identification 
was assigned using the SILVA SSU r138.1 reference database for 
bacterial taxa and Unite database v 10.5.2021 for fungal taxa. Phyloseq 
v 1.36.0 (McMurdie and Holmes, 2013) and ggplot2 v3.3.5 packages 
(Wickham, 2016) were used for much of the graphical and statistical 
analyzes of the data. Unidentified microbes at the kingdom or phylum 
level, or microbes that occurred less than two times within all 24 trees 
(12 tree samples per year) were removed from the full dataset. The 
bacterial dataset totaled 106 samples (24 flower, 24 flush, 24 
rhizosphere, 24 root and 5 soil samples) and the fungal dataset totaled 
104 samples (23 flower, 24 flush, 24 rhizosphere, 23 root and 5 soil 
samples) after filtering out poor quality reads, chloroplast, 
mitochondria, taxa with unidentified phyla. After removal of 
singletons and doubletons, the total ASVs were of 10,483 (soil = 4,395; 
rhizosphere = 7,635; root = 1997; flush = 129; flower = 128) and 5,155 
(soil = 707; rhizosphere = 2,964; root = 1,333; flush = 860; flower = 905) 
for the bacterial and fungal datasets, respectively. Shannon diversity 
index was used as a metric of taxa diversity within the communities. 
Kruskall–Wallis and pairwise Wilcoxon rank sum tests were run to 
verify statistical differences among groups. Phylum bar charts and 
genus bar charts were constructed by aggregating taxa at the phylum 
level and genus level, respectively. Samples were also constructed by 
tissue compartments and transforming to relative abundance. Bray–
Curtis dissimilarity was used to calculate the compositional 
similarities between samples and was visualized with NMDS 
(Non-metric MultiDimenstional Scaling) plots using the Vegan 
package v 2.5-7. To determine statistical significance of beta diversity, 
Adonis tests were run. Venn diagrams were created using UpSetR v 
1.4.0 by transforming to relative abundance and filtering taxa to those 
that occur greater than 0.1% and are prevalent in at least two samples 
of that tissue type. Data was aggregated by genus and transformed to 
relative abundance for the prevalent Venn diagrams. Taxa were 
denoted as prevalent in each biocompartment. Graphs were generated 
using VennDiagram v1.6.20. Data was aggregated to the ASV or genus 
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level and transformed to relative abundance for the concentric pie 
charts representing core microbiome. ASVs/genera were filtered based 
on core microbiome as previously defined. DeSeq2 v 1.30.1 was 
utilized and visualized using Pheatmap v1.0.12 to find microbes 
associated with a biocompartment and above-and belowground 
sections. Genera were filtered by relative abundance, p value and log2 
fold change, keeping only genera occurring at ≥ 1% relative abundance 
of whole dataset with p < 0.01 and having a log2 fold change > 5 or 
< −5. Heat maps represent the relative abundance of the data.

Results

The Shannon index indicated that the rhizosphere had a 
significantly higher microbial richness among all plant tissue types for 
both bacteriome and mycobiome (p < 0.001 [pairwise Wilcox]; 
Figure  1). All the below ground bacteriome samples showed a 
significantly higher Shannon diversity index as compared to the above 
ground samples (p < 0.001 [pairwise Wilcox]). In contrast, the root 
mycobiome had a significantly lower fungal community richness of 
all tissue types (p < 0.001 [pairwise Wilcox]) and there was no 
significant difference with the soil fungal diversity (p = 0.25 [pairwise 
Wilcox]). The bacteriome richness was higher than the mycobiome 
richness in the below ground samples (soil, rhizosphere, and root), 
while the opposite was true for the above ground tissues (flush/
flower). Flower and flush microbiome richness level were similar to 

each other in both groups. There was a year effect on the Shannon 
diversity index in the mycobiome communities (p < 0.05 [pairwise 
Wilcox]) but not in bacteriome (p = 0.23 [pairwise Wilcox]).

