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ABSTRACT Huanglongbing (HLB) is a destructive citrus disease that is lethal to all
commercial citrus plants, making it the most serious citrus disease and one of the
most serious plant diseases. Because of the severity of HLB and the paucity of effec-
tive control measures, we structured this study to encompass the entirety of the citrus
microbiome and the chemistries associated with that microbial community. We describe
the spatial niche diversity of bacteria and fungi associated with citrus roots, stems, and
leaves using traditional microbial culturing integrated with culture-independent meth-
ods. Using the culturable sector of the citrus microbiome, we created a microbial reposi-
tory using a high-throughput bulk culturing and microbial identification pipeline. We in-
tegrated an in vitro agar diffusion inhibition bioassay into our culturing pipeline that
queried the repository for antimicrobial activity against Liberibacter crescens, a culturable
surrogate for the nonculturable “Candidatus Liberibacter asiaticus” bacterium associated
with HLB. We identified microbes with robust inhibitory activity against L. crescens that
include the fungi Cladosporium cladosporioides and Epicoccum nigrum and bacterial spe-
cies of Pantoea, Bacillus, and Curtobacterium. Purified bioactive natural products with
anti-“Ca. Liberibacter asiaticus” activity were identified from the fungus C. cladosporioides.
Bioassay-guided fractionation of an organic extract of C. cladosporioides yielded the nat-
ural products cladosporols A, C, and D as the active agents against L. crescens. This work
serves as a foundation for unraveling the complex chemistries associated with the citrus
microbiome to begin to understand the functional roles of members of the microbiome,
with the long-term goal of developing anti-“Ca. Liberibacter asiaticus” bioinoculants that
thrive in the citrus holosystem.

IMPORTANCE Globally, citrus is threatened by huanglongbing (HLB), and the lack of
effective control measures is a major concern of farmers, markets, and consumers.
There is compelling evidence that plant health is a function of the activities of the
plant’s associated microbiome. Using Liberibacter crescens, a culturable surrogate for
the unculturable HLB-associated bacterium “Candidatus Liberibacter asiaticus,” we
tested the hypothesis that members of the citrus microbiome produce potential
anti-“Ca. Liberibacter asiaticus” natural products with potential anti-“Ca. Liberibacter
asiaticus” activity. A subset of isolates obtained from the microbiome inhibited L.
crescens growth in an agar diffusion inhibition assay. Further fractionation experi-
ments linked the inhibitory activity of the fungus Cladosporium cladosporioides to
the fungus-produced natural products cladosporols A, C, and D, demonstrating
dose-dependent antagonism to L. crescens.
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Huanglongbing (HLB) is a serious disease of citrus and the major threat to citricul-
ture worldwide. In the United States, HLB is associated with a Gram-negative,

phloem-limited alphaproteobacterium, “Candidatus Liberibacter asiaticus,” with several
different strains of “Ca. Liberibacter asiaticus” reported in association with citrus (1–3).
This bacterium is spread by insect psyllid vectors; the psyllid vector in the United States
is the Asian citrus psyllid (ACP) Diaphorina citri. Both the vector and the bacterium are
invasive species in the United States. Symptoms of the disease include leaf chlorosis,
blotchy mottle, limb dieback, root loss, phloem plugging, and overall sieve element
collapse (4, 5). Diseased trees produce small, bitter, hard, unevenly colored, and
misshapen fruit. These fruits are unmarketable for juicing because the disease results in
acidic, salty, and off-flavor juice. In addition to the unpalatable flavor, fruit borne of
trees with severe HLB symptoms exhibit severe morphological distortions and seed
discoloration, rendering them unsuitable for fresh-market sale (6, 7). Infected trees
decline rapidly and die within a few years of becoming infected, and HLB can spread
throughout an orchard in a short period of time, especially when environmental
conditions are favorable or mitigation measures are not applied (8). All commercial
citrus varieties are susceptible to HLB (9, 10). Current management of HLB relies heavily
on vector control via insecticide applications, and the development of alternative
effective management strategies is ongoing (11, 12). Section 18 emergency registration
was approved in Florida for the use of the antibiotics streptomycin sulfate and
oxytetracycline hydrochloride in citrus, and the studies regarding the efficacy of these
antibiotics against HLB are ongoing (11–13), with a recent study indicating that spray
applications of oxytetracycline are ineffective at mitigating HLB (14).

A diverse community of microorganisms is associated with plants, collectively
referred to as a plant’s microbiome, and includes the collection of microbes associated
with the rhizosphere (the soil-root interface), the phyllosphere (epiphytic, aerial sur-
faces), and the endosphere (internal tissues) (15). Spatial and environmental factors as
well as host immunity and microbe-microbe interactions can shape the microbiome
community structure in these plant compartments (16–19). Moreover, under disease
conditions, microbial pathogens directly or indirectly interact with the host microbiome
as well as the host itself. Because of the HLB epidemic and the lack of long-term
sustainable effective control measures, there is an increased focus on the citrus
microbiome and how it relates to the HLB disease phenotype that encompasses the
entirety of the citrus microbial community and its associated chemistries (20–22).
High-throughput sequencing (HTS) technologies have significantly increased our
knowledge regarding the members of plant-associated microbiomes, including those
of citrus. However, besides pathogens and some well-studied symbionts, the vast
majority of the functions of the plant microbiome are unknown, colloquially referred to
as microbial “dark matter” (23). Their intimate host associations suggest that these
microbes may possess enormous untapped potential for promoting plant health, but
the inherent complexity of these communities and their associated chemistries com-
plicate efforts to decipher their respective contributions (24, 25).

The next frontier in microbiome research is to move beyond microbial community
profiling to define specific microbial contributions to phenotypes, such as plant health
and disease outcomes (26). These efforts are expedited by coupling big data sets
derived from HTS technologies with reductionist experiments using microbial isolates
in singlet or consortia that are derived from a given microbiome. Thus, establishing and
maintaining culture collections alongside cognate culture-independent HTS data sets is
a key component of unraveling the complexity of microbial functions within a host’s
microbiome. HTS technologies in plant microbiomes have also enabled the field of
microbial biocontrol to shift from single-agent control studies toward holistic,
community-based investigations on the comprehensive microbiome of a given sys-
tem (27). However, the market for biocontrol agents or microbially derived natural
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product-based disease control applications is still heavily rooted in culture-dependent
studies, because the development of microbe-derived formulations for commercial
purposes requires culturable isolates that can be broadened to scaled-up fermenta-
tions. Thus, the integration of culture collections with culture-independent microbiome
data sets is particularly relevant to the field of biocontrol and natural product-based
disease control research.

Enduring biological control requires microbes that are adapted to changing host
disease states as part of an integrated management strategy. The most successful
biocontrol agents are those tailored to their target environment and that are capable
of thriving across healthy and diseased host states (28). Rhizobium rhizogenes K84 (29)
is a model integrated biocontrol agent and used, along with the derived strain
Rhizobium rhizogenes K1026 (30), to combat infection of Agrobacterium tumefaciens in
the rhizosphere of susceptible plants (31). This biocontrol agent was isolated from A.
tumefaciens-infested rhizospheres where these two microbes evolved to compete with
one another through an elegant interaction mechanism mediated by the antibiotic
agrocin 84, allowing R. rhizogenes to specifically inhibit virulent A. tumefaciens strains
carrying specific Ti plasmids (32). A seemingly logical starting point for biocontrol
bioprospecting efforts from within a host’s microbiome would focus on healthy or
asymptomatic hosts. However, utilizing the success of R. rhizogenes K84 and K1026 as
a paradigm for the development of an effective biocontrol agent, it has been proposed
that bioprospecting for biocontrol candidates should also include the microbiota from
symptomatic hosts (33, 34). A study in tomato also indicated that a pathogen-prevalent
environment was a good source for isolating biocontrol agents for the vascular
bacterial pathogen of solanaceous plants, Ralstonia solanacearum (35). These condi-
tions select for candidate biocontrol agents capable of sustaining themselves within
the parameters of the diseased plant environment. Moreover, these microorganisms
interface with the pathogen either directly or indirectly and are potentially under
selective pressure to engage in competitive interactions with the pathogen.

