AMERICAN

Applied and Environmental
SOCIETY FOR . '
MICROBIOLOGY MICI’ObIO'Ogy

4

CrossMark
& click for updates

Identification of Putative Coffee Rust Mycoparasites via
Single-Molecule DNA Sequencing of Infected Pustules

Timothy Y. James,? John A. Marino,? Ivette Perfecto,” John Vandermeer®

Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan, USA?; School of Natural Resources and Environment, University of

Michigan, Ann Arbor, Michigan, USA®

The interaction of crop pests with their natural enemies is a fundament to their control. Natural enemies of fungal pathogens of
crops are poorly known relative to those of insect pests, despite the diversity of fungal pathogens and their economic impor-
tance. Currently, many regions across Latin America are experiencing unprecedented epidemics of coffee rust (Hemileia vasta-
trix). Identification of natural enemies of coffee rust could aid in developing management strategies or in pinpointing species
that could be used for biocontrol. In the present study, we characterized fungal communities associated with coffee rust lesions
by single-molecule DNA sequencing of fungal rRNA gene bar codes from leaf discs (~28 mm?®) containing rust lesions and
control discs with no rust lesions. The leaf disc communities were hyperdiverse in terms of fungi, with up to 69 operational taxo-
nomic units (putative species) per control disc, and the diversity was only slightly reduced in rust-infected discs, with up to 63
putative species. However, geography had a greater influence on the fungal community than whether the disc was infected by
coffee rust. Through comparisons between control and rust-infected leaf discs, as well as taxonomic criteria, we identified 15
putative mycoparasitic fungi. These fungi are concentrated in the fungal family Cordycipitaceae and the order Tremellales.
These data emphasize the complexity of diverse fungi of unknown ecological function within a leaf that might influence plant
disease epidemics or lead to the development of species for biocontrol of fungal disease.

Fungal biodiversity is closely linked to plant biodiversity, be-
cause a dominant number of fungal taxa are symbiotic with
plants (1, 2). On one end of the symbiosis spectrum are plant
pathogens, whose impacts are enormous in agricultural produc-
tion, dramatically reducing yields or even eliminating production
altogether, as well as in natural ecosystems, where they may facil-
itate plant biodiversity by Janzen-Connell effects, coevolutionary
processes, or other mechanisms. At the other end of the spectrum
are mutualists of plants, including beneficial mycorrhizae and en-
dophytes that promote plant growth and facilitate stress tolerance
(3,4). Somewhere in the middle are the majority of plant-symbi-
otic fungi, with copious species detected within and on asymp-
tomatic plant tissues. Most of these fungi have unclear roles with
respect to plant health but comprise a massive and ubiquitous
proportion of overall fungal biodiversity, especially in the lowland
tropics, where every leaf sampled reveals the presence of endo-
phytes by use of culture techniques (5, 6). Although some endo-
phytes may have no direct effect on the host, what is becoming
increasingly more appreciated is that endophytes can benefit the
host through indirect actions, such as by protection from plant
pests and pathogens (7, 8).

In natural ecosystems, cascading trophic interactions are tied
to ecosystem stability and diversity (9). These trophic interactions
involve numerous natural enemies of plant herbivores and patho-
gens. However, agricultural ecosystems provide scenarios in
which pests and pathogens have fewer naturally existing enemies
due to a loss of complexity of habitat. In situations where habitat
complexity is built into the system, for example, in shade farming
of coffee or cacao, the presence of natural enemies can reduce the
need and cost for management by use of chemicals. Losses in crop
yields due to pathogens are estimated to comprise 16% of poten-
tial yields (10), and the cost of preventing these losses is substan-
tial. For example, approximately $2.8 billion is spent globally per
year solely on chemical control of late blight of potato (11). On the
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other hand, fungi can also be used in the war against pests; such
biocontrol agents include the insect pathogens Beauvaria bassiana
and Nosema locustae. Only recently has attention been turned to
the use of fungi as biocontrol agents of other fungi, in part because
fungi occupying this niche are poorly known (12-14).