Bray–Curtis beta-diversity metrics with NMDS were used to 
visualize how biocompartments impacted fungal and bacterial 
community composition (Figure  2). Our data indicated distinct 
clustering between above- and below-ground in both bacterial and 
fungal communities (p < 0.001 [Adonis]). Among belowground 
samples, clear clustering was measured for the soil, rhizosphere, and 
root in both bacterial and fungal groups. Among aboveground 
samples, flush and flower showed overlapping patterns in bacterial 
year-2 data and all fungal data. Year also had a significant effect 
(p < 0.001 [Adonis] for bacteriome; p < 0.05 [Adonis] for the 
mycobiome) in the clustering pattern, particularly for the bacterial 
flower and flush datasets.

Proteobacteria and Ascomycota were the most abundant phyla 
within the entire dataset representing on average 47.7 and 81.6% of all 
taxa, respectively (Figure 3). Phyla Basidiomycota and Actinobacteria 
were also important phyla as they occurred in greater than 10% on 
average across the entire datasets. Several phyla with a relatively great 
abundance (greater than 5%) were unique to belowground or 
aboveground biocompartments. For example, Glomeromycota, 
Mortierellomycota, Acidobacteria, Gemmatimonadota, and 
Verrucomicrobiota were mainly found in soil, root and rhizosphere, 
whereas Cyanobacteria was only found in flower and flush samples. 
Although the most abundant phyla were the same in each tissue at the 

FIGURE 1

Shannon alpha-diversity plots indicate bacterial (left panel) and fungal (right panel) richness across five different citrus biocompartments (soil, 
rhizosphere, root, flush, and flower).
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phylum level, differences were observed at the genus level especially 
between above and belowground. In the mycobiome, the most 
abundant genus in belowground samples was Neocosmospora (36.4%), 
while aboveground Cladosporium was the most dominant (60.4%). In 
the bacteriome, Acinetobacter was the most abundant genus in 
aboveground samples (38.7%), and the belowground samples were 
more diverse, with no single dominant genus.

We used DeSeq2 analyzes to indicate enrichment/rarefaction 
patterns of taxa along the soil, rhizosphere root axis and signature 
microbial taxa for the three plant biocompartments, root, flush and 
flower. We focused our analysis on the most prevalent and abundant 
taxa and applied a filtering metric that consisted of ≥ 50% incidence 
in roots and > 10% of bacterial flush and flower samples with a relative 
abundance > 1% (Figure 4). Our results indicated a root enrichment 
of several bacterial genera in the rhizosphere that were dominant in 
soil, but only a few of these were found in the root including 
Actinoplanes, Burkholderia, Mucilaginibacter, and Rhizobium and 
fungi Glomus, Neocosmospora, Rhizophagus, and Setophaeosphaeria. 
Several bacterial and fungal taxa were unique to roots and included 
the bacterial genera Bradyrhizobium, Cupriavidus and Rhizobium and 
the fungal genera Glomus, Neocosmospora, Rhizophagus and 
Setophaeosphaeria. In contrast, the bacterial genera Acinetobacter, 
Aquabacterium, Gilliamella, Romboutsia and fungal genera, Alternaria, 
Aureobasidium, Cladosporium, Epicoccum, Mycospherella, Sigarispora, 
and Symmetrospora were signature above ground taxa because only 
found in those compartments. Bacteria Burkholderia and Streptomyces 
were present in both below and aboveground tissue.

The identity of the most prevalent ASVs that were unique to each 
biocompartment or shared across biocompartments were determined 
using Venn diagrams with a filtering consisting of ≥ 50% incidence for 
the belowground compartments and > 10% of bacterial flush and 
flower samples, with a relative abundance > 0.1% (Figure  5). This 
filtering narrowed the dataset to a total of 794 ASVs (491 bacterial and 
303 fungal ASVs). The rhizosphere was the biocompartment with the 
highest number of unique filtered ASVs for both bacteria and fungi 