The collective aims of this work were to map the spatial anatomy of the citrus
microbiome in different tissue niches of the tree (leaves, stems, and roots) and to mine
those same niches for culturable microbiota to build a repository of citrus-associated
microorganisms that dwell in the HLB disease environment and screen this repository
for potential anti-“Ca. Liberibacter asiaticus” bioinoculants. To accomplish this, we
utilized a high-throughput culturing and taxonomic identification pipeline that allows
for the rapid identification of large cohorts of culturable microbiota based on bulk-
culturing techniques augmented with amplicon-based HTS technologies that alleviated
the initial need for laborious subculturing into pure culture. We then isolated a subset
of these microbial cohorts into pure culture to create a repository of axenic citrus
microbial isolates. Operating under the premise that members of the citrus microbiome
could be developed into HLB suppressors, we tested the hypothesis that members of
the citrus microbiota can compete with “Candidatus Liberibacter asiaticus” through
antibiosis. Efforts to culture the “Candidatus Liberibacter asiaticus” bacterium are
ongoing and remain a large focus of the research community working on the HLB
pathosystem (36). However, the bacterium remains unculturable. Thus, “Ca. Liberibacter
asiaticus” is not amenable to manipulation in vitro, which poses severe limitations on
developing bioassays to screen compounds that target “Ca. Liberibacter asiaticus”
directly. Because of this, we turned to L. crescens, the only cultivable species belonging
to the Liberibacter genus (37). L. crescens has also been detected in citrus, and several
studies have established it as a suitable in vitro model organism for “Ca. Liberibacter
asiaticus” (38, 39). We integrated a robust in vitro agar diffusion inhibition bioassay into
our culturable microbiome pipeline that utilizes L. crescens as a target to identify
citrus-associated bacteria and fungi that produce metabolites that inhibit its growth.
This in vitro screening pipeline was validated by isolating natural products cladosporols
A, C, and D with antimicrobial activity from the L. crescens-antagonistic fungus C.
cladosporioides, thereby providing foundational data for the development of native
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citrus microbiome-derived therapeutic methods with potential application in HLB
management practices and possibly other plant pathosystems as well.

RESULTS
Accessing the culturable citrus microbiome using a high-throughput bulk-

culturing pipeline. We utilized a bulk-culturing pipeline to initially assign taxonomic
classification to the microbes obtained from our culturing efforts before isolating them
into pure culture (Fig. 1). Taxonomic assignment of the bulk cultures enabled us to
obtain federal permits (P526P-18-01661 and P526P-17-04593) to import into California
248 bulk culture tubes that contained no known regulated citrus pathogens as deter-
mined by the amplicon-based HTS analyses of both bacteria and fungi. We then
performed subculturing and isolation into pure culture in Riverside, CA (Fig. 1). Both the
bulk cultures and individual isolates derived from the bulk cultures that were permitted
and shipped to Riverside, CA, from Fort Pierce, FL, formed the basis of our culture
repository.

Spatial mapping of the culture-dependent and -independent citrus micro-
biome. Tissues were not surface sterilized prior to the culture-independent or culture-
dependent protocols, so the taxa reported here represent epiphytic and endophytic
microorganisms.

FIG 1 High-throughput bulk-culturing pipeline for construction of the citrus-cultured microbiome
repository. Fungi and bacteria were cultured from citrus leaves, stems, and roots onto TSA and PDA
medium at 28°C for 4 days. Bulk cultures were harvested from the plates, archived as a mixture in 25%
glycerol, and stored at – 80°C in cryovials. Aliquots of the archived microbial mixtures were assessed via
ITS sequencing to determine the diversity captured through culturing. Microbial diversity was also
assessed using culture-independent methods from the same citrus tissues that were used for the
culture-dependent analyses. Individual isolates were obtained via subculturing from the mixed cultures,
stored as part of the citrus microbiome repository, and screened in the bioassay against L. crescens BT-1.
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(i) Culture dependent. Our study utilized primers that target the bacterial inter-
genic spacer (ITS) region, whereas other published citrus microbiome studies generally
utilized primers that target the 16S rRNA gene. Bacterial ITS primers can provide finer
taxonomic resolution than do bacterial 16S rRNA gene primers and can sometimes
provide species-level identification (40). After removing low-abundance operational
taxonomic units (OTUs) (average abundance, �1 count across all samples) from
amplicon-based HTS data of the bulk cultures, we obtained 863 OTUs in the cultured
leaf bacteriome, 679 OTUs in the cultured stem bacteriome, and 880 OTUs in the
cultured root bacteriome from the archived bulk-cultured samples. We obtained 467
OTUs in the cultured leaf mycobiome, 478 OTUs in the cultured stem mycobiome, and
216 OTUs in the cultured root mycobiome from the archived bulk-cultured samples
(Fig. 2 and 3 and Tables 1 and 2). The 10 most abundant bacterial genera found in all
three tissue types are listed in Table 1 and presented in Fig. 2. Isolates belonging to the
genera Bacillus, Pantoea, Tatumella, Paenibacillus, Pseudomonas, and Lysinibacillus were
obtained in bulk culture from all three tissue types. A list of all bacterial OTUs, taxa, and
metadata associated with each sample can be found in Tables S1 to S3 in the
supplemental material. The 10 most abundant fungal genera isolated in bulk cultures
from leaves, stems, and roots in terms of relative abundance can be found in Table 2
and Fig. 3. The fungal isolates identified by HTS in these bulk cultures that were
common to all three tissue types were from the genera Sporobolomyces, Cryptococcus,
Fusarium/Gibberella, Colletotrichum, Cladosporium, and Aureobasidium. A list of the
fungal OTUs (average abundance, �1 count across all samples), taxa, and metadata
associated with each sample can be found in Tables S4 to S6.

(ii) Culture independent. The culture-independent data presented here are a
subset of the large-scale citrus microbiome HTS data set that was deposited in the
Sequence Read Archive of the National Center for Biotechnology Information (acces-
sion numbers SRP127690 and SRX3520308 to SRX3520607) (20). Here, we provide a
detailed description of the biology underlying these HTS data in the context of the
citrus tissues from which they were derived and use it as a foundation to compare to

FIG 2 Diversity within the culture-independent and culturable fractions of the bacteriomes of citrus leaves, stems, and roots.
Plots illustrate the relative abundances of the bulk-cultured bacterial genera across leaf, stem, and root tissues (culture
independent) compared to their cognate cultured bacterial communities derived from the same samples (culture dependent).
Colors denote different genera with the most the 29 most abundant genera labeled.
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the culturable citrus microbiomes obtained from the same samples that were utilized
to generate the culture-independent HTS. In brief, after removing low-abundance OTUs
(�1 average abundance per sample), leaf tissues contained 5,326 bacterial OTUs, stem
tissues contained 4,319 bacterial OTUs, and root tissues contained 8,681 bacterial OTUs.
The 10 most abundant bacterial genera in leaf tissues in terms of relative abundance in
the culture-independent data set are listed in Table 1 and Fig. 2. Of the 10 most

FIG 3 Diversity within the culture-independent and culturable fractions of the mycobiomes of citrus leaves, stems, and roots.
Plots illustrate the relative abundances of the bulk-cultured fungal genera across leaf, stem, and root tissues (culture
independent) compared to their cognate cultured fungal communities derived from the same samples (culture dependent).
Colors denote different genera with the 29 most abundant genera labeled.

TABLE 1 Relative abundance percentages of the 10 most abundant genera of the citrus bacteriome

Culture dependence

Taxon in citrus bacteriome in different tissue compartments (% relative abundance)a

Leaf Stem Roots

Dependent Bacillus (37.4) Bacillus (34.7) Bacillus (28.5)
Pantoea (12.3) Pantoea (20.4) Enterobacter (11.1)
Tatumella (12) Tatumella (12.5) Pseudomonas (9.1)
Paenibacillus (8.6) Paenibacillus (5.6) Lysinibacillus (7.6)
Exiguobacterium (5.2) Exiguobacterium (5.1) Paenibacillus (7.1)
Kosakonia (4.2) Terribacillus (3.9) Pantoea (6.4)
Pseudomonas (2.5) Kosakonia (3.3) Tatumella (3.8)
Lysinibacillus (1.3) Lysinibacillus (2.4) Cupriavidus (2.5)
Brevibacillus (1.2) Pseudomonas (1.5) Achromobacter (1.0)
Terribacillus (1.1) Psychrobacillus (1.1) Citrobacter (1.0)

Independent Liberibacter (12.2) Liberibacter (11.0) Streptomyces (24.4)
Streptomyces (11.8) Spirosoma (8.7) Weissella (15.5)
Armatimonadetes (8.6)b Methylobacterium (7.6) Flavobacteriales (6.7)b

Pantoea (5.4) Hymenobacter (6.2) Pseudonocardia (6.2)
Massilia (5.3) Massilia (5.7) Bacillus (5.8)
Hymenobacter (5.0) “Candidatus Walczuchella” (5.2) Micromonospora (2.6)
Tatumella (4.4) Bacillus (4.4) Cupriavidus (1.9)
Methylobacterium (3.5) Kocuria (4.3) Mycolicibacterium (1.9)
Spiroplasma (2.7) Pantoea (4.2) Mycoplasma (1.7)
Bacillus (2.3) Streptomyces (4.1) Mycobacterium (1.4)

aTaxa that are conserved across all three tissue types are indicated in bold.
bTaxa that could not be identified to the genus level.
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abundant genera in the culture-independent study, Streptomyces and Bacillus were
common to all three tissue compartments. The list of bacterial OTUs, taxa, and
metadata associated with each sample and percentage of OTUs of citrus origin ob-
tained for the culture-independent data set can be found in Tables S4 to S6. After
removing low-abundance OTUs (�1 average abundance per sample), leaf tissues
contained 1,638 fungal OTUs, stem tissues contained 1,593 fungal OTUs, and root
tissues contained 1,663 fungal OTUs. The 10 most abundant fungal genera associated
with citrus leaves in terms of relative abundance in the culture-independent data set
are listed in Table 2 and presented in Fig. 3. The fungal taxa present in all three tissue
compartments were the genus Cladosporium and the family Didymellaceae. The list of
all fungal OTUs, taxa, and metadata associated with each sample and percentage of
OTUs of citrus origin obtained for the culture-independent data set can be found in
Tables S4 to S6.