Among tropical crops, coffee ranks high in both its total value
and its role in maintaining biodiversity when grown on a small
scale and as an understory plant (i.e., shade coffee production)
(15). In the last 2 years, coffee rust (Hemileia vastatrix) has
emerged as a major disease in South and Central America, leading
to reductions in annual production of over 10% (16) and threat-
ening the livelihoods of hundreds of thousands of small-scale
farmers in the region. Coffee rust has a history of devastation,
having been discovered first in Sri Lanka (completely eliminating
all production [17]) and later migrating to South America by 1970
and to Central America by 1976 (18). Only now is the disease
becoming epidemic in the Americas, perhaps due to the potential
for the fungus to overcome resistant plant varieties through evo-
lution (19) and because of changes in farming practices that may
increase disease transmission. The application of copper-based
fungicides has been shown to be effective for treating the rust, but
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these chemicals are not readily available to the small-scale farmer
and may have unintended consequences on potentially beneficial
fungi. New approaches to combating rust are needed, and among
these is the use of mycoparasites as biocontrol agents.

The best-known mycoparasite of H. vastatrix is the white halo
fungus Lecanicillium lecanii (Cordycipitaceae), which is best
known for being a parasite of scale insects, against which it is also
amarketed product (Mycotal). In at least one field trial, the fungus
showed high efficacy against coffee rust (20). Because of the com-
plex trophic interactions of L. lecanii (21) and its relatively low
growth rate in culture, it is unclear whether this fungus is the most
virulent mycoparasitic natural enemy of coffee rust or the best
candidate for development of a biocontrol strategy. The known
diversity of mycoparasitic (or fungicolous, i.e., growing on other
fungi) fungi on H. vastatrix is nine species (22). Additional studies
to characterize the biotic community associated with coffee rust
infection are needed to better understand the full spectrum of
fungi, as well as other predators, involved in trophic interactions
with the rust.

To begin documenting all of the fungi associated with coffee
rust that may be mycoparasitic in nature, we developed a catalog
of fungicolous fungi associated with H. vastatrix uredinia on cof-
fee by using advanced DNA methods that allow high-throughput,
unbiased molecular biodiversity discovery (23). We surveyed rust
lesions from Puerto Rico and Mexico that had visible signs of
coinfection with other fungi by using fungus-specific PCR and
single-molecule DNA sequencing and then compared the data to
those for leaf tissue lacking rust pustules. These data reveal strik-
ingly diverse populations of fungi, confirm suspected mycopara-
sites, and identify putative novel mycoparasites that may be in-
volved in controlling rust in more natural coffee ecosystems.

MATERIALS AND METHODS

Field sampling. Sampling was conducted in the summer of 2013 on three
coffee farms in the Soconusco region in Chiapas, Mexico (Tapachula mu-
nicipality), on June 20, and on five coffee farms in the central mountain
region of Puerto Rico (municipalities of Orocovis and Utuado), between
July 16 and 23. Coffee plants were selected based on evident signs of rust
lesions and visible potential coinfection with other fungi. Infected rust
pustules were sampled by punching out a leaf disc (=28 mm?), using a
sterilized hole puncher. Sixteen rust-infected samples were obtained in
Mexico, and 23 were obtained in Puerto Rico. In Puerto Rico, additional
samples were taken from leaves that were rust infected, but from leaf
regions that lacked rust pustules (control samples). Samples were stored
in 95% ethanol (EtOH) in the field and transported back to the lab for
DNA analysis. From these samples, 39 rust-infected samples and 7 control
samples were subsampled for DNA analysis.

DNA methods. The discs were dried under vacuum to remove resid-
ual EtOH. DNAs were extracted from the 46 discs by use of Qiagen Plant
minikits. DNA was diluted to approximately 1 to 5 ng/pl and amplified by
PCR, using 10 pl of template with GoTaq Green PCR mix (Promega) in an
Eppendorf Mastercycler Pro S thermocycler. We first confirmed the pres-
ence or absence of H. vastatrix on infected/control discs by using rRNA
gene primers specific to the rust internal transcribed spacer (ITS) region.
The forward primer was Hv-ITS-F (5'-CTGCGGCAATTTATTGCTTA),
and the reverse primer was Hv-ITS-R (5'-AATGGCAAGCACCCAATA
TC). The PCR conditions were 94°C for 3 min followed by 25 cycles of
94°C for 1 min, 55°C for 30 s, and 72°C for 1 min, with a 7-min final
extension at 72°C. Both control and infected-disc extracts were used to
amplify the rRNA gene ITS region with fungus-specific primers ITS1-F
and ITS4 (24). Primers were bar coded using 16-bp extensions on the
ITS1-F primer for the purposes of multiplexing, using sequences provided
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by PacBio. PCR was conducted using the following temperature profile:
94°C for 3 min followed by 25 cycles of 94°C for 45 s, 53°C for 30 s, and
72°C for 2 min, with a 7-min final extension at 72°C. Amplification was
checked by gel electrophoresis, and then the products were purified using
a Qiagen PCR purification kit. DNA was quantified on a NanoDrop spec-
trophotometer. The 24 samples were then pooled by combining 40 ng of
each purified sample in a final volume of 40 p.l