(429 ASVs total = 54%), whereas root, flower and flush only had 14, 
6.5 and 5.8% of unique ASVs for the combined fungi and bacteria 
datasets, respectively. The fungal Epicoccum and bacterial 
Acinetobacter, Aquabacterium, Gilliamella, Kocuria, Romboutsia, 
Snodgrassella, Tychonema ASVs were biomarkers of the above ground 
tissues because they were only found in the flush, flower or both. 
The fungal Beauveria, Fusarium/Giberella/Fusicola, Mortierella, 
Setophaeosphaeria, Solicoccozyma and bacterial Bradyrhizobium, 
Cupriavidus, Mucilagnibacter, Pseudathrobacter, Steroidobacter ASVs 
were biomarkers of the belowground citrus because they were only 
found in the root, rhizosphere, or both. The majority (84%) of total 
number of fungal and bacterial ASVs inhabiting the roots (111 ASVs) 
were also found in the soil/rhizosphere suggesting they entered the 
root from the soil/rhizosphere. Only 3.4% of the total number 
bacterial and fungal ASVs (27 ASVs total) were capable of colonizing 
at least one of the below and above ground compartments highlighting 
their ubiquitous nature and included ASVs belonging to the fungal 
genera Alternaria, Cladosporium, Mycosphaerella, Neocosmospora, 
Sigarispora, and Symmetrospora, and the bacterial genera Actinoplanes, 
Bacillus, Burkholderia, Firmicutes, Mesorhizobium, Pseudomonas, 
Massilia, Sphingomonas, and Streptomyces.

Discussion

The aim of this study was to characterize the citrus microbiome 
across five biocompartments (flush, flower, root, rhizosphere and bulk 
soil) during the floral development phase. At this stage, trees undergo 
drastic physiological shifts with respect to carbon reallocation, water 
dynamics and phytohormone production (Goldschmidt and Koch, 
2017; Agustí et  al., 2022) that are linked to significant shifts in 
microbial community assemblage (Ginnan et al., 2022). Both flower 
and flush are short-lived organs. Flowers host a unique set of microbes 
that may act as mediators of host reproduction and disease control 
(Burgess and Schaeffer, 2022). The flush is also a tender tissue fed on 

FIGURE 2

Bray–Curtis beta diversity for bacteria (left panel) and fungi (right panel) across five different citrus biocompartments (soil, rhizosphere, root, flush and 
flower). Points represent individual sample communities for one biocompartment from one citrus tree at 1 year. Points are colored by biocompartment 
and shaped by year collected.
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by several insect pests, including the Asian citrus psyllid (Diaphorina 
citri) vector of CLas, the causal bacterial agent of HLB (Hall and 
Albrigo, 2007), and profiling its microbiome could reveal potential 
biocontrol agents for HLB management. The citrus rhizosphere 
microbiome has also been a research focus because of its role in 
nutrient fixation, absorption and cycling as well as defense against 
pathogens (Xu et al., 2018; Ginnan et al., 2020; Zhang et al., 2021). 
Here we provide a better understanding of the acquisition of specific 
microbes along the soil-rhizosphere-root axis as plant endophytes 
may have bioactive functions relative to bioinoculant development 
(Lugtenberg et al., 2016; Santoyo et al., 2016).

The microbial biodiversity of citrus trees was primarily located in 
the plant rhizosphere, with the bacteriome showing higher taxonomic 
richness than the mycobiome (Blaustein et al., 2017; Ginnan et al., 

2020). Trees were predominantly colonized across all compartments 
by Ascomycota fungi and Proteobacteria (Trivedi et al., 2010; Passera 
et al., 2018; Xu et al., 2018; Bai et al., 2019) but microbial composition 
within those groups was vastly different between the above and below 
ground compartments as indicated by beta diversity plots. Microbial 
diversity in the flush and flower was low and Ascomycota and 
Proteobacteria represented overwhelmingly 80% of the microbial 
relative abundance in those tissues. In contrast, belowground 
microbial assemblage was more complex especially for bacteria and 
included a wide range of taxonomic groups spanning across several 
bacterial phyla. Our data indicated that a minority of taxa (3.4%) were 
capable of colonizing both below and above ground habitats. 
We defined the core taxa of the citrus holobiont as genera prevalent in 
at least 50% of our samples and with a relative abundance of at least 