Representation of species richness in the cultured citrus microbiome. Com-
pared to the culture-independent data from the field samples from which the bulk
cultures were derived, the cultured portion of the bacteriome represents 4.0% of the
culture-independent taxa in the leaves, 5.4% of the culture-independent taxa in the
stems, and 2.2% of the culture-independent taxa in the roots. The cultured mycobiome
captured in this study represents a higher percentage of fungal taxa present in the
comprehensive microbiome than what was represented for the bacterial taxa. Specif-
ically, the cultured mycobiome represents 16.7% of the culture-independent taxa in the
leaves, 17.8% of the culture-independent taxa in the stems, and 7.6% of the culture-
independent taxa in the roots. These data taken together indicate that, not surprisingly,
alpha diversity is significantly reduced when examining the culturable portion of the
microbiome. This culture-imposed bottleneck was observed for each tissue type sam-
pled (Fig. 4). Overall, as expected, there were significant differences (P � 0.05, Kruskal-
Wallis with post hoc Dunn test, using Bonferroni correction) in alpha diversity indexes
between culture-dependent and -independent methods. Percent values indicate the
proportions of culture-independent OTUs found in cultured microbiome samples.

Isolation and identification of individual microbial isolates. Considering that
“Ca. Liberibacter asiaticus” is initially introduced by the Asian citrus psyllid into aerial
citrus tissues via feeding on new vegetative leaf growth (flush), we focused our

TABLE 2 Relative abundances of the 10 most abundant genera of the citrus mycobiome

Culture dependence

Taxon in citrus mycobiome in different tissue compartments (% relative abundance)a

Leaf Stem Root

Dependent Sporobolomyces (20.8) Sporobolomyces (16.0) Fusarium (50.9)
Cryptococcus (10.5) Cryptococcus (14.1) Gibberella (19.7)
Gibberella (9.4) Lasiodiplodia (11.8) Colletotrichum (6.0)
Fusarium (9.2) Gibberella (8.9) Penicillium (3.8)
Mucor (7.6) Colletotrichum (4.9) Aspergillus (2.3)
Colletotrichum (6.7) Aureobasidium (4.1) Trichoderma (2.3)
Cladosporium (3.9) Papiliotrema (3.5) Cladosporium (1.9)
Trichoderma (3.1) Glomerella (3.4) Sporobolomyces (1.2)
Lasiodiplodia (2.7) Cladosporium (3.4) Cryptococcus (0.95)
Aureobasidium (2.1) Hannaella (3.4) Aureobasidium (0.93)

Independent Cladosporium (13.0) Cladosporium (15.2) Exophiala (17.8)
Camptophora (9.2) Camptophora (9.24) Fusarium (16.9)
Symmetrospora (7.6) Sporobolomyces (9.01) Glomus (8.0)
Sporobolomyces (6.9) Symmetrospora (7.67) Glomeromycota (6.1)b

Exophiala (3.7) Strelitziana (3.24) Rhizophagus (4.0)
Uwebraunia (3.6) Colletotrichum (2.85) Angustimassarina (3.5)
Alternaria (2.6) Didymellaceae (2.18)b Sordariales (3.0)b

Fusarium (2.2) Cyphellophora (1.60) Cladosporium (2.1)
Didymellaceae (2.2)b Hannaella (1.57) Didymellaceae (2.0)b

Strelitziana (2.0) Aureobasidium (1.47) Thanatephorus (1.7)
aTaxa that are conserved across all three tissue types are indicated in bold.
bTaxa that could not be identified to the genus level.
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subculturing to pure culture efforts on the aerial tissues of citrus (leaves and stems) to
screen for potential anti-“Ca. Liberibacter asiaticus” bioinoculants. Overall, we obtained
1,326 pure culture isolates from a subset (28 tubes) of the 148 bulk-culture tubes that
were derived from the leaf and stem tissues. Of these, 49.17% (652 isolates) were
identified to the genus level to be bacteria, and 7.39% (98 isolates) were identified to
the genus level to be fungi. The remaining 43.44% were either recalcitrant to identifi-
cation or have not yet been identified to the genus level. The pure isolates were
representative of the colony morphotypes observed on the mixed-culture plates. The
10 most abundant bacterial genera isolated into pure cultures from the leaf and stem
tissues are Bacillus, Pantoea, Curtobacterium, Rosenbergiella, Microbacterium, Pseudomo-
nas, Kosakonia, Lysinibacillus, Paenibacillus, and Erwinia. Other bacterial genera repre-
sented in the culture repository can be found in Fig. S1. All of these taxa were identified
by 97% homology to 16S rRNA gene nucleotide sequences from specimens posted in
the Ribosomal Database Project (41) or the NCBI database. The 10 most abundant
fungal genera isolated into pure culture from leaves and stems are Mucor, Cryptococcus,
Aureobasidium, Cladosporium, Fusarium, Penicillium, Coniochaeta, Papiliotrema, Colleto-
trichum, and Alternaria. Other fungal genera represented in the culture repository can
be found in Fig. S2. All of these taxa were identified by 97% homology to ITS rRNA gene
nucleotide sequences from specimens posted in the NCBI database (42).

Identification of L. crescens-inhibitory microbes. To screen our microbial library
for competitive interactions with “Ca. Liberibacter asiaticus,” we utilized the culturable
close relative L. crescens as a functional proxy for screening for microbial antagonists.

FIG 4 Passage through culture medium produces diversity shifts in citrus-associated microbiota. (A and B) Violin plots illustrating Shannon’s
alpha-diversity index scores of the citrus bacteriome and its cultured counterparts, per tissue (A) and the citrus mycobiome and its cultured
counterparts, per tissue (B). Red diamonds represent the medians of each sample group. The cultured portion of the bacteriome represents 4.0%
of the culture-independent taxa in the leaves, 5.4% of the culture-independent taxa in the stems, and 2.2% of the culture-independent taxa in
the roots. The cultured mycobiome represents 16.7% of the culture-independent taxa in the leaves, 17.8% of the culture-independent taxa in the
stems, and 7.6% of the culture-independent taxa in the roots. P values indicate the significance of the difference in alpha-diversity measures
between culture-independent and culture-dependent samples per tissue, obtained via a Kruskal-Wallis with post hoc Dunn test, using Bonferroni
correction (P � 0.05). Percent values indicate the proportions of culture-independent OTUs found in cultured microbiome samples.
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We initially adapted a solid agar-based bioassay using a dilution series of spectinomy-
cin, an antibiotic known to inhibit the growth of L. crescens (Table S7). Once this assay
was established, we then initiated testing crude supernatants obtained from approxi-
mately 17% (244 isolates) of the pure cultures in a medium-throughput format. We
identified L. crescens-inhibitory bacterial and fungal isolates via the presence of zones
of growth inhibition around the disks loaded with their respective supernatants,
indicating the presence of antimicrobial compounds (Fig. 5). These included three fungi
belonging to the genera Cladosporium and Epicoccum and nine bacteria belonging to
the genera Pantoea, Bacillus, and Curtobacterium (Table 3).

Bioassay-guided isolation of cladosporols Cladosporium cladosporioides. As a
proof of concept, we focused our natural product isolation efforts on the fungal strain

FIG 5 Liberibacter crescens agar diffusion inhibition assay. (A to D) Images of assay plates from the in vitro
diffusion assay, showing uninhibited L. crescens BT-1 growth on a negative-control plate (A), a halo of L.
crescens BT-1 growth inhibition around a disk containing supernatant from C. cladosporioides (CF0052)
(B), a halo of L. crescens BT-1 growth inhibition around a disk containing supernatant from E. nigrum
(CB0051) (C), and a halo of L. crescens BT-1 growth inhibition around a disk containing supernatant from
Pantoea sp. isolate CB0072 (D). Fifty microliters of MeOH was applied and evaporated off the disk prior
to placement on the top agar.
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exhibiting the largest and most robust inhibition, C. cladosporioides CF0052. This strain
was propagated in potato dextrose broth (PDB), the organic-soluble metabolites were
extracted with ethyl acetate and fractionated using flash column chromatography and
high-performance liquid chromatography (HPLC), and active fractions were identified
using the L. crescens inhibition assay. Flash column fractions 3 to 5 all strongly inhibited
L. crescens growth (inhibition diameters, 6.0 cm, 6.4 cm, and 5.7 cm, respectively). The
fractions were subjected to HPLC to give three pure compounds. The 1H nuclear
magnetic resonance (NMR) spectra of these compounds each contained a highly
deshielded singlet (11.5 to 12.5 ppm) consistent with strongly hydrogen-bonded phe-
nols. A search of the AntiMarin natural products database (43) for Cladosporium
metabolites with phenols capable of such hydrogen bonding yielded 29 compounds;
of these, cladosporols A (compound 1, formula C20H16O6), C (compound 2, formula
C20H18O5), and D (compound 3, formula C20H18O6) (44, 45) had molecular masses
consistent with those observed by liquid chromatography-mass spectrometry (LC-MS)
(m/z 351.05 [M-H]�, 337.08 [M-H]�, and 353.07 [M-H]�, respectively) (Fig. 6). A com-
parison of the 1H and 13C NMR spectra for each compound with the literature spectra
for the cladosporols confirmed the identities of compounds 1 to 3 as the major
bioactive compounds from C. cladosporioides. The NMR and LC-MS data for fractions 4
and 5 suggested that these also contained compounds 1 and 2, along with other
yet-to-be-identified metabolites. Furthermore, purified compounds 1 to 3 from C.
cladosporioides showed dose-dependent inhibition of L. crescens in the in vitro disk
diffusion inhibition assay (Fig. 7). All showed comparable dose-response curves, with
compound 2 showing slightly higher inhibition at each concentration tested.