We also added to the pooled samples a mock community of six species
of fungi to determine sequencing error rates. The mock community was a
combination of DNAs extracted from pure cultures isolated from green
coffee beans (Aspergillus niveoglaucus, Penicillium cf. citrinum, Sporobolo-
myces sp., Sporidiobolus ruineniae, Fusarium cf. lateritium, and Cystofilo-
basidium ferigula). DNAs were extracted from these cultures by using
tissue removed from the surface of nutrient agar following the method of
James et al. (25).

The pooled sample was then used to generate a P4-C2 library by using
a DNA Template Prep 2.0 kit for sequencing on a single SMRT cell of a
PacBio-RS II machine at the University of Michigan Sequencing Core. A
single SMRT cell movie yielded 52,393 reads of insert, with a mean of 12.3
passes and 27.7 Mb of total data.

Data analysis. The bash5tools.py script from the pbh5tools package
(https://github.com/PacificBiosciences/pbh5tools) was used to extract
the circular consensus sequencing (CCS) sequences with a minimum of 6
passes (n = 40,110). The data were demultiplexed and trimmed using the
trim.seqs command in mothur v 1.32.1 (26), with the following parame-
ters: qaverage = 71, checkorient = t, maxambig = 2, maxhomop = 20,
bdiffs = 1, pdiffs = 1, and minlength = 300. We detected chimeras by
using the uchime algorithm implemented in mothur. Operational taxo-
nomic units (OTUs) were constructed by evaluating all pairwise distances
between unique sequences, and then clustering using the average neigh-
bor method with a 0.03 distance was used for all analyses. Representative
OTU sequences were extracted for taxonomic classification using a recent
Unite (27) database (sh_refs_giime_ver6_dynamic_10.09.2014). The
program ITSx (28) was used to divide the representative sequences into
ITS1 and ITS2 spacer regions, and the full-length sequence as well as the
ITS1 and ITS2 regions was separately classified using the classify.seqs
command in mothur with the Unite database.

After quality control (see the next section), community analyses were
performed in mothur v.1.32.1 (26) and R v. 3.1.2 (29). The mothur sub-
.sample command was used to generate subsamples from each sample
with the same number of sequences. Rarefaction curves for each sample
were generated using the mothur rarefaction.single command. The
mothur merge.groups and venn commands were used to combine sam-
ples in each group and to visualize overlap in the number of OTUs. Mea-
sures of alpha diversity (Chaol richness estimator and inverse Simpson
diversity index) averaged across 1,000 subsamples of 143 sequences from
each sample were calculated using the mothur summary.single command.
Kruskal-Wallis tests were used in R to compare the numbers of OTUs, the
Chaol estimator values, and the inverse Simpson indexes among samples
from the three groups: Mexico infected (Mex), Puerto Rico infected (PR),
and Puerto Rico control (PR_C). Kruskal-Wallis tests were used due to
heteroscedasticity in the response variables across groups.

To examine beta diversity among our samples, a distance matrix was
generated by calculating Yue and Clayton’s theta value, a measure of com-
munity dissimilarity, via the mothur dist.shared command. Principle co-
ordinate analysis was performed using the resulting matrix via the mothur
pcoa command, and samples were plotted along the first two pcoa axes in
R. Analysis of molecular variance (AMOVA) was used to examine differ-
ences among samples from the three groups via the mothur amova com-
mand. Finally, differences between the PR and PR_C groups in the relative
abundance of each OTU were examined using the mothur metastats com-
mand.

Quality control of PacBio CCS data. Because PacBio sequencing tech-
nology is relatively new and has not been used widely for rRNA gene
sequencing, we analyzed the quality of the data in a number of ways. The
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TABLE 1 Top 20 OTUs by abundance”