FIGURE 3

Relative abundant bar chat of bacteria (top panels) and fungi (bottom panels) community at phylum (left panels) and genus (right panels) level within 
individual citrus biocompartment (soil, rhizosphere, root, flush and flower). Only top 10 phyla and top 30 genera occurring at ≥ 1% relative abundance 
are displayed.
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1% and with ASVs within those groups capable of colonizing at least 
one below and above ground biocompartment. Based on these criteria 
we found that the fungi Alternaria, Cladosporium, Fusarium (syn. 
Fusicolla, Gibberella, Neocosmospora,), Mycosphaerella, Sigarispora, 
and Symmetrospora, and bacteria Actinoplanes, Bacillus, Burkholderia, 
Firmicutes, Massilia, Mesorhizobium, Pseudomonas, Sphingomonas, 
and Streptomyces represented core members of the citrus holobiont. 
Although additional sampling from orchards located in different 
citriculture areas may narrow that list. Many of these bacterial taxa are 
known plant growth promoters and biocontrol agents and can provide 
fitness advantage to the host (Lemanceau et al., 2017; Xu et al., 2018). 

However, the role of fungal taxa remains elusive. Several genera within 
the Fusarium species complex were found in our dataset (Fusarium, 
Giberella, Fusicolla, and Neocosmospora) and members within this 
group have a broad range of lifestyles including commensalism, 
mutualism, and parasitism (Crous et al., 2021). For example, Fusarium 
solani is a known pathogen of citrus causing wood dry rot (Sandoval-
Denis et al., 2018) but the lifestyle of other species belonging to the 
Fusarium complex is unclear. Other fungal taxa within the citrus 
holobiont such as Alternaria alternata, A. arborescens, and 
Mycosphaerella citri were also reported to blemish fruits (Mondal 
et al., 2003; Wang et al., 2021). On the other hand, Sigarispora and 

FIGURE 4

Relative abundance heat maps of significant taxa as determined through DESeq2 analyzes indicate recruitment of bacteria (top panels) and fungi 
(bottom panels) along the soil/rhizosphere/root endosphere axis (left panels) and signature taxa for the root/flush/flower (right panels) compartments. 
Data was filtered to a p < 0.01 cutoff and log2 fold change of > 5 or < −5. Only genera occurring at ≥ 1% relative abundance with the top 20 highest log2 
fold changes are displayed.
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Symmetrospora have been found in several habitats but with no known 
functions in citrus. Only Cladosporium cladosporioides was shown to 
inhibit Liberibacter crescens, a culturable surrogate of CLas (Blacutt 
et al., 2020), and could provide some benefits to the host. Deeper 
amplicon-based sequencing will help naming the fungal species 
associated with citrus which may provide some information about 
their lifestyle. Large scale sampling coupled with -omics technologies 
will shed light on the geographical distribution and functional 
attributes of the core fungal taxa within the citrus holobiont, although 
this approach remains limited by the availability of reference genomes 
(Xu et al., 2018).

The root-associated microbiome of healthy plants is a relatively 
stable ecosystem because roots are immersed in a buffered 
environment (the soil) that is not in under the direct constraints of 
extreme weather conditions and agricultural practices that above 
ground plant compartments experience. Roots are also less affected by 
the host phenological changes unlike flower and flush tissues (Ginnan 
et al., 2022). Root microbial assembly has been described as a two-step 
process, involving acquisition of specific microbes from the soil to the 
rhizosphere and a host-driven sorting step mechanism that subsets 
specific microbes into the root (Bulgarelli et al., 2013). Our DeSeq2 
data clearly supported this mechanism in citrus, with enrichment of 
several organisms from the bulk soil to the rhizosphere, but with only 
few of these further capable of entering the citrus root endosphere 
(e.g., Actinoplanes, and Burkholderia). The microbiome of the 
rhizosphere was composed of the aforementioned core members of 

