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Yeast Communities of Diverse Drosophila Species: Comparison of
Two Symbiont Groups in the Same Hosts

a,b,c,d

James Angus Chandler,® Jonathan A. Eisen, and Artyom Kopp?®

Department of Evolution and Ecology and Center for Population Biology, University of California Davis, Davis, California, USA®; University of California Davis Genome
Center, University of California Davis, Davis, California, USA®; Department of Medical Microbiology and Immunology, School of Medicine, University of California Davis,
Davis, California, USAS; and United States Department of Energy Joint Genome Institute, Walnut Creek, California, USA®

The combination of ecological diversity with genetic and experimental tractability makes Drosophila a powerful model for the
study of animal-associated microbial communities. Despite the known importance of yeasts in Drosophila physiology, behavior,
and fitness, most recent work has focused on Drosophila-bacterial interactions. In order to get a more complete understanding
of the Drosophila microbiome, we characterized the yeast communities associated with different Drosophila species collected
around the world. We focused on the phylum Ascomycota because it constitutes the vast majority of the Drosophila-associated
yeasts. Our sampling strategy allowed us to compare the distribution and structure of the yeast and bacterial communities in the
same host populations. We show that yeast communities are dominated by a small number of abundant taxa, that the same yeast
lineages are associated with different host species and populations, and that host diet has a greater effect than host species on
yeast community composition. These patterns closely parallel those observed in Drosophila bacterial communities. However, we
do not detect a significant correlation between the yeast and bacterial communities of the same host populations. Comparative
analysis of different symbiont groups provides a more comprehensive picture of host-microbe interactions. Future work on the
role of symbiont communities in animal physiology, ecological adaptation, and evolution would benefit from a similarly holistic

approach.

nimal microbiomes can include a wide variety of taxa, such as

bacteria, archaea, fungi, and numerous clades of protists (18,
21,31, 44, 54). Animal hosts have evolved lenient immune systems
that tolerate, and possibly even encourage, the persistence of these
microbiomes (63). The dynamics and composition of bacterial
communities have been established in dozens of animal species
from mammals (44) to insects (18). Other groups, such as archaea
(54), fungi (21, 71), and protists (31, 66), have also been studied,
although less extensively. In mammals, bacterial communities
have been implicated in numerous aspects of host physiology (45,
79, 82) and fungi have recently been shown to influence host
health and disease (32). Unfortunately, no study to date has ex-
plicitly compared the distribution of different symbiont groups in
the same host samples. Thus, it remains unclear whether different
symbiont communities show the same distribution patterns and
community structure.

Drosophila (Diptera: Drosophilidae) flies are host to at least
two different symbiont groups: bacteria and single-celled fungi
(here referred to as yeasts). The bacterial communities of Dro-
sophila consist primarily of three taxonomic groups: Enterobacte-
riaceae, Acetobacteraceae, and Lactobacillales (11, 14, 15, 83). Bac-
teria have been implicated in various aspects of fly physiology and
fitness, including longevity (6), development time (70, 76), and
mating success (69). Some of the immunological factors interact-
ing with both pathogenic and commensal bacteria have also been
identified (42, 46, 65).

Yeasts are also common Drosophila symbionts, in the broad
sense of being consistently associated with live flies. The yeast-
Drosophila interaction is generally thought of as a diffuse mutual-
ism (74). Although originally proposed as simply a food source for
Drosophila (5), yeasts can survive passage through the fly digestive
tract so that the animal host acts as a vector for yeast dispersal and
colonization of new habitats (20, 73, 75). In Saccharomyces cerevi-
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siae, the dissolution of tetrad ascospores inside the Drosophila gut
increases outbreeding (61), suggesting that association with flies
can be an important factor in yeast evolution. Insect-yeast inter-
actions have been examined for over a century, with early studies
showing that yeasts living within the digestive tracts of flies mul-
tiply when the flies are fed a sterilized sugar solution (22).

In nature, Drosophila is associated primarily with yeasts in the
phylum Ascomycota and the family Saccharomycetaceae (4, 28,
50, 51, 56). Different species of yeasts have different effects on
Drosophila melanogaster survival and development time (2). Dro-
sophila larvae show behavioral preferences for different yeast spe-
cies, and in at least some cases, the preferred yeast species confers
maximum fitness benefits on the host (13, 47). As adults, different
fly species are differentially attracted to different yeast baits (19).
Finally, much of the Drosophila immune system is devoted to the
recognition of fungal infection and subsequent response (23, 43),
suggesting that flies could potentially have substantial control
over the yeast communities in their guts.

The structure of bacterial communities associated with differ-
ent Drosophila species depends upon several factors. Host diet
plays an especially important role, as evidenced by both field sur-
veys and controlled laboratory experiments (11). Loss-of-func-
tion mutations in crucial host genes can shift bacterial micro-
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TABLE 1 Yeast community samples used in this study

Library Bacterial

name” data® Host species Host diet Collection location

ELD Yes D. elegans Brugmansia flowers Hsinchu, Taiwan

EFNS Yes D. falleni Russula mushrooms Stony Brook, NY

HCF Yes D. hydei Citrus fruit Wolfskill Orchard, Winters, CA
HPM Yes D. hydei Pomegranates Wolfskill Orchard, Winters, CA
HPP Yes D. hydei Opuntia fruit Arboretum, Davis, CA

ICF Yes D. immigrans Citrus fruit Wolfskill Orchard, Winters, CA
IMH Yes D. sp. aff. immigrans Hibiscus flowers Captain Cook, HI