Detection of Coffee Rust Mycoparasites

OTU OTU ID Class Order No. of sequences No. of samples
1 Glomerella cingulata (46) Sordariomycetes Incertae sedis 1,284 10
2 Passalora sp. CBS 113378 (49) Dothideomycetes Capnodiales 1,004 10
3 Mycosphaerella sp. AA_2012 (53) Dothideomycetes Capnodiales 468 10
4 Pseudocercospora norchiensis (100) Dothideomycetes Capnodiales 458 14
5 Lecanicillium sp. (30) Sordariomycetes Hypocreales 439 6
6 Simplicillium lanosoniveum (94) Sordariomycetes Hypocreales 340 5
7 Lecanicillium fusisporum (90) Sordariomycetes Hypocreales 327 1
8 Mpycosphaerella sp. (100) Dothideomycetes Capnodiales 270 12
9 Bullera sp. VY_86 (26) Tremellomycetes Tremellales 255 7
10 Phaeoseptoria sp. FF_2011 (100) Dothideomycetes Pleosporales 176 9
11 Cladosporium ramotenellum (49) Dothideomycetes Capnodiales 174 17
12 Nectria aurantiaca (15) Sordariomycetes Incertae sedis 147 7
13 Bullera sp. VY_86 (79) Tremellomycetes Tremellales 131 9
14 Trichosporon laibachii (100) Tremellomycetes Trichosporonales 124 4
15 Sarcinomyces sp. SL_2011 (24) Eurotiomycetes Incertae sedis 112 4
16 Exophiala eucalyptorum (23) Eurotiomycetes Chaetothyriales 103 1
17 Mpycosphaerella yunnanensis (95) Dothideomycetes Capnodiales 95 4
18 Cyphellophora eugeniae (66) Eurotiomycetes Chaetothyriales 95 4
19 Knufia perforans (42) Incertae sedis Incertae sedis 92 1
20 Kockovaella schimae (52) Tremellomycetes Tremellales 87 2

@ Samples were classified using classify.seqs in mothur with the sh_refs_qgiime_ver6_dynamic_10.09.2014 database. The OTU ID shows the tentative species assignment found, with
the bootstrap confidence interval shown in parentheses. Class and order are assignments from the mothur classify.seqs algorithm. The number of sequences shows the total number
of sequences of the OTU across all samples. The number of samples shows the number of samples from which the OTU was recovered.

40,110 6-pass consensus sequences were first demultiplexed in mothur.
Of these, 24,273 were successfully demultiplexed, with the failures being
due to poor sequencing quality near the bar code or primers. We exam-
ined the impact of adjusting the average read Q score on the recovery of
CCS sequences and on the sequence differences among the dominant
species in the mock community (Aspergillus niveoglaucus). These data
revealed that the 6-pass CCS sequences had a very low mean error rate,
with mean distances ranging from 0.005 to 0.001 between sequences from
A. niveoglaucus (across the range of average Q scores of 67 to 72 [denoted
here as Q67 to Q72]). While the mean error was low, some putatively
lower-quality sequences remained, as evidenced by pairwise distances
above 0.03 ataverage Q scores of 70 or less (see Fig. S1 in the supplemental
material). Using the entire set of 24 samples, we investigated the effects of
quality filtering and distance used for clustering OTUs on the number of
OTUs recovered, both with and without filtering OTUs found fewer than
5 times. The number of OTUs was sensitive to quality filtering at a clus-
tering distance of 0.03, with values ranging from 776 to 1,405 (excluding
Q72) (see Fig. S2A). However, this variation largely disappeared when
only OTUs found 5 or more times were considered, with the number of
OTUs ranging from 322 to 443 (see Fig. S2B). These data show that Q71 is
a highly conservative quality filter for the data and is not very sensitive to
the cutofflevel for OTU clustering, especially considering only nonsingle-
ton OTUs. For example, the difference between OTU distance cutoffs of
0.01 and 0.03 for Q71 is 342 versus 322. We therefore proceeded with our
analysis by using reads with an average quality score of Q71, an average
OTU distance of 0.03, and a minimum OTU count of 5 sequence reads.

From the initial 24,273 demultiplexed reads, we removed 11,989 CCS
sequences due to overall low quality, another 53 comprising a single sam-
ple of low yield, and 689 from the mock community, leaving 11,542 se-
quences for analysis. Chimeras (n = 19) were removed and the data clus-
tered into 770 OTUs. We eliminated OTUs found fewer than 5 times,
leaving 318 high-confidence OTUs. We then used three criteria to further
detect remaining chimeras: sequences that were found in only one sample,
had a BLAST match to GenBank of <97%, and showed clear (>80%
similarity and >50% coverage) BLAST matches to different taxonomic
orders when classified separately for ITS1 and ITS2. Five additional OTUs
were removed, leaving a final number of 313 OTUs.
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Nucleotide sequence accession numbers. All 313 unique, high-con-
fidence OTUs were submitted to GenBank, using a single representative of
each OTU, under accession numbers KT328605 to KT328917.