the citrus holobiont, plus signature underground taxa that included 
the bacterial genera Bradirhizobium, Cupriavidus, Mucilaginibacter, 
Rhizobium and Steroidobater, and fungal genera Glomus, and 
Rhizophagus. Comparative profiling of bulk soil and rhizosphere 
samples collected across distinct biogeographical regions from six 
continents also supported that these bacterial taxa were enriched in 
the rhizosphere (Xu et al., 2018). Root exudates act as signal molecules 
and food sources for the selective recruitment of microbes from bulk 
soil in exchange for increased nutrients assimilation and improved 
tolerance against abiotic and biotic stresses. Metagenomic sequencing 
of citrus soil and rhizosphere communities clearly showed that the 
functional traits enriched in the rhizosphere influenced microbial 
assembly and plant health (Xu et  al., 2018). Specifically, enriched 
functional attributes affecting microbial assembly were involved in 
plant-microbe and microbe-microbe interactions (e.g., antimicrobial 
synthesis, biofilm formation), nutrient acquisition of microbes, and 
bioremediation of aromatic compounds. In addition, enriched 
functional traits that benefit the host were involved in nutrient 
acquisition, hormone balance, and pathogen inhibition (Xu 
et al., 2018).

Our data indicated that the microbial communities inhabiting 
the citrus root endosphere most likely originated from the 
rhizosphere (84% of ASVs) but with a threefold and fivefold decrease 
for both fungal and bacterial richness, respectively, which support 
previous findings (Reinhold-Hurek et al., 2015; Wang et al., 2020). 
The selective forces imposed by the plant host in the endorhiza are 

FIGURE 5

Prevalence Venn diagrams at the Amplicon Sequence Variant (ASV) level showing overlapping bacterial (top panel) and fungal (bottom panel) taxa that 
occur in ≥ 50% of the soil/rhizosphere/root samples and > 10% of the flush/flower samples within and across biocompartment. Only ASVs occurring at 
≥ 0.5% relative abundance are displayed. Left panel represents the total number of ASVs for each biocompartment and intersection size for all 
biocomparment combinations. The right panel represents the ASV relative abundance (%) and color refers to the left panel and the biocompartment(s) 
where the ASVs were found.
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a bottleneck to biodiversity as observed in several plant systems 
(Fitzpatrick et al., 2018a; Deyett and Rolshausen, 2020; Zhang et al., 
2021). Interestingly, the backbone of the root endospheric 
communities was comprised of taxa from the core rhizophere 
microbiome, suggesting that similar functional microbial traits 
overlap between the rhizosphere and root endosphere. We measured 
a strong enrichment pattern for some taxa including the bacteria 
Actinoplanes, Burkholderia, Mucilaginibacter, Rhizobium, 
Rhodobacter, and fungi Glomus, and Rhizophagus. All five bacteria 
can promote plant growth by either fixing nitrogen, solubilizing 
phosphorus, producing phytohormone production, and increasing 
abiotic stress tolerance as well as and protect against pathogens by 
producing antimicrobial compounds or priming plant defense (Santi 
et al., 2013; Zhang et al., 2017; Orsi et al., 2021; Boukhatem et al., 
2022; Fan and Smith, 2022). Glomus and Rhizophagus are arbuscular 
mycorrhizal fungi (AMF) that commonly form symbiotic 
associations with the plant host, including citrus. AMF can facilitate 
water and nutrient acquisition (phosphorus and nitrogen) and 
support host defenses against pathogen attack (Hohmann and 
Messmer, 2017; Chen et al., 2018; Xi et al., 2022).

