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ABSTRACT Beneficial gut microbes can facilitate insect growth on diverse diets.
The omnivorous American cockroach, Periplaneta americana (Insecta: Blattodea),
thrives on a diet rich in plant polysaccharides and harbors a species-rich gut micro-
biota responsive to host diet. Bacteroidetes are among the most abundant taxa in P.
americana and other cockroaches, based on cultivation-independent gut community
profiling, and these potentially polysaccharolytic bacteria may contribute to host
diet processing. Eleven Bacteroidetes isolates were cultivated from P. americana di-
gestive tracts, and phylogenomic analyses suggest that they were new Bacteroides,
Dysgonomonas, Paludibacter, and Parabacteroides species distinct from those previ-
ously isolated from other insects, humans, and environmental sources. In addition, com-
plete genomes were generated for each isolate, and polysaccharide utilization loci (PULs)
and several non-PUL-associated carbohydrate-active enzyme (CAZyme)-coding genes
that putatively target starch, pectin, and/or cellulose were annotated in each of the iso-
late genomes. Type IX secretion system (T9SS)- and CAZyme-coding genes tagged with
the corresponding T9SS recognition and export C-terminal domain were observed in
some isolates, suggesting that these CAZymes were deployed via non-PUL outer
membrane translocons. Additionally, single-substrate growth and enzymatic assays
confirmed genomic predictions that a subset of the Bacteroides and Dysgonomonas
isolates could degrade starch, pectin, and/or cellulose and grow in the presence of
these substrates as a single sugar source. Plant polysaccharides enrich P. americana
diets, and many of these gut isolates are well equipped to exploit host dietary in-
puts and potentially contribute to gut community and host nutrient accessibility.

IMPORTANCE Gut microbes are increasingly being recognized as critical contribu-
tors to nutrient accessibility in animals. The globally distributed omnivorous Ameri-
can cockroach (Periplaneta americana) harbors many bacterial phyla (e.g., Bacte-
roidetes) that are abundant in vertebrates. P. americana thrives on a highly diverse
plant-enriched diet, making this insect a rich potential source of uncharacterized po-
lysaccharolytic bacteria. We have cultivated, completely sequenced, and functionally
characterized several novel Bacteroidetes species that are endemic to the P. ameri-
cana gut, and many of these isolates can degrade simple and complex polysaccha-
rides. Cultivation and genomic characterization of these Bacteroidetes isolates further
enable deeper insight into how these taxa participate in polysaccharide metabolism
and, more broadly, how they affect animal health and development.
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Complex polysaccharides are an abundant and valuable raw material for metabolite
and energy production in animals, provided that they generate or have access to

the enzymes required to cleave polysaccharides into assimilable monosaccharides (1,
2). Glycoside hydrolases (GH) and polysaccharide lyases (PL) constitute a broad class of
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enzymes that break glycosidic bonds within polysaccharides (3). Although invertebrates
and vertebrates produce some GH and PL de novo, typically gut microbial symbionts
supply the bulk of the polysaccharolytic enzymes that degrade dietary polysaccharides
into assimilable monosaccharides (4–8). Frequently, these microbes produce enzymes
that release monosaccharides that are not absorbed by the producing organism but
remain available as “public goods” for the wider microbial community or host (9, 10).
Liberated monosaccharides can be directly absorbed by the host or fermented by gut
microbes to yield short-chain fatty acids that can contribute to both host and microbial
metabolism (6, 11–13). The Bacteroidetes phylum includes species that are commonly
abundant in gut bacterial microbiomes of many omnivorous and xylophagous inver-
tebrates and vertebrates, and many of these bacteria can degrade different types of
polysaccharides, including complex carbohydrates from plants found in their host’s
diets (14, 15).

Bacteroidetes can use carbohydrate-active enzymes (CAZymes) (e.g., GH, carboxyl
esterase [CE], carbohydrate binding molecules [CBM], and PL) that hydrolyze carbohy-
drate substrates into oligo- and monosaccharides. Genes encoding CAZymes in Bacte-
roidetes can be found as individual or multiple loci or in coregulated, substrate-specific
gene clusters called polysaccharide utilization loci (PULs) (16) that detect, transport, and
hydrolyze complex carbohydrates into assimilable monosaccharides (2). In addition to
CAZymes, PULs encode the following: (i) SusD cell surface glycan binding proteins, (ii)
SusC-like/TonB-dependent transporters, and (iii) transcriptional regulators that include
extracytoplasmic (ECT) sigma/anti-sigma factors as well as hybrid and conventional
two-component systems (2). PULs responsive to plant-based and host-derived glycans
have been experimentally characterized in Bacteroides thetaiotaomicron, Bacteroides
ovatus, Bacteroides cellulosilyticus, Bacteroides xylanisolvens, and other Bacteroidetes that
are endemic in humans (8, 10, 17–20). However, PULs detected in Bacteroides spp. and
Bacteroidetes genera that reside in other animals, namely, insects, that consume largely
plant-based diets remain underdescribed.

Termites and cockroaches (Insecta: Blattodea) are globally distributed and conspic-
uously effective consumers of largely to strictly plant-based diets, and several CAZymes
have been detected in the relatively few genomes available for symbiotic, gut-residing
Bacteroidetes species (21–23). While strict wood feeding is common among lower
termites, omnivorous cockroaches, including the American cockroach (Periplaneta
americana), comprise the lineages basal to the Blattodea (24). The P. americana diet
is comprised of scavenged plant- and animal-based detritus that includes feces and
exuvia (25). P. americana does not synthesize the enzymes required for the com-
plete hydrolysis of some complex dietary polysaccharides (e.g., pectin) into mono-
meric sugars (4, 11, 25, 26), yet it endogenously produces both amylases and
�-endoglucanases (27, 28). Like many animals, P. americana likely relies upon gut
microbes to produce many of the necessary diet-degradative enzymes (11). Metag-
enomics and 16S rRNA gene community profiling have shown that Bacteroidetes and
Firmicutes, which include many polysaccharolytic bacterial species, are abundant
(�0.1% of the total community) in the gut microbial communities of P. americana
(29–31). Although Bacteroidetes in P. americana include well-characterized bacterial
genera (30, 31) with known complex carbohydrate-degrading abilities (17, 32–34), the
particular polysaccharolytic capabilities of bacteria endemic to these insect digestive
tracts are not well understood.

Eleven Bacteroidetes species were successfully isolated from P. americana with the
aim of characterizing the polysaccharolytic capabilities of cockroach-associated Bacte-
roidetes and inferring their contributions to host nutrient accessibility. Comprehensive
genome sequencing and comparative genomic approaches were used to identify and
annotate CAZy-coding genes arranged in either PUL or non-PUL clusters and determine
their relatedness to other Bacteroidetes species detected in distinct habitats and within
diverse ecological niches. Detailed genome annotation revealed a subset of non-PUL
CAZymes that could use type IX secretion systems (T9SS) to be extracellularly exported,
which could further enable polysaccharide utilization. In vivo and in vitro assays were
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used to experimentally verify predicted polysaccharolytic activities inferred from ge-
nome annotations.

RESULTS
Genomic analysis of P. americana Bacteroidetes isolates. Near-complete (97.1%

to 99.8% complete) genome assemblies were obtained for each of the eleven P.
americana Bacteroidetes isolates, and their sizes ranged between 3.01 to 6.18 Mbp
(Table 1), with most isolates being greater than the average (3.66-Mbp) size of 557
complete, publicly available Bacteroidetes genomes (NCBI genome database, accessed
15 May 2019). Genomes PAB51 (6.18 Mbp) and PAD521 (5.24 Mbp) were the largest and
bear the greatest number of coding DNA sequences (CDS) (4,815 and 4,557, respec-
tively). The percent G�C contents (G�C%) for all genomes ranged from 37.38 to
43.04% (see Fig. S1A in the supplemental material), with genomes PAD511, PAD521,
and PAD25 having higher G�C% than the genomes of previously sequenced Dys-
gonomonas (22) and genomes PAB519, PAB224, and PAR221 having slightly lower
G�C% than previously sequenced Bacteroides and Paludibacter genomes (35, 36). All
isolate genomes encoded the minimum complement of tRNAs sufficient to translate all
of the proteinogenic amino acids. Only the PAD521 genome appeared to harbor a
31.29-kb plasmid with 30 predicted protein-coding regions, and several CDS on this
contig were annotated as orthologues of proteins involved in plasmid replication (Hin
recombinase, superfamily II DNA-RNA helicases, and plasmid stabilization system pro-
teins). Finally, the relative proportions of clusters of orthologous groups (COGs) en-
coded by P. americana Bacteroidetes isolate genomes were insignificantly different from
those for Bacteroidetes isolates that inhabit other invertebrates, animals, and environ-
mental systems (see Fig. S1B in the supplemental material).