RESULTS

We successfully PCR amplified the ribosomal ITS region specific
to H. vastatrix for 34 of the 39 lesion samples but none of the 7
controls. Rust was not amplified using the universal fungus-spe-
cific primers ITS1-F and ITS4 under the thermocycling conditions
we utilized. The number of lesions to be analyzed by community
profiling was then restricted to those in which we successfully
detected H. vastatrix and reduced to a number that would maxi-
mize the number of reads per sample produced from a single
SMRT cell. We proceeded forward with PacBio sequencing of am-
plicons from 24 samples, including the 7 controls and the mock
community. After sequencing, one control sample was removed
due to low sequence recovery.

Community analyses. The 313 OTUs from the leaf samples
showed a typical rank abundance distribution, with a few domi-
nant taxa found in more than 10 samples and a large number of
taxa found in low abundance (Table 1; see Table S1 in the supple-
mental material). The majority of sequences were in Ascomycota
classes Dothideomycetes and Sordariomycetes. Samples were typ-
ically dominated by two or three genera with high prevalences as
well as containing a number of rarer genera (Fig. 1).

The number of OTUs per sample ranged from 13 to 69 OTUs
after quality control and after removing low-abundance OTUs
(<5 sequences). Sample pb3_c, a control sample, had the most
OTUs, and sample pel had the most OTUs for a rust-infected
sample, with 62 OTUs (Table 2). The sample with the smallest
number of sequences was pd2, with 143 sequences. To normalize
the data for further analyses, a subsample of 143 sequences was
generated from each sample. Rarefaction curves showed that most
of the samples had not reached saturated sequencing at that level
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FIG 1 Relative abundances of fungal genera across 22 samples. Samples beginning with “m” are from Mexico (rust infected), samples beginning with “p” are
from Puerto Rico (rust infected), and samples ending with “_c” are control, uninfected leaves from Puerto Rico.

of sampling (data not shown). The rarefaction curves averaged The number of OTUs in each subsample and the Chaol and
across samples for the three sample groups (Mex, PR, and PR_C)  inverse Simpson index values (including confidence intervals) are
showed that the control samples tended to have higher diversity = reported in Table 2. Control samples tended to have more OTUs
(Fig. 2). than samples from infected leaves at either site. After rarefaction,

TABLE 2 Diversity indices for sampled leaf discs”

Disc Treatment No. of sequences No. of OTUs? S.obs InvS InvS_lci InvS_hci Chaol Chaol_lci Chaol_hci
md3 Mex 360 27 20.66 5.10 4.18 6.52 27.56 22.20 52.35
md4 Mex 485 26 19.04 3.54 2.94 4.44 25.10 20.37 47.37
mf3 Mex 643 28 19.37 5.00 3.94 6.85 26.70 20.97 54.34
mf4 Mex 485 24 16.04 3.76 3.07 4.87 22.70 17.43 49.53
mq3 Mex 564 41 24.23 5.18 4.18 6.80 37.85 27.87 76.04
mq4 Mex 830 37 24.14 6.09 4.78 8.39 33.82 26.56 63.56
pal PR 704 24 12.44 1.46 1.28 1.71 19.56 13.94 47.76
pa2 PR 518 45 30.20 5.74 4.59 7.65 45.55 34.88 80.97
pb10 PR 539 38 22.28 2.65 2.14 3.48 35.32 25.69 73.17
pb9 PR 566 18 9.17 1.73 1.50 2.06 15.64 10.45 43.92
pcl PR 397 48 39.29 23.32 18.39 31.91 47.12 41.41 68.69
pc2 PR 464 22 12.66 2.12 1.81 2.56 21.35 14.58 53.86
pdl PR 570 62 43.39 14.81 11.02 22.62 59.32 48.73 91.23
pd2 PR 143 33 33.00 23.18 18.54 30.91 35.63 33.47 47.67
pel PR 411 63 43.86 10.23 7.30 17.09 62.76 50.33 99.32
pe2 PR 221 13 11.06 5.08 4.38 6.05 15.40 11.80 37.79
pa3_c PR_C 398 29 22.79 7.89 6.38 10.33 28.19 23.93 49.26
pa4_c PR_C 394 37 31.22 12.70 9.42 19.51 35.17 32.04 51.02
pb3_c PR_C 847 69 49.50 27.03 20.64 39.26 67.03 55.72 99.20
pb4_c PR_C 354 32 25.06 5.30 4.00 7.83 32.25 26.66 58.37
ped_c PR_C 289 55 46.22 37.36 30.30 48.77 56.64 49.32 81.55
pe6_c PR_C 342 43 35.10 12.86 9.79 18.76 42.45 37.03 63.68

