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ABSTRACT Stable associations between plants and microbes are critical to promot-
ing host health and productivity. The objective of this work was to test the hypothe-
sis that restructuring of the core microbiota may be associated with the progression
of huanglongbing (HLB), the devastating citrus disease caused by Liberibacter asiati-
cus, Liberibacter americanus, and Liberibacter africanus. The microbial communities of
leaves (n = 94) and roots (n = 79) from citrus trees that varied by HLB symptom se-
verity, cultivar, location, and season/time were characterized with lllumina sequenc-
ing of 16S rRNA genes. The taxonomically rich communities contained abundant
core members (i.e.,, detected in at least 95% of the respective leaf or root samples),
some overrepresented site-specific members, and a diverse community of low-
abundance variable taxa. The composition and diversity of the leaf and root micro-
biota were strongly associated with HLB symptom severity and location; there was
also an association with host cultivar. The relative abundance of Liberibacter spp.
among leaf microbiota positively correlated with HLB symptom severity and nega-
tively correlated with alpha diversity, suggesting that community diversity decreases
as symptoms progress. Network analysis of the microbial community time series
identified a mutually exclusive relationship between Liberibacter spp. and members
of the Burkholderiaceae, Micromonosporaceae, and Xanthomonadaceae. This work
confirmed several previously described plant disease-associated bacteria, as well as
identified new potential implications for biological control. Our findings advance the
understanding of (i) plant microbiota selection across multiple variables and (ii)
changes in (core) community structure that may be a precondition to disease estab-
lishment and/or may be associated with symptom progression.

IMPORTANCE This study provides a comprehensive overview of the core microbial
community within the microbiomes of plant hosts that vary in extent of disease
symptom progression. With 16S Illumina sequencing analyses, we not only con-
firmed previously described bacterial associations with plant health (e.g., potentially
beneficial bacteria) but also identified new associations and potential interactions
between certain bacteria and an economically important phytopathogen. The impor-
tance of core taxa within broader plant-associated microbial communities is dis-
cussed.

KEYWORDS core microbiome, plant-associated microbiota, Liberibacter, pathogen-
microbe interactions
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he coevolution of microorganisms with plant hosts has given rise to finely tuned

symbiotic and parasitic relationships that are central to plant growth and health. In
addition to tightly coevolved relationships between individual partners, recent studies
have demonstrated that plant-associated microbial communities play critical roles in
plant development. Under the right circumstances, the microbiome can bolster plant
productivity by providing protection against pathogens, among other mechanisms
(1-4). Several studies have indicated that managing microbial taxonomic/functional
diversity at the field scale can have positive effects on crop production (5-8).

Commonly occurring organisms across similar microbiomes comprise a core micro-
bial community that is hypothesized to play key roles in ecosystem functioning within
that type of microbial habitat (6, 9). While numerous deep sequencing studies have
revealed thousands of bacterial operational taxonomic units (OTUs) to comprise plant
microbiomes, there is typically a small number of taxa that dominate the broader
community (10-18). Some of the highly abundant taxa within these studies are
noticeably conserved across microbiomes of similar plant species, even under variable
experimental conditions. This suggests that a core microbial community forms stable
associations with particular hosts across temporal and geographic scales. Nonetheless,
the structure of plant microbiota is known to be associated with a suite of biotic factors
(e.g., plant developmental stage and phytopathogens) and abiotic factors (e.g., soil
type, climate, and season) (11, 13, 15, 16, 19). Given the limited number of studies that
have discerned the core members of plant-associated microbial communities (11, 13,
15), much remains unknown about the structure of the core community among all
microbiota and its importance with regard to plant health.

A growing number of studies have focused on understanding how the plant
microbiome changes during disease development (15, 17, 20-26). While results from
these studies suggest that plant-associated microbial communities undergo perturba-
tion during environmental change or disease progression, one may alternatively argue
that the disease itself is a consequence of complex changes to the communities. For
example, infections of tomato plants with Rhizoctonia solanacearum led to changes in
relative proportions of several bacterial classes that were consistently dominant among
all classes detected in the rhizosphere (i.e., changes in abundances of core classes) (21).
Similar trends were observed with another Rhizoctonia species in beets; however, the
presence of a complex rhizosphere community that had included potentially beneficial
bacterial groups (i.e., Pseudomonadaceae, Burkholderiaceae, Xanthomonadales, and Lac-
tobacillaceae) was linked to suppressing the development of beet root rot caused by
the pathogen (27). In addition, several plant diseases are caused, or at least enhanced,
by synergistic interactions among multiple bacterial pathogens (e.g., tomato pith
necrosis, mulberry wilt, and broccoli head rot) (28). Collectively, these studies suggest
that plant disease establishment may be associated with changes in the microbiota that
involve suppressing key, possibly core, members of the native community. The inter-
actions between native bacteria that may mediate the potential for microbiome-related
pathogen suppression are still not well documented. These characterizations are
needed for better understanding of the role of (core) native bacteria in disease
progression and, ultimately, for formulating novel strategies to manipulate plant-
associated microbial communities to mitigate disease.