P. americana harbors several previously uncultivated Bacteroidetes isolates.
Phylogenetic reconstructions using 16S rRNA gene sequences derived from bacterial
genomes isolated from P. americana indicated that five (PAD511, PAD520, PAD521,
PAD25, and PAD216) clustered within the Dysgonomonas genus and four (PAB214,
PAB224, PAB51, and PAB519) within the Bacteroides genus. Two remaining isolates,
PAR221 and PAP52, grouped within the Paludibacter and Parabacteroides clades,
respectively (Fig. 1a). Most isolates formed distinct, new clades that, in 16S rRNA
gene-based phylogenies, were sister to uncultivated Bacteroidetes taxa detected in
cockroaches (Shelfordella lateralis), termites (Coptotermes curvignathus), and beetles
(Pachnoda ephippiata). Following complete genome sequencing and annotation of
these genomes, concatenated protein phylogenetic analysis confirmed cladogene-
sis within the Bacteroidetes (Fig. 1b), with all the Bacteroides isolates forming a new
monophyletic cluster within the tree. Meanwhile, Dysgonomonas, Parabacteroides, and
Paludibacter isolates were distributed within their corresponding generic clades. In
general, average amino acid identity (AAI) values for the isolate genomes were 65 to
80% relative to publicly available Bacteroidetes genomes (Table 1; see Data Set S1 in the
supplemental material), which suggests that the following P. americana isolates repre-
sented new species among their respective genera: Bacteroides sp. PAB519, Bacteroides
sp. PAB214, Bacteroides sp. PAB224, Bacteroides sp. PAB51, Dysgonomonas sp. PAD511,
Dysgonomonas sp. PAD520, Dysgonomonas sp. PAD521, Dysgonomonas sp. PAD25,
Dysgonomonas sp. PAD216, Parabacteroides sp. PAP52, and Paludibacter sp. PAR221
(hereafter all isolates will be referred to by their strain designation, e.g., PAR221 for
Paludibacter sp. PAR221).

P. americana Bacteroidetes isolates were detected by two cultivation-independent
approaches in several P. americana individuals. Using isolate-specific 16S rRNA primers
(Table 2), all of the P. americana Bacteroidetes, with the exception of PAD25 and
PAR221, were detected in, on average, 85% of unpooled gut DNA extracts collected
from ten adult P. americana individuals (see Table S1A in the supplemental material).
Moreover, PAB519, PAB224, and PAP52 were detected in more than 98% of the
individuals tested (see Table S1A in the supplemental material). In a separate experi-
ment, nearly all P. americana Bacteroidetes isolates (i.e., 9 out of 11) were detected in
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over half of 16S rRNA gene community surveys of 121 P. americana feces samples
collected weekly over 8 weeks from 21 P. americana individuals that were lab reared on
three distinct diets (see Table S1B in the supplemental material). Consistent detection
of these isolates across multiple individuals in both digestive tissues and frass, and over
time, supports the hypothesis that they are endemic to P. americana.

P. americana Bacteroidetes have diverse CAZyme and PUL repertoires. CAZy
domain-encoding genes were most abundant in Bacteroides sp. isolate genomes,
intermediate among the Dysgonomonas spp., and Paludibacter sp., and least abundant
in the Parabacteroides sp. isolate genome (Table 3), with only a subset located in PUL

TABLE 2 P. americana Bacteroidetes species-specific 16S rRNA primer sequences

Taxon Isolate Primer direction Primer sequence (5=¡3=) Tm (°C)
Amplicon
length (bp)

Bacteroides PAB224 Forward TCAAGAAGCCGAGCCGTAAG 60.1 206
Reverse GCTGAGCTAATCCCCCGATAAG 60.4 206

PAB51 Forward CACGTGTGGAGTTTTGTATGT 56.8 203
Reverse ACCTCCACTATACTCAAGACGCC 61.5 203

PAB214 Forward ACGTGTAGTGTTTTGCATGTACCG 62.1 210
Reverse TCCGCCTACCTCTACTGTACTCA 61.7 210

PAB519 Forward TGGGAATAAAGTGACGTACGTGT 60 231
Reverse CGAATTCCGCCAACCTTTACTTTAC 60.9 231

Dysgonomonas PAD25 Forward CTCCGAATGGGTACAAGGGTCAT 62 218
Reverse TCCATGCAGAACCACTCGACTAG 62 218

PAD521 Forward CATTACGTGTAGTGTATTGCATGTACTG 60.7 194
Reverse CTCAAGGCTACCAGTTTCAACGG 61.7 194

PAD511 Forward TACGTGTAGTATATTGCATGTACCATATG 59.3 209
Reverse CCGCCTACTTCATCTATACTCAAGAAAC 61.4 209

PAD216 Forward GTACTAGGGTAAAACAGGGGACGT 61.6 203
Reverse AACCCAGTTTCAACGGCAATTTTAAG 61.4 203

PAD520 Forward GTGCTAGGGTAAAACATATCACGAGTG 61.8 209
Reverse AAGTCTTCCAGTTTCAACGGCAA 61.2 209

Parabacteroides PAP52 Forward CTTCTTTTATTGGGGAATAACGGCAG 60.7 220
Reverse TCAAGACTAACAGTTTCAACGGCA 60.9 220

Paludibacter PAR221 Forward TTGTATGTACTTTACGAATAAGCATCGG 60.1 190
Reverse GCCTCTACTGCACTCAAGAACAC 61.4 190

TABLE 3 Comparison of polysaccharide utilization loci in P. americana Bacteroidetes
isolates and near-neighbor Bacteroidetes from other habitats

Species (genome size, Mbp)

No. of:

Polysaccharide
utilization
CAZy domains

PULs

Total Complete Incomplete

Bacteroides graminisolvens 190 31 26 5
Bacteroides ihuae 218 39 32 7
Bacteroides sp. PAB51 (6.18) 415 75 67 8
Bacteroides sp. PAB224 (4.48) 162 21 15 6
Bacteroides sp. PAB519 (5.55) 234 60 42 18
Bacteroides sp. PAB214 (3.39) 160 17 13 4
Dysgonomonas capnocytophagoides 211 37 26 11
Dysgonomonas gadei 282 58 44 14
Dysgonomonas macrotermitis 230 29 26 3
Dysgonomonas sp. PAD511 (3.78) 162 26 22 4
Dysgonomonas sp. PAD520 (3.91) 158 19 16 3
Dysgonomonas sp. PAD521 (5.24) 187 34 26 8
Dysgonomonas sp. PAD25 (3.75) 118 18 14 4
Dysgonomonas sp. PAD216 (3.18) 120 4 3 1
Paludibacter propionicigenes 145 17 11 6
Paludibacter sp. PAR221 (3.11) 66 8 3 5
Parabacteroides gordonii 244 88 62 26
Parabacteroides sp. PAP52 (3.01) 76 18 13 5
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gene clusters (Table 3; see Table S2 and Data Set S2 in the supplemental material). In
comparison to previously annotated Bacteroides genomes, the PAB51 genome encoded
�2� the PUL-associated CAZymes present in the closely related Bacteroides ihuae and
Bacteroides graminisolvens genomes (Table 3; see Table S2 in the supplemental mate-
rial). Additionally, PAB51 and PAB519 had the greatest number of complete PULs (67
and 42, respectively), while PAD216 and PAR221 maintained the fewest, with only three
PULs in either genome (Table 3). A comparative analysis of all cultivated Bacteroidetes
used in this study revealed isolate-specific PUL repertoires (see Fig. S2 in the supple-
mental material), and yet a single GH32-anchored PUL was common and highly
syntenic across all P. americana Bacteroides isolates and other Bacteroides associated
with either humans or insects (see Fig. S3 in the supplemental material). GH32 enzymes
hydrolyze sucrose and are involved in the metabolism of fructan and levan polymers
(37). The presence of GH32 in this syntenic PUL suggests a sucrose catabolic capability
that is common to Bacteroides species. Across the examined isolates, starch, dextran,
pectin, and cellulose were the predicted putative target substrates for some of the
CAZy domain-encoding genes present in complete PULs (Fig. 2A).

Starch- and dextran-targeting PULs. �-1,4 (amylose) and �-1,6 (amylopectin and
dextran) glycosidic bonds that link �-D-glucoside units in starch and dextran are
depolymerized and metabolized by bacterial �-glycosidases (38–40), and 13 PULs in
the P. americana Bacteroidetes genomes included at least one GH13, GH66, or GH97
�-glycosidase gene (Fig. 2A and B). These PULs were distributed across seven P.
americana Bacteroidetes genomes in several conformations, including a GH13 duplica-
tion in a single PUL (PAP52) or across two PULs (PAB51), GH97 in a single PUL (PAB51),
and a GH66-GH97 pairing in a single PUL (PAB519, PAD25, PAD511, PAD520, and
PAB51) or across two PULs (PAD521) (Fig. 2A). In B. thetaiotaomicron, GH66 has been
described as an endo-dextranase that converts dextran into cycloisomaltooligosaccha-
rides (41), and the presence of GH66-coding genes suggests that these P. americana
Bacteroidetes can use dextran. In addition to GH13-GH97, the susEF genes, encoding the
multidomain starch binding proteins SusEF, were associated with PULs in PAB51,
PAP52, and PAD25 (Fig. 2A). In general, these �-glycosidic PULs in the P. americana
isolates appear to be well conserved in Bacteroidetes, as they were highly syntenic with
�-glycosidic PULs in B. thetaiotaomicron and other human-associated Bacteroidetes (B.
xylanisolvens, B. cellulosilyticus, B. ihuae, and Dysgonomonas gadeii) (see Fig. S4A in the
supplemental material).