“ Mex, Mexico infected; PR, Puerto Rico infected; PR_C, Puerto Rico control; S.obs, average number of OTUs present in subsamples of 143 sequences; InvS, inverse Simpson
diversity index, with lower (lci) and upper (hci) 95% confidence intervals; Chaol, Chaol richness estimator, with lower (lci) and upper (hci) 95% confidence intervals.
b Ignoring those occurring fewer than five times per sample.
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FIG 2 OTU accumulation curves averaged for infected samples from Mexico
(Mex infected) and infected (PR infected) and control (PR controls) samples
from Puerto Rico after rarefaction to 143 sequences per sample. Error bars
show standard errors.

among the controls, sample pb3_c had the largest number of
OTUs (n = 50), and among the rust-infected samples pel had the
largest number of OTUs (1 = 44). However, the number of OTUs
observed and the Chaol richness estimator did not differ signifi-
cantly between the three groups (Fig. 3a and b) (by the Kruskal-

Detection of Coffee Rust Mycoparasites

Wallis test, for the number of OTUs observed, x> = 5.10, df = 2,
and P = 0.078; and for Chaol, x* = 2.58, df = 2, and P = 0.28).
The inverse Simpson diversity index differed marginally among
groups (Fig. 3¢) (by the Kruskal-Wallis test, x> = 5.88, df = 2, and
P =0.053).

The overlap among OTUs in each sample group is shown in
Fig. 4, revealing that more OTUs were shared between the two
Puerto Rican samples (control and rust infected) than with the
Mexican rust-infected samples. All samples were plotted along the
first two coordinates of a principle coordinate analysis, which ex-
plained 16.35% and 14.56% of the variation in the fungal commu-
nity composition of samples (Fig. 5). The plot shows that the
Mexican samples cluster separately from both the PR and PR_C
samples. The two PR samples that are closest to the Mexican sam-
ples in the ordination shared the presence of the most abundant
OTU, Glomerella cingulata (see Table S1 in the supplemental ma-
terial). AMOVA results further suggested that the fungal commu-
nity composition of the Mexican samples differed significantly
from that of the Puerto Rican samples and that the compositions
of the control and infected samples from Puerto Rico did not
differ from each other (Table 3).

The results of the metastats analysis of a random subsample
of 168 sequences (the smallest number of sequences in a sample
when including rare OTUs) suggest that 32 OTUs differed sig-
nificantly between PR and PR_C (the top 20 based on P values
are shown in Table S2 in the supplemental material). However,
taking multiple comparisons into account by using the false-
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FIG 3 Box plots for the number of OTUs observed (S.obs.) (a), the Chaol richness estimator (b), and the inverse Simpson diversity index (Inv.Simpson) (c),
calculated for an average of 1,000 subsamples of 143 sequences from each sample. Samples are grouped into Mexico infected (M), Puerto Rico infected (PR), and

control (PR_C) groups.
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FIG 4 Venn diagram showing the overlaps of OTUs for samples from Mexico
(infected), Puerto Rico (control), and Puerto Rico (infected).

discovery rate (see the g values in Table S2), it is difficult to say
with confidence that any particular OTU differed significantly
between the samples. On the other hand, a listing of the most
abundant (or across samples) OTUs primarily found in the
infected samples shows that a number of these samples are
from genera known to be mycoparasites, e.g., Lecanicillium and
Simplicillium (Table 1). Moreover, there were a number of addi-
tional low-abundance OTUs that are putative mycoparasites also
detected in this study, and the complete list of putative mycopara-
sites is given in Table S3.