While plant biocontrol bacteria have shown great promise in the lab (29-31), their
efficacy under field conditions has been only moderately successful (32, 33). However,
harnessing the beneficial potential of native microbiota is still one of the few logistically
and economically feasible solutions for controlling certain phytopathogens. This is
likely the case for the devastating citrus greening disease, or huanglongbing (HLB),
which is caused by the phloem-limited alphaproteobacteria Liberibacter asiaticus, Li-
beribacter americanus, and Liberibacter africanus (34). Infection by any one of these
organisms causes host callose depositions and inhibition of nutrient uptake and
transport, which lead to a series of symptoms that culminate in tree death (34). The
severity of HLB is underscored by the billions of dollars in economic damage and
thousands of jobs lost throughout Florida, where L. asiaticus is widespread, that
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TABLE 1 Characterization of the microbial communities of leaf and root samples from 73 citrus trees across Florida®

No. of:
Leaf Root HLB symptom
Location Citrus tree species and cultivar Date(s) surveyed (mo/day/yr) Trees communities communities appearance
Gainesville, FL  Citrus sinensis L. Osbeck cv. Valencia  4/1/15, 6/1/15, 9/22/15, 3/29/16  8° 8/date 8/datec v
Fort Pierce, FL  Citrus sinensis L. Osbeck cv. Valencia 10/13/15 15 14 9 1}
Immokalee, FL  Citrus sinensis L. Osbeck cv. Valencia 11/3/15 5 5 0 11}
Citrus paradisi Macfadyen cv. 11/3/15 5 5 5 \%
Ray Ruby
Citrus sinensis (L.) Osbeck cv. Navel 11/3/15 5 5 5 1]
Quincy, FL Citrus sinensis (L.) Osbeck cv. Navel 10/20/15 10 9 10 |
Citrus unshiu Marcovitch cv. Owari 10/20/15 5 5 5 |
Citrus X tangelo cv. Honeybell 10/20/15 3 3 3 |
Vero Beach, FL  Citrus sinensis L. Osbeck cv. Valencia 11/2/15 5 4 2 1]
Citrus paradisi Macfadyen cv. 11/2/15 12 12 9 |
Ray Ruby

aFor each sample set, the location, citrus cultivar, sampling date, number of trees sampled, numbers of leaf and root microbial communities included in data analyses
(i.e,, the subset of total samples that passed quality control and contained >1,000 16S sequences with assigned taxonomy), and huanglongbing (HLB) symptom
appearance are listed. For the latter, the categories |, Il, lll, and IV correspond to asymptomatic, symptomatic—mild, symptomatic—moderate, or
symptomatic—severe, respectively. (See Fig. S2 for detailed description.)

bThe same 8 trees were sampled on each date.

<On 6/1/15, only 7 replicates were included in the analysis.

occurred during the first few years of its documented emergence (35). Interestingly,
clone library sequencing and PhyloChip surveys have shown citrus-associated micro-
biota restructure during HLB symptom development, and it has been suggested that
the population dynamics of native bacteria can affect the titer of L. asiaticus (17, 36-38).
In the present study, the microbial communities of citrus trees were defined across a
number of variables, including HLB symptom severity, geographic location, citrus
cultivar, season, and time. We used citrus and HLB as a plant host/disease model to
investigate (i) the relationship between leaf- and root-associated microbial communi-
ties and host plant, (ii) the interactions between native microbiota and a phytopatho-
gen, and (iii) the core microbiota, their prevalence within the broader microbial
communities, and correlations between community structure and plant disease, among
other factors.

RESULTS

Citrus-associated microbial community structure and core microbiota. Approx-
imately 13.77% = 1.18% and 91.22% = 1.22% (mean = standard error [SE]) of all
quality-filtered reads from leaf and root samples, respectively, were classified as 16S
rRNA genes of bacteria/archaea. We used peptide nucleic acid (PNA) clamps (39) during
library preparation in order to limit the amplification of contaminant sequences (i.e.,
16S rRNA of mitochondria and chloroplasts). In a preliminary study without the use of
PNA, libraries prepared from leaf samples (n = 9) and root samples (n = 3) yielded
0.90% = 0.15% and 16.78% = 6.58% (mean * SE) of reads corresponding to bacteria/
archaea (data not shown). Thus, the PNA clamps allowed for substantial enrichment of
desired sequences. Moreover, after removing the residual contaminant sequences from
the quality-filtered libraries, there were 94 microbial communities of leaves and 79
microbial communities of roots with more than 1,000 16S rRNA gene sequences
assigned to 16S rRNA of bacteria/archaea (Table 1). From these 173 microbial commu-
nities, the 7,767,069 assigned reads, with an average of 13,725 = 730 sequences per
leaf sample and 81,986 * 5,168 sequences per root sample (mean = SE), were included
in further analyses.