MAG Yes D. sulfurigaster Mango fruit Waimanu, HI

MEC No D. malerkotliana Terminalia fruit Seychelles Islands

MOV Yes D. mojavensis and D. arizonae Agria cactus Sonora, Mexico

NNS No D. neotestacea Russula mushrooms Stony Brook, NY

PON Yes Unidentified Drosophila sp. Pandanus fruit Waimanu, HI

SPP No D. melanogaster and D. simulans Opuntia fruit Arboretum, Davis, CA

SCA Yes Scaptodrosophila hibiscii Hibiscus flowers Queensland, Australia

TBB Yes D. melanogaster Citrus fruit Turelli’s Orchard, Winters, CA

@ Samples HCF and ICF were collected simultaneously from the same pile of citrus fruit, and samples HPP and SPP were collected simultaneously from the same Opuntia fruit.
Samples FNS and NNS, while collected from the same general area, were collected on different days in slightly different locations.
b Bacterial data are from reference 11. Further details are provided in Data Set S1 in the supplemental material.

biome composition (65), indicating that the host exercises some
control. However, different fly species acquire essentially the same
microbiome when raised together on the same food source, sug-
gesting that there may be few if any interspecific differences in how
Drosophila interacts with its gut bacteria (11). Geography also has
little effect, as the same bacterial taxa are found with different
Drosophila populations on several different continents (11).

With yeasts, the situation is less clear. Different species of Dro-
sophila, despite living sympatrically and seemingly utilizing the
same food sources, are often associated with different yeast species
(16, 29, 56). Other studies, however, have found the effect of host
species to be overshadowed by geography (39). When the physio-
logical traits of the yeasts are taken into account, host ecology
plays the most important role in shaping the Drosophila-associ-
ated yeast community (39). It should be noted that all these stud-
ies employed culture-based methods for isolating and identifying
the yeasts. To our knowledge, no systematic culture-independent
analysis of yeast symbiont communities has been conducted in
Drosophila to date.

In this paper, we pursue two related goals. First, we present the
first culture-independent characterization of the yeast communi-
ties associated with ecologically and phylogenetically diverse Dro-
sophila species. Given the importance of yeasts in Drosophila phys-
iology and fitness, description of these communities is necessary
for a full understanding of Drosophila ecology and evolution. Sec-
ond, we compare the distribution of yeasts and bacteria in the
same host populations. Since neither symbiont group shows any
evidence of vertical transmission, both are likely environmentally
acquired, and therefore, some similarities in their community
structure are inevitable. However, host-symbiont interactions
could also create significant differences in community structure,
as bacteria and yeasts interact with different components of the
Drosophila innate immune system.

MATERIALS AND METHODS

Fly collection, dissection, and DNA extraction. Drosophila samples were
collected with the help of many colleagues around the world (see Ac-
knowledgments) (Table 1; see Data Set S1 in the supplemental material).
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All samples were obtained from naturally occurring substrates, and no
artificial baits were used to attract flies. For collections done in northern
California, adults were immediately transferred to sterile no-nutrient me-
dium (2% agar in water) and transported to the University of California
Davis (UC-Davis) for dissection, which occurred within 2 h of collection.
For more remote field collections, flies were stored in 100% ethanol for
transport.

For freshly collected flies, the entire gut was dissected in sterile insect
saline and placed in sterile TES buffer (10 mM Tris-HCl [pH 7.5], 1 mM
EDTA, 100 mM NaCl). For flies stored in ethanol, dissection was not
feasible because weakening of the fly tissues caused the gut to fragment.
For these samples, the entire fly bodies were washed twice in 1 ml 2.5%
sodium hypochlorite and twice in 1 ml sterile water. Each wash consisted
of 30 s of vortexing at maximum speed with 0.5 ml of 0.1-mm glass beads.
To ensure adequate removal of external fungi, each final wash was con-
firmed to be free of fungal cells by PCR with primers NL1 and NL4 (38)
(see below). In no case did the final wash show evidence of fungal con-
tamination. Seven to 20 fly bodies or guts were combined for each sample.
A previous study did not find any difference in bacterial community com-
position in dissected intestines and externally sterilized whole bodies (11),
and we therefore treated both types of samples equivalently here. Further
details regarding sample collection dates, locations, and contents can be
found in Data Set S1 in the supplemental material.

DNA was extracted from samples using a modification of the Bead
Beater protocol (48). The tissue was homogenized by grinding and three
freeze/thaw cycles on dry ice. Samples were then incubated with 50
units/ml of lysozyme for 15 min. Next, physical disruption was performed
in a Bead Beater (BioSpec Products, Inc., Bartlesville, OK) on the homog-
enize setting for 3 min. An overnight incubation with 1% SDS and 2
mg/ml proteinase K was followed by extraction with an equal volume of
25:24:1 phenol-chloroform-isoamyl alcohol. The aqueous phase was in-
cubated at room temperature for at least 15 min with 0.7 volume of 100%
isopropanol and 0.1 volume of 3 M sodium acetate before centrifugation
at 16,000 X gfor 30 min at 4°C. The DNA pellet was washed with cold 70%
ethanol and allowed to air dry before resuspension in TE (10 mM Tris-
HCI, pH 7.5, 1 mM EDTA). A caveat to this method is that it captures all
yeast DNA present within the host, whether it belongs to live yeasts or to
dietary yeasts that have already been partially digested. While the ratio of
live to digested yeasts cannot be ascertained using our methods, studies
using culture-based methods found that at least some proportion of yeasts
survive passage through the digestive tract of adult flies (28).
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Library creation and sequencing. The D1/D2 loop of the rDNA large
subunit (LSU) was amplified using the standard fungal primers NL1 and
NL4 (38). This region and these primers were chosen for several reasons.
First, other commonly used diagnostic genes for fungi (such as the inter-
nal transcribed spacer [ITS] region) are much more variable in length, and
the sequencing method used would bias results toward shorter PCR frag-
ments. Second, all yeast type strains are required to have their LSU se-
quenced and publicly available (36). Third, these primers are known to
successfully amplify the LSU region from a wide variety of yeasts cultured
from Drosophila (28).

The 454 adaptor A, a 4-bp key, and a 6-bp barcode were added to the
NL1 primer (see Data Set S2 in the supplemental material). The barcodes
were a shortened version of 8-bp error-correcting barcodes developed for
multiplex pyrosequencing (27). Each barcode differs from all others by at
least two nucleotide substitutions (see Data Set S2).

