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ABSTRACT Leeches are found in terrestrial, aquatic, and marine habitats on all con-
tinents. Sanguivorous leeches have been used in medicine for millennia. Modern sci-
entific uses include studies of neurons, anticoagulants, and gut microbial symbioses.
Hirudo verbana, the European medicinal leech, maintains a gut community domi-
nated by two bacterial symbionts, Aeromonas veronii and Mucinivorans hirudinis,
which sometimes account for as much as 97% of the total crop microbiota. The
highly simplified gut anatomy and microbiome of H. verbana make it an excellent
model organism for studying gut microbial dynamics. The North American medicinal
leech, Macrobdella decora, is a hirudinid leech native to Canada and the northern
United States. In this study, we show that M. decora symbiont communities are very
similar to those in H. verbana. We performed an extensive study using field-caught
M. decora and purchased H. verbana from two suppliers. Deep sequencing of the V4
region of the 16S rRNA gene allowed us to determine that the core microbiome of
M. decora consists of Bacteroides, Aeromonas, Proteocatella, and Butyricicoccus. The
analysis revealed that the compositions of the gut microbiomes of the two leech
species were significantly different at all taxonomic levels. The R? value was highest
at the genus and amplicon sequence variant (ASV) levels and much lower at the
phylum, class, and order levels. The gut and bladder microbial communities were
distinct. We propose that M. decora is an alternative to H. verbana for studies of
wild-caught animals and provide evidence for the conservation of digestive-tract
and bladder symbionts in annelid models.

IMPORTANCE Building evidence implicates the gut microbiome in critical animal func-
tions such as regulating digestion, nutrition, immune regulation, and development.
Simplified, phylogenetically diverse models for hypothesis testing are necessary
because of the difficulty of assigning causative relationships in complex gut micro-
biomes. Previous research used Hirudo verbana as a tractable animal model of diges-
tive-tract symbioses. Our data show that Macrobdella decora may work just as well
without the drawback of being an endangered organism and with the added
advantage of easy access to field-caught specimens. The similarity of the microbial
community structures of species from two different continents reveals the highly
conserved nature of the microbial symbionts in sanguivorous leeches.

KEYWORDS Aeromonas, Bacteroidetes, bladder, conservation, gut, Hirudo, leech,
Macrobdella, microbiome

eeches are a diverse animal group native to freshwater, marine, and terrestrial envi-
ronments. They are found on all continents and oceans on planet Earth (1, 2).
Records of humans applying leeches medicinally survive from civilizations as far back
as ancient Egypt (3, 4), resulting in the name medicinal leech, Hirudo medicinalis
Linnaeus 1758. As the understanding of hirundinid taxonomy improved, Hirudo medici-
nalis was subdivided into additional species, including Hirudo verbana Carena 1820
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and Hirudo orientalis Utevsky & Trontelj 2005 (5, 6). Since 2004, only H. medicinalis and
H. verbana are approved for use as a medical device in the United States and must be
shipped from approved suppliers in Europe (5). Although it shares the same common
name, the North American medicinal leech, Macrobdella decora, was rarely used for
bloodletting (7). No mechanical or pharmaceutical product has yet been able to repli-
cate the reduction of venous congestion achieved by the medical application of Hirudo
leeches (8, 9). This results in a continued need for medicinal leeches and a better
understanding of their biology.

As approved medical devices, the natural feeding habits of leeches are utilized to
reduce venous congestion and improve blood circulation in affected patients. To make
the most of unpredictable encounters with prey, hirudinid leeches consume up to five
times their body weight in one feeding and can go 6 to 12 months between feedings
(1). After initial attachment, the leech stimulates blood flow in the prey by secreting
vasodilators and a number of anticoagulant peptides, including hirudin, antistasins,
and apyrases (10-14). The gastrointestinal system of H. verbana is highly simplified and
consists of a pharynx, crop, and intestinum (1, 8). Once the blood is consumed, excess
ions and water are rapidly removed from the blood meal to form a highly viscous intra-
luminal fluid (ILF) in the crop (8, 15). The ILF remains in the crop over long periods of
time before it slowly passes into the intestinum, where it is digested (8).