Several hundred genera were detected in the leaf- and root-associated microbial
communities. Approximately 6% of the leaf microbiota and 12% of the root microbiota
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FIG 1 Rank abundance curves for the genera assigned to 16S sequences detected in the root- and leaf-associated microbial communities.
Color indicates whether the genus was a member of the core microbiota (i.e., present in >95% of respective samples [58]). The dotted
line represents the threshold for the rare biosphere (i.e., 0.1% relative abundance [40]).

accounted for 90% of microbial abundance within the respective communities (Fig. 1).
There was a larger consortium of core bacteria associated with roots (183 genera, 137
families, 83 orders, 45 classes, and 8 phyla) than leaves (28 genera, 28 families, 21
orders, 13 classes, and 8 phyla), and most of the relatively dominant members within
the microbial communities were core bacteria (Fig. 1). The ratios of core members to all
members within the microbiota consistently decreased as the taxonomic rank became
finer (see Fig. S3 in the supplemental material). Accordingly, certain non-core taxa at
lower taxonomic ranks comprised broader core groups. For example, there were more
core members at the family level in leaf microbiota (n = 28) than there were total
families of core genera in leaf microbiota (n = 21; see Table S1 in the supplemental
material) (i.e., any non-core genera within the other 7 core families must have been
present across samples). With regard to the non-core citrus-associated microbiota, most
taxa appeared to be sample specific rather than well replicated (Fig. S3). In summary,
the microbial communities were comprised of the key abundant core members and
some overrepresented site-specific members, with a diverse community of low-
abundance variable taxa.

Spatiotemporal variability of HLB. In leaf-associated communities (n = 94), the
relative abundance of Liberibacter spp. was 25.60% * 3.14% (mean = SE), which was,
on average, the most abundant out of all genera detected. Alternatively, in root-
associated communities (n = 79), the relative abundance of Liberibacter spp. was
0.038% = 0.012% (mean = SE). Analysis of variance (ANOVA) indicated that the relative
abundance of the pathogen among leaf microbiota significantly differed across loca-
tions (P < 0.001) and among citrus cultivars (P < 0.001). Figure 2A illustrates pairwise
comparisons between specific treatment groups. Also, as expected, there was a positive
correlation between the severity of HLB symptoms displayed by citrus trees and the
relative abundance of Liberibacter spp. among leaf microbiota (Fig. 2C).

To test the hypothesis that the prevalence of the HLB pathogen within the micro-
biomes of HLB-symptomatic trees varies by season and increases over time, we
compared the relative abundances of Liberibacter spp. within leaves from Valencia trees
sampled in Gainesville in spring 2015 (1 April 2015), summer 2015 (1 June 2015), fall
2015 (23 September 15), and spring 2016 (29 March 2016). Over the course of the year,
the abundance of the pathogen fluctuated, with a drop during the fall season. There
was still a net increase between spring 2015 and spring 2016 (Fig. 2B). Interestingly, HLB
symptoms also progressed between spring 2015 and spring 2016; that is, the chlorosis-
like appearance of leaves, as well as branch dieback, became more widespread
throughout the canopy (see Fig. S4 in the supplemental material). Thus, while seasonal
effects contributed to changes in the abundance of the HLB pathogen, there were
increases over time that concurred with disease symptom progression.
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FIG 2 Relative abundance of Liberibacter spp. (i.e., the HLB pathogen) in citrus leaf samples by location and cultivar (A), by sampling date for Valencia trees
at the Gainesville site (B), and by severity of HLB symptoms (C). See Fig. S2 for a description of symptom severity categories. Letters a, b, and c indicate significant
difference based on Tukey’s post hoc test following ANOVA (a set at 0.05).

Biotic and abiotic factors associated with community structure. There were
fundamental differences in the structures of leaf and root microbiota (analysis of
similarity [ANOSIM] R statistic, 0.950; significance based on 999 permutations, 0.001),
which was illustrated by clustering in nonmetric multidimensional scaling (NMDS) plots
(Fig. 3). Interestingly, while the proportions of taxa within broader phylogenetic groups
(i.e., at the class level) of respective leaf- and root-associated communities were
generally conserved across locations and cultivars, there were trends for differences in
relative abundances of dominant microbiota at the genus level (Fig. 4). Accordingly, the
composition and diversity of leaf and root microbiota were substantially associated
with location (leaves, ANOSIM R statistic, 0.655, and significance based on 999 permu-
tations, 0.001; roots, ANOSIM R statistic, 0.577, and significance based on 999 permu-
tations, 0.001); there was also an association with citrus cultivar (leaves, ANOSIM R
statistic, 0.318, and significance based on 999 permutations, 0.001; roots, ANOSIM R
statistic, 0.289, and significance based on 999 permutations, 0.001) (Fig. 3). Additional
ANOSIMs were performed for subsets of data in order to determine (i) whether the
microbial communities of specific cultivars collected at different sites varied and (ii)
whether the microbial communities of different cultivars varied within the sites where
multiple cultivars were sampled. Interestingly, the structures of leaf microbiota from
each cultivar that had multiple collection sites (i.e., Valencia, Navel, and Ray Ruby)
substantially varied by location (Table 2). Alternatively, the differences in root micro-
biota structure across locations were substantial for Navel trees, but only moderate for
Valencia trees (Table 2). Furthermore, the differences in microbial community structure
by cultivar were location specific. At Vero Beach, the microbiota of the different
different cultivars (i.e., Valencia, Ray Ruby) substantially varied, whereas, at Inmokalee
and Quincy, only moderate differences were detected among the cultivars sampled
(Table 2).