D1/D2 loop fragments were amplified from each sample using the
following PCR protocol: 94°C for 5 min; 30 or 35 cycles of 94°C for 1 min,
50°C for 1 min, and 72°C for 1.5 min; and 72°C for 7 min. Three indepen-
dent 50-pl PCRs were done for each library. Each PCR product was run
individually on a 1% agarose gel, and bands of the correct size were ex-
cised. To ensure enough template DNA for emPCR amplification (emul-
sion-based clonal amplification), all three gel slices were pooled, and DNA
was isolated using the MN Nucleospin Extract I kit. Because of the longer
PCR product, we used a modified emPCR amplification protocol devel-
oped specifically for longer fragments (61a). The samples were sequenced
on a Roche GS Junior Titanium machine in the laboratory of Jonathan
Eisen with the assistance of the UC-Davis Microarray Core Facility.

Sequence alignment. A total of 12,819 reads were generated. The se-
quencing run did not produce as many reads as expected, but budgetary
constraints precluded any additional sequencing. The lengths of these
reads followed a bimodal distribution, with most reads (7,040) falling
below 90 bp (see Data Set S3 in the supplemental material). All 12,819
reads were checked using the QIIME platform (9). Default parameters
were used in all cases, except for the total number of mismatches allowed
for the primer sequence, which was changed from 0 to 2. The 3’ end of the
NL1 primer ends with GGAAAAG, and it was found that 646 reads would
be excluded because of the addition or loss of an A in this homopolymer
run and 52 reads would be excluded because of the addition or loss ofa G
in the paired Gs. Relaxing the parameters to allow 2 mismatches kept 780
additional reads in the data set. A total of 7,942 reads were removed for the
following reasons: a minimum length of less than 200 bp (7,489 reads), at
least one ambiguous base (87 reads), a mean quality score below 25 (31
reads), a maximum homopolymer run size exceeding 6 (75 reads), the
number of mismatches in the primer sequence exceeding the limit of 2
(256 reads), or a barcode that could not be assigned to a library (4 reads).
The remaining 4,877 reads had an average length of 529 bp (minimum,
200 bp; maximum, 611 bp).

These 4,877 reads were classified using the Ribosomal Database Proj-
ect’s Fungal Large Subunit Classifier (12). Only the 2,466 reads that were
assigned with 100% confidence to the phylum Ascomycota were included
in the final analysis. We chose to focus on the Ascomycota because previ-
ous studies had identified members of the phylum as important to Dro-
sophila survival and fitness (2, 4). The non-Ascomycota reads included
424 from the phylum Basidiomycota (see Data Set S4 in the supplemental
material). A majority of the Basidiomycota reads were from a genus of
fruiting mushrooms (Lentinus) and are found with the mushroom-feed-
ing Drosophila (Data Set S4). These reads likely represent the diet that is
passing through the fly intestinal tract. A total of 1,210 reads were identi-
fied as possible nonfungal unicellular eukaryotes and will be described,
along with any possible interactions with bacterial and yeast communi-
ties, in a separate paper. The remaining reads include mainly Drosophila
and host plant sequences and will not be discussed further. However, it
should be noted that the primers used in this study (NL1 and NL4) were
not specific to fungi and amplified the LSU region from Euglenozoa, Ar-
thropoda, and plants.
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Of the 2,466 Ascomycota sequences, all but 1 were between 440 and
581 bp in length (average length, 514 bp; standard deviation [SD], 10.1).
The short sequence (259 bp) was removed to facilitate good alignment.
Nineteen sequences were assumed to be chimeric and were removed be-
cause an NCBI BLAST search found that the 5" and 3’ ends were most
closely related to a different taxonomic class. After this filtering, 6 libraries
contained fewer than 50 sequences each and were removed from subse-
quent analysis (total, 126 sequences).

The remaining 2,316 sequences were aligned using MAFFT and the
genafpair option, producing an alignment of 867 columns (34, 35). Since
many positions toward the end of the alignment (roughly corresponding
to the D2 region) contained mostly gaps, the final 379 columns were
removed. Despite removing these 379 columns from the alignment, an
average of only 128 nucleotides was actually removed from each read
(minimum, 91; maximum, 166; SD, 7.7).

Seventy-five sequences were identified as chimeric using the UCHIME
chimera checker in mothur (67). The remaining 2,241 sequences were
realigned using MAFFT, producing an alignment of 484 positions. Nine-
teen additional sequences were identified as chimeric in this alignment.
After their removal, MAFFT was used to produce the final alignment of
2,222 sequences and 475 columns. The final data set consisted of 15 librar-
ies with an average of 148 sequences each (minimum, 69; maximum, 264;
SD, 67). All sequences and alignments are available through BioTorrents
(http://www.biotorrents.net/details.php?id=263) (41).

OTU generation, a-diversity measurements, and B-diversity PCA.
The software package mothur was used to generate operational taxo-
nomic units (OTUs) from the chimera-checked alignment (67). OTUs
were formed at the 3% divergence level (97% similarity) using the average
neighbor-clustering algorithm and the “countends = F” option during
the calculation of the distance matrix. This produced 51 OTUs with an
average size of 43.6 sequences (SD, 135.4). The largest OTU contained 828
sequences, 21 OTUs contained only 1 sequence, and 41 OTUs contained
10 or fewer sequences (Table 2; see Data Set S5 in the supplemental ma-
terial). A representative sequence for each OTU was chosen using the
“get.oturep” function, which selects the sequence that has the minimum
total distance to all the other sequences within that OTU. Alpha diversity
measurements and rarefaction curves were then calculated using mothur
(Fig. 1 and Table 3; see Fig. S1 and Data Set S6 in the supplemental
material). QIIME was used for Jaccard B-diversity principal component
analysis (PCA) using the OTUs generated by mothur (Fig. 2C and D). The
number of OTUs as a function of genetic distance was also calculated (see
Fig. S2 in the supplemental material).