HG- and RG-targeting PULs. Pectic carbohydrate-targeting PULs were detected
in P. americana Bacteroidetes isolates PAB214, PAB224, PAB51, PAB519, PAD216,
PAD25, PAD511, PAD521, and PAD520 (Fig. 2A). Comparative genome analysis
showed high homology among pectinolytic-protein-coding genes in these PULs
and those in human (B. cellulosilyticus and D. capnocytophagoides)- and termite (B.
reticulotermitis)-associated Bacteroidetes, and the PULs in PAD511 and PAD520 were
syntenic with D. capnocytophagoides PUL24 and B. reticulotermitis PUL8 (see Fig. S4B in
the supplemental material). In B. thetaiotaomicron, PULs predicted to target homoga-
lacturonan (HG) encoded polysaccharide lyases PL1 and generally a copy of polyga-
lacturonase GH28, as well as rhamnogalacturonyl hydrolase GH105 (8). Similar encod-
ing genes and distribution were found in PULs of PAB214, PAB224, PAB51, PAD511, and
PAD520 (Fig. 2A). This indicates that PULs with putative catalytic activity for HG
hydrolysis are present in a subset of P. americana Bacteroidetes genomes. Additionally,
genes encoding proteins that were annotated as carbohydrate esterase CE7 and CE10
family enzymes were detected in these PULs in the PAB214 and PAB51 genomes,
respectively. PL9 and PL11 enzymes were predicted to contribute to rhamnogalacturo-
nan I (RGI) catabolism (42), and PULs in PAB214, PAB51, PAD216, and PAB224 encoded
these polysaccharide lyases (Fig. 2A and B). Additionally, RGI catabolic PULs of B.
thetaiotaomicron exhibit �-galactosidase (GH2)-, rhamnogalacturonyl hydrolase
(GH105)-, and rhamnosidase (GH106)-coding genes (8). Similar genes (GH2, GH105, and
GH106) were detected in PUL9, -19, and -30 of PAB214, PAB224, and PAB51, respec-
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FIG 2 P. americana Bacteroidetes isolates encode starch-, cellulose-, and pectin-targeting CAZymes. (A) CAZymes in predicted
polysaccharide utilization loci (PUL) are grouped by predicted substrate targets, and labels indicate strain and PUL numbering based on

(Continued on next page)
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tively, suggesting their putative role in RGI catabolic activity. Arabinofuranosidase GH43
and GH51 genes have also been detected in pectinolytic PULs from B. thetaiotaomicron
and B. xylanisolvens (8, 43), and similarly, genes coding for GH43 and GH51 have been
detected in PAB51 PUL34, PAD25 PUL12, and PAD521 PUL15 (Fig. 2A). In particular,
GH43 subfamily 4 (GH43_4), classified as �-1,5-arabinase in B. thetaiotaomicron (8), was
present in all the putative arabinolytic PULs from P. americana Bacteroidetes (Fig. 2A).
Together with arabinan, galactan is commonly found as decoration of rhamnogalac-
turonan I chains (44). Putative galactan-targeting PULs, exhibiting �-galactosidase GH2-
and GH35-coding genes, are present in the PAB519, PAD511, and PAD521 genomes
(Fig. 2A and B). Likewise, galactan PULs showing GH2- and GH35-encoding genes have
been reported in B. thetaiotaomicron and B. ovatus (8). The above results support the
idea of arabinolytic and galactanolytic PULs being present in P. americana Bacteroidetes.

Finally, single and multiple copies of genes encoding carbohydrate esterase CE12
enzymes were also included in the putative RGI hydrolytic PULs in PAB214 and PAB51
(Fig. 2A and B). CE12 has been described within PULs acting on citrus pectin in B.
xylanisolvens (43). All of this evidence further supports the inference that these Bacte-
roides spp. can metabolize pectic carbohydrates.

Putative hemicellulose/cellulose catalytic PULs detected in PAB51 and PAD521
genomes. Cellulolytic PULs that contain GH3, GH5, GH9, and GH94 CAZy-encoding
genes have been reported within Bacteroidetes genomes present in rumen metag-
enomes (45, 46). Similarly, genes coding for GH3 and GH9 were found in the PUL7 from
PAB51 (Fig. 2A). In addition, GH5 subfamily 38 (GH5_38) genes were annotated in PUL7
of PAB51 and PUL28 of PAD521 (Fig. 2A and B). Interestingly, GH5_38 has been
classified as cellulase capable of hydrolyzing carboxymethyl cellulose (CMC) and Avicel
(47), which suggests a putative cellulolytic activity of PAB51 and PAD521 PULs. How-
ever, in contrast to bacterial rumen cellulolytic PULs, genes coding for rhamnogalac-
turonyl hydrolase GH105, �-galactosidase GH2, and xyloglucanse GH5_4 were also
found in PAB51 PUL7 (Fig. 2A). As GH2, GH105, and GH5_4 have been associated
primarily with homogalacturonan, galactan, and xyloglucan hydrolysis (8, 47), PAB51
PUL 7 could only be classified as being putatively hemicellulolytic.

Non-PUL-associated CAZy genes. Several CAZy domain-encoding genes, ranging
from 79 to 187 per genome, were annotated but not present within complete PULs (see
Data Sets S2 and S3 in the supplemental material). Among these non-PUL-associated
CAZy genes, amylolytic enzyme (GH13 and GH57)-coding genes were observed in
all P. americana Bacteroidetes genomes (Fig. 2B and Fig. 3A). Furthermore, non-PUL
�-glycosidase GH97 genes were also present in all except the PAP52 genome (Fig. 2B
and 3A). Interestingly, non-PUL GH13 and GH97 in PAB214, PAB224, PAB519, PAB51,
and PAD25 contained lipoprotein signal peptide sequences that indicated that they
could be cleaved by type II signal peptidase SPII (see Data Set S3 in the supplemental
material), suggesting an extracytoplasmic localization of these proteins. All non-PUL
GH97-coding genes in the PAD216, PAP52, and PAR221 genomes lacked signal pep-
tides and thus were classified as putative cytoplasmic proteins by both SignalP and
LipoP analyses (see Data Set S3 in the supplemental material). Non-PUL dextranases
(GH31) were also detected in nearly all of the P. americana Bacteroidetes genomes (Fig.
3A), and most were classified as putative extracytoplasmic SPII lipoproteins (see Data
Set S3 in the supplemental material).

Among pectinolytic non-PUL CAZy genes annotated in P. americana Bacteroidetes
genomes, rhamnogalacturonyl hydrolase GH105 was present in all genomes; polyga-
lacturonase GH28 and polysaccharide lyases PL1 were detected in nearly all of the
genomes (Fig. 2B and 3A). SPII lipoprotein signal peptide sequences were associated

FIG 2 Legend (Continued)
PULpy pipeline annotations (see Data Sets S2 and S5 in the supplemental material for a complete list of all PULs annotated in each P.
americana Bacteroidetes genome). (B) Substrate models for starch, cellulose, and pectin were constructed using the Symbol Nomenclature
for Glycans system (https://www.ncbi.nlm.nih.gov/glycans/snfg.html), and pie charts indicate if the relevant CAZyme predicted to act on
the indicated (arrow) linkage was (filled wedge) or was not (open wedge) annotated in the P. americana Bacteroidetes genomes.
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with these non-PUL GH105, GH28, and PL1 genes in PAB214, PAB519, PAB51, PAD216,
PAD511, PAD520, and PAR221, suggesting their extracytoplasmic localization (see Data
Set S3 in the supplemental material). Additionally, non-PUL �-L-arabinofuranosidase
GH51 was encoded in all Bacteroides genomes as well as in PAD216, PAD520, and
PAD521. At least one subfamily of GH43 (GH43_4, _10, _12, _17, _27, _29, and _33)
associated with arabinofuranose catabolism (48) was present in each genome (Fig. 3A).
Most of the non-PUL GH51 and GH43 proteins, with the exception of a GH51 on
PAD216, displayed either type I or type II signal peptidase cleavage motifs, suggesting
an extracytoplasmic localization of these enzymes (see Data Set S3 in the supplemental
material). Finally, non-PUL �-galactosidase GH2 was present in all P. americana Bacte-
roidetes isolate genomes. Likewise, GH35 was present in all Bacteroides spp. as well as
in PAD216 (Fig. 2B and 3A) and harbored SPI or SPII signal peptides for extracytoplasmic
export (see Data Set S3 in the supplemental material).

FIG 3 Non-PUL CAZy genes and polysaccharide metabolism exhibited by Bacteroidetes from P. americana. (A) Heat maps showing the number
of non-PUL CAZy genes. Numbers in each cell indicate the number of coding genes. (B) Different polysaccharide degradation activity by
Bacteroidetes isolates. Isolates were arrayed and grown on solid MTY medium containing starch, CMC, Sigmacell (SC), or pectin. A clear halo after
iodine addition surrounded the bacterial colony denoted polysaccharolytic activity. Hydrolysis was scored as positive (�) or negative (�) after
RPA analysis. E. coli TOP10 was used as a negative polysaccharolytic bacteria; control.
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Among putative non-PUL cellulolytic CAZy genes, �-glucosidase GH3 was abundant
in all P. americana Bacteroidetes genomes (Fig. 2B and 3A), with GH3 classified as a
possible extracytoplasmic lipoprotein in PAB214, PAB224, PAB519, PAB51, PAD25,
PAD511, and PAR221 (see Data Set S3 in the supplemental material). Furthermore,
non-PUL GH5_2 and GH5_46, previously classified as cellulolytic GH5 enzymes (47),
were present in PAB519, PAB214, and PAD520 (Fig. 2B and 3A), and they included
internal SPI and SPII lipoprotein signal peptide sequences. Finally, genes encoding
non-PUL-associated GH9, with SPI cleavage motifs, were also annotated in the PAB214,
PAB51 PAB519, PAD521, PAP52, and PAR221 genomes (Fig. 3A; see Data Set S3 in the
supplemental material).