In order to determine effects of location and cultivar on microbial community
structure that were free from confounding effects of HLB, subsets of data from trees
within the same HLB symptom severity category were compared. Regarding location,
the leaf microbiota of the moderately symptomatic Valencia trees in both Ft. Pierce and
Immokalee still substantially differed (ANOSIM R statistic, 0.749; significance based on
999 permutations, 0.001) (see Table S2 in the supplemental material). In addition, for
the three asymptomatic varieties sampled in Quincy, there were substantial differences
between the community structures of Owari and Honeybell leaf microbiota (ANOSIM R
statistic, 0.959; significance based on 999 permutations, 0.023) and root microbiota
(ANOSIM R statistic, 0.867; significance based on 999 permutations, 0.016). Alternatively,
little or no differences were detected between the microbiota of Navel trees with that
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FIG 3 NMDS plots for differences in the structure of microbial communities that were associated with the
citrus trees sampled in fall 2015. (A) All samples; (B) only root samples; (C) only leaf samples. Solid and open
symbols correspond to root and leaf microbiota, respectively. Symbols correspond to tree location (color)
and cultivar (shape). The category for HLB symptom severity (I, asymptomatic; Il, symptomatic—mild; IlI,
symptomatic—moderate; IV, symptomatic—severe) is indicated.

of either Owari or Honeybell trees. Overall, the structure of the leaf and root microbiota
strongly correlated with location and moderately correlated with cultivar. Even though
these associations were partially attributable to HLB symptom severity, examples of
correlations between microbiota and location, as well as microbiota and cultivar, free
from confounding effects of each other and HLB were evident.

Most importantly, according to ANOSIM, HLB symptom severity of trees (i.e., asymp-
tomatic, mildly symptomatic, moderately symptomatic, and severely symptomatic) was
also strongly associated with community structure of leaf microbiota (ANOSIM R
statistic, 0.572; significance based on 999 permutations, 0.001) and root microbiota
(ANOSIM R statistic, 0.592; significance based on 999 permutations, 0.001), regardless of
the other variables being considered. At the genus level, the leaf-associated commu-
nities of asymptomatic trees had relatively low abundances of Liberibacter and relatively
high abundances of Enterobacter, Hymenobacter, and/or Methylobacterium, compared
to those from HLB-symptomatic trees (Fig. 41-B). Regression analysis showed a negative
correlation between the alpha diversity of leaf microbiota and the relative abundance
of Liberibacter spp. (see Fig. S5 in the supplemental material). Furthermore, the root-
associated microbial communities of HLB-symptomatic trees had (i) higher abundances
of Bradyrhizobiaceae and lower abundances of Agrobacterium within Alphaproteobac-
teria, (ii) higher abundances of Burkholderia and lower abundances of Comamonadaceae
within Betaproteobacteria, and (iii) higher abundances of Rhodanobacter, Sinobacteraceae,
or Xanthamonadaceae and lower abundances of Comamonadaceae or Pseudomonas within
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FIG 4 Relative abundances of dominant taxa assigned to 16S sequences detected in leaves (I) and roots (Il) of the citrus trees sampled in fall 2015. (A) Classes,
with Liberibacter spp. separate from other Alphaproteobacteria; (B to D) genera. Symbols correspond to tree location (color) and cultivar (shape). The category
for HLB symptom severity (I, asymptomatic; Il, symptomatic—mild; Ill, symptomatic—moderate; IV, symptomatic—severe) is indicated. # indicates a member
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asymptomatic trees (category |) and HLB-symptomatic trees (categories Il to IV) (a set at 0.05). Uncl., unclassified.

Gammaproteobacteria, compared to that of asymptomatic trees (Fig. 4lI-B to -D). Many of
the taxa whose relative abundances differed based on HLB symptoms were members of the
core citrus microbial community (Fig. 4; Table S1).

Moreover, to test the hypothesis that season and time were associated with com-
munity structure, we compared microbiota from Valencia trees sampled in Gainesville
on 1 April 2015, 1 June 2015, 23 September 2015, and 29 March 2016. By comparing
the microbiota sampled in 2015, we determined that season correlated with the
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TABLE 2 Differences in microbial community structure across locations for cultivars that were sampled at multiple sites and across
cultivars within a location where multiple cultivars were sampled?