OTUs were also calculated at the 1% divergence level (99% similarity).
Even at this more stringent cutoff, the largest OTUs remained relatively
unchanged, though their sizes were reduced slightly. For example, the 10
OTUs that contain 10 or more sequences at the 3% divergence level retain
an average of 90% of their size at the 1% divergence level. The largest OTU
contains 828 sequences at the 3% divergence level and 807 sequences at
the 1% level. None of the 3% OTUs are split into roughly equal-size OTUs
at the 1% level. Instead, substantially more singleton OTUs are generated.
Since the 1% level does not change the major OTUs and 3% divergence
was used in our analysis of bacterial communities in the same samples
(11), we used 3% divergence for OTU clustering in this study.

Taxonomy assignment. A taxonomic assignment was given to each
OTU using two separate approaches. First, the identities of all sequences
within each OTU were determined. Second, to resolve inter-OTU taxo-
nomic conflicts, a phylogenetic tree was constructed containing the rep-
resentative sequences of all OTUs and their closest relatives.

The full-length, untrimmed, unaligned reads representing the 2,222
sequences in the trimmed alignment were used for taxonomy assignment.
We chose to use the full-length sequences because, although the final parts
of the reads (roughly corresponding to the D2 region) could not be satis-
factorily aligned, the trimmed bases still represent useful taxonomic in-
formation. All sequences were queried against the SILVA Large Subunit
Parc Database release 108 (59) using the blastn algorithm (1). We chose to
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TABLE 2 Distribution of the 10 most common yeast OTUs within 15 Drosophila populations

No. of sequences in indicated population

Fruit Flower Mushroom  Cactus

Yeast HCF HPM HPP ICF MAG MEC PON SPP TBB ELD IMH SCA FNS NNS MOV  Total
Candida amapae 1 21 54 76
Candida diversa 1 96 1 98
Candida panamericana group 1 135 136
Candida restingae 7 77 2 86
Candida tritomae group 1 56 45 102
Hanseniaspora occidentalis 227 154 66 23 1 1 1 473
Hanseniaspora uvarum group 15 34 63 68 121 260 113 60 91 2 1 828
Pichia kluyveri 8 12 17 3 40
Pichia kudriavzevii 72 1 73
Saccharomyces cerevisiae/S. paradoxus 4 9 2 29 1 13 32 67 2 1 50 211
All other taxa (41 OTUs) 1 2 2 7 4 8 3 6 5 4 3 3 10 20 21 99
Total 247 209 100 73 192 168 264 190 154 113 95 75 69 201 72 2,222

use this database over the Ribosomal Database Project’s Classifier and the
SILVA LSU reference database because preliminary taxonomy searches
revealed that the last two databases do not contain some of the taxa pres-
ent in our data set. The taxonomic identity of each sequence within each
OTU was then used to determine a consensus taxonomy for the OTU. If
all the taxonomy assignments agreed, the OTU was given that assignment.
In cases of disagreement or with small OTUs (i.e., with one sequence,
internal OTU disagreement is impossible), phylogenetic information was
used to determine taxonomy, as described below.

To test whether using a more stringent OTU cutoff would affect our

A Yeast
35 ELD
o o FNS
> —HCF
5 25 - —HPM
Y= 20 HPP
]
o 15 ~—ICF
8 IMH
c 10 -+ E— —MAG
é 5 é/’ —MOV
o ——= —PON
0 50 100 150 200 250 300 —SCA
TBB
Number of Sequences Sampled
B Bacteria
35 ELD
@ % FNS
=) —HCF
6= —HPM
5 2 HPP
= 15 - —ICF
2 B IMH
g 10 —MAG
2 5 | —MoV
‘ —PON
[ . .
0 50 100 150 200 250 300 —SCA
TBB

Number of Sequences Sampled

FIG 1 Comparison of yeast and bacterial rarefaction curves. All calculations
were performed using mothur (7). OTUs were defined at the 3% divergence
threshold using the average neighbor-clustering algorithm. Only the 12 pop-
ulations for which both yeast and bacterial data (3) are available are shown.
Library identifiers are given in Table 1. Rarefaction curves for populations
MEC, NNS, and SPP are shown in Fig. S1 in the supplemental material. (A)
Yeast rarefaction curves (this study). (B) Bacterial rarefaction curves (11).
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results, the above-mentioned taxonomy assignment was also performed
at the 1% divergence level. In particular, we noted whether the large OTUs
that contain several conflicting taxonomy assignments would be split into
two or more smaller groups that would each agree internally. We found
that at 1% divergence, more singletons were created, but no large OTUs
with consistent taxonomic classification emerged from the larger 3%
OTUs.

Although the SILVA LSU database is regularly updated, it is possible
that newly defined taxa may not be present in the most recent release.
Therefore, taxonomy assignment was also repeated using the entire NCBI
database (as of 21 October 2011). The NCBI and SILVA assignments
agreed, except for the following major disagreement: 217 sequences in the
largest OTU termed Hanseniaspora sp. by SILVA are Hanseniaspora thai-
landica (33) according to the NCBI assignment (see Data Set S7 in the
supplemental material). The remaining few disagreements involved
OTUs of a single sequence and were corrected during the phylogenetic
analysis described below.