DISCUSSION

We recovered a surprisingly high level of fungal diversity from
extraordinarily small samples of coffee leaf material (~28
mm?). As many as 44 fungal OTUs could be recovered from as
few as 143 sequences for a given rust-infected sample. This is
further remarkable because the samples were visibly domi-
nated by coffee rust biomass. Our data corroborate the hyper-
diversity of fungal endophytes and epiphytes known from trop-
ical ecosystems (5, 30, 31) and clearly demonstrate the compact
and intermingled nature of fungal leaf-inhabiting communi-
ties. “Hyperdiversity” implies a higher-than-average diversity
relative to those of other types of communities. The commu-
nities associated with coffee leaves are considered hyperdiverse
because they revealed over 300 fungal OTUs after sampling of
an area much smaller than that of an average single leaf (=6
cm?), and many more if OTUs represented by only a single
occurrence are considered (770 OTUs). Studies that have in-
vestigated foliar fungi at a very fine spatial scale have similarly
shown that the extent of fungal mycelium within and on indi-
vidual leaves may be quite reduced (6, 32). Our surveys re-
vealed diverse fungi from nearly every ecological guild, e.g.,
saprotrophs, endophytes, plant pathogens, mycoparasites, etc.
(see Table S1 in the supplemental material for a full listing of
OTU assignments). The majority of the fungi in these ecosys-
tems are not well characterized with respect to their ecological
role, or their role may depend on environmental context, and
thus they all should be considered potentially part of the dis-
ease epidemiology of coffee rust.
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FIG 5 Plot of samples along the first two principle coordinates of a principle
coordinate analysis. Samples are grouped into Mexico infected (black), Puerto
Rico infected (red), and control (green) groups.

Our strategy of sequencing the fungal communities of visi-
bly colonized rust lesions identified at least 15 likely mycopara-
sites, either because they were significantly associated with the
lesions compared to controls or because they are phylogeneti-
cally related to suspected mycoparasitic species (see Table S3 in
the supplemental material). Previous surveys of mycoparasites
on coffee rust relied on opportunistic surveys that used cultur-
ing and morphological identification to identify six species
(22). The absence of DNA sequence data from previous studies
of coffee rust mycoparasites and the shifting classification of
the simple anamorphic fungi identified make it hard to know
whether we recovered the same species as those in earlier stud-
ies. The prior studies were also performed before advances in
DNA methods made it straightforward to match species across
studies through bar codes and to reveal cryptic species within
morphological species. The need for such an approach is obvi-
ous, for example, considering that we detected four distinct
species of Simplicillium in this study, and these species may have
different levels of virulence on H. vastatrix. Moreover, the 15
mycoparasitic “species” identified here are likely an underesti-
mate because of the lack of resolution provided by the ITS rRNA
gene marker locus that we used. As an example, the most common
OTU in our sample, Colletotrichum gloeosporioides/Glomerella
cingulata, is known to be a name applied to a number of closely
related species that are poorly separated using I'TS sequences (33).
A similar phenomenon of multiple species within what we are
calling a single OTU is likely to exist within other taxa identified in
this study.

The statistical approach (see Table S2 in the supplemental
material) was less powerful for identifying mycoparasites than
phylogenetic approaches, which we believe is due to the high
diversity and stochastic composition of parasitized rust lesions.
In fact, most of the known mycoparasites were not detected by
this method, e.g., the Lecanicillium and Simplicilliumn OTUs that

TABLE 3 AMOVA results for analyses of community composition
including all three groups of samples (3-way comparison) and all
pairwise comparisons

Comparison Fvalue df (among, within) Pvalue
3-way comparison 2.34 2,19 <0.001
Paired (Mex-PR) 3.47 1,14 <0.001
Paired (Mex-PR_C) 3.41 1,10 0.003
Paired (PR-PR_C) 0.92 1,14 0.66
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dominated samples pb9, pb10, pc2, and pe2 (Fig. 1). These
high-abundance mycoparasites are the best candidates for spe-
cies specifically parasitizing the rust. Lecanicillium lecanii is al-
ready well known as an attacker of coffee rust pustules as well as a
pathogen of insects (34—36). The fact that one fungus could re-
duce two coffee pests may be a bonus for farmers, but this species
may not be the ideal rust biocontrol agent, and its role in suppres-
sion of coffee rust involves a number of complex, context-depen-
dent ecological interactions (21). One of our OTUs, OTU 5, has its
closest match to Cordyceps confragosa (95% identity), a known
teleomorph of L. lecanii. Other OTUs match other Lecanicillium
spp. and Simplicillium spp., which all have similar verticillium-
like morphologies (37). Given that we identified a number of
distinct anamorphic Cordycipitaceae species on rust pustules
within a small geographical region, it is clear that the taxonomy
and virulence properties of these species will need to be re-
solved before assuming that all “white halo” infections of scales
and coffee rust are caused by the same species. Moreover, ad-
ditional studies need to be performed to determine whether the
same fungus attacks both coffee rust and coffee scale insects,
though the spatial association of local coffee scale insect epi-
demics caused by Lecanicillium is associated with a reduced local
abundance of coffee rust in subsequent years (38).