The gut microbiome of medicinal leeches is simple compared to common mamma-
lian gastrointestinal models. Previous research described an ILF microbiota in H. ver-
bana dominated by Aeromonas veronii and Mucinivorans hirudinis (16-21). Subsequent
studies revealed the presence of additional Aeromonas spp. in H. verbana and other hir-
udinid leeches (22-24). Clostridial species have also been detected in culture-inde-
pendent studies of the ILF of H. verbana (17, 24) and H. orientalis (24). Several functions
for the dominant crop microbiota have been proposed, including providing essential
nutrients to the host (25-27), preventing other bacteria from colonizing, inhibiting pu-
trefaction of the ILF (28), aiding the host’s immune responses (29, 30), or initiating the
digestion of erythrocytes (31).

In most animals, the diversity of the microbiome increases along the length of the
digestive tract, and similar findings have been reported for Hirudo spp. The H. verbana
intestinum contains Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria,
Fusobacteria, Firmicutes, and Bacteroidetes as well as Aeromonas and Mucinivorans (17).
A number of closely related hirudiniform leech species have also tested positive for
Aeromonas and Bacteroidetes from the digestive tract (10, 23, 24). The composition of
the microbial community among the different Hirudo species studied is similar in both
crop and intestinum (17, 21, 23, 24).

Unlike humans but similar to other annelids (32, 33), H. verbana has multiple paired
bladders colonized by a number of microbial species (34). Sequence analysis and fluo-
rescence in situ hybridization micrographs of the H. verbana bladder show a stratified
community consisting of Ochrobactrum, Bdellovibrio, Niabella, and Sphingobacterium
(34). The difference between the bladder microbiome and that of the ILF or intestinum
indicates that H. verbana microbiomes are body site specific and suggests a selection
process that regulates the composition of these communities.

Much less is known about the gut microbiome of M. decora. Prior studies attempt-
ing to characterize the M. decora gut microbiome relied on aerobic culturing methods
or sequencing total ILF DNA with primers specific for Aeromonas or Bacteroidetes sym-
bionts. These studies revealed that the Aeromonas species associated with M. decora
was Aeromonas jandaei (35) and the Bacteroidetes species was most similar to uncul-
tured and unidentified species in a clade with Rikenella, Mucinivorans, and Alistipes
(10). In this study, we strove for a more complete understanding of the microbiomes
associated with the M. decora gut and bladders.

In this work, we describe the microbiotas of the ILF, bladder, and intestinum in
wild-caught and laboratory-fed specimens of the North American medicinal leech,
Macrobdella decora, and H. verbana purchased from two different suppliers. Culture-
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FIG 1 Bray-Curtis NMDS plot of leech-associated microbiotas showing that the microbiota is host species
specific at the genus level but not at higher taxonomic levels. Two leech species were sampled (Hirudo
verbana [orange] and Macrobdella decora [cyan]) at three organ sites (ILF [circles], intestinum [triangles], and
bladder [plus signs]). (A) At the ASV level, 47% of the total variation between samples is described by
separating the two leech host species. (B) When taxa were grouped at 88% sequence similarity (i.e., order
level), only 20% of the total variation between samples was described by separating the two leech host

species. Ellipses were calculated at 95% confidence. Stress was <0.14.

independent deep sequencing of the V4 region of the16S rRNA gene was confirmed
by fluorescence in situ hybridization (FISH). Comparison of core and common microbial
amplicon sequence variants (ASVs) from M. decora to those of the well-described H.
verbana provides insights about the level of conservation of the microbiomes between
distantly related and geographically isolated sanguivorous leeches.

RESULTS

The microbial communities of three organs from two leech species (H. verbana and
M. decora) were analyzed in this study: the intestinum, crop, and bladder (see Table S1
in the supplemental material). Due to their small size, the entire organ was homoge-
nized for the intestinum and bladder. Only the ILF was collected from the crop. Total
DNA was extracted from the samples, and the V4 hypervariable region of the 16S rRNA
gene was sequenced using an lllumina MiSeq instrument to determine the composi-
tion of the microbiome. After processing (see Materials and Methods), the rarefied data
set consisted of 182 ASVs in 210 unique samples from 174 leeches sampling 3 organ
sites in 2 leech species (Table S1).