DISCUSSION

Specific members or consortia of plant microbiomes can provide protection against
plant pathogens through a variety of mechanisms ranging from niche displacement,
production of antimicrobial compounds, and activation of induced systemic resistance
(46–52). Reductionist experiments facilitate mechanistic studies to elucidate the under-
lying biology of a system, rendering culture collections an important translational

TABLE 3 Crude supernatants from citrus-associated microbes that are inhibitory to
Liberibacter crescens BT-1 in agar diffusion bioassays

Isolate Tissue origin Identification
Zone of inhibition
diam (cm)a

CF0052 Leaf Cladosporium cladosporioides 3.40 � 0.32
CF0053 Leaf C. cladosporioides 2.58 � 0.38
CF0051 Stem Epicoccum nigrum 1.58 � 0.16
CB0072 Leaf Pantoea sp. 2.65 � 0.28
CB00729 Leaf Bacillus sp. 2.6
CB00687 Leaf Bacillus sp. 3.33 � 0.39
CB00912 Leaf Bacillus sp. 3.8
CB00904 Leaf Bacillus sp. 1.8
CB00892 Leaf Curtobacterium sp. 1.35
CB00909 Leaf Bacillus sp. 1.78
CB00893 Stem Bacillus sp. 1.00
CB00945 Leaf Curtobacterium sp. 1.00
aThe negative control had MeOH only and had a zone of inhibition diameter of 0.00 � 0.00 cm.

FIG 6 Structures of cladosporols A (compound 1), C (compound 2), and D (compound 3).
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research tool to bridge big HTS data sets with biologically relevant activities. These
resources enable critical inquiries into specific microbial interactions, such as linking
functional phenotypes like pathogen suppression to specific microbiome constituents
and their respective bioactive chemistries (53). For this study, we designed a pipeline
that allowed us to assign taxonomy to bulk cultures obtained from citrus tissues. This
conveniently expedited taxonomic assignments by initially bypassing the need to
isolate into pure culture. Moreover, our methodology was derived out of necessity to
adapt to the regulatory logistics of working with “Ca. Liberibacter asiaticus”-infected
citrus tissues in California. HLB has only recently been confirmed in California (2012),
and prior to that, the state was considered to be HLB free (54). “Ca. Liberibacter
asiaticus” is a quarantine pathogen for the state of California, and as such, scientists in
California are not permitted to import citrus tissues containing live “Ca. Liberibacter
asiaticus.” Tissue sampling and bulk culturing were performed in Florida, where bulk
cultures were archived and stored temporarily. In California, HTS libraries were con-
structed, sequenced, and analyzed using DNA isolated from the bulk cultures. Once
taxonomy was assigned to the microorganisms archived in Florida and confirmed to
contain no known pathogens of citrus, federal importation permits were obtained, and
the bulk cultures were imported to California, where isolation to pure culture was
initiated. Inherent to any culturing process, the standardized growth media and con-
ditions utilized in this study imposed a bottleneck on isolates derived from citrus tissue
and significantly reduced bacterial and fungal species richness compared to that in the
in planta microbiome. Regardless, the citrus culture repository successfully captured
many high-abundance bacterial and fungal taxa that were identified in the culture-
independent data set, representing a higher-than-expected proportion of taxa ob-
served in planta across tissue types. Our citrus microbial collection includes metadata
and barcode sequence for each microbial isolate (20), and as we develop the repository,
we expand our collection sites to include other geographic regions, such as California,
where HLB is just beginning to manifest, along with a broader repertoire of culture
conditions to better capture native microbial richness and diversity measures.

The culture repository of individual bacterial isolates is enriched in the genera
Bacillus and Pantoea (Table 1). These were also identified as core members of the citrus
rhizosphere microbiome from citrus trees collected worldwide (21). The commonalities
we found among the dominant genera in the culture-independent leaf bacteriome with
other citrus leaf bacteriome studies include Methylobacterium and Hymenobacter spp.
(55). Pantoea, Bacillus, and Paenibacillus were identified as dominant root-associated
genera (21, 56, 57), and we also found these to be dominant genera in the leaf and stem
tissue compartments in both our bulk culture-dependent and culture-independent
works. To the best of our knowledge, only one other citrus microbiome study has

FIG 7 Dose-response assay for cladosporols. Cladosporols A, C, and D display dose-dependent activity in
the L. crescens inhibition assay.
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reported on the mycobiome of citrus plants, where Fusarium, Exophiala, and Colleto-
trichum were dominant fungal genera in the rhizosphere of citrus collected globally
(21). We also found these to be dominant fungal genera in our study. Several bacteria
isolated from the rhizosphere of citrus in an HLB-impacted region in Florida were
inhibitory against two bacteria, Agrobacterium tumefaciens and Sinorhizobium meliloti,
which are phylogenetically related to “Ca. Liberibacter asiaticus” (58). The inhibitory
isolates included those of Burkholderia metallica, Burkholderia territorii, Pseudomonas
granadensis, Pseudomonas geniculata, Rhodococcus jialingiae, and Bacillus pumilus (58).
We did not recover these bacteria in our culture collection, likely due to the different
medium types and culture conditions utilized in the Riera et al. study (58), as well as
potential differences in the microbiomes of different geographic regions and citrus
cultivars with those in our study.

Many microbial natural products have been identified, purified, and developed into
antimicrobials, with prototypical examples of naturally derived antibiotics being peni-
cillin produced by Penicillium spp. and streptomycin produced by streptomycetes.
Specific to the HLB pathosystem, the derived antimicrobial natural products strepto-
mycin sulfate (FireWall 50WP; AgroSource, Inc.) and oxytetracycline hydrochloride
(FireLine 17WP; AgroSource, Inc.) are being applied as spray applications to trees in
Florida under Section 18 emergency registration in efforts to decrease pathogen titer
and HLB severity. Microbial natural products can also serve as important starting points
for bioactive drug discovery and synthesis pipelines.

The L. crescens agar diffusion assay provides an efficient platform to prescreen
microbes, crude supernatant extracts, fractionated natural product extracts, and puri-
fied natural product compounds in vitro without the laborious and resource-intensive
in planta or insect studies currently necessary for screening compounds against “Ca.
Liberibacter asiaticus” growth. Although there are limitations inherent to using a
surrogate bacterium, this work establishes a reservoir of candidate natural products and
microbes for use in future in vitro pipelines once culture methodology is sufficiently
refined and “Ca. Liberibacter asiaticus” sheds it “Candidatus” status to be designated
Liberibacter asiaticus (36). To initiate our work on anti-L. crescens natural product
purification from citrus-associated microbes, we focused our efforts on the L. crescens-
inhibitory fungus C. cladosporioides. Cladosporium spp. are often identified as members
of plant microbiomes and can promote plant health by directly antagonizing patho-
gens through the production of antimicrobial compounds or by producing plant
growth-promoting compounds (59, 60).

Bioassay-guided fractionation of the crude extract of C. cladosporioides using the L.
crescens inhibition assay yielded cladosporols A (compound 1), C (compound 2), and D
(compound 3) as the major bioactive compounds. Compound 1 was originally isolated
from C. cladosporioides and identified as a �-glucan biosynthesis inhibitor (61). Com-
pounds 2 and 3 and two other cladosporols (including compound 1) were isolated from
Cladosporium tenuissimum in an investigation of the biocontrol mechanisms of this
hyperparasite of the rust fungus Uromyces appendiculatus (44). The stereochemical
configurations of compound 2 and, by inference, compounds 1 and 3, were revised in
2017, and each was shown to have modest antibacterial activity against the bacteria
Escherichia coli, Micrococcus luteus, Vibrio harveyi (62), and methicillin-resistant Staph-
ylococcus aureus (MRSA) (45). Compound 1 has also attracted considerable interest as
a peroxisome proliferator-activated receptor � (PPAR�)-mediated inhibitor of cancer
cell proliferation (see reference 63 and references therein). In this study, compounds 1
to 3 all displayed inhibitory activity against L. crescens in a dose-dependent fashion,
with slightly higher inhibition by compound 2.