Factor Microbial community Cultivar(s) Location(s) ANOSIM R  Significance
Location Leaf Navel Immokalee and Quincy, FL 0.606 0.002
Ray Ruby Vero Beach and Immokalee, FL 0.897 0.001
Valencia Ft. Pierce, Gainesville, Immokalee, and Vero Beach, FL  0.663 0.001
Root Navel Immokalee and Quincy, FL 0.766 0.001
Valencia Ft. Pierce, Gainesville, and Vero Beach, FL 0.226 0.015
Cultivar Leaf Navel, Ray Ruby, Valencia Immokalee, FL 0.296 0.034
Ray Ruby, Valencia Vero Beach, FL 0.625 0.046
Honeybell, Navel, Owari Quincy, FL 0.365 0.006
Root Navel, Ray Ruby, Valencia Immokalee, FL 0.308 0.033
Ray Ruby, Valencia Vero Beach, FL 0.758 0.003
Honeybell, Navel, Owari Quincy, FL 0.319 0.016

aThe ANOSIM R statistic and the significance based on 999 permutations are listed for each ANOSIM test. An R statistic of 0 means the communities are identical,
whereas an R value of 1 means the communities have no overlap. R values greater than 0.6 with significance less than 0.05 indicate substantial difference and are
listed in boldface.

structure of the leaf-associated communities (ANOSIM R statistic, 0.282; significance
based on 999 permutations, 0.001), but not with that of root-associated communities
(ANOSIM R statistic, 0.064; significance based on 999 permutations, 0.091). By compar-
ing the samples from spring 2015 and spring 2016, we determined that there were also
differences in leaf microbiota based on time (ANOSIM R statistic, 0.218; significance
based on 999 permutations, 0.012), which were smaller than those by season, and there
were no differences in root microbiota (ANOSIM R statistic, 0.012; significance based on
999 permutations, 0.337) based on time. These results are illustrated by the sample
date-specific trends observed for proportions of dominant taxa within the leaf micro-
biota (Fig. 5A) but not root microbiota (see Fig. S6 in the supplemental material).
Putative interactions between native bacteria and Liberibacter spp. To test the
hypothesis that microbe-microbe interactions could potentially influence the progres-
sion or suppression of the HLB pathogen, we examined cooccurrence patterns of the
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FIG 5 (A) Relative abundances of the 20 most abundant families, with Liberibacter spp. separate from other members of Rhizobiaceae, in leaf-associated
microbial communities of Valencia trees sampled in Gainesville, FL, on 1 April 2015, 1 June 2015, 23 September 2015, and 29 March 2016. # indicates the taxon
was a member of the core microbiota, and * indicates significant difference (P < 0.05) for different dates based on ANOVA. (B) Correlation-based network
analysis of the relative abundances of these top 20 taxa reveals significant interactions (i.e., dotted lines indicate cooccurrence, and solid lines indicate mutual
exclusion) (P < 0.05). The size of each circle corresponds to the average relative abundance, and the color corresponds to the bacterial class represented.
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20 most abundant bacterial families (with Liberibacter spp. separate from other mem-
bers of Rhizobiaceae), most of which were core microbiota (Fig. 5A), over the course of
the year. Family level was chosen because it was the lowest taxonomic rank where
almost all of the top 20 taxa had full classification (i.e., only 1/20 families was unclas-
sified within an assigned bacterial order). A total of 51 significant interactions (P < 0.05)
were detected between 19 of these taxa, one of which was Liberibacter spp. All taxa in
the network, except for the pathogen, had at least one positive interaction (cooccur-
rence) (P < 0.05) with another taxon, and two cluster groups were observed (Fig. 5B).
The smaller cluster was linked to negative interactions (mutual exclusion) (P < 0.05)
with Liberibacter spp. (Fig. 5B). The negative interactions between Liberibacter spp. and
Burkholderiaceae, Micromonosporaceae, and Xanthomonadaceae appeared to mediate
the negative relationship between the HLB pathogen and the majority of native
bacteria, since the top 20 families constituted >75% of all family-level members of the
microbial community at any time point (Fig. 5A) during HLB disease progression.

DISCUSSION

Harnessing the beneficial potential of the plant microbiome to mitigate major crop
diseases, such as HLB, is gaining interest as a sustainable approach to improve
agricultural production (5, 6, 32). It has been suggested that the abundances of core
members within plant-associated microbial communities, which may stably associate
with particular hosts (11, 13, 15), are a determinant factor in whether the community
is functioning in a “healthy” state (9). Understanding the importance of the core group
with regard to its implications for plant health and productivity is still at a stage of
infancy. Plant diseases are known to be associated with changes in the microbiome (15,
17, 20-26), but much remains to be learned about potential interactions between
phytopathogens and native bacteria, notably core microbiota, that could play key roles
in disease progression. The present study investigated these associations and interac-
tions through a comprehensive analysis of the core leaf- and root-associated commu-
nities of citrus hosts that varied in the extent of HLB disease progression.

The core compositional members of the microbial communities were defined at
each taxonomic rank, and as rank became more specific (i.e., from phylum to genus),
the ratios of the numbers of core taxa to all taxa consistently decreased. Certain
non-core members at finer levels of taxonomy collectively comprised some of the taxa
that were defined as core at higher taxonomic ranks. This could be attributable to plant
microbiome selection being dependent on microbial resource requirements and func-
tional genes that are redundant within broader phylogenetic groups (9). Moreover, the
vast majority of all genera detected in the communities were members of the rare
biosphere (40) and were highly variable in terms of occurrence across samples, even
among replicates. Although the numbers of core members comprised a small fraction
of all citrus-associated taxa, these organisms made up the majority of the relatively
dominant microbiota.