ILF, intestinum, and bladder microbiomes differ between leech species. An ini-
tial analysis was performed to determine if the composition of the microbiotas of the
three organs analyzed differed between H. verbana and M. decora. Of all parameters
tested, the leech host species had the greatest effect on microbiome composition (Fig.
1A). A permutational multivariate analysis of variance (PERMANOVA) using the Bray-
Curtis and binary Ochiai metrics indicated that at all taxonomic levels, the microbiotas
differed significantly between the two leech species. At the low taxonomic levels (ASV,
genus, and family), the R? values for the Bray-Curtis metric ranged between 47 and
54% and at higher taxonomic levels (order, class, or phylum), this R? decreased to 20 to
22% (Table S2 and Fig. 1B). The remaining variation between samples was not
accounted for by host leech species alone and indicates that further factors are impor-
tant in determining microbial community composition.

Other variables affect the microbiome to a smaller extent. After samples were
examined as a group, the data were split into smaller host species-specific groups to
determine additional variables that influenced the microbiome. In H. verbana, the
sampled organ had the greatest effect (accounting for 33% of variation; Bray-Curtis
PERMANOVA) on microbiome composition, with the supplier, feeding, and shipment
each accounting for an additional 5 to 10% of variation (Table 1). When the binary
Ochiai metric was used, a similar pattern was observed (Table S3). For both dissimilarity
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TABLE 1 PERMANOVA between leech-derived samples based on Bray-Curtis dissimilarities®

Organism and characteristic df Pseudo-F R? il
Hirudo verbana
Organ 2 55.81 0.33 0.001
Supplier 1 34.94 0.10 0.001
Feeding 6 3.71 0.07 0.001
Shipment lot 3 6.08 0.05 0.001
Blood meal lot¢ 5 1.03 0.02 0.439
Macrobdella decora
Organ 2 12.92 0.17 0.001
Feeding 6 3.86 0.15 0.001
Mo collected 5 3.19 0.11 0.002
Collection site 3 3.10 0.06 0.006
Collection/blood lot? 3 1.14 0.02 0.357

aVariables were tested and listed in order of decreasing R*.

bBold values indicate significant differences (P =< 0.01). P values are based on 999 permutations.

<The blood meal lot is the fresh shipment of blood on which the animals fed in the laboratory.

9Because of the extended time between collection events and the short shelf life of blood products, each blood
lot was fed to only one collection lot of M. decora. The variation caused by either of these metadata variables
therefore cannot be separated for M. decora samples.

metrics, the lot number of blood fed to the animals did not produce significant varia-
tion between samples (P = 0.279) (Table 1 and Table S3).

In M. decora, the sampled organ also had the greatest effect on microbiome compo-
sition (accounting for 17% of variation; Bray-Curtis PERMANOVA), with feeding, month
of animal collection, and collection site accounting for an additional 6 to 15% of varia-
tion (Table 1). A similar pattern was observed when the binary Ochiai metric was used
(Table S3). Only for the binary Ochiai dissimilarity metric did the collection lot (when
animals were collected from the same site two or more times in 1 month) and lot num-
ber of blood fed to the animals account for significant variation between samples
(P=0.045) (Table 1 and Table S3). In both leech species, the organ sampled had the
greatest effect on variation between samples, with collection/shipment and feeding
also having significant effects.

Deep sequencing of the H. verbana ILF microbiome confirms a simple core. The
first organ site to be examined in-depth was the ILF. The data from 16S rRNA gene V4
deep sequencing of the H. verbana ILF were analyzed to identify members of the core
(ASVs present in =90% of samples), common (70 to 90% of animals), and transient
(<70% of samples) microbiomes. For taxonomic identification of ASVs, we used the fol-
lowing cutoffs: ASVs with >97% identity to a genus in RDP were identified as that ge-
nus, and those with an 80 to 97% match were identified as genus-like, while those
with a match that was <80% were identified with the prefix “unk” before the closest
taxonomic level identified with >97% percent identity. The core consisted of two taxa,
Aeromonas and Mucinivorans (Table 2 and Table S4). In the 39 H. verbana ILF samples
tested, Mucinivorans and Aeromonas together accounted for 58.7 to 100% (median =93.3%)
of all the 16S rRNA gene V4 sequences from the ILF and were detected in 94.9% and 100%
of the ILF samples, respectively (Table 2 and Table S4).