Representative sequences from each of the 51 OTUs were queried
against the SILVA LSU Parc database release 108 (59) using the blastn

TABLE 3 Comparison of a-diversity measurements of yeast and
bacterial communities”

Observed richness Chaol richness Shannon diversity

Library Yeast Bacteria Yeast Bacteria Yeast Bacteria
ELD 5 7 5.5 7.5 0.77 1.32
FNS 8 30 13 57.2 0.79 3.04
HCF 4 4 4 4 0.34 0.54
HPM 8 17 14 50 0.88 1.34
HPP 5 3 5 3 1.03 0.32
ICF 7 9 12 9.75 0.48 1.22
IMH 4 7 4.5 8.5 0.22 1.07
MAG 5 6 5 12 1.08 0.44
MOV 9 9 12 12.33 1.20 0.76
PON 5 12 11 22.5 0.10 1.48
SCA 7 26 9 30 0.52 2.9
TBB 7 16 7 26 1.17 1.86
Avg 6.17 12.17 8.50 20.23 0.72 1.36
SD 1.70 8.58 3.74 17.80 0.38 0.88

@ All calculations were performed using mothur (67). Only the 12 populations for
which both yeast and bacterial data are available are shown here. Library identifiers are
given in Table 1. Further yeast diversity information and the data for samples MEC,
NNS, and SPP are available in Data Set S6 in the supplemental material.
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FIG 2 Principal component analysis of yeast communities. (A and B) A representative sequence from each OTU was generated using mothur (67), and a tree of
the sequences was generated with FastTree (57) using Amanita muscaria as an outgroup. Principal component analysis was done with the FastUniFrac Web
application (26) using both the weighted (A) and the unweighted (B) algorithms. (C and D) B-Diversity principal component analysis was performed in QIIME
(9) for both the abundance-based (C) and binary (D) Jaccard metrics. For clarity, overlapping data points were moved; the arrows indicate their true positions.

Library identifiers are given in Table 1.

algorithm (1). The 10 closest hits to each sequence were extracted from the
SILVA LSU fasta file, and duplicate sequences were removed. The 401
unique sequences were aligned with the representative OTU sequences
using the genafpair algorithm in MAFFT. To root this tree of Ascomycota,
the basidiomycete Amanita muscaria was included as an outgroup. Since
this database contains some sequences that include the small-subunit
(SSU) and ITS regions in addition to the LSU, the resulting alignment was
trimmed to retain only the LSU region contained in all representative
OTU sequences. This trimmed alignment was realigned using MAFFT. A
phylogenetic tree was created using FastTree and the GTR option (58).
The results were visualized using Dendroscope (30) (see Fig. S3 in the
supplemental material). The NEWICK tree file is available on BioTorrents
(http://www.biotorrents.net/details.php?id=263; 41).

This phylogenetic tree was used to refine the taxonomic assignment of
each OTU. If there was disagreement within an OTU or between the
SILVA and NCBI assignments, the tree usually showed a polytomy or near
polytomy between several different yeast species, suggesting that the
amount of sequence data was not sufficient to determine the OTU to the
species level. In such cases, the OTU was given a more general name
representative of this ambiguity. In a few cases, the questionable OTU
branched outside a monophyletic group composed of several different
species. Such OTUs were also named to represent their phylogenetic po-
sitions. Finally, in one case, both the SILVA and the NCBI assignments
found an OTU composed of two separate genera. The phylogenetic anal-
ysis found that the OTU was equally related to both genera. This OTU was
named based on the shared family name of the genera. Final taxonomy
assignments, along with the SILVA, NCBI, and phylogenetic information,
can be found in Data Set S7 in the supplemental material.

Tree building and UniFrac principal component analysis. Each of
the 51 representative OTU sequences generated using mothur were
aligned to the basidiomycete outgroup Amanita muscaria using MAFFT,
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the genafpair algorithm, and the add function. This produced an align-
ment of 1,140 positions, which was trimmed to include only the LSU
region, as described above. This trimmed alignment was realigned using
MAFFT and the genafpair algorithm. A tree was built from the final align-
ment using FastTree and the GTR option (58). Phylogenetic analysis of
the community composition was then performed using the FastUniFrac
Web application (26) (Fig. 2A and B).

Comparison to bacterial communities. The bacterial communities
associated with 12 of the Drosophila populations used in this study have
been characterized previously (11). These 12 libraries, containing 1,203
sequences in the bacterial data set and 1,663 sequences in the yeast data
set, were used to provide a direct comparison of the bacterial and yeast
communities in the same hosts. Both phylogenetically based and OTU-
based approaches were used to compare the two microbial communities.

The phylogenetically based comparisons were done using the yeast
tree as described above, although the UniFrac environment file was mod-
ified to contain only the sequences from the 12 comparison populations.
Similarly, the bacterial tree was created using the representative bacterial
OTU sequences from these 12 Drosophila populations (11). Briefly, the
sequences were aligned using Infernal and a high-quality bacterium-spe-
cific covariance model (55). OTUs were created at the 3% divergence level
using mothur and the average neighbor-clustering algorithm (67). In to-
tal, 101 representative sequences are present in these 12 populations. A
tree was built with the final alignment using FastTree and the GTR option
(58). PCA was then performed for both the yeast and the bacterial micro-
biomes using FastUniFrac (26).

OTU-based comparisons were done using various (3-diversity mea-
surements calculated using QIIME (9) (Table 4). These particular mea-
surements were chosen because our data were intended to measure the
variation in community structure among a set of samples (3). Additional
measurements were included to test for the role of joint absences in com-
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TABLE 4 Procrustes P values comparing yeast and bacterial community
structures

Type of comparison” P value”
Unweighted UniFrac 0.426
Weighted, nonnormalized UniFrac 0.086
Weighted, normalized UniFrac 0.076
Jaccard 0.672
Binary Jaccard 0.478
Bray-Curtis 0.282
Sorensen-Dice 0.428
Euclidean 0.270
Binary Euclidean 0.117
Gower 0.139
Manhattan 0.088

@ UniFrac PCA was performed using the FastUniFrac Web application (26). B-Diversity
calculations and PCA were done with QIIME (9).

b Procrustes significance values were calculated with QIIME as described in the text.
Nonsignificant values indicate no correlation between the distribution patterns of the
yeast and bacterial communities associated with Drosophila.

munity structure (3). Each B-diversity measurement was calculated for
both the yeast and the bacterial communities. PCA was then performed
on each measurement using QIIME.