In contrast to rhizocompartments, above ground microorganisms 
associated with plants are under strong selective pressure because 
they are continually exposed to changing environmental conditions 
(rainfall, heat, and UV radiation) and agricultural practices 
(agrochemical sprays) but are also influenced by the host phenology 
(Vorholt, 2012; Burgess and Schaeffer, 2022; Ginnan et al., 2022). The 
strong year effect measured on bacteriome and mycobiome beta-
diversity for above ground tissues clearly support the evidence that 
microbiome composition in flower and flush is volatile and under 
environmental constraints. The citrus flower and flush microbiome 
composition was very similar to the leaf and included both core taxa 
(Acinetobacter, Romboutsia, and Sphingomonas,) fulfilling 
community-stabilizing function and transient taxa (Gilliamella and 
Snodgrassella) with likely specialized function in the community 
(Ginnan et al., 2022). Interestingly, the fungus Epicoccum surfaced as 
a signature fungus capable of colonizing flush and flower. It was 
previously reported as inhibitory to Liberibacter crescens (Blacutt 
et  al., 2020) and given those characteristics should be  further 
explored as a potential biocontrol for HLB management. Other 
signature and ecologically important bacteria within the flush and 
flower microbiome included Acinetobacter, Gilliamella, Snodgrassella, 
and Sphingomonas. Acinetobacter is highly abundant in the floral 
nectar microbiome of Citrus paradisi and other plant species 
(Fridman et  al., 2012; Alvarez-Perez and Herrera, 2013) and 
Sphingomonas has been reported as a frequent member of the citrus 
rhizosphere (Xu et al., 2018). Both bacteria have also been identified 
in the sap of other perennial hosts (Deyett and Rolshausen, 2020). 
Snodgrassella and Gilliamella are important members of the honeybee 
gut microbiome and have been speculated to be  immigrant taxa 
introduced to the phyllosphere by pollinators during dispersal event 
(Powell et al., 2014; Ginnan et al., 2022). Bacteria can be introduced 
to plants by bees and potentially migrate from the flower to the 
vascular bundles resulting in systemic movement within the plant 
(Cellini et al., 2019; Kim et al., 2019). Together, this supports that 
members of the citrus microbiome can move acropetally and 
basipetally through the xylem and phloem (Compant et al., 2010; 
Deyett and Rolshausen, 2019, 2020). Abundance of these bacteria has 

been shown to peak at the flowering stage in citrus and grapevine 
(Deyett and Rolshausen, 2019; Ginnan et al., 2022). These bacteria 
have well known plant growth-promoting capabilities through 
phytohormone production, phosphate solubilization, and 
degradation of organometallic compounds and are also antagonistic 
toward pathogens (Liu et al., 2007; Kang et al., 2009, 2012; Asaf et al., 
2020). It is tempting to speculate that similar the rhizosphere, 
microbial recruitment mechanisms of beneficial bacteria also occur 
in the phyllosphere to provide the host with exogenous services and 
promote reproductive and vegetative cycles in sync with the 
host phenology.

Conclusion

This study provides new information about assemblage of 
microbial communities in citrus. Our results from a single orchard 
support that the citrus microbiome is composed of core taxonomic 
groups that are mainly of soil origin and that can systemically 
colonize trees. There is also evidence of a microbial niche 
compartmentalization with specialized taxa capable of colonizing 
either the above or the below ground biocompartments. Our findings 
support that transient taxa, whose colonization patterns are in sync 
with the host phenology, are abundant during flowering and tree 
flushing. We  identified putative plant growth promoting bacteria 
(e.g., Burkholderia, Sphingomonas, and Streptomyces) enriched in all 
biocomparments that could be  harnessed for bioproduct 
commercialization to improve tree health. We also identify tissue 
specific microbes (e.g., Acinetobacter and Epicoccum) that could 
colonize the citrus flush and flower and could enhance tree 
productivity or management against pests and diseases and notably 
HLB. Broad biogeographical sampling and shotgun metagenomic 
approach have greatly helped comprehend the structural and 
functional composition of the citrus rhizosphere microbiome. The 
next frontier is to expand this approach to the plant endosphere 
because it could harbor host-selected microbes with bioactive 
functions. Understanding in what capacity beneficial microbes 
respond to citricultural practices will help developing 
recommendations to improve fertilization and pest and disease 
management programs. These research efforts will narrow the search 
for active biofertilizers and biopesticides that could be commercialized 
by agrochemical companies into new green technologies.
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