The H. verbana organisms used in this study were obtained from two suppliers, a
factor that affected the gut microbiome composition. The core ILF microbiome of H.
verbana from supplier 1 contains only Mucinivorans, while Aeromonas is a member of
the common microbiome (present in 89.5% of samples). In contrast, the core ILF micro-
biome of H. verbana from supplier 2 consisted of ASVs associated with Mucinivorans,
Aeromonas, and a Desulfovibrio-like taxon. The common ILF microbiome of H. verbana
from supplier 2 contains an ASV associated with Bacteroides and a second ASV associ-
ated with Mucinivorans, which are both completely absent in H. verbana from supplier
1 (Tables S4, S5, and S6). Low-abundant, transient genera also showed a slight differ-
ence in specific ASVs between suppliers. Mucinivorans ASV35 and ASV93 are present
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TABLE 2 Median abundance (percent of total 16S rRNA gene V4 sequences) of core and common ASVs in ILF and intestinum samples from

Hirudo verbana and Macrobdella decora

% abundance in<:

H. verbana M. decora
Class Genus or family? ASV®P S1ILF(n=37) S2ILF(n=75) Intestinum(n=13) ILF(n=30) Intestinum (n=22)
Bacteroidia Bacteroides-like ASV3 ND ND 0.0 27.9 25.7
Bacteroides-like ASV5 ND ND ND 26.1 17.5
Mucinivorans ASV1 84.2 68.1 8.0 ND ND
Rikenella-like ASV15 ND 0.1 15.6 ND ND
Clostridia Butyricicoccus-like  ASV6 ND ND ND 6.3 4.8
Proteocatella ASV4 0.0 ND 0.1 233 21.3
Sporobacter-like ASV1i3  ND ND ND 3.6 0.1
Tyzzerella ASV20 ND ND ND 1.5 0.2
Alphaproteobacteria Rhodospirillaceae ASV11 0.0 ND 26.7 ND ND
Deltaproteobacteria Desulfovibrio ASV33 0.0 0.4 1.4 ND 0.0
Gammaproteobacteria  Aeromonas ASV2 14.0¢ 9.6 18.5 4.2 5.6

aASVs were determined at the 97% confidence level. The suffix “-like” indicates the most closely related genus listed in RDP.

bASV ID specific to this study. See Table S4 for GenBank accession numbers.

The relative abundances of ASVs belonging to the core (present in = 90% of samples) are highlighted in gray. Common (present in 70 to 90% of samples) ASVs are in bold.
Core and common ASVS were determined for each species of leech and sampled organ individually. ILF samples are grouped to show slight differences between suppliers
(S1, supplier 1; S2, supplier 2). H. verbana intestinum samples are not divided by supplier due to insufficient sampling (supplier 1 =two animals) to confirm the
nonsignificant difference between the intestinum microbiome from the two suppliers (P = 0.02). ND, none detected in sample group (abundance to determine
presence =0.1%). ASVs present in <70% of samples are considered transient. Median abundance values of 0.0% indicate an ASV present at a low level in a low number of

samples.

9The prevalence of Aeromonas ASV2 was 89.5% in the ILF of animals sampled from supplier 1 and thus just below the cutoff of =90% (see Table S4).

only in animals from supplier 1. Proteocatella ASV22 is present only in animals from
supplier 2, while Proteocatella ASV4 is present only in animals from supplier 1 (Tables
S4 and S6). This suggests that the H. verbana supplier has an effect on several members
of the ILF microbiome.

Characterization of the M. decora ILF microbiome. The M. decora ILF core micro-
biome consisted of Bacteroidales (Bacteroides-like taxon) and Aeromonas. But unlike the
H. verbana ILF, the M. decora ILF core microbiome also contained two species belong-
ing to the Clostridiales (Table 2 and Table S4). Aeromonas and Bacteroides-like taxon
sequences made up 40.2 to 74.8% (median =60.4%) of the M. decora ILF microbiota,
while Clostridiales species accounted for another 17.3 to 46.6% (median=29.5%).
Sequences from only one of these Clostridiales species (Proteocatella) had been
reported previously from the H. verbana intestinum but not from the crop (17) (Table 2
and Table S4).