Procrustes analysis was then used to compare the yeast and bacterial
principal component (PC) results from both FastUniFrac and QIIME.
Procrustes analysis rotates and stretches the points within a matrix so that
they most closely align with the points of a second matrix (53). The dis-
tance between corresponding points in the superimposed matrices is used
to test whether variation is similarly distributed in each of the two matri-
ces. Measuring the distance between the corresponding points in the
transformed, superimposed matrices gives an M? value. By randomly
changing the identity of the points in one matrix, one can calculate how
often an M? value smaller than the observed M?* value would arise by
chance, thus giving a P value measuring the similarity of the two matrices
(10).

To compare the yeast and bacterial communities, each set of coordi-
nate matrices (PCs) was transformed to place individual data points (rep-
resenting the two separate microbial communities of a single population)
as near each other as possible in 12-dimensional space. These 12 dimen-
sions represent nearly 100% of the variation present in either microbial
community. Next, 1,000 Monte Carlo simulations were performed to
determine the significance of each yeast-bacterial comparison (Table 4)
(10). Finally, a plot of each comparison was created (Fig. 3; see Fig. S4 to
S13 in the supplemental material) and visualized using KiNG (http:
//kinemage.biochem.duke.edu/software/king.php). The KiNG data file
for Fig. 3 and the other comparisons (Table 4) is available through
BioTorrents (http://www.biotorrents.net/details.php?id=263).

In addition to PCA-based Procrustes analysis, alpha diversity mea-
surements of the Drosophila bacterial communities (see Table S3 in refer-
ence 11) were compared to those of the yeast communities (Table 3).

Nucleotide sequence accession numbers. The 2,222 sequences used
in the final analysis were submitted to NCBI under accession numbers
JX407386 to JX409607.

RESULTS

Dominant yeast taxa and the role of host diet in shaping Dro-
sophila-associated yeast communities. Drosophila populations
were chosen to maximize the breadth of their phylogenetic,
geographic, and ecological diversity. Although greater host
sampling may reveal additional features of Drosophila-associ-
ated yeast communities, the characterized samples nonetheless
provide valuable information regarding this host-microbe sys-
tem. In this study, we found that Hanseniaspora is the dominant
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yeast genus associated with Drosophila, representing 59% of the
yeast sequences in our samples (Table 2). Members of this yeast
genus are considered physiological specialists known to colonize
decaying fruits (74). Hanseniaspora was present in all but two
Drosophila populations. It was not detected in one of the three
flower-feeding Drosophila species (Drosophila elegans, collected
from Brugmansia flowers; population ELD) and in the cactus-
feeding Drosophila mojavensis (population MOV). (Note that a
single Hanseniaspora vineae sequence was found in Drosophila
neotestaceae, collected from Russula mushrooms [population
NNS] [see Data Set S5 in the supplemental material]) Hansenias-
pora species are also relatively rare in the two mushroom feeders,
representing only 10% and 1% of the yeast communities in these
populations.

The most abundant OTU (referred to in Table 2 as the Hanse-
niaspora uvarum group) is closely related to the species complex
composed of Hanseniaspora uvarum, Hanseniaspora lachancei,
Hanseniaspora guilliermondii, Hanseniaspora pseudoguilliermon-
dii, Hanseniaspora opuntiae, Hanseniaspora meyeri, and Hanse-
niaspora clermontiae (8). The recently described H. thailandica is
also closely related to this OTU (33). The OTU is present in all but
four of the Drosophila populations and is the dominant OTU
(>50%) in five of them (populations HPP, IMH, MEC, PON, and
SPP) (Table 2). The abundance of the OTU leads to the close
association of these samples in PCAs that take abundance into
account (Fig. 2A and C). The five samples were collected at geo-
graphically distant locations, including Hawaii, North America,
and the East African island nation of Seychelles. Members of this
Hanseniaspora group are known to inhabit food sources that Dro-
sophila commonly interacts with and have previously been iso-
lated from insects, including Drosophila. For example, H. uvarum

PC2 (21%)
QELD
MAG \ OFNS
TBB
— % SCA
HCF
PON Y HPM
p IMH
8 PC1 (56%)

FIG 3 Plot showing Procrustes analyses of transformed PCAs of yeast and bacte-
rial communities. Each pair of dots connected by an edge represents a paired set of
yeast and bacterial data points from the same host population. The gray half of the
edge is connected to the yeast data point, while the red half is connected to the
bacterial data point. Note that the yeast and bacterial communities from the same
hosts are no closer than a random pair of yeast and bacterial communities. The
plot represents weighted, normalized UniFrac data (P = 0.076). The KiNG data
file for this and the other comparisons (Table 3) is available through BioTorrents
(http://www.biotorrents.net/details.php?id=263).

Applied and Environmental Microbiology

Downloaded from https://journals.asm.org/journal/aem on 20 August 2021 by 73.2.105.168.


http://kinemage.biochem.duke.edu/software/king.php
http://kinemage.biochem.duke.edu/software/king.php
http://www.biotorrents.net/details.php?id=263
http://www.ncbi.nlm.nih.gov/nuccore?term=JX407386
http://www.ncbi.nlm.nih.gov/nuccore?term=JX409607
http://www.biotorrents.net/details.php?id=263
http://aem.asm.org

was isolated from Parahancornia amapa fruits and several Ama-
zonian Drosophila species (50), as well as from green June beetles
feeding on peaches (80). H. uvarum has also been found with
several Drosophila species collected in and around California’s Yo-
semite National Park (56) and with Drosophila suzukii collected in
Northern California (28). H. opuntiae was first described from
isolates from prickly pear cactus grown in Hawaii (7), and indeed,
this Hanseniaspora OTU is prevalent (>35%) in all three Hawai-
ian Drosophila populations (populations IMH, MAG, and PON).