T9SS. Type IX secretion systems (T9SS) can contribute to CAZyme secretion in
Bacteroidetes (46, 49), and genes encoding all necessary components of the canonical
T9SS assembly (gldJ, gldK, gldL, gldM, gldN, sprA, sprE, sprT, porQ, and porV) were
detected in the PAB214, PAD511, PAD521, PAD25, and PAR221 P. americana Bacte-
roidetes genomes (Table 4). Notably, PAB214 is unique among publicly available
Bacteroides genomes in that it encodes all components of the canonical T9SS assembly
(Table 4). CAZy and other proteins require a conserved carboxy-terminal domain (CTD)
with two sequential motifs (PxGxYVV and KxxxK) to be secreted by T9SS (50), and genes
encoding CAZy domains with CTDs were detected in nearly all the P. americana
Bacteroidetes isolate genomes (see Data Set S4 in the supplemental material). Most of
the CAZyme genes with conserved T9SS CTDs in PAB214, PAD216, PAD520, and PAR221
were annotated as polysaccharide lyases PL1, PL9, and PL11 (see Data Set S4 in the
supplemental material), which suggests that these isolates potentially use the T9SS to
assist with the metabolization of complex polysaccharides (i.e., pectin).

In vivo pectin degradation. PAB214, PAB224, PAP52, and PAR221 culture super-
natants were capable of liberating significant amounts of reducing sugars equivalent to
D-galacturonic acid following citrus peel pectin hydrolysis (analysis of variance [ANOVA]
with Dunnett test, P � 0.05) (Fig. 4; see Table S3 in the supplemental material).
Interestingly, isolates PAB214 and PAR221 harbored genes for complete T9SS assembly
and pectinolytic-coding genes tagged with T9SS CTD signal (Table 4; see Data Set S4
in the supplemental material). Cultivation of these isolates in MTY broth plus pectin
resulted in isolate growth and the release of 20 to 46 �g ml�1 of D-galacturonic acid
equivalents into the medium (Fig. 4; see Table S4 in the supplemental material).

Plate-based assays of genome-inferred polysaccharide hydrolytic activity.
Genomic predictions of starch, pectin, and cellulose substrate hydrolysis by the P.

TABLE 4 Comparison of type IX secretion system genes in P. americana Bacteroidetes isolates and near-neighbor Bacteroidetes from other
habitats

Species

No. of type IX secretion system domains

gldJ gldK gldL gldM gldN sprA sprE sprT porQ porV

Bacteroides graminisolvens 0 0 0 1 0 0 7 3 0 0
Bacteroides ihuae 1 0 1 0 0 0 7 3 0 1
Bacteroides sp. PAB51 4 3 0 1 0 1 4 1 0 0
Bacteroides sp. PAB224 1 1 1 1 0 0 10 2 0 0
Bacteroides sp. PAB519 4 4 2 1 0 2 9 2 1 1
Bacteroides sp. PAB214 4 4 2 1 1 4 8 3 2 2
Dysgonomonas capnocytophagoides 1 1 1 1 1 2 5 9 2 2
Dysgonomonas gadei 2 2 4 1 2 2 7 8 2 2
Dysgonomonas macrotermitis 1 1 2 2 1 2 4 4 2 2
Dysgonomonas sp. PAD511 2 2 1 2 2 3 5 3 1 2
Dysgonomonas sp. PAD520 3 3 2 1 1 3 5 0 3 2
Dysgonomonas sp. PAD521 2 2 2 2 2 3 9 5 1 1
Dysgonomonas sp. PAD25 1 1 1 2 1 3 11 3 1 1
Dysgonomonas sp. PAD216 2 2 2 4 2 3 8 0 2 2
Paludibacter propionicigenes 3 2 1 1 1 2 6 1 2 3
Paludibacter sp. PAR221 5 5 3 2 1 2 7 3 2 3
Parabacteroides gordonii 9 9 3 1 1 2 13 5 3 3
Parabacteroides sp. PAP52 2 2 1 1 1 3 5 0 2 2
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americana Bacteroidetes isolates were tested by in vivo growth assays on MTY solid
medium amended with a single polysaccharide substrate. Hydrolysis of all substrates
under anaerobic conditions by at least one isolate was observed (Fig. 3B). Overall, the
isolates exhibited basal to substantial growth on solid MTY medium with glucose,
starch, CMC, microcrystalline Sigmacell cellulose (Sigmacell), and/or pectin (Fig. 3B; see
Fig. S5 in the supplemental material). Despite basal colony formation by all isolates,
substantial polysaccharide hydrolysis was detected in only a few isolates, where visible
zones of clearing on polysaccharide-containing plates stained with iodine were ob-
served (Fig. 3B). Visual polysaccharolytic activity and relative polysaccharolytic activity
(RPA) analysis showed that PAD521, PAD25, and PAB51 exhibited zones of clearing
surrounding colonies on all polysaccharide substrates (Fig. 3B; see Table S4 in the
supplemental material). PAB519 exhibited positive hydrolysis of starch, CMC, and
Sigmacell but not pectin (Fig. 3B). PAD511 and PAP52 exhibited slight starch hydrolysis,
but no visible halo was detected with the other polysaccharides tested (Fig. 3B).
PAB224, PAB214, PAD216, PAD520, and PAR221 did not exhibit halo production on any
polysaccharide tested. Finally, no significant halo was observed when glucose was used
as a carbon source (see Fig. S5 in the supplemental material).

Cellulose-based liquid medium growth assays. Dysgonomonas and Bacteroides
isolates that exhibited zones of clearing on solid MTY medium containing both Sig-
macell and CMC (PAD521, PAD25, PAB51, and PAB519) reached the stationary phase in
liquid MTY supplemented with CMC (Fig. 5A and B). In particular, PAD521 showed a
higher cell density and a higher growth rate (by around 0.2 unit of optical density at
600 nm [OD600] h�1) when CMC was present than in control non-CMC medium (Tables
S5 and S6 in the supplemental material). PAB51 and PAD25 exhibited a slight but
significant improvement in growth rate and total growth when CMC was present in
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comparison with those in non-CMC control medium (Fig. 5A and B; see Tables S5 and
S6 in the supplemental material). Although PAB519 showed higher cell density and
growth rate when CMC was added to the medium (Fig. 5B), there was no significant
difference between CMC and no-substrate MTY controls (see Tables S5 and S6 in the
supplemental material), suggesting that this isolate did not rely upon CMC for growth.
Lastly, in vitro cellulolytic activity was quantified using cell-free lysates prepared from
PAD521, PAD25, PAB519, and PAB51, and they exhibited significantly greater (P � 0.05)
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CMC degradation and release of D-glucose equivalents than Escherichia coli (Fig. 5C).
Although PAD521 and PAD25 showed significantly higher CMC hydrolysis activity than
PAB519 and PAB51, no significant intraspecies differences were observed (Fig. 5C).

DISCUSSION
P. americana harbors new cultivable Bacteroidetes species. P. americana harbors

a species-rich gut bacterial community that includes many previously detected (30, 31)
but uncultivated taxa. Among the many isolates obtained by anaerobic cultivation
approaches in this work, eleven were assigned to the Bacteroidetes, and phylogenetic/
phylogenomic analyses and other comparative methods suggested that all represented
new species. Cladogenesis was frequently observed for these Bacteroides, Dysgonomo-
nas, Paludibacter, and Parabacteroides spp., with nearest neighbors being uncultivated
taxa detected in the digestive tracts of other cockroach species (Fig. 1a and b), which
suggests that the P. americana Bacteroidetes isolates maintain persistent associations
with cockroaches and were not recently taken up from the environment or diet.
Maintenance of specific bacterial species in the digestive tract is common in other
insects, such as flies (51), mosquitoes (52), and beetles (53). Consistent detection of all
Bacteroidetes isolates in the digestive tracts and frass of several P. americana individuals
(see Table S1A and B in the supplemental material) further supports the hypothesis that
these bacteria are endemic to the digestive tracts of this host species and are likely
intergenerationally transmitted via coprophagy (25).

Polysaccharide catabolism by P. americana Bacteroidetes. Little is known about
the role and influence of Bacteroidetes in polysaccharide metabolism in Blattarian
insects. Metagenomic loci assigned to Bacteroidetes residing within the green banana
cockroach (Panchlora sp.) were annotated as encoding CAZymes that putatively target
cellulose, hemicellulose and pectin (23), but they were not functionally characterized.
Annotations of the P. americana Bacteroidetes isolate genomes predicted several genes
encoding CAZy domain-containing proteins with some integrated into PUL like oper-
ons (Fig. 2A). These annotations accurately predicted the growth of several isolates on
starch, cellulose and pectin (Fig. 3B). While previously identified Bacteroidetes PULs
were predicted to target polysaccharides like starch and pectin (2, 8, 54–56), recent
metagenomic analyses of mammalian rumen microbiota have yielded a Bacteroidales-
linked PUL that putatively targets cellulose (45, 57). Unique PULs putatively targeting at
least one of these polysaccharides were detected in P. americana Bacteroidetes isolate
genomes (Fig. 2A).