In the M. decora ILF, one ASV met the requirements for the common microbiome
and was identified as a Sporobacter-like taxon (Table 2 and Table S4), which has not
previously been found to be associated with a leech. The transient microbiome in M.
decora consisted of 12 ASVs, including some that were not identified from H. verbana
samples in this study or other previous studies (Table S4). Overall, the farm-housed H.
verbana ILF samples (30 total ASVs) contained more ASVs than field-caught M. decora
(18 total ASVs). The number of ASVs per animal was slightly different between the two
groups (7 =5 ASVs in H. verbana versus 9 = 3 ASVs in M. decora), resulting in a signifi-
cant difference in Shannon diversity (P=1.5 x 1078) between ILF microbiome samples
from the two leech species (Fig. 2).

Characterization of the intestinum microbiome. Based on previous descriptions
of intestinal microbiomes in other animals, we expected the leech intestinum to harbor
a more complex microbiome than the crop. The intestinum microbiota from H. verbana
was dominated by sequences from three genera: Aeromonas, Mucinivorans, and an
unknown Rhodospirillaceae ASV that had been previously identified in the shed mucus
castings of H. verbana (36) (Table 2 and Table S4). The difference in microbial commu-
nity between the unfed H. verbana ILF and intestinum was marked by changes in the
relative abundance of sequences from both dominant and common ASVs (Table 3) as
well as an increase in alpha diversity, as measured by Shannon (P=3.3 x 107°) (Fig. 2)
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FIG 2 Shannon alpha diversity showing that the microbiome of Macrobdella decora ILF is more
diverse than that of Hirudo verbana but that this is not true of the intestinum microbiomes. All
samples were collected before feeding or more than 90days after feeding. Alpha diversity does not
change between the ILF and intestinum of wild-caught M. decora (white) but increases in farm-raised
H. verbana (gray). A Wilcoxon rank-sum analysis with Bonferroni correction was used to compare
sample groups. Significant P values (<0.05) are given above lines indicating comparisons.

and inverse Simpson (data not shown) metrics. The increase in alpha diversity between
the H. verbana ILF and intestinum was not detected with observed richness or Chao-1 cal-
culations (data not shown). This analysis may be affected by a smaller sample size for the
intestinum than for the ILF (12 and 39 individual samples, respectively) (Table S1).

In M. decora, the Shannon (Fig. 2) and inverse Simpson alpha diversity between ILF
and intestinum samples changed only slightly (P = 0.04), but changes in observed rich-
ness and Chao-1 measurements were not significant (data not shown). The slight dif-
ference in microbial community between the unfed M. decora ILF and intestinum was
marked by changes in the relative abundance of sequences from transient ASVs with a
base mean of <100/4,990 reads (Table 3). The four core genera of both ILF and intesti-
num from M. decora were Aeromonas, a Bacteroides-like taxon, a Butyricicoccus-like
taxon, and Proteocatella (Table 2 and Table S4). In the intestinum, these four genera
comprised five core ASVs accounting for 66.9 to 98.6% (median=281.6%) of the total
16S rRNA gene V4 sequences, while in the ILF they accounted for 77.7 to 99.9%
(median = 86.4%) of sequences (Table 2 and Table S4).

Some of the ASVs identified in M. decora intestinum were also detected in H. verbana
or were previously reported from H. verbana samples. The dominant Proteocatella-related
ASV from M. decora was previously found in the H. verbana intestinum (17) but was
detected in only three ILF, four intestinum, and two bladder samples from H. verbana proc-
essed in this study. The Desulfovibrio-associated ASV that was common in H. verbana intes-
tinum was detected in only two intestinum and one ILF samples from M. decora. Twenty-
five ASVs in the M. decora intestinum were not found in H. verbana samples, while 10 ASVs
in the H. verbana intestinum were not found in the M. decora intestinum (Tables S4 and
S5). In the intestinum, like in the ILF, the microbial community observed at the order level
is conserved between leech species, while at the ASV level, it may be leech species specific
(Table S5).