Geography was shown to be a greater determinant of fungal
community structure than infection status (Fig. 5). Multiple
factors, such as management (coffee varieties, use of fungi-
cides, or use of shade trees), climatic conditions (higher pre-
cipitation at the Mexico site than at the Puerto Rico site), bio-
geography (historical movement of coffee plants), and the
background ecological community surrounding the farms,
could be causative, as these factors dramatically affect fungal
communities. Unfortunately, the absence of control samples
from Mexico and other samples across management practices
and geographies partially limits our ability to infer the mecha-
nism by which leaf fungal communities differ. An intensive
culture-based survey of coffee endophytes similarly reported
little overlap of OTUs across countries (39). The culture-based
studies have all shown that Colletotrichum is perhaps the most
common endophyte taxon in coffee (39—41). In the present study,
a species (or set of closely related species) of Colletotrichum was
also the most common OTU, but surprisingly, when it was the
dominant taxon of aleaf disc, the disc was rust infected. In general,
however, the overlap between the surveys of coffee endophytes
and the fungi we identified is quite small. Only 24 of the 257 OTUs
found by Vega et al. (39) were also detected in our survey. Our
results also differed in taxonomic spectrum from culture-based
methods in having a higher diversity of taxa from Dothideomyce-
tes and Basidiomycota. One important factor is that our methods
sampled a large proportion of the community, including epi-
phytes, endophytes, and transient spores that may have been at-
tached to the coffee leaves.

Culturing and inoculation studies should now be used to test
whether the candidate mycoparasitic fungi we identified here are
actual rust mycoparasites. We are particularly interested in testing
the idea that Colletotrichum/Glomerella and the abundant Capno-
diales OTUs behave as mycoparasites, though their typical roles
are considered endophytic or plant parasitic. The most abundant
OTU (Glomerella cingulata = Colletotrichum gloeosporioides) was
found at high abundance on rust lesions in both Mexico and
Puerto Rico. C. gloeosporioides is a very common endophyte of
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multiple tropical tree species, and it has been shown to behave as a
suppressor of fungal diseases of cacao in inoculation trials (7, 12).
In this scenario, positive effects on the host from the C. gloeospo-
rioides inoculation may be the result of direct negative effects on
fungal pathogens of coffee.

The diversity of fungi was marginally higher within and on
uninfected leaf discs based on the inverse Simpson index, with
a similar trend for the number of OTUs, but the differences are
subtle. Lower diversity in infected leaves could be due to the
competition of the rust fungus with endophytes, epiphytes, and
other plant pathogens. On the other hand, the differences in
community structure between infected and uninfected fungal
communities in Puerto Rico as analyzed by AMOVA were not
significant. This was unexpected, as the presence of rust fungus
is expected to dramatically change the microenvironment ex-
perienced by other fungi. One possibility is that the control
discs had background levels of rust fungi that were not as ap-
parent as those in lesions. Although the rust fungus is not sys-
temic (42), the rust may not have been readily apparent in leaf
discs that comprised control samples, but nonetheless was
there. However, our PCR assay for H. vastatrix should have re-
duced the likelihood of this occurring. Another possibility is that
coffee rust may influence the rest of the fungal community at a
larger scale than that addressed by our sampling here (e.g., at the
scale of the individual plant or even the entire farm). In future
studies, additional control samples from a farm entirely without
rust or from a plant or leaf without rust should thus be informa-
tive.

This study demonstrates the power of next-generation se-
quencing for revealing hidden fungal diversity in complex sam-
ples. This method bypasses the labor-intensive step of cultur-
ing and identifying strains as well as avoiding the biases
involved in culturing because of the slow-growing nature of
some fungi. Similarly, endophyte communities of loblolly pine
were also shown to be vastly different as determined by culture-
based and culture-independent methods (43). On the other
hand, PCR surveys also suffer from biases; for example, our
PCR conditions were nonpermissive for Hemileia amplifica-
tion, even though the majority of samples were heavily colo-
nized by it. Ultimately, culture of the putative mycoparasitic
fungi will be needed to better understand their effects on H.
vastatrix and coffee. Lastly, the appreciation that endophytic
fungi are beneficial to the host has been well considered. How-
ever, given that plant tissue is full of fungal hyphae, it needs to
also be considered that some endophytes may actually be pri-
marily symbiotic with other fungi and that the plant tissue is
merely the environmental background within which these in-
teractions take place.
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