Starch, pectin, and cellulose metabolism. Starch degradation and catabolism in
the human-associated Bacteroides thetaiotaomicron is mediated by the starch utilization
system (Sus) PUL, which encode a transcriptional regulator (SusR), outer membrane
binding lipoproteins (SusDEF), a TonB-dependent transporter (SusC), and the GH13-
GH97 �-glycoside hydrolases (56). PAB51 PUL11, PAP52 PUL7, and PAD25 PUL16
(Fig. 2A) were among the B. thetaiotaomicron starch-like PULs detected in P. americana
Bacteroidetes isolate genomes, highlighting a starch metabolic system spanning Bac-
teroides inhabiting distinct hosts.

Although endogenous amylases and cellulases in P. americana have been reported
(11, 26, 28, 58), plant fibers are also largely comprised of hemicellulose and pectin (59),
and no polygalacturonases, polysaccharide lyases, or rhamnogalacturonan hydrolases
have been described within this insect. However, PULs with genes encoding polyga-
lacturonases (GH28), pectin acetylesterases (CE12), and other pectinases (i.e., polysac-
charide lyases and rhamnogalacturonyl hydrolases [GH105]) were found in most of the
P. americana Bacteroides isolate genomes (Fig. 2A and B and 3A). Given that P.
americana lacks endogenous pectinases, pectinolytic gut symbionts may be relied
upon to supply the enzymes necessary for deconstructing this abundant dietary
component, as observed in honey bees (Apis mellifera) and scale insects (Dactylopius
coccus) (60, 61). In B. thetaiotaomicron, dietary pectic glycans are degraded by PULs
catabolizing galactan, arabinan, homogalacturonan (HG), and rhamnogalacturonan I
(RGI) (8). Similarly, P. americana Bacteroides PAB214, PAB224, and PAB51 genomes carry
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PUL products putatively active on homogalacturonan and rhamnogalacturonan I, and
the latter isolate also harbors a putative arabinan-targeting PUL (Fig. 2A). Although
orthologous galactan PULs were not detected in strains PAB51, PAB214, and PAB224,
multiple non-PUL-associated �-galactosidases (GH2 to GH35) that may target this
substrate were observed (Fig. 3A; see Data Set S3 in the supplemental material) and
thus may be metabolized by these strains. Among these strains, only PAB51 grew on
and degraded pectin on solid medium (Fig. 3B), while PAB214 and PAB224 exhibited
little to no growth or substrate degradation on these plates (Fig. 3B), which suggests
that although pectinolytic PULs were predicted in these strains, the pectin solid
medium was not suitable for growing these strains.

Rumen metagenomes have revealed putative Bacteroidetes PULs for cellulose me-
tabolism (45, 62, 63) in which endoglucanases GH5 and GH9 yield oligomers (cellobi-
ose) from cellulose matrix which are then phosphorylated into assimilable glucose
1-phosphate by GH94 (45, 63). Similarly, P. americana Bacteroidetes PAB51 PUL7 and
PAD521 PUL28 encode GH5 subfamily 38, which has been characterized as a cellulase
in the Bacteroidetes species Prevotella ruminicola showing catalytic activity on CMC and
Avicel (47). Comparative analysis using all Bacteroidetes genomes highlighted the
uniqueness of the PAB51 PUL7 and PAD521 PUL28 structure in that no other cultivated
P. americana Bacteroidetes genomes harbored similar PUL architecture (see Fig. S2 in
the supplemental material). Although the PAB51 PUL7 gene cluster encodes canonical
cellulolytic protein-coding genes (GH3, GH5_38, and GH9), rhamnogalacturonanolytic
GH105-, galactolytic GH2-, and xylanolytic GH5_4 (Fig. 2A)-encoding genes are also
present. The presence of these “noncellulolytic” genes suggests that this PUL may not
exclusively target cellulose substrates but also degrades hemicellulose. Nonetheless,
cloning and functional characterization of these genes is required to confirm the
catalytic activity of PAB51 PUL7.

Even though Bacteroides cellulosilyticus was reported to be capable of cellulose
hydrolysis in vitro (64), subsequent growth and kinetic studies showed that B. cellulosi-
lyticus was unable to grow using cellulose as a sole carbon source (65). Likewise,
Dysgonomonas termitidis has been reported to exhibit weak carboxymethyl cellulose
hydrolytic activity (66); however, the analyses described in this report uncovered no
complete cellulolytic PUL in the D. termitidis genome. PAB51 and PAD521 grew on solid
medium containing either carboxymethyl cellulose or microcrystalline Sigmacell cellu-
lose and appeared to hydrolyze the substrates in the medium through an apparent
extracellular mechanism (Fig. 3B). Furthermore, growth kinetic assays revealed that
carboxymethyl cellulose in the liquid medium significantly improved growth of PAB51
and PAD521 isolates (Fig. 5A and B). Taken together, these results suggest that a subset
of P. americana Bacteroidetes isolates could use both cellulose species, perhaps due to
the endo- and exocellulolytic GHs encoded in PULs (Fig. 2A) or to non-PUL-associated
hydrolases (Fig. 3A).

P. americana Bacteroidetes deploy “selfish” and “public goods” polysaccharo-
lytic strategies. Bacterial polysaccharide degradative strategies can theoretically im-
pact individual fitness, community dynamics, and nutrients available for host uptake.
The PUL mechanism allows for a “selfish” strategy of carbohydrate utilization where
internalization of polysaccharides prior to hydrolysis ensures maximum access to
released sugars and avoids loss to the host and gut microbes. Alternatively, extracellular
polysaccharide hydrolysis may reflect a “public goods” strategy, where hydrolyzed
products are accessible to the host and other microbial community members (2, 10, 19).
Most of the non-PUL-associated CAZymes detected in P. americana Bacteroidetes
genomes were classified as lipoprotein extracytoplasmic enzymes (see Data Set S3 in
the supplemental material). This suggests that CAZymes in P. americana Bacteroidetes
can be located in the outer bacterial membrane or be exported outside the periplasmic
space by secretion systems (46, 50) and therefore hydrolyze different substrates in the
exterior milieu. The presence of zones of clearance around some P. americana Bacte-
roidetes isolates (i.e., PAB519, PAB51, PAD25, and PAD521) growing on solid medium
plates containing different carbon substrates provides evidence of extracellular poly-
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saccharide hydrolysis (Fig. 3B). Particularly, these isolates have non-PUL extracytoplas-
mic CAZy genes for starch (GH13), pectin (PL1, GH28, and GH105), and cellulose
(GH5_2, GH5_46, and GH9) hydrolysis (Fig. 3A).

In other Bacteroidetes (i.e., Cytophaga hutchinsonii, Flavobacterium johnsoniae, and
“Candidatus Paraporphyromonas polyenzymogenes”), it has been shown that non-PUL
mechanisms are employed for polysaccharide metabolism where glycoside hydrolases
are secreted into the medium by the type IX secretion system (T9SS) for breaking down
polysaccharide chains extracellularly (46, 49, 67, 68). Genes for the complete assembly
of T9SS were annotated in the PAB214, PAD511, PAD521, PAD25, and PAR221 genomes
(Table 4). In addition to a functional T9SS, a CTD tag in the proteins is required for being
recognized and secreted by this system (50). Correspondingly, the PAB214 and PAR221
genomes encode multiple non-PUL polysaccharide lyases (PL1, PL9, and PL11), rham-
nogalacturonyl hydrolases (GH105), and �-galactosidases (GH2), associated with pectin
metabolism in other Bacteroidetes (8), that have integrated CTD tags (see Data Set S4
in the supplemental material). Furthermore, PAB214 and PAR221 were capable of
releasing significant amounts of D-galacturonic acid equivalents and of growth in MTY
broth with pectin (Fig. 4). In B. thetaiotaomicron, PL1, PL11, and GH105 are responsible
for liberating D-galacturonic acid units from homogalacturonan and rhamnogalacturo-
nan I in the periplasmic space (8), and coding sequences for these CAZymes in the
PAB214 and PAR221 genomes possess signal peptides for extracytoplasmic export (see
Data Set S3 in the supplemental material). Additionally, pectinases in these isolates also
encode T9SS CTD recognition domains (see Data Set S4 in the supplemental material).
This, along with the D-galacturonic acid release evidence, supports the hypothesis that
pectinases in PAB214 and PAR221 are released into the medium, possibly by T9SS, and
hydrolyze pectin components extracellularly. T9SS has been implicated in secretion of
hydrolytic enzymes for chitin, cellulose, and hemicellulose metabolism (46, 49, 67).
T9SS-enabled secretion of pectinolytic enzymes has not been reported for Bacte-
roidetes, including B. thetaiotaomicron, and thus further experimental work is needed to
test this hypothesis and possibly a new role of T9SS. It is worth noting that although
pectin hydrolysis in liquid medium was observed for PAB214 or PAR221, both exhibited
poor growth and no halo on solid MTY medium with pectin (Fig. 3B). Further charac-
terization of these strains is necessary to determine if the assay conditions were not
favorable for pectin-stimulated growth or eliciting pectinase activity.