We also identified other L. crescens-inhibitory fungi and bacteria using our pipeline.
Among the fungi screened, an isolate of E. nigrum secreted compounds that robustly
inhibited L. crescens. The Epicoccum genus includes many known plant endophytes and
has been noted for its profuse secondary metabolite repertoire (64). E. nigrum is also an
effective biocontrol agent in several plant systems (65). Most notably, this fungus
reduced symptom severity in periwinkle plants inoculated with the phloem-dwelling
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“Candidatus Phytoplasma mali,” indicating that it interacts directly or indirectly with the
phloem and thus may have some promise in combating “Ca. Liberibacter asiaticus” in
the phloem of citrus (66). Interestingly, the genus is abundant in the citrus packing
house environment (64, 67). Among the bacteria screened from our cultured citrus
microbiome, a Pantoea isolate with high taxonomic identity to Pantoea agglomerans
and Pantoea vagans was found to secrete compounds inhibitory to L. crescens BT-1.
Both of these Pantoea species are prevalent in cultivated crop systems (68–70) and
have been used as biocontrol agents against plant diseases caused by bacteria, fungi,
and oomycetes (68, 71). These Pantoea species have been developed into the com-
mercial products, Bloomtime Biological FD biopesticide (Verdesian Life Sciences) and
BlightBan C9-1 (Nufarm, Inc.), respectively. P. vagans suppresses fire blight of pear and
apple as a standalone treatment (72). In contrast, in other studies, P. vagans was found
to be ineffective at controlling fire blight in apple as a standalone treatment but
efficacious when combined with streptomycin applications, reducing the number of
streptomycin applications necessary to effectively suppress fire blight (73). Based on
these results, our current and future research focuses include the isolation and iden-
tification of bioactive molecules produced by E. nigrum, Pantoea strains, and other
microbes identified as inhibitory to L. crescens via our experimentation pipeline.

The elucidation of antipathogen chemistries produced by phytobiome constituents
provides a foundation for future experiments aimed at enriching disease suppression in
a diseased plant environment. In the HLB pathosystem, efforts to harness biologicals or
their bioactive metabolites for the management of HLB via direct application face
significant challenges (74). Among these is the fastidious nature of the pathogen “Ca.
Liberibacter asiaticus,” as it is localized to the phloem, a difficult-to-access sector of the
plant endosphere. Moreover, “Ca. Liberibacter asiaticus” is delivered directly to the
phloem by its insect vector and has no known epiphytic phase. Thus, anti-“Ca. Liberib-
acter asiaticus” applications based on direct activity against the pathogen will require
entry to the phloem. The next steps of this collective work are to evaluate the
cladosporols (and/or other to-be-isolated natural products) for anti-“Ca. Liberibacter
asiaticus” activity within citrus trees. Most importantly, assays designed to track the
transit pathways of those molecules in planta are necessary to assess bioavailability
across tissue compartments. It will also be pertinent to determine whether the “Ca.
Liberibacter asiaticus”-inhibitory metabolites are produced by their respective microbes
in planta. Empirical assessment of the potential for these microbes to be used, either
directly as bioinoculants, or through cultural practices enriching their abundance in
planta, to curtail “Ca. Liberibacter asiaticus,” and thus mitigate HLB, are the next steps
for this research. Our overall goal is to determine how the citrus phytobiome interfaces
with the “Ca. Liberibacter asiaticus” pathogen and eventually to understand the impact
of microbial community composition on HLB outcomes. In the long term, these findings
will lay the foundation for the development of sustainable plant disease mitigation
strategies for commercial citriculture.

MATERIALS AND METHODS
Foliar, stem, and root sampling. In March 2016, stems, roots, and leaves from 50 trees were

collected from five different citrus orchards in Florida (locations are shown in Tables S1 and S3). Each tree
was divided into four quadrants (north, south, east, and west), and two stems with attached leaves were
collected from each of the quadrants and pooled and sealed in a plastic bag (total eight stems per tree).
Feeder roots were sampled by removing topsoil from two sides of the tree approximately 30 to 50 cm
away from the base of the trunk near the irrigation line. The feeder roots near this irrigation line were
sampled, shaken to remove soil, and sealed in a plastic bag. Gloves were changed, and clippers and
shovels were sterilized with 30% household bleach between each tree that was sampled. All samples
were immediately placed on ice for transit to the laboratory, where they were stored at 4°C and
processed within 24 h. DNA isolations were previously described by Ginnan et al. (20). Briefly, 100 mg
(roots, leaves) or 200 mg (stems) (wet weight) of tissue was pulverized via bead beating and processed
using the MagMAX-96 DNA multisample kit (Thermo Fisher Scientific), followed by DNA concentration
assessment using the Infinite M1000 Pro plate reader (Tecan, Männedorf, Switzerland) and SpeedVac
concentration for dry storage at –20°C prior to library construction.

Microbial propagation for bulk culture collection. Root samples were rinsed twice with sterile
water to remove surface soil. Approximately 0.3 g of feeder roots was placed into a mesh grinding bag
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(Agdia, Inc., Elkhart, IN) with 2.0 ml of 1� phosphate-buffered saline (PBS). The tissue was ground with
a hammer, and the resulting slurry was diluted 1:10 with 1� PBS. The leaves and stems (cut to 3-inch
pieces) were processed in a similar manner but with 3 ml of 1� PBS. One hundred microliters of the
1:10-diluted slurry was spread plated on two solid medium types, tryptic soy agar (TSA) and potato
dextrose agar with 0.1 g/liter tetracycline hydrochloride (PDA-tet). The plates were incubated at 28°C for
4 days. The consortia of microbes on each plate had 1 ml of 1� PBS added directly to the culture plate
and were subsequently scraped with a cell scraper. The suspension was stored as glycerol stocks (25%
final glycerol concentration) at – 80°C. Simultaneously, 50 �l of this culture suspension in 1� PBS was
used for DNA extraction using a Mo Bio DNeasy PowerSoil kit (Qiagen, Valencia, CA), according to the
manufacturer’s recommended protocol.

Microbial taxa identification in mixed microbial cultures and plant tissue samples. (i) HTS of
the bacterial rRNA ITS region. DNAs extracted from the bulk cultures and DNAs extracted from the
cognate citrus tissue samples were used to construct Illumina bacterial rRNA ITS libraries as described by
Ginnan et al. (20) and Ruegger et al. (75). The ITS region of the bacterial rRNA operon was utilized
because it can provide higher taxonomic resolution than that in amplicon-based HTS studies of the 16S
rRNA region (75).

(ii) HTS of the fungal ITS region. DNAs extracted from the bulk cultures and DNAs extracted from
the cognate citrus tissue samples were used to construct Illumina fungal ITS libraries as described by
Ginnan et al. (20).

HTS data analyses. Data processing for the bacterial data was performed with USEARCH v10.0 (76).
We used the UPARSE pipeline for demultiplexing, length trimming, quality filtering, and operational
taxonomic unit (OTU) picking using default parameters or recommended guidelines that were initially
described in reference 77 and which have been updated at https://www.drive5.com/usearch/manual10/
uparse_pipeline.html. Briefly, after demultiplexing and using the recommended 1.0 expected error
threshold, sequences were trimmed to a uniform length of 145 bp and then dereplicated. Dereplicated
sequences were subjected to error correction (denoised) and chimera filtering to generate zero-radius
operational taxonomic units (ZOTUs) using UNOISE3 (78). An OTU table was then generated using the
otutab command. ZOTUs having nonbacterial DNA were identified and enumerated by performing a
local BLAST search (79) of their seed sequences against the nucleotide database. ZOTUs were removed
if any of their highest-scoring BLAST hits contained taxonomic identifiers (IDs) within the citrus family,
fungal kingdom, or PhiX. Taxonomic assignments to bacterial ZOTUs were made by finding the lowest
common taxonomic level of the highest BLAST hits, excluding unclassified designations. Data were
normalized by relative abundances within each sample by dividing the number of reads in each OTU by
the total number of reads in that sample. The bacterial sequence mapping file with sample metadata and
the OTU table can be found in Tables S1 and S2, respectively. Data processing for the fungal data was
performed with USEARCH v10.0 (76). We used the UPARSE pipeline for demultiplexing, length trimming,
quality filtering, and OTU picking using default parameters or recommended guidelines that were initially
described in reference 77 and which have been updated at https://www.drive5.com/usearch/manual10/
uparse_pipeline.html. Briefly, after demultiplexing and using the recommended 1.0 expected error
threshold, sequences were trimmed to a uniform length of 249 bp and then dereplicated. Dereplicated
sequences were subjected to error correction (denoised) and chimera filtering to generate ZOTUs using
UNOISE3 (78). An OTU table was then generated using the otutab command. ZOTUs having nonfungal
DNA were identified by performing a local BLAST search (79) of their seed sequences against the
nucleotide database. ZOTUs were removed if any of their highest-scoring BLAST hits contained taxo-
nomic IDs within the Viridiplantae kingdom or PhiX. Taxonomic assignments to fungal ZOTUs were made
using the RDP Classifier version 2.12 (80) trained on the ver7_99_s_10.10.2017 release of the UNITE
database (81). Data were normalized within each sample by dividing the number of reads in each OTU
by the total number of reads in that sample. The fungal sequence mapping file with sample metadata
and the OTU table can be found in Tables S4 and S5, respectively.