Another common Hanseniaspora OTU is closely related to
Hanseniaspora occidentalis. Ninety-five percent of this OTU
comes from three fruit-feeding Drosophila populations collected
at the Wolfskill experimental orchard outside Davis, CA (popula-
tions HPM, HCF, and ICF) (Table 2). H. occidentalis is rarely
found with flower-feeding Drosophila and never with mushroom
or cactus feeders. It has been suggested that H. occidentalis var.
citrica is a habitat specialist on oranges and their products (8),
which is consistent with our finding that H. occidentalis repre-
sented >90% of the yeast communities found with both popula-
tions of Drosophila collected from citrus fruit (populations HCF
and ICF). Additionally, H. occidentalis var. occidentalis was iso-
lated from D. melanogaster feeding on mangos in Brazil (49), and
this study found it associated with Hawaiian Drosophila sulfuri-
gaster collected from mangos (population MAG).

An OTU closely related to Saccharomyces paradoxus and Sac-
charomyces cerevisiae is the third most abundant yeast OTU asso-
ciated with Drosophila. It is found with more Drosophila popula-
tions than any other OTU (12 of 15). It is the only OTU found in
flies of all four feeding types, although it represents only a small
proportion (1%) of the yeast communities associated with mush-
room feeders (Table 2). It is also found on every continent, al-
though it is relatively rare (<1%) in the Hawaiian Drosophila.
Although S. cerevisiae is usually thought of as a domesticated
strain closely tied to viticulture, it and S. paradoxus can be found
on tree bark and decaying leaves and in the soil (40, 60, 72). These
taxa have previously been found with Drosophila in Brazil (49) and
California (56).

Two abundant Candida OTUs were found almost exclusively
with two mushroom-feeding Drosophila populations collected in
New York (populations FNS and NNS) (Table 2). Sixty-seven per-
cent of the yeast community associated with D. neotestacea is an
OTU very closely related to Candida panamericana, Candida
atakaporum, Candida tanzawaensis, and Candida ambrosiae. An-
other OTU related to Candida tritomae, Candida pallodes, and
Candida lycoperdinae makes up 81% and 22% of the Drosophila
falleni and D. neotestacea yeast communities, respectively. All six
of these Candida species are known associates of basidiocarp-
feeding beetles (77, 78).

A substantial portion (68%) of the yeast community associated
with flower-feeding D. elegans is represented by an OTU that is
closely related to Candida restingae (population ELD) (Table 2).
This yeast was originally isolated from nitidulid beetles feeding on
Pilosocereus arrabidae flowers in Brazil (62). An OTU closely re-
lated to Candida diversa makes up 50% of the yeast community
associated with mango-feeding D. sulfurigaster (population MAG)
(Table 2); this species has been previously isolated from Drosoph-
ila (49-51). Both Drosophila species collected from Opuntia fruits
(populations HPP and SPP) are associated with an OTU closely
related to Candida amapae (a possible anamorph of Saccharomy-
copsis crataegensis) (Table 2). This species of Candida was origi-
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nally isolated from the Amazonian fruit Parahancornia amapa
(52) but was not found with Drosophila feeding on the same fruit
(50).

Overall, our results are consistent with previous records of
yeasts associated with insects and their food sources and suggest
that the yeast communities of Drosophila populations are shaped
to a large extent by their diet.

The relatively small role of host species in shaping the Dro-
sophila-associated yeast communities. In two instances, two dif-
ferent Drosophila species were collected simultaneously from
the same substrate. Drosophila simulans/D. melanogaster (these
closely related taxa were pooled, since females are hard to distin-
guish morphologically) and Drosophila hydei were collected from
prickly pear fruit (populations SPP and HPP, respectively), while
D. hydei and Drosophila immigrans were collected from citrus fruit
(HCF and ICF, respectively). In both cases, the dominant yeast
taxon is the same for both species (Table 2), and abundance-based
PCA confirms the similarity of their yeast communities (Fig. 2A
and C). A comparison of the less abundant taxa does reveal differ-
ences between the two populations collected from citrus fruit. H.
occidentalis was not detected in D. immigrans but comprises 6% of
the yeast community of D. hydei (Table 2), and many of the very
low-abundance taxa are not shared between the two fly species
(see Data Set S5 in the supplemental material). PCA using un-
weighted UniFrac and binary Jaccard B-diversity confirms the dis-
similarity of the two populations based on their rare taxa (Fig. 2B
and D).

Yeast diversity in comparison to bacteria. Observed and ex-
pected (Chaol) yeast OTU richness is low in all Drosophila sam-
ples (Table 3; see Data Set S6 in the supplemental material). For
nearly half of the populations, Chaol estimates suggest that fewer
than 10 OTUs would be expected had they been sampled exhaus-
tively. No more than 20 OTUs are estimated for any of the sam-
ples. In the 12 populations for which both yeast and bacterial data
are available, observed and expected richness is lower for the
yeasts than for bacteria (Table 3). A comparison of rarefaction
curves for these populations confirms that the bacterial micro-
biome has greater diversity (Fig. 1).

Analysis of rarefaction curves showed that different popula-
tions were sampled to different depths. The rarefaction curves for
several fruit-feeding Drosophila leveled off, suggesting that nearly
all the yeast taxa present in these hosts have been detected. In
contrast, some rare but potentially important taxa associated with
other fly populations remain to be identified.

Different rates of sequence evolution could affect OTU level
comparisons of yeast and bacterial communities. For example, the
lower observed richness in yeast communities could, in principle,
be the result of slower divergence of LSU than of SSU sequences,
although a survey of 500 ascomycetous yeasts found that the di-
vergence rate of LSU sequences is comparable to that of SSU se-
quences and is potentially greater in certain closely related taxa
(37). Sequence diversity within microbial communities can be
measured by calculating the number of OTUs as a function of
genetic distance (17). Using this method to compare the yeast and
bacterial communities, we found that strain level differences (the
point where the curve representing the relationship between ge-
netic distance and the number of OTUs increases in slope [17])
begin at roughly the same divergence (1%) for both the yeast LSU
and the bacterial SSU data (see Fig. S2 in the supplemental mate-
rial). Although OTUs based upon sequence divergence are not
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always directly related to taxonomic boundaries, Fig. S2 suggests
that an OTU comparison using the yeast LSU and the bacterial
SSU is valid.