The H. verbana bladder community contains three core ASVs. The final organ
site to be analyzed was the bladder. The 165 rRNA gene V4 deep sequencing of H. verbana
bladders identified 21 total ASVs (Table S4). The core microbiome comprised Nubsella,
Ochrobactrum, and an unknown Comamonadaceae taxon (Table 4 and Table S4). The com-
mon microbiome additionally contained an ASV associated with a Bdellovibrio-like taxon.
The remaining 17 ASVs were present only transiently (Table S4).

The M. decora bladder community contains conserved ASVs. The 16S rRNA gene
V4 deep sequencing of M. decora bladders identified 25 total ASVs (Table S4). Of these
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TABLE 3 Changes in abundance of bacterial ASVs in the ILF and intestinum of Hirudo verbana and Macrobdella decora leeches

Location with

Host species and bacterial class Genus or family® ASV® Base mean°® Log, fold change? Adjusted P¢ higher abundance’
Hirudo verbana
Bacteroidia Bacteroides ASV34 29 -9 3.8x 107" ILF
Bacteroides ASV51 11 -8 5.0 x 10¢ ILF
Mucinivorans ASV1 4,520 -5 2.8 %X 10744 ILF
Mucinivorans ASV10 187 -27 1.0 X 10752 ILF
Mucinivorans ASV23 10 8 0.008 Intestinum
Rikenella ASV31 15 28 3.2%x 1078 Intestinum
Rikenella-like ASV15 25 5 1.1x1077 Intestinum
Clostridia Proteiniclasticum-like ASV7 239 -27 5.6 X 10777 ILF
Proteocatella ASV22 39 -26 7.9%x 1074 ILF
Fusobacteriia Fusobacterium ASV8 182 —28 1.6 X 10740 ILF
Alphaproteobacteria Rhodospirillaceae ASV11 45 10 6.4 x 1077 Intestinum
Gammaproteobacteria Aeromonas ASV2 820 =2 0.03 ILF
Morganella ASV55 17 -6 2.1%x10°° ILF
Proteus ASV40 13 -8 2.6 X 10°¢ ILF
Macrobdella decora
Bacteroidia Bacteroides-like ASV28 41 3 0.03 Intestinum
Bacteroides-like ASV3 1,327 0 0.99 —
Bacteroides-like ASV5 1,110 0 0.99 —
Mucinivorans ASV49 28 11 2.5%x107° Intestinum
Clostridia Butyricicoccus-like ASV6 763 =1l 0.12 ILF
Proteocatella ASV4 1,124 0 0.99 —
Sporobacter-like ASV13 96 =1 0.99 ILF
Tyzzerella ASV20 93 -3 2.1x10°% ILF
Alphaproteobacteria Insolitispirillum ASV52 13 7 1.1x10°% Intestinum
unk_Rhodospirillaceae ASV38 20 8 9.1 X 10~5 Intestinum
Gammaproteobacteria Aeromonas ASV2 486 0 0.99 —

aASVs belonging to the core (present in =90% of samples) are highlighted in gray. Common (present in 70 to 90% of samples) ASVs are in bold. Core and common ASVS
were determined for each species of leech and sampled organ individually. The ASV labeled “unk_" has no closely related genus listed in RDP.

bASV ID specific to this study. See Table S4 for GenBank accession numbers.

“Mean number of reads per sample of 4,990 total reads, calculated using both ILF and intestinum samples. Median reads per sample type are reported in Table S4. The

minimum read count to be considered present in a sample was 7 (see Materials and Methods).

dCalculated with abundance in intestinum samples as the numerator and abundance in ILF samples as the denominator.

eP values were adjusted for multiple comparisons. Values in bold are significant (P < 0.001).

'Gastrointestinal location with higher abundance of specified ASV. —, log, fold change of <1 between gastrointestinal locations.

identified taxa, only Proteocatella was recovered frequently enough to be considered
part of the core (Table 4 and Table S4). Six ASVs were identified as common (present in
69 to 90% of bladder samples) (Table 4). The remaining 18 ASVs were present only
transiently.