Taxonomy tables were generated using QIIME 1.9.1 (82) and analyzed using Prism (GraphPad, San
Diego, CA). The bacterial and fungal taxon tables can be found in Tables S3 and S6, respectively. R was
used for statistical analyses and data visualization, specifically, phyloseq (83). A Kruskal-Wallis post hoc
Dunn test and Bonferroni correction were used to distinguish alpha-diversity differences (83). Percent
values indicate the proportions of culture-independent OTUs found in cultured microbiome samples.

Pure cultures of single isolates. Isolates were initially recovered from bulk culture tubes on both
tryptic soy agar (TSA) and potato dextrose agar (PDA) plates at 28°C for no longer than 5 days. For the
bacteria, single colonies were streaked onto fresh plates of TSA and subcultured until pure, isolated,
individual colonies were obtained. For storage of pure bacterial cultures, single colonies were grown
overnight in Trypticase soy broth (TSB) at 28°C and shaken at 180 rpm. Cultures were then stored in 15%
(final concentration) sterile glycerol at – 80°C. For the fungi, plugs of agar were drawn from the margins
of growing colonies and subcultured onto fresh PDA plates until single fungal isolates were recovered.
Individual fungal isolates were stored in 3 different ways, as follows: (i) streaked onto PDA slants and
grown at 28°C, (ii) grown at 28°C and harvested with sterile distilled water for water stocks stored at 4°C,
and (iii) grown at 28°C, and then the plates were allowed to dry out for the preparation of dry flakes for
storage at – 80°C.

Genus-level identification of pure culture isolates. Genomic DNA of pure bacterial cultures was
isolated by use of the DNeasy blood and tissue kit (Qiagen, Valencia, CA) or the Wizard genomic DNA
purification kit (Promega Corporation, Madison, WI), and genomic DNA was isolated from the fungal
cultures with the ZymoBIOMICS kit (Zymo Research, Tustin, CA) or the FastDNA Spin kit for soil (MP
Biomedicals, LLC, Santa Ana, CA), both per the manufacturer’s instructions. Purified DNA was then sent
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for identification by Sanger sequencing using universal primers 8F and 1492R (40) at ID Genomics
(Seattle, WA) or underwent PCR with either the 16S U1/U2 primers for bacteria (84, 85) or the ITS 1/ITS
4 primers for yeast and filamentous fungi (86) using PrimeSTAR GXL DNA polymerase (TaKaRa Bio USA,
Inc., Mountain View, CA). The thermal cycling parameters were 98°C for 1 min, 30 cycles of 98°C for 10
s, either 60°C (for bacteria) or 55°C (for fungi) for 15 s, and 68°C for 2 min, followed by 68°C for 5 min.
The resulting PCR products were purified with a DNA Clean & Concentrator-5 kit (Zymo Research, Irvine,
CA) and submitted to the University of California, Riverside Institute for Integrative Genome Biology for
Sanger sequencing with either 16S rRNA (bacteria) or ITS (fungi) primers. Genus-level identifications were
determined using 97% similarity to the BLAST database or the Ribosomal Database Project (41) or the
NCBI database (42).

Species-level identification of Cladosporium sp. To verify the species of the Cladosporium, primers
were designed that were specific to C. cladosporioides using PRISE2, a program for designing species-
specific PCR primers and probes (87) using seed sequences selected from OTUs generated in the
culture-independent microbiome analysis from citrus. DNA was extracted from the isolates using the
DNeasy PowerSoil kit (Qiagen, Valencia, CA), and PCR was performed using the following specific primers:
forward (CladF3), 5=-CGGCTGGGTCTTCT-3=, and reverse (CladR3), 5=-CTTAAGTTCAGCGGGTAT-3=. The
thermal cycling parameters were 94°C for 5 min, 40 cycles of 94°C for 20 s, 61.2°C for 20 s, and 72°C for
30 s, followed by 72°C for 10 min and 26°C for 20 min. Amplified regions were purified with a MinElute
gel extraction kit (Qiagen, Valencia, CA), cloned into the pGEM-T plasmid for sequence analysis (Promega,
Madison, WI), and then submitted for Sanger sequencing to the University of California, Riverside (UCR)
Institute for Integrative Genome Biology.

Liberibacter crescens inhibition bioassays. Antagonism against L. crescens BT-1 (37) (kindly pro-
vided by E. Triplett) was assessed by an agar diffusion assay that tested spent-culture supernatants.
Bacterial supernatant filtrates were taken from 3-day liquid cultures (propagated at 30°C, 180 rpm in
bBM7 plus 1.0 methyl-�-cyclodextrin [m�c] liquid medium) and purified via solid-phase extraction (SPE;
elution with methanol) (38). Fungal extracts were prepared from 3-week agar cultures, as follows:
1.56-cm2 sections of agar were extracted in 5 ml of methanol and shaken for 24 h at 180 rpm at room
temperature. Fifty microliters of either fungal extracts or bacterial supernatant filtrates was applied to
sterile paper disks (Becton, Dickinson, Franklin Lakes, NJ) and allowed to dry in a biosafety cabinet.
bBM7 plus 1.0 m�c top agar (0.8% agar) was prepared, cooled to 60°C, and amended with a 4-day L.
crescens liquid culture (bBM7 plus 1.0 m�c, 28°C, 180 rpm shaking) at 10% of the top agar volume. This
amended top agar was then dispensed to evenly coat previously poured bBM7 plus 1.0 m�c agar plates,
after which supernatant-loaded filter disks were placed. Cultures were incubated for 6 days at 28°C to
allow for the development of clear zones of inhibition, after which zone diameters were recorded.
Isolates were tested in three independent experiments with three technical replicates for each isolate for
each experiment.

Natural product fractionation and characterization. Agar plugs (0.5 cm2) of C. cladosporioides
isolate CF0052 were used to inoculate liquid cultures (12 � 250 ml PDB in 500-ml Erlenmeyer flasks).
Cultures were incubated for 32 days at 20°C with shaking at 180 rpm and extracted exhaustively with
ethyl acetate (EtOAc) (3 � 250 ml), and the resulting combined extracts were evaporated in vacuo to
yield a dark-brown residue. The crude extract was fractionated by flash silica-gel column chromatogra-
phy (CombiFlashRf200; Teledyne Instruments, Inc.) at a flow rate of 30 ml/min with gradient elution (0%
to 100% EtOAc-hexanes over 20 min, followed by 0% to 20% methanol-dichloromethane [MeOH-DCM]
over 9 min) to give 6 fractions. Fractions 3 (44.3 mg), 4 (10.6 mg), and 5 (25.4 mg) were subjected to HPLC
(Prominence-i LC-2030C liquid chromatograph equipped with a diode-array detector; Shimadzu Scientific
Instruments) to give compounds 1 (1.4 mg), 2 (3.2 mg), and 3 (1.0 mg). Liquid chromatography-
electrospray ionization-time of flight-mass spectrometry (LC-ESI-TOF-MS) was performed using an Agi-
lent 1260 Infinity liquid chromatograph coupled to a 6530 quadrupole-TOF (Q-TOF) mass spectrometer.
NMR spectra were obtained using a JEOL ECS spectrometer (400 MHz for 1H and 100 MHz for 13C), using
CDCl3 from Cambridge Isotope Laboratories, Inc., and referenced to trimethylsilyl (TMS). NMR summary
tables and complete LC-MS and NMR data for compounds 1 to 3 can be found in the supplemental
material.

Data availability. The bacterial and fungal HTS data sets have been deposited in the National Center
for Biotechnology Information (NCBI)’s Sequence Read Archive (SRA) under BioProject no. PRJNA546069.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, CSV file, 0.1 MB.
SUPPLEMENTAL FILE 2, CSV file, 10.7 MB.
SUPPLEMENTAL FILE 3, CSV file, 3.9 MB.
SUPPLEMENTAL FILE 4, CSV file, 0.1 MB.
SUPPLEMENTAL FILE 5, CSV file, 2.9 MB.
SUPPLEMENTAL FILE 6, CSV file, 1.2 MB.
SUPPLEMENTAL FILE 7, PDF file, 1.2 MB.

ACKNOWLEDGMENTS
We thank E. Triplett (University of Florida) for kindly providing us with the Liberib-

acter crescens BT-1 strain.