Microbial community structure was strongly associated with HLB symptom severity.
The positive correlation between the relative abundance of the Liberibacter spp. and
symptom severity, as well as its negative correlation with alpha diversity, suggests that
the diversity of leaf microbiota decreases as HLB progresses. While Liberibacter spp.
were significantly more abundant within leaves of HLB-symptomatic trees, other
Alphaproteobacteria (Methylobacterium, Sphingomonas, and Methylocystaceae) were
present in greater proportions in those of asymptomatic trees. Since niche similarities
can adversely impact coexistence (41), there may have been resource-related compe-
tition between the pathogen and other members of its bacterial class. Previous studies
have also indicated Methylobacterium and Sphingomonas to be involved in protecting
host plants from various pathogens (42-45). Furthermore, by examining the year-long
cooccurrence patterns for the 20 most abundant families and Liberibacter spp., we
uncovered negative correlations between the pathogen and three bacterial families
(Burkholderiaceae, Xanthomonadaceae, and Micromonosporaceae) that have previously
been described to have plant-beneficial properties (18, 23, 27, 46). These taxa may have,
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to an extent, been involved in mediating the suppressive relationship between the
pathogen and the stable microbial community. Future work is needed to validate such
microbe-pathogen interactions.

With regard to root microbiota, even though the abundance of Liberibacter spp. was
miniscule, there were significant differences in the structures of communities of asymp-
tomatic and HLB-symptomatic trees. The low detection of the pathogen in root-
associated communities was probably due to it being phloem limited (i.e., an endo-
phyte) (34), while the majority of bacteria in the root samples were likely present as
epiphytes or on soil particles from the surrounding rhizosphere that had been in
contact with the root surface (13). Several dominant core genera of citrus roots
(Kaistobacter and unclassified genera in Bradyrhizobiaceae and Xanthomonadaceae)
were found to be associated with asymptomatic trees. Bradyrhizobiaceae are known soil
bacteria and root endophytes involved in symbiotic relationships with plants as nitro-
gen fixers (47, 48). While some members of Xanthomonadaceae are citrus pathogens
(e.g., citrus canker is caused by Xanthomonas axonopodis) (49), others have been
implicated in biological control (27). Alternatively, the relative abundances of other core
genera, such as Steroidobacter and unclassified genera in Comamonadaceae, Hyphomi-
crobiaceae, MND1, 1S-44, and Rhizobiales, were significantly greater in their respective
classes among the root microbiota of HLB-symptomatic trees. It is unclear whether
these disease-associated taxa may have synergistically impacted HLB progression or if
they were opportunistic colonizers as the microbiomes were restructuring in response
to disease progression having caused changes in the local microenvironments. In
addition to the core taxa associated with roots, several dominant non-core/variable
members were also linked to host health. For example, Rhodanobacter and Burkholderia
were common within their bacterial classes in the root communities of asymptomatic
trees, yet absent in those of diseased trees. The former has previously been shown to
exhibit biological control activity toward phytopathogens both in vitro and in vivo (50),
while the latter is known to colonize the root surface, gain entry into the internal tissue,
and translocate in xylem and is capable of inducing host defense signaling (46).
Interestingly, there were consistencies between some potentially beneficial taxa asso-
ciated with both leaves and roots (e.g. Burkholderiaceae and Xanthomonadaceae),
which may have implications for biological control of Liberibacter spp. Development of
novel approaches to treat or manage HLB by bolstering the stability of the native
microbial community or by using treatments that are target specific to Liberibacter spp.
so that the native community is not disrupted warrants further investigation.

Separate from the correlations between microbial community structure and HLB
symptom expression, there were unique associations between the plant microbiota
and location, cultivar, season, and time, which have been previously discussed (11, 13,
15, 16, 19). A limitation to this study was that the analyses were performed at the
taxonomic level of genus or above, so the strain specificity of potential microbial
interactions or associations was not able to be determined. Although strain-level
diversity of L. asiaticus (i.e., the HLB pathogen in Florida) is largely unexplored, perhaps
due to the fact that the pathogen is not culturable (17), it cannot be ruled out that the
differences in HLB symptom severity and microbial community structure that were
noted for the different sampling locations could have been related to differences in
pathogenicity of the Liberibacter strains that were present at the site. It is possible that,
compared to the more severely symptomatic trees, the asymptomatic trees that were
positive for the pathogen or the mildly symptomatic trees may have been colonized by
benign or at least relatively less-virulent Liberibacter spp.