The localization of bacterial taxa within the bladder also appears to be conserved
between H. verbana and M. decora. FISH imaging of M. decora bladders suggested that
Rhizobiaceae occur in the matrix of the bladder contents while other Alphaproteobacteria
occur intracellularly in the epithelial cells lining the interior of the bladder. Betaproteobacteria
occur in close association with the M. decora bladder epithelial cells (Fig. 3). This layered
community is consistent with localizations reported previously in H. verbana bladders (34).

Feeding affects the composition of the gut microbiome. PERMANOVA results
indicated that feeding has the second greatest influence on microbiome composition
after organ site. A Bray-Curtis PERMANOVA and Bonferroni-adjusted Wilcoxon rank-
sum analysis found that H. verbana ILF microbiota at 1 to 7 days after feeding (DaF) are sig-
nificantly different from those of unfed animals (0 DaF) (P = 0.05) (Table S7). The perturbed
H. verbana ILF microbial community rebounds by 30 to 90 DaF to a state undifferentiable
from that of an unfed animal (Table S7). The M. decora ILF microbiome follows a similar
pattern, with the community at 4 DaF being significantly different from that of unfed ani-
mals (0 DaF) (P=0.022) (Table S7). The perturbed M. decora ILF microbial community
rebounds by 30 DaF to a state undifferentiable from that of an unfed animal (P> 0.29)
(Fig. 4 and Table S7).
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TABLE 4 Presence of core and common bladder ASVs in total 16S rRNA gene V4 sequences from Macrobdella decora and Hirudo verbana

bladder samples

% of 16S rRNA gene V4 sequences in“:

H. verbana M. decora
Class Genus* ASV® Median Max Median Max
Bacteroidia Nubsella ASV17 18.2 40.0 0.0 0.2
Clostridia Butyricicoccus-like ASV6 0.0 0.3 6.3 81.5
Proteocatella ASV4 0.0 3.2 15.9 63.7
Sporobacter-like ASV13 ND ND 1.2 7.9
Tyzzerella ASV20 ND ND 2.1 10.2
Alphaproteobacteria Azospirillum-like ASV18 0.0 0.2 1.7 55.1
Ochrobactrum ASV9 3.9 93.6 0.0 0.2
Betaproteobacteria unk_Comamonadaceae ASV12 19.7 73.8 ND ND
unk_Comamonadaceae ASV21 ND N.D. 3.6 39.4
unk_Methylophilaceae ASV30 0.0 0.0 2.2 19.4
Deltaproteobacteria Bdellovibrio-like ASV41 2.1 21.2 ND ND

aASVs were determined at the 97% confidence level. ASVs labeled “-like” reflect the most closely related genus listed in RDP. ASVs labeled “unk_" have no closely related

genus listed in RDP.
bASV ID specific to this study. See Table S4 for GenBank accession numbers.

cPercentage of total 16S rRNA gene V4 sequences. Values for core (present in =90% of samples) ASVs are highlighted in gray; those for common (present in =70% of
samples) ASVs are in bold. ND, none detected in sample group (abundance to determine presence = 0.1%). ASVs present in <70% of samples are considered transient.

Median abundance values of 0.0% indicate ASVs present at a low level in a low number of samples.

In the ILF microbial community, significant changes occur in the relative abundance
of transient but not core ASVs after feeding (Fig. 5, Fig. 6, and Table S8). In H. verbana,
Desulfovibrio and Pseudomonas ASVs are most significantly different in abundance with
time after feeding (P =0.03) (Table S8). In M. decora ILF, the Clostridiales-associated
ASVs are most significantly different in abundance after feeding (P = 0.002) (Fig. 5, Fig.
6, and Table S8). These data suggest that the overall composition of the ILF microbial
community is relatively stable after feeding.

The abundances of the same ASVs were examined in the intestinum. Although
slight changes in relative abundances were measured after feeding, the changes in
composition of the community in the M. decora intestinum after feeding were not sig-
nificant (P=0.15) (Fig. 5). This suggests that the intestinum microbial community is
more stable than that of the ILF.