Strictly PUL-based polysaccharide degradation may limit direct contributions of
monosaccharides to community-available resources and host metabolism but may
increase contributions of important products like vitamins and short-chain fatty acids
produced by these bacteria. In contrast, extracellular degradation of polysaccharides
may exact a slight metabolic cost for the secretion of degradative enzymes and loss of
exclusive access to liberated nutrients, yet this “noble” act may facilitate cross-feeding
of degradative products, increasing the overall availability of community- or host-
assimilable carbohydrates, and provide a basis for synergistic interactions within the
bacterial community. Further detailing of the polysaccharolytic abilities of these isolates
will help to uncover the many ways in that members of the Bacteroidetes participate in
and impact the microbial communities of invertebrates and vertebrates.

MATERIALS AND METHODS
Isolate cultivation. Bacteria were isolated from adult Periplaneta americana insects reared on dog

food and maintained in the insectary at The Ohio State University. Following euthanization, insect bodies
were surface sterilized with a 70% ethanol–10% bleach solution for 30 s and aseptically dissected under
a sterile atmosphere. Gut tissues were suspended in 1 ml modified TY plus glucose (MTYG) medium
(MgSO4·7H2O, 0.25 g liter�1; CaCl2·H2O, 15 mg liter�1; tryptone, 10 g liter�1; yeast extract, 5 g liter�1;
NaCl, 2 g liter�1; L-cysteine, 0.25 g liter�1; trace element solution [69], 1 ml liter�1, 3.6 g liter�1 D-glucose;
1 M potassium phosphate [pH 6.7], 10 ml; Pfennig vitamin mixture [70], 1 ml; 1 M NaHCO3, 10 ml; 0.25%
hemin in 1 N NaOH, 0.4 ml; 1% vitamin K1 in absolute ethanol, 0.4 ml) and homogenized with pestles.
Suspensions were serially diluted to 10�9 in MTYG liquid medium, and 0.1 ml of each dilution was spread
on solid MTYG plates (18 g liter�1 agar was added) and incubated under anaerobic conditions (90% N2,
5% CO2, and 5% H2) at 30°C in the dark for up to 24 days. Colonies representing distinct morphologies
were picked, restreaked on solid MTYG medium, and incubated anaerobically (30°C) for 3 to 14 days; this
was repeated at least two times to obtain pure isolates. Liquid cultures were prepared by inoculating a
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single colony into MTYG medium (5 ml) and incubating at 30°C under anaerobic conditions until cultures
became turbid. Cultures were examined for purity under a photomicroscope, and those that contained
cells with two or more distinct morphologies were restreaked for isolation on MTYG plates. Cultures
containing cells with a uniform morphology were considered pure and were harvested in 10% dimethyl
sulfoxide for storage at –80°C. Genomic DNA was extracted from isolate cultures using the DNeasy blood
and tissue kit (Qiagen) following the manufacturer’s instructions for Gram-negative bacteria. Bacterial
DNA was used as a template to amplify near-full-length 16S rRNA genes with 27F (5=-AGA GTT TGA TCC
TGG CTC AG-3=) and 1492R (5=-GGT TAC CTT GTT ACG ACT T-3=) primers. Amplicons were produced using
the following thermocycler parameters: 1 cycle of 97°C for 5 min; 40 cycles of 97°C for 30 s, 40 to 55°C
for 30 s, and 68°C for 2 min; and 1 cycle of 68°C for 15 min. Amplification of �1.5-kbp products was
confirmed by gel electrophoresis, and the products were purified using the DNA Clean & Concentrator
kit according to manufacturer’s instructions (Zymo Research, Irvine, CA). 16S rRNA gene amplicons were
sequenced by Sanger capillary chemistry and manually checked to ensure a single read per base position
in �90% of the sequence; sequences meeting this criterion were deemed pure. These sequences were
matched to their closest bacterial relative by BLASTN (71) searches, and the results of the analysis of
isolates classified within Bacteroides, Dysgonomonas, Parabacteroides, and Paludibacter genera were
described.

Genome sequencing, assembly, and annotation. All bacterial genomes were sequenced on an
Illumina HiSeq platform using the Illumina Nextera XT Library kit. Read quality trimming and adaptor
removal were performed (TrimGalore 0.4.1 parameters: -q 30 –phred 33 –illumina –paired; https://github
.com/FelixKrueger/TrimGalore) prior to assembly of high-quality reads in SPAdes 3.7 with default
parameters (72) or IDBA-UD 1.1 assemblers (parameters: –pre_correction –step 15) (73). Scaffolds were
retrieved by SSPACE 1.3 (74) with BWA (75) as an aligner (parameters: -x 0 -z 0 -k 0 -g 0 -a 0.70 -n 15 -T
30 -p 0). deBruijn graphs were visualized with Bandage 0.8.0 (76) to identify possible plasmids as circular
contigs. For annotation, open reading frames (ORFs) and protein-coding sequences (CDS) from genomes
were predicted using Prodigal 2.6 with default parameters (77). Completeness of genome sampling as
represented by the scaffolds was estimated by the BUSCO 3.2.0 pipeline (78) using the “Bacteroidetes/
Chlorobi group” orthologue database, with translations of predicted ORFs. PROKKA version 1.12 (79) was
used for gene annotation with SignalP (44) for Gram-negative signal peptides and Infernal (80) for
noncoding RNA annotation (–gram -/neg –rfam parameters, respectively). Manual curation of hypothet-
ical genes was performed using the NCBI “nr” database (downloaded on September 2017) via BLASTP
(71). Metabolic pathways were predicted using the GhostKoala tool from KEGG (81) and manually curated
using BioCyc (82). Additionally, all genomes were annotated using the NCBI Prokaryotic Genome
Annotation Pipeline PGAP-4.6 (83). Correlations between PROKKA locus identifiers and PGAP locus
identifiers of each genome are shown in Data Set S2 in the supplemental material.

Phylogenetic and comparative genomic analyses. Near-full-length (�1,400-nucleotide [nt]) 16S
rRNA gene sequences were retrieved from isolate genome annotations and compared to the NCBI “nt”
(downloaded September 2018) and Arb-SILVA (accessed in January 2019) databases using BLASTN to
identify the nearest neighbors (see Data Set S2 in the supplemental material) for phylogenetic analyses.
MAFFT 7.3.10 was used to align all sequences (84), and a maximum-likelihood-based (ML) phylogenetic
tree based on the general time-reversible (GTR) model, as recommended by JModelTest 2.1.10 (85), was
generated using PhyML 3.1 (86) with the Shimodaira-Hasegawa-like (SH) procedure for internal branch
support (87).

A total of 148 Bacteroidetes genomes (Table 5) that were complete or nearly complete (based on the
presence of �90% of 224 “Bacteroidetes/Chlorobi group” single-copy orthologues following a BUSCO
analysis; see Data Set S2 in the supplemental material) were downloaded from the NCBI “assembly”
database (www.ncbi.nlm.nih.gov/assembly/) and used for phylogenomic and comparative analyses. A
concatenated protein-based phylogeny was constructed using 14 orthologous genes (rplA, rplC, rplD,
rplE, rplF, rplL, rplP, rplS, rpmA, rpoB, rpsC, rpsE, pgk, and infC). These were identified by the “hmmsarch”
tool (parameters: hmmsearch -Z 5000 -E 0.005 –domE 0.005 –domtblout .hmmsearch -o/dev/null
$ref_dir”.”markers.hmm $input_seq) from HMMER 3.1b2 (88) using hidden Markov model (HMM) profiles
of these markers from the AMPHORA2 pipeline database (89). These markers were single-copy unique
and conserved across all the Bacteroidetes genomes used in this analysis. Protein sequences were
concatenated and aligned using the multigenome2blocks pipeline developed for this work (https://
github.com/avera1988/multigenome2blocks). Prottest3 3.4.2 (90) was used to select the Le-Gascuel
(LG � I � G) substitution model. ML phylogeny was constructed using PhyML 3.1 (86) with the SH
procedure for internal branch support (87).

Pan and core genome analyses were conducted using GETHOMOLOGUES 2.0 (91), and OrthoMCL (92)
was used for orthologue clustering (parameters: -A -c -t 0 -M -n 35). Core genes corresponding to each
genome were parsed from the GETHOMOLOGUES pangenome matrix results using custom Bash and Perl
scripts (https://github.com/avera1988/Comparative_genomics), and they were used to calculate the
average amino acid identity (AAI) between Dysgonomonas, Bacteroides, Parabacteroides, and Paludibacter
genomes using the AAI calculator from the “enveomics” collection tools (93). AAI distance matrices were
calculated and visualized by custom Perl and R scripts (deposited in https://github.com/avera1988/
Comparative_genomics).