Antimicrobial Natural Products Derived from Citrus Microbiota Applied and Environmental Microbiology

April 2020 Volume 86 Issue 8 e02883-19 aem.asm.org 15

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA546069
https://aem.asm.org


This work was supported by the Citrus Research Board (grant 5300-164 and in part
from the grant 6100), the California Department of Food and Agriculture (grant
SCB16056), the USDA National Institute of Food and Agriculture (grant 2017-70016-
26053), and the USDA National Institute of Food and Agriculture Hatch Projects
1002710, 1018010, 233883, and 233744. Additionally, this work is supported by the
National Science Foundation Graduate Research Fellowship Program under grant NSF
DGE-1326120.

Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the author(s) and do not necessarily reflect the views of the
National Science Foundation.

REFERENCES
1. Chen J, Deng X, Sun X, Jones D, Irey M, Civerolo E. 2010. Guangdong and

Florida populations of “Candidatus Liberibacter asiaticus” distinguished
by a genomic locus with short tandem repeats. Phytopathology 100:
567–572. https://doi.org/10.1094/PHYTO-100-6-0567.

2. Kunta M, Zheng Z, Wu F, da Graca JV, Park J-W, Deng X, Chen J. 2017.
Draft whole-genome sequence of “Candidatus Liberibacter asiaticus”
strain TX2351 isolated from Asian citrus psyllids in Texas, USA. Genome
Announc 5:e00170-17. https://doi.org/10.1128/genomeA.00170-17.

3. Zheng Z, Wu F, Kumagai LB, Polek M, Deng X, Chen J. 2017. Two
“Candidatus Liberibacter asiaticus” strains recently found in California
harbor different prophages. Phytopathology 107:662– 668. https://doi
.org/10.1094/PHYTO-10-16-0385-R.

4. Bové JM. 2006. Huanglongbing: a destructive, newly-emerging, century-
old disease of citrus. J Plant Pathol 88:7–37.

5. da Graça JV, Douhan GW, Halbert SE, Keremane ML, Lee RF, Vidalakis G,
Zhao H. 2016. Huanglongbing: an overview of a complex pathosystem
ravaging the world’s citrus. J Integr Plant Biol 58:373–387. https://doi
.org/10.1111/jipb.12437.

6. Bassanezi RB, Montesino LH, Stuchi ES. 2009. Effects of huanglongbing
on fruit quality of sweet orange cultivars in Brazil. Eur J Plant Pathol
125:565–572. https://doi.org/10.1007/s10658-009-9506-3.

7. Dagulo L, Danyluk MD, Spann TM, Filomena Valim M, Goodrich-Schneider R,
Sims C, Rouseff R. 2010. Chemical characterization of orange juice from trees
infected with citrus greening (huanglongbing). J Food Sci 75:C199–C207.
https://doi.org/10.1111/j.1750-3841.2009.01495.x.

8. Narouei-Khandan HA, Halbert SE, Worner SP, van Bruggen A. 2016.
Global climate suitability of citrus huanglongbing and its vector, the
Asian citrus psyllid, using two correlative species distribution modeling
approaches, with emphasis on the USA. Eur J Plant Pathol 144:655– 670.
https://doi.org/10.1007/s10658-015-0804-7.

9. Folimonova SY, Robertson CJ, Garnsey SM, Gowda S, Dawson WO. 2009.
Examination of the responses of different genotypes of citrus to huan-
glongbing (citrus greening) under different conditions. Phytopathology
99:1346 –1354. https://doi.org/10.1094/PHYTO-99-12-1346.

10. Gottwald TR, Graham JH, Irey MS, McCollum TG, Wood BW. 2012.
Inconsequential effect of nutritional treatments on huanglongbing con-
trol, fruit quality, bacterial titer and disease progress. Crop Prot 36:
73– 82. https://doi.org/10.1016/j.cropro.2012.01.004.

11. Blaustein RA, Lorca GL, Teplitski M. 2018. Challenges for managing Candi-
datus Liberibacter spp. (huanglongbing disease pathogen): current control
measures and future directions. Phytopathology 108:424–435. https://doi
.org/10.1094/PHYTO-07-17-0260-RVW.

12. Nature. 2019. Spraying diseased citrus orchards with antibiotics could
backfire. Nature 567:283.

13. Belasque J, Jr, Bassanezi RB, Yamamoto PT, Ayres AJ, Tachibana A,
Violante AR, Tank A, Jr, Di Giorgi F, Tersi FEA, Menezes GM, Dragone J,
Jank RH, Jr, Bové JM. 2010. Lessons from huanglongbing management
in São Paulo State, Brazil. J Plant Pathol 92:285–302. https://doi.org/10
.4454/jpp.v92i2.171.

14. Li J, Pang Z, Duan S, Lee D, Kolbasov VG, Wang N. 2019. The in planta
effective concentration of oxytetracycline against “Candidatus Liberib-
acter asiaticus” for suppression of citrus huanglongbing. Phytopathol-
ogy 109:2046 –2054. https://doi.org/10.1094/PHYTO-06-19-0198-R.

15. Turner TR, James EK, Poole PS. 2013. The plant microbiome. Genome Biol
14:209. https://doi.org/10.1186/gb-2013-14-6-209.

16. Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, McDonald
M, Malfatti S, Glavina del Rio T, Jones CD, Tringe SG, Dangl JL. 2015. Plant

microbiome. Salicylic acid modulates colonization of the root micro-
biome by specific bacterial taxa. Science 349:860 – 864. https://doi.org/
10.1126/science.aaa8764.

17. Durán P, Thiergart T, Garrido-Oter R, Agler M, Kemen E, Schulze-Lefert P,
Hacquard S. 2018. Microbial interkingdom interactions in roots promote
Arabidopsis survival. Cell 175:973–983.e14. https://doi.org/10.1016/j.cell
.2018.10.020.

18. Coleman-Derr D, Desgarennes D, Fonseca-Garcia C, Gross S, Clingenpeel
S, Woyke T, North G, Visel A, Partida-Martinez LP, Tringe SG. 2016. Plant
compartment and biogeography affect microbiome composition in cul-
tivated and native Agave species. New Phytol 209:798 – 811. https://doi
.org/10.1111/nph.13697.

19. Naylor D, Coleman-Derr D. 2017. Drought stress and root-associated
bacterial communities. Front Plant Sci 8:2223. https://doi.org/10.3389/
fpls.2017.02223.

20. Ginnan NA, Dang T, Bodaghi S, Ruegger PM, Peacock BB, McCollum G,
England G, Vidalakis G, Roper C, Rolshausen P, Borneman J. 2018.
Bacterial and fungal next generation sequencing datasets and metadata
from citrus infected with “Candidatus Liberibacter asiaticus.” Phytobi-
omes 2:64 –70. https://doi.org/10.1094/PBIOMES-08-17-0032-A.

21. Xu J, Zhang Y, Zhang P, Trivedi P, Riera N, Wang Y, Liu X, Fan G, Tang J,
Coletta-Filho HD, Cubero J, Deng X, Ancona V, Lu Z, Zhong B, Roper MC,
Capote N, Catara V, Pietersen G, Vernière C, Al-Sadi AM, Li L, Yang F, Xu
X, Wang J, Yang H, Jin T, Wang N. 2018. The structure and function of the
global citrus rhizosphere microbiome. Nat Commun 9:4894. https://doi
.org/10.1038/s41467-018-07343-2.

22. Wang N, Jin T, Trivedi P, Setubal J, Tang J, Machado MA, Triplett E,
Coletta-Filho H, Cubero J, Deng X. 2015. Announcement of the Interna-
tional Citrus Microbiome (Phytobiome) Consortium. J Citrus Pathol
2:1–2.

23. Dickson I. 2017. Culturomics: illuminating microbial dark matter. Nat Rev
Gastroenterol Hepatol 14:3. https://doi.org/10.1038/nrgastro.2016.189.

24. Schlaeppi K, Bulgarelli D. 2015. The plant microbiome at work. Mol Plant
Microbe Interact 28:212–217. https://doi.org/10.1094/MPMI-10-14
-0334-FI.

25. Lareen A, Burton F, Schäfer P. 2016. Plant root-microbe communication
in shaping root microbiomes. Plant Mol Biol 90:575–587. https://doi.org/
10.1007/s11103-015-0417-8.

26. American Phytopathological Society. 2016. Phytobiomes: a roadmap for
research and translation. American Phytopathological Society, St. Paul,
MN. http://www.phytobiomes.org/Roadmap/Documents/Phytobiomes
Roadmap.pdf.

27. Berg G, Köberl M, Rybakova D, Müller H, Grosch R, Smalla K. 2017. Plant
microbial diversity is suggested as the key to future biocontrol and
health trends. FEMS Microbiol Ecol 93:fix050. https://doi.org/10.1093/
femsec/fix050.

28. Mazzola M, Freilich S. 2017. Prospects for biological soilborne disease
control: application of indigenous versus synthetic microbiomes. Phyto-
pathology 107:256 –263. https://doi.org/10.1094/PHYTO-09-16-0330
-RVW.

29. Kerr A. 1972. Biological control of crown gall: seed inoculation. J Appl
Bacteriol 35:493–497. https://doi.org/10.1111/j.1365-2672.1972.tb03727.x.