We emphasize that the findings from this work indicate correlation, not causation,
between microbial community structure and HLB progression, among other variables.
Although the directional associations between pathogen, microbiota, and host remain
unclear, several hypotheses can be posited. For example, the differences in microbial
community structures between healthy and diseased trees may have been a response
to changes in host-associated microhabitats that were affected by disease progression.
HLB is known to cause carbohydrate partitioning imbalances and deficiencies of
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essential micronutrients (e.g., Fe, Mn, and Zn) throughout the tree canopy (51, 52).
These factors could have impacted the leaf-associated microbial communities. As for
root microbiota, the declining health state of the trees may have altered the compo-
sition and amounts of root exudates produced. Trivedi et al. (24) reported HLB infection
significantly alters the abundances of functional genes in the citrus rhizosphere that are
involved in carbon fixation, nitrogen cycling, phosphorus utilization, and metal homeo-
stasis, which reflected a state of environmental change. On the other hand, since the
relative abundance of Liberibacter spp. within leaf-associated microbial communities
was found to correlate with disease symptom severity, which was in agreement with a
previously made suggestion that a minimal titer of the pathogen is required for HLB
symptoms to develop (17), certain changes within the microbial communities that
could have involved a pathway for proliferation of Liberibacter spp. among native
bacteria may have been a critical factor for disease establishment. After all, the
pathogen was still present in the leaf microbiota of almost all asymptomatic trees (i.e.,
in 27/29 leaf samples from asymptomatic trees) at very low relative abundances.
Potential plant-beneficial bacteria that were differentially abundant within the trees
that had varied in HLB symptom severity could have been involved in (i) competing
with Liberibacter for nutrient resources, limiting its ability to grow and spread, (ii)
antibiosis toward the pathogen or other disease-associated bacteria, (iii) assistance with
host nutrient acquisition, which could help alleviate disease symptom-related nutrient
deficiencies, or (iv) induction of host plant signaling pathways that stimulated plant
defense responses. Distinguishing the changes within core plant-associated microbial
communities that are associated with disease establishment from those that are
associated with consequences of disease symptoms is an interesting avenue for future
research.

Overall, our results advance the understanding of (i) plant microbiota selection
across multiple variables and (ii) changes in community structure that are associated
with disease establishment or symptom progression, having implications for biological
control. We not only confirmed previously described bacterial associations with plant
health (e.g., potentially beneficial bacteria) but also demonstrated the importance of
core taxa within the broader community, as well as identified new associations and
potential interactions between certain bacteria and the economically important phy-
topathogens Liberibacter spp.

MATERIALS AND METHODS

Sample collection and processing. Leaves and roots were collected from citrus trees across Florida
(Gainesville, Ft. Pierce, Inmokalee, Quincy, Vero Beach) (see Fig. S1 in the supplemental material), where
huanglongbing (HLB) disease symptoms ranged from asymptomatic to severely symptomatic during
2015 to 2016. Valencia (Citrus sinensis L. Osbeck), Navel [Citrus sinensis (L.) Osbeck], Honeybell (Citrus X
tangelo), Owari (Citrus unshiu Marcovitch), and Ray Ruby (Citrus paradisi Macfadyen) were sampled in the
study (Table 1). The HLB symptom appearance for each set of replicate trees was classified by 4
categories (I, II, 1ll, or IV) corresponding to asymptomatic, symptomatic—mild, symptomatic—moderate,
or symptomatic—severe, respectively. Figure S2 in the supplemental material provides a detailed
description of each category.

To sample leaves, the canopy of each tree was divided into four quadrants and 10 leaves from each
quadrant were randomly selected. The leaves were collected aseptically by being cut at the stem and
placed into sterile Whirl-Pak stomacher bags (Nasco, Fort Atkinson, WI). To sample roots, 3 soil cores
(5-cm diameter, 25-cm depth) were taken within the root zone of each tree and the fibrous roots were
screened from the soil and combined. A composite root sample for each tree was collected in a sterile
50-ml polypropylene tube. The leaf and root samples were transported to the lab in a cooler on dry ice.

All samples were frozen at —80°C and lyophilized. The leaf samples were crushed into <1-cm
fragments in their respective stomacher bags. Each set of leaf samples that was taken from the same tree
was combined at equal volume in sterile 15-ml polypropylene tubes. The root samples were crushed into
<1-cm fragments by adding a sterile steel grinding ball (9.5-mm diameter) to each tube and shaking
vigorously by hand. The crushed leaf and root samples, along with a sterile steel grinding ball (9.5-mm
diameter), were placed in 5-ml polyethylene vials (Spex, Metuchen, NJ) and homogenized via bead
beating with three 1-min bursts in the GenoGrinder 2000 (Spex, Metuchen, NJ).