Comparison of yeast and bacterial communities. Procrustes
analysis revealed no significant correlation between the composi-
tions of the yeast and bacterial communities across 12 Drosophila
populations. Neither phylogenetically informed (UniFrac) nor
OTU-based comparisons between the distributions of bacterial
and yeast symbionts showed significant similarities (Table 4). Vi-
sual inspection of the first two dimensions of the superimposed,
transformed PCA plots confirms the incongruent distribution of
the two symbiont groups (Fig. 3; see Fig. S4 to S13 in the supple-
mental material).

DISCUSSION

Drosophila-associated yeast and bacterial communities show
similar distribution patterns. Previous analysis of bacterial com-
munities associated with different Drosophila species and popula-
tions has revealed several general patterns (11). Namely, Drosoph-
ila has taxonomically restricted bacterial communities; the same
bacterial lineages are associated with different host species, diets,
and locations; and host diet has a greater effect on bacterial com-
munity composition than host species. Here, we found similar
patterns in the Drosophila-associated yeast communities.

Natural Drosophila populations carry a very limited number of
yeast taxa. Despite the phylogenetic, ecological, and geographic diver-
sity of the host populations surveyed in this study, only a few OTUs
comprise a large proportion of the total yeast community (Table 2).
The overall OTU richness is even smaller for the Drosophila-associ-
ated yeast communities than for the bacterial communities (Table 3
and Fig. 1). This conclusion is conservative, since the 12 yeast samples
that came from the same hosts as the bacterial data (11) were se-
quenced to greater depth (1,663 yeast reads compared to 1,203 reads
for bacteria). Although the yeast LSU and the bacterial SSU may not
offer the most direct comparison, our analysis is robust to this caveat
(see Fig. S2 in the supplemental material).

Similar to the bacterial communities, the same yeast lineages
are present in many populations regardless of host species, diet, or
location (Table 2). Although 21 OTUs are present in only one
population each, these OTUs represent only ~1% of all yeasts
associated with Drosophila. On the other hand, the dominant
OTUs from each host population are usually found in other, often
geographically distant populations as well. Several particularly
wide-ranging OTUs are seen in nearly every population. Further-
more, many of the yeast taxa identified in this study have previ-
ously been isolated in association with different Drosophila species
in different regions (49-51, 56).

Finally, our results suggest that diet plays a more important
role than host species in structuring the Drosophila-associated
yeast communities. Several Candida OTUs are found almost ex-
clusively with mushroom-feeding flies, while the yeast taxa that
are dominant in other populations are rarely present in the mush-
room feeders (Table 2). Conversely, when different Drosophila
species are simultaneously collected from a single food source,
their yeast communities are very similar (Table 2 and Fig. 2). Al-
though manipulative experiments will be needed to confirm these
observations, this work nonetheless provides suggestive evidence
of the importance of host diet compared to host species.

Little correlation between the distribution of yeast and bac-
terial taxa. In the 12 Drosophila populations for which both yeast
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and bacterial data are available, we found no significant correla-
tion between these two components of the host symbiont com-
munities (Table 4 and Fig. 3; see Fig. S4 to S13 in the supplemental
material). The reasons for this are not clear, but we can envision
several possible explanations. The simplest of these is that there is
no correlation between the yeast and bacterial communities that
inhabit the fruits, flowers, mushrooms, cacti, and other substrates
that serve as Drosophila food sources. This could occur if different
physicochemical attributes of the substrate (pH, salinity, moisture
content, phytochemicals, etc.) have different effects on yeast and
bacteria. For example, soil bacterial communities are more
strongly affected by soil pH than fungal communities (64). It is
also possible that yeasts and bacteria have different turnover times
or growth rates in the Drosophila digestive tract. Even though the
same host individuals were used to characterize both communi-
ties, controlling for stochastic interactions with the habitat, one of
the symbiont groups may take longer to pass through the gut or
longer to grow to a detectable density. This would lead to a situa-
tion where one symbiont group represents the substrate that the
flies visited most recently while the other group reflects a substrate
visited at an earlier time. To test these hypotheses, future studies
will need to characterize the microbial communities of the Dro-
sophila food sources and compare them to the host-associated
communities.

Alternatively, the host could be independently controlling the
persistence of the two symbiont groups in its gut. In the simplest
case, one symbiont group could be a random sample of the in-
gested microbes while the second could be subject to host control.
For example, the structure of symbiont communities may depend
on pH. The Drosophila digestive tract contains distinct regions of
varying pH, most notably a very acidic midgut (68). If yeasts can
tolerate a wider range of pH conditions than bacteria (81), the
bacteria may be subject to stronger host control than the yeasts.
Another important physicochemical aspect of the Drosophila in-
testine is the level of reactive oxygen species (ROS), which has
been shown to affect both bacterial and yeast growth (24, 25). If
environmentally acquired yeasts have lower resistance to ROS
than similarly acquired bacteria, then the intestinal yeast commu-
nity will be a constrained subset of the possible community while
the intestinal bacterial community will more closely resemble that
of the environment. Finally, since bacteria and fungi are recog-
nized and cleared by semi-independent innate immunity path-
ways (42), a more nuanced control of the two symbiont groups is
also possible. As both bacteria and yeasts can have significant ef-
fects on fly physiology and fitness (2, 70, 76), the host could be
under selection to maintain only the most beneficial symbionts for
that particular diet or location.

In summary, our results provide the first study of multiple
symbiont groups associated with natural populations of Drosoph-
ila. Future Drosophila-microbe work, whether it is focused on ge-
netics, metabolism, or evolution, and animal-microbe research in
general, should take a similarly holistic view and consider all pos-
sible symbionts that are associated with a given host.
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