Finally, to compare functional profiles between P. americana and public Bacteroidetes genomes, all
clusters of orthologous groups (COG) of proteins from each genome (Table 5) were annotated using the
cdd2cog pipeline (https://github.com/aleimba/bac-genomics-scripts). Comparisons between proportions
of COG genes from P. americana and non-P. americana Bacteroidetes were performed using custom R
scripts (https://github.com/avera1988/Comparative_genomics). Two-tailed ANOVA and Tukey honestly
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TABLE 5 Bacteroidetes genomes used for comparative genomics and phylogenomics

GenBank assembly accession no. Organism

GCF_000374585.1 Bacteroides barnesiae
GCF_000273725.1 Bacteroides caccae
GCF_001688725.2 Bacteroides caecimuris
GCF_002221665.1 Bacteroides caecimuris
GCF_001318345.1 Bacteroides cellulosilyticus
GCF_000195615.1 Bacteroides clarus
GCF_000154845.1 Bacteroides coprocola
GCF_000157915.1 Bacteroides coprophilus
GCF_000212915.1 Bacteroides coprosuis
GCF_001640865.1 Bacteroides dorei
GCF_000155815.1 Bacteroides eggerthii
GCF_000226135.1 Bacteroides faecis
GCF_000156195.1 Bacteroides finegoldii
GCF_000195635.1 Bacteroides fluxus
GCF_000009925.1 Bacteroides fragilis
GCF_000210835.1 Bacteroides fragilis
GCF_000374365.1 Bacteroides gallinarum
GCF_000428125.1 Bacteroides graminisolvens
GCF_000186225.1 Bacteroides helcogenes
GCF_900104585.1 Bacteroides ihuae
GCF_001578635.1 Bacteroides intestinalis
GCF_900128455.1 Bacteroides mediterraneensis
GCF_000499785.1 Bacteroides neonati
GCF_000273175.1 Bacteroides nordii
GCF_000315485.1 Bacteroides oleiciplenus
GCF_001314995.1 Bacteroides ovatus
GCF_000187895.1 Bacteroides plebeius
GCF_000375405.1 Bacteroides propionicifaciens
GCF_000190575.1 Bacteroides salanitronis
GCF_000381365.1 Bacteroides salyersiae
GCF_000403195.1 Bacteroides sartorii
GCF_000218365.1 Bacteroides sp.
GCF_000159875.2 Bacteroides sp.
GCF_000526555.1 Bacteroides sp.
GCF_000162155.1 Bacteroides sp.
GCF_000162175.1 Bacteroides sp.
GCF_000157055.1 Bacteroides sp.
GCF_001185845.1 Bacteroides sp.
GCF_000163655.1 Bacteroides sp.
GCF_000162195.1 Bacteroides sp.
GCF_000185585.1 Bacteroides sp.
GCF_000158515.2 Bacteroides sp.
GCF_000157075.2 Bacteroides sp.
GCF_002159755.1 Bacteroides sp.
GCF_002161765.1 Bacteroides sp.
GCF_002161565.1 Bacteroides sp.
GCF_000157095.2 Bacteroides sp.
GCF_000162215.1 Bacteroides sp.
GCF_000163675.1 Bacteroides sp.
GCF_000702285.1 Bacteroides sp.
GCF_000702225.1 Bacteroides sp.
GCF_001811695.1 Bacteroides sp.
GCF_001815255.1 Bacteroides sp.
GCF_000382465.1 Bacteroides sp.
GCF_900155865.1 Bacteroides sp.
GCF_900108345.1 Bacteroides ndongoniae
GCF_000785025.1 Bacteroides sp.
GCF_000154525.1 Bacteroides stercoris
GCF_000011065.1 Bacteroides thetaiotaomicron
GCF_000513195.1 Bacteroides timonensis
GCF_000154205.1 Bacteroides uniformis
GCF_000012825.1 Bacteroides vulgatus
GCF_002161115.1 Bacteroides xylanisolvens
GCA_001899125.1 Dysgonomonas sp.
GCA_002409595.1 Dysgonomonas sp.
GCA_002482385.1 Dysgonomonas sp.

(Continued on next page)
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https://www.ncbi.nlm.nih.gov/assembly/GCF_002161765.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_002161565.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000157095.2
https://www.ncbi.nlm.nih.gov/assembly/GCF_000162215.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000163675.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000702285.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000702225.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_001811695.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_001815255.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000382465.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_900155865.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_900108345.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000785025.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000154525.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000011065.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000513195.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000154205.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000012825.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_002161115.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001899125.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_002409595.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_002482385.1
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TABLE 5 (Continued)

GenBank assembly accession no. Organism

GCA_002482615.1 Dysgonomonas sp.
GCA_002483985.1 Dysgonomonas sp.
GCF_000213555.1 Dysgonomonas gadei
GCF_000213575.1 Dysgonomonas mossii
GCF_000296465.1 Barnesiella intestinihominis
GCF_000376405.1 Dysgonomonas mossii
GCF_000426485.1 Dysgonomonas capnocytophagoides
GCF_000473955.1 Coprobacter fastidiosus
GCF_000803105.1 Coprobacter secundus
GCF_001047035.1 Dysgonomonas macrotermitis
GCF_001261715.1 Dysgonomonas sp.
GCF_001261735.1 Dysgonomonas sp.
GCF_001487125.1 Sanguibacteroides massiliensis
GCF_900128985.1 Dysgonomonas macrotermitis
GCA_000699785.1 Parabacteroides distasonis
GCA_001405935.1 Parabacteroides distasonis
GCA_002257605.1 Parabacteroides sp.
GCA_000307455.1 Parabacteroides distasonis
GCA_000699805.1 Parabacteroides distasonis
GCA_002206325.2 Parabacteroides distasonis
GCA_002272965.1 Parabacteroides sp.
GCA_001406015.1 Parabacteroides distasonis
GCA_000307375.1 Parabacteroides johnsonii
GCA_002160095.1 Parabacteroides distasonis
GCA_000012845.1 Parabacteroides distasonis
GCA_000157035.2 Parabacteroides sp.
GCA_000162275.1 Parabacteroides sp.
GCA_000307435.1 Parabacteroides distasonis
GCA_000307475.1 Parabacteroides sp.
GCA_000307495.1 Parabacteroides merdae
GCA_000364265.1 Parabacteroides sp.
GCA_000403825.2 Parabacteroides goldsteinii
GCA_900128505.1 Parabacteroides timonensis
GCA_000699745.1 Parabacteroides distasonis
GCA_000699765.1 Parabacteroides distasonis
GCA_001404395.1 Parabacteroides distasonis
GCA_001405775.1 Parabacteroides distasonis
GCA_000969835.1 Parabacteroides goldsteinii
GCA_000162535.1 Parabacteroides sp.
GCA_000307395.1 Parabacteroides goldsteinii
GCA_000428565.1 Parabacteroides gordonii
GCA_000969825.1 Parabacteroides gordonii
GCA_000969845.1 Parabacteroides sp.
GCA_900186615.1 Parabacteroides bouchesdurhonensis
GCA_002159645.1 Parabacteroides sp.
GCA_002161725.1 Parabacteroides johnsonii
GCA_900108035.1 Parabacteroides chinchillae
GCA_900292045.1 Parabacteroides pacaensis
GCA_001404575.1 Parabacteroides merdae
GCA_000307345.1 Parabacteroides merdae
GCA_000154105.1 Parabacteroides merdae
GCA_001078555.1 Parabacteroides sp.
GCA_900168155.1 Parabacteroides chartae
GCA_900155425.1 Parabacteroides massiliensis
GCA_900162725.1 Parabacteroides sp.
GCA_001039445.1 Parabacteroides goldsteinii
GCA_900232875.1 Parabacteroides provencensis
GCA_000436315.1 Parabacteroides sp.
GCA_000699905.1 Parabacteroides distasonis
GCA_001915675.1 Parabacteroides sp.
GCA_000156495.1 Parabacteroides johnsonii
GCA_002383435.1 Paludibacter sp.
GCA_002427615.1 Paludibacter sp.
GCA_001618385.1 Paludibacter jiangxiensis
GCA_000183135.1 Paludibacter propionicigenes
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https://www.ncbi.nlm.nih.gov/assembly/GCA_000307475.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000307495.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000364265.1
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https://www.ncbi.nlm.nih.gov/assembly/GCA_900128505.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000699745.1
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https://www.ncbi.nlm.nih.gov/assembly/GCA_900292045.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001404575.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000307345.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000154105.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001078555.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_900168155.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_900155425.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_900162725.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001039445.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_900232875.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000436315.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000699905.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001915675.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000156495.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_002383435.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_002427615.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001618385.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000183135.1
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significant difference (HSD) post hoc tests were used to evaluate significant differences in the proportion
of genes among COG profiles between P. americana and non-P. americana Bacteroidetes genomes.

Cultivation-independent detection of isolates in wild P. americana cockroaches. Bacteroidetes
isolates were detected in P. americana digestive tracts by strain-specific PCR. Briefly, adult Periplaneta
americana insects were obtained from the insectary at The Ohio State University and were habituated to
a diet of gamma-irradiated rodent food for 1 week. Ten cockroaches were dissected to remove the
full-length gastrointestinal tract, and DNA was extracted from these tissues with the Qiagen DNeasy
Blood and Tissue DNA extraction kit. Diagnostic PCR was conducted on each extract using isolate-specific
primers (Table 2) and the following thermocycler conditions: 3 min at 95°C, followed by 35 cycles of 1 min
at 95°C, 15 s at 58°C, and 1 min at 68°C, followed by 3 min of extension at 68°C. Isolate-specific primers
were searched against the Arb-SILVA 16S rRNA gene database and against an in-house 16S rRNA gene
database of cockroach gut isolates to ensure specificity. Isolate-specific primers were further tested
against closely related species within an in-house isolate collection to ensure amplification specificity.
Three independent PCRs were conducted with each gut extract and isolate-specific primer combination,
and positive amplification in at least two of three replicates was scored as presence of the isolate in an
individual cockroach. Additionally, the presence of P. americana Bacteroidetes isolates was surveyed in
feces of other P. americana individuals by 16S rRNA gene amplicon tag community profiling. A complete
description of the methodology for the 16S rRNA gene amplicon tag survey is in the supplemental
material.