30. Jones DA. 1989. Agrobacterium radiobacter strain K1026, a genetically
engineered derivative of strain K84, for biological control of crown gall.
Plant Dis 73:15–18. https://doi.org/10.1094/PD-73-0015.

31. Penyalver R, Vicedo B, López MM. 2000. Use of the genetically engineered

Blacutt et al. Applied and Environmental Microbiology

April 2020 Volume 86 Issue 8 e02883-19 aem.asm.org 16

https://doi.org/10.1094/PHYTO-100-6-0567
https://doi.org/10.1128/genomeA.00170-17
https://doi.org/10.1094/PHYTO-10-16-0385-R
https://doi.org/10.1094/PHYTO-10-16-0385-R
https://doi.org/10.1111/jipb.12437
https://doi.org/10.1111/jipb.12437
https://doi.org/10.1007/s10658-009-9506-3
https://doi.org/10.1111/j.1750-3841.2009.01495.x
https://doi.org/10.1007/s10658-015-0804-7
https://doi.org/10.1094/PHYTO-99-12-1346
https://doi.org/10.1016/j.cropro.2012.01.004
https://doi.org/10.1094/PHYTO-07-17-0260-RVW
https://doi.org/10.1094/PHYTO-07-17-0260-RVW
https://doi.org/10.4454/jpp.v92i2.171
https://doi.org/10.4454/jpp.v92i2.171
https://doi.org/10.1094/PHYTO-06-19-0198-R
https://doi.org/10.1186/gb-2013-14-6-209
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1016/j.cell.2018.10.020
https://doi.org/10.1111/nph.13697
https://doi.org/10.1111/nph.13697
https://doi.org/10.3389/fpls.2017.02223
https://doi.org/10.3389/fpls.2017.02223
https://doi.org/10.1094/PBIOMES-08-17-0032-A
https://doi.org/10.1038/s41467-018-07343-2
https://doi.org/10.1038/s41467-018-07343-2
https://doi.org/10.1038/nrgastro.2016.189
https://doi.org/10.1094/MPMI-10-14-0334-FI
https://doi.org/10.1094/MPMI-10-14-0334-FI
https://doi.org/10.1007/s11103-015-0417-8
https://doi.org/10.1007/s11103-015-0417-8
http://www.phytobiomes.org/Roadmap/Documents/PhytobiomesRoadmap.pdf
http://www.phytobiomes.org/Roadmap/Documents/PhytobiomesRoadmap.pdf
https://doi.org/10.1093/femsec/fix050
https://doi.org/10.1093/femsec/fix050
https://doi.org/10.1094/PHYTO-09-16-0330-RVW
https://doi.org/10.1094/PHYTO-09-16-0330-RVW
https://doi.org/10.1111/j.1365-2672.1972.tb03727.x
https://doi.org/10.1094/PD-73-0015
https://aem.asm.org


Agrobacterium strain K1026 for biological control of crown gall. Eur J Plant
Pathol 106:801–810. https://doi.org/10.1023/A:1008785813757.

32. Kerr A, Htay K. 1974. Biological control of crown gall through bacteriocin
production. Physiol Plant Pathol 4:37– 44. https://doi.org/10.1016/0048
-4059(74)90042-3.

33. Deyett E, Caroline Roper M, Ruegger P, Yang J-I, Borneman J, Rolshausen
PE. 2017. Microbial landscape of the grapevine endosphere in the
context of Pierce’s disease. Phytobiomes J 1:138 –149. https://doi.org/10
.1094/PBIOMES-08-17-0033-R.

34. Ellis JG. 2017. Can plant microbiome studies lead to effective biocontrol
of plant diseases? Mol Plant Microbe Interact 30:190 –193. https://doi
.org/10.1094/MPMI-12-16-0252-CR.

35. Huang J, Wei Z, Tan S, Mei X, Yin S, Shen Q, Xu Y. 2013. The rhizosphere
soil of diseased tomato plants as a source for novel microorganisms to
control bacterial wilt. Appl Soil Ecol 72:79 – 84. https://doi.org/10.1016/
j.apsoil.2013.05.017.

36. Merfa MV, Perez-Lopez E, Naranjo E, Jain M, Gabriel D, De La Fuente L.
2019. Progress and obstacles in culturing “Candidatus Liberibacter
asiaticus,” the bacterium associated with huanglongbing (HLB). Phy-
topathology 109:1092–1101. https://doi.org/10.1094/PHYTO-02-19-0051
-RVW.

37. Fagen JR, Leonard MT, Coyle JF, McCullough CM, Davis-Richardson AG,
Davis MJ, Triplett EW. 2014. Liberibacter crescens gen. nov., sp. nov., the
first cultured member of the genus Liberibacter. Int J Syst Evol Microbiol
64:2461–2466. https://doi.org/10.1099/ijs.0.063255-0.

38. Naranjo E, Perez-Lopez E, Merfa MV, Jain M, Davis MJ, Gabriel DW, De La
Fuente L. 2018. Liberibacter crescens, a presumed bacterial plant patho-
gen, forms biofilm in vitro, abstr 657-P. International Congress of Plant
Pathology (ICPP), 29 July to 3 August 2018, Boston, MA.

39. Sena-Vélez M, Holland SD, Aggarwal M, Cogan NG, Jain M, Gabriel DW,
Jones KM. 2019. Growth dynamics and survival of Liberibacter crescens
BT-1, an important model organism for the citrus huanglongbing patho-
gen “Candidatus Liberibacter asiaticus.” Appl Environ Microbiol 85:
e01656-19. https://doi.org/10.1128/AEM.01656-19.

40. Turner S, Pryer KM, Miao VP, Palmer JD. 1999. Investigating deep phy-
logenetic relationships among cyanobacteria and plastids by small sub-
unit rRNA sequence analysis. J Eukaryot Microbiol 46:327–338. https://
doi.org/10.1111/j.1550-7408.1999.tb04612.x.

41. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, Brown CT,
Porras-Alfaro A, Kuske CR, Tiedje JM. 2014. Ribosomal Database Project:
data and tools for high throughput rRNA analysis. Nucleic Acids Res
42:D633–D642. https://doi.org/10.1093/nar/gkt1244.

42. NCBI Resource Coordinators. 2016. Database resources of the National
Center for Biotechnology Information. Nucleic Acids Res 44:D7–D19.
https://doi.org/10.1093/nar/gkv1290.

43. Blunt JW, Munro MHG, Laatsch H (ed). 2012. AntiMarin database. Uni-
versity of Canterbury, Christchurch, New Zealand.

44. Nasini G, Arnone A, Assante G, Bava A, Moricca S, Ragazzi A. 2004.
Secondary mould metabolites of Cladosporium tenuissimum, a hyper-
parasite of rust fungi. Phytochemistry 65:2107–2111. https://doi.org/10
.1016/j.phytochem.2004.03.013.

45. Yamazaki H, Yagi A, Akaishi M, Kirikoshi R, Takahashi O, Abe T, Chiba S,
Takahashi K, Iwakura N, Namikoshi M, Uchida R. 2018. Halogenated
cladosporols produced by the sodium halide-supplemented fermenta-
tion of the plant-associated fungus Cladosporium sp. TMPU1621. Tetra-
hedron Lett 59:1913–1915. https://doi.org/10.1016/j.tetlet.2018.03.082.

46. Compant S, Clément C, Sessitsch A. 2010. Plant growth-promoting
bacteria in the rhizo- and endosphere of plants: their role, colonization,
mechanisms involved and prospects for utilization. Soil Biol Biochem
42:669 – 678. https://doi.org/10.1016/j.soilbio.2009.11.024.

47. Rastogi G, Coaker GL, Leveau J. 2013. New insights into the structure and
function of phyllosphere microbiota through high-throughput molecu-
lar approaches. FEMS Microbiol Lett 348:1–10. https://doi.org/10.1111/
1574-6968.12225.

48. Vorholt JA. 2012. Microbial life in the phyllosphere. Nat Rev Microbiol
10:828 – 840. https://doi.org/10.1038/nrmicro2910.

49. Bolwerk A, Lagopodi AL, Wijfjes AHM, Lamers GEM, Chin-A-Woeng TFC,
Lugtenberg BJJ, Bloemberg GV. 2003. Interactions in the tomato rhizo-
sphere of two Pseudomonas biocontrol strains with the phytopatho-
genic fungus Fusarium oxysporum f. sp. radicis-lycopersici. Mol Plant
Microbe Interact 16:983–993. https://doi.org/10.1094/MPMI.2003.16.11
.983.

50. Gruau C, Trotel-Aziz P, Villaume S, Rabenoelina F, Clément C, Baillieul F,
Aziz A. 2015. Pseudomonas fluorescens PTA-CT2 triggers local and

systemic immune response against Botrytis cinerea in grapevine. Mol
Plant Microbe Interact 28:1117–1129. https://doi.org/10.1094/MPMI-04
-15-0092-R.
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