16S Illumina sequencing. Genomic DNA for lllumina sequencing was extracted from each homog-
enized sample with the Isolate Il plant DNA kit (Bioline, Taunton, MA). Amplicon libraries were prepared
for the V4 region of 16S rRNA genes with PCRs that incorporated Illumina-compatible universal
bacteria/archaeal primers 515f/806r, with a 12-bp indexing barcode added to the forward primer (53, 54).
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Samples were amplified in 25-ul reaction mixtures that contained 0.5 U of Phusion high-fidelity (HF) DNA
polymerase (M0530S; New England BioLabs), 1X Phusion HF reaction buffer, 3% dimethyl sulfoxide
(DMSO), 200 uM deoxynucleoside triphosphates (ANTPs), 0.25 wM each primer, and 1 ul of template DNA
(approximately 45 ng). PNA clamps (0.75 uM pPNA or 0.75 wM mPNA) (39) were included in each reaction
in order to limit amplification of contaminant 16S plastid and 16S mitochondrial sequences. PCRs were
performed using a SimpliAmp thermal cycler (Applied Biosystems, Foster City, CA) with an initial
denaturation stage at 94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 45 s, annealing
of PNA clamps at 78°C for 10 s, annealing of primers at 50°C for 60 s, and elongation at 72°C for 90 s, and
completed with a final elongation stage at 72°C for 10 min (39). Triplicate amplifications for each sample
were pooled and cleaned with the MinElute PCR purification kit (Qiagen, Valencia, CA). The amplicons
were quantified for DNA concentration and the 260-nm/280-nm ratio using a NanoDrop 1000 (Thermo-
Fisher Scientific, Waltham, MA). Final pools containing 500 ng of DNA from each amplicon library were
prepared and submitted to the NextGen DNA sequencing core at the Interdisciplinary Center for
Biotechnology Research at the University of Florida. The samples were quantified at the sequencing
center by quantitative PCR (qPCR) and QUBIT for quality control and size selected with ELF to produce
fragment sizes in the desired range for the amplicon sequencing. Paired-end sequencing (2X 150 cycles)
was performed on an Illlumina MiSeq platform.

Data analysis. Sequenced reads were demultiplexed based on the indexing barcodes at the
sequencing center. We processed the reads with Cutadapt (https://github.com/marcelm/cutadapt) and
Sickle (https://github.com/najoshi/sickle) to remove any residual lllumina adapters and primer se-
quences, truncate sequences at the first N position, trim sequences at a base pair with a phred score
below 30, and remove reads that were shorter than 120 bp. Paired-end reads were joined with Eautils
(https://github.com/ExpressionAnalysis/ea-utils) with the requirements of having a minimum overlap of
30 bp and a 3% maximum difference in the overlap region. Sample names were added to the definition
lines of sequencing reads using the sed command and concatenated into one fasta file in order to make
them compatible for analysis in QIIME v.1.8 (55). Clustering of OTUs at 97% similarity, with no removal
of singletons, was performed in QIIME by the open-reference OTU picking method (56), and taxonomy
assignments were made by mapping to the Greengenes reference database version 13.8 (57). Unas-
signed OTUs and those that were identified as 16S mitochondrial or plastid DNA were removed from
further analyses. The total counts of OTUs and assigned taxa for each taxonomic rank were transformed
to relative abundance values.

The core members of the citrus leaf and root microbiota were defined as those that had at least 1
sequencing read in at least 95% of the respective samples (58). Rank abundance curves were generated
to inspect the distribution of core members and non-core/variable members (i.e., those found in less than
95% of samples). The ratios of core members to non-core/variable members were compared at the
phylum, class, order, family, and genus levels.

In order to evaluate the spatiotemporal variability of the relative abundance of Liberibacter spp. and
how it correlated with HLB disease symptom severity, the statistical software PAST (59) was used to
perform ANOVA and Tukey's post hoc tests to determine the differences in the relative abundance of the
pathogen in microbiota of citrus trees based on (i) location and citrus cultivar (trees sampled in fall 2015),
(ii) season/time (trees sampled in Gainesville during 2015 to 2016), and (iii) HLB symptom severity (all
trees).

Microbial community structure was analyzed with phyloseq (60) and plotted with ggplot2 (61) in R
v.3.2.1. Regression analysis was used to determine the relationship between microbiota alpha diversity
and Liberibacter species relative abundance. The associations of microbial community structure with
plant organ (i.e, leaf and root), location, cultivar, HLB symptom severity, season, and time were evaluated
with nonmetric multidimensional scaling (NMDS) plots and/or analysis of similarity (ANOSIM) (signifi-
cance based on 999 permutations) in Vegan v.2.3.2 (62). Note that an ANOSIM R statistic of 0 means the
communities are identical, whereas an R value of 1 means the communities have no overlap. The Student
t test and power calculation were applied to determine the differences in relative abundances of core
bacterial genera that were associated with asymptomatic trees (i.e., category |) and HLB symptomatic
trees (i.e., categories Il to IV).

Network analysis of interactions between the 20 most abundant families, with Liberibacter spp.
separate from other members of their family (Rhizobiaceae), of leaf microbiota from the Valencia trees
sampled in Gainesville during 2015 to 2016 (n = 32) was performed using the CoNet app (63) in
Cytoscape v.3.0.2 (64). Significant positive and negative correlations between taxa were determined by
support of three separate measures: Pearson’s correlation, Spearman’s correlation, or Bray-Curtis dissim-
ilarity. Networks from the three measures were merged by intersection, keeping only significant
interactions («a set at 0.05) with support from all methods. In addition, an ANOVA was applied to
determine differences in the relative abundances of these taxa at the four different time points.

Accession number(s). Parsed raw sequencing reads are publicly available through NCBI's Sequence
Read Archive under BioProject accession no. PRINA362723.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00210-17.

SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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