PUL and CAZyme annotation and screening. Polysaccharide utilization loci (PULs) were identified
in the PROKKA general feature files (*.gff) and protein prediction fasta (*.faa) files for the assembled
isolate and the publicly available genomes using the PULpy pipeline with the dbCAN database version
7 (downloaded January 2019) for carbohydrate-active enzyme (CAZyme) annotations (94, 95). PULs were
annotated as “complete” if they contained a SusC/SusD pair and at least one adjacent CAZy-coding gene
in the final PULpy annotation. CAZymes specific to the backbone of each polysaccharide class present in
the PULpy summary files were used to manually identify putative amylolytic (GH13, GH31, GH65, GH66,
GH97, or GH99) and cellulolytic (GH5, GH9, and GH94) PULs. Because the GH5 family encompasses
multiple �-glucosidase subfamilies with diverse carbohydrate substrates, we considered for annotation
only those GH5 CAZymes acting on cellulose (i.e., GH5_2, _38, and _46) as described by Aspeborg et al.
(47). Similarly, for pectin hydrolysis we looked for homogalacturonan (GH28, GH105, or PL1), rhamnoga-
lacturonan I (GH28, GH42, GH27, GH105, GH106, PL9, PL11, or PL26), galactan (GH2 or GH35), and
arabinan (GH43 or GH51) catabolic CAZymes compared with previously pectinolytic PULs described in B.
thetaiotaomicron (8). Because GH43 contains multiple subfamilies with diverse carbohydrate substrates,
only GH43_1, _4, _5, _6, _10, _11, _12, _16, _21, _26, _27, _29, _33, and _35, described by Mewis et al.
(48) as �-L-arabinofuranosidases, were considered in the analysis. GETHOMOLOGUES was used to identify
PULs that were either common across or unique to specific isolates and publicly available genomes.
Common and unique PUL protein clusters for the Bacteroides, Dysgonomonas, Parabacteroides, and
Paludibacter genera used in these analyses were manually extracted from the pangenome_matrix result
using custom bash and R scripts. Total gene organization and syntenic comparisons were plotted using
genoPlotR (96).

Non-PUL-associated CAZy genes were identified in each isolate genome annotation by manually
searching for loci annotated as either glycoside hydrolase (GH), polysaccharide lyase (PL), carbohydrate
esterase (CE), or carbohydrate binding module (CBM), and the results were compared to the PULpy gene
results table. All loci not present within the PULpy gene list were classified as non-PUL-associated CAZy
genes. Signal peptides for protein secretion in the non-PUL CAZy genes were predicted with SignalP 5.0
(97) and LipoP 1.1 (98), and membrane-spanning regions were predicted with TMHMM 2.0 (99). CAZymes
were classified as extracytoplasmic proteins if either the signal peptidase I (SPI) or the signal peptidase
II (SPII) sequence was detected in the CAZy-encoding gene by both SignalP and LipoP.

T9SS detection. PROKKA protein sequence predictions from the isolate genomes were compared to
type XI secretion system (T9SS) HMM profiles in the TXSSscan database (100) using the “hmmscan”
(parameters: hmmscan –cpu 40 –domtblout) tool from HMMER 3.1b2 (88) to identify genes encoding
domains that comprised potential components of type IX secretion systems. Putative T9SS component
domains were manually parsed from hmmscan result tables and compared with previous annotations of
each new genome. Additionally, the presence of the T9SS C-terminal sorting domain (CTD) was identified
using the TIGR04183 and TIGR04131 HMM profiles from TIGRFAM (101).

DNS assay. Bacterial production of polysaccharolytic enzymes in the presence of pectin was
evaluated using the 3,5-dinitrosalicylic acid (DNS) assay. Five replicates of each isolate were cultured
anaerobically in MTY base liquid medium plus pectin from citrus peel (Sigma) to an OD600 of 0.4.
Uninoculated sterile media were used as negative hydrolysis controls. One milliliter was collected from
all samples and centrifuged at 12,000 � g for 10 min to pellet bacterial cells, and 100 �l of supernatant,
which contained possible reducing sugars, was removed and incubated with 100 �l of DNS reagent in
an Eppendorf thermocycler (one cycle of 10 min at 95°C; held at 2°C) (102). Fifty microliters of reaction
mix was diluted in 250 �l of deionized water for absorbance measurements at 540 nm using a FLUOstar
Omega plate reader. Standard curves were prepared using D-galacturonic acid to calculate substrate
degradation, which was determined by quantifying the amount of reducing sugars released in mg ml�1.
One-way ANOVA with Dunnett post hoc tests was performed to evaluate differences between treatments
and negative controls. All statistics and plots were done in R version 3.5 using the DescTools v0.99.19
library (https://cran.r-project.org/web/packages/DescTools/index.html).

Polysaccharide degradation and growth assays. Bacteroidetes isolates were plated on MTY base
solid medium with one of the following polysaccharides added: starch (10 g liter�1) (Sigma), carboxy-
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methyl cellulose (CMC) sodium salt (10 g liter�1) (EMD Millipore), Sigmacell cellulose (10 g liter�1)
(Sigmacell) or pectin from citrus peel (10 g liter�1) (Sigma). Bacteria were incubated for up to 5 days at
30°C under anaerobic conditions. Following incubation, plates were immersed in 5 ml of 2.5% Lugol’s
iodine solution to visualize carbohydrate hydrolysis; halos of cleared polysaccharide surrounding colo-
nies were scored as positive hydrolysis. MTYG and MTY base plates were used as positive nonsaccha-
rolytic and growth controls, respectively. E. coli TOP10 was included as a nonpolysaccharolytic bacterial
control. Relative polysaccharolytic activity (RPA) was determined as the diameter of the colony plus the
clear zone divided by the diameter of the colony. Final RPA values from Bacteroidetes isolates were
subtracted from E. coli RPA values to estimate actual polysaccharolytic activity and eliminate false
positives.

CMC growth assay and hydrolysis quantification. To evaluate if cellulose improves growth of P.
americana Bacteroidetes isolates, strains were grown in MTY base liquid anaerobic medium without or
with carboxymethyl cellulose (1%, wt/vol) (MTY�CMC). Growth was evaluated by measuring the change
OD600 every 12 h for 72 h. Total growth (Tg) was calculated as the difference between the maximum and
minimum optical densities observed (Tg 	 OD600max � OD600min). Growth rates (Gr) were calculated as
described previously (65). Total bacterial growth (Tg) was divided by the difference in time (Gr 	
Tg/Tmax � Tmin), where Tmax and Tmin correspond to time points where OD600max and OD600min were
reached, respectively. A paired Student t test was used to identify significant differences in growth rate
and total growth between MTY�CMC and MTY (control) kinetics for each isolate. Additionally, in vitro
enzymatic CMC hydrolysis was determined using the same DNS microplate method as described above
(102). Strains exhibiting growth and CMC hydrolysis on solid media were inoculated on MTY�CMC
plates, and after 5 days, all biomass from plates was collected in 1.5 ml 0.1 M potassium phosphate buffer
(KH2PO4, 9.5 g liter�1; K2HPO4, 5.25 g liter�1; pH 6.5). Bacterial cells were disrupted by five 30-s
ultrasonication cycles on ice, and all samples were centrifuged at 12,000 � g for 10 min to collect
supernatant that was transferred to fresh microcentrifuge tubes and stored on ice until use. Total
supernatant protein content was quantified (bicinchoninic acid [BCA] protein quantification kit; Thermo
Scientific), and 500 �l of supernatant was incubated with 500 �l of 1% CMC–0.1 M potassium phosphate
buffer solution for 12 h. Total soluble proteins were prepared from E. coli TOP10 cells in the same manner
and used as a cellulolytic negative control. Enzymatic activity was stopped by adding 100 �l of DNS, and
total reducing sugars relative to a glucose standard curve were determined. Parallel hydrolysis reactions
using heat-killed (95°C for 10 min) total soluble protein were performed as negative controls. Reducing
sugars from CMC degradation were determined by subtracting sugars present in heated-killed treat-
ments from reducing sugars present in non-heat-killed treatments, and the amount of reducing sugars
was normalized per microgram of protein. Statistical differences in amounts of reducing sugars between
the isolates and E. coli treatments were calculated by one-way ANOVA and Tukey HSD post hoc tests that
were applied to pairwise comparisons between all treatments.

Data availability. Isolate genome assemblies were deposited at DDBJ/ENA/GenBank under acces-
sion numbers QVMG00000000 to QVMQ00000000. The data have been deposited with links to BioProject
accession number PRJNA486189 in the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/). All relevant data are also available from the authors upon request.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 1.5 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 5, XLSX file, 0.02 MB.
SUPPLEMENTAL FILE 6, XLSX file, 0.02 MB.
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