We further assessed the composition and abundance of the ILF microbiome after
feeding in M. decora using FISH. Immediately after capture and before feeding, the mi-
crobial population in the M. decora crop was below the limit of detection for FISH,
although occasional Aeromonas cells were found (Fig. 7). After a blood meal, the micro-
bial population in the M. decora crop increased at 4 and 7 DaF, with Bacteroidetes species
forming microcolonies by 4 DaF and individual Aeromonas cells spread throughout the
crop by 7 DaF (Fig. 7). A similar pattern was previously observed and quantified in H. ver-
bana (18). This confirms that although the relative abundance of Aeromonas and
Bacteroides-like taxon 16S rRNA gene V4 sequences do not significantly change after
feeding in M. decora, both species are actively proliferating in the crop at different rates.

Collection events may affect the composition of the M. decora microbiome.
PERMANOVA indicated that the collection date and site also correlated with the Bray-
Curtis distances in M. decora. Our data suggested that the M. decora ILF microbial com-
munity composition changed after feeding in M. decora collected in October and to a
much smaller extent in those collected in April (Fig. 4). This analysis is confounded by
differences in the location where the animals were collected (Fig. ST to S3), and
because of the small sample size, a more comprehensive study is required to draw firm
conclusions about the effects of collection date and site on the gut microbiome com-
position in M. decora.

DISCUSSION
In this study, we used deep sequencing of the V4 region of the 16S rRNA gene and
FISH imaging to characterize the microbiomes from three organs in the North
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FIG 3 False-color FISH micrographs of Macrobdella decora bladder samples. From left to right, columns contain images obtained with DAPI (blue,
eukaryotic DNA), Eub338 (green, Eubacteria), CF319a (white, Bacteroidetes [Bacteroides]), and additional probes (red) and composite images. From top to
bottom, the fourth column contains images obtained with probes Alf968 (Alphaproteobacteria [Azospirillum-like taxa, Elstera-like taxa, Ensifer, Phreatobacter-
like taxa, and Shinella]), Bet42a (Betaproteobacteria [unk_Comamonadaceae taxa and unk_Methylophilaceae taxal), Rhiz1244 (Rhizobiales [Ensifer
Phreatobacter-like taxa, and Shinella]), and Aer66 (Aeromonas). The sixth column contains high-resolution images of the areas marked with white squares in
the composite image. Dashed lines in the DAPI and high-resolution composite images indicate the bladder epithelial layer, with large dashes indicating
external (toward body tissue) and small dashes indicating internal (toward the bladder matrix) epithelial layers. The layer is mostly one cell layer thick. The
bladder matrix begins immediately adjacent to the internal epithelial layer. The M. decora bladder is colonized in a stratified manner with intracellular
Alphaproteobacteria (Azospirillum-like taxa and Elstera-like taxa), epithelium-associated Betaproteobacteria, and Rhizobiales (Ensifer, Phreatobacter-like taxa,
and Shinella) in the matrix. Aeromonas (red arrows) is associated with eukaryotic cells, suggesting that it was carried here by leech hemocytes and is not a
normal member of the bladder microbiota. Bars=10 um.

American medicinal leech, Macrobdella decora, and the European medicinal leech,
Hirudo verbana. Our analysis revealed that the ILF, intestinum, and bladder micro-
biomes are similar at the order level between the two leech species but differ at lower
taxonomic levels. Especially at the ASV level, the bacteria present are specific to the
two host leech species. This result is similar to observations of other animal models in
which researchers have noted host-specific genera showing an evolutionary pattern
that mimics that of the host’s evolution (37-41) and has been suggested previously for
leeches (10).

In both leech species, the gut microbial communities are dominated by Aeromonas
and Bacteroidales species, which is consistent with previous studies performing 454
pyrosequencing of the 16S rRNA gene V6 region (42), 16S rRNA gene V3-V4 deep
sequencing (21), and 16S rRNA gene clone library analysis (17). Aeromonas and
Mucinivorans constitute the core microbiome in H. verbana. In M. decora ILF, we also
found Clostridiales to be very abundant, and one ASV was associated with a
Desulfovibrio-like taxon which was previously identified associated with H. verbana (17,
21, 34). The core microbiome in M. decora consisted of ASVs associated with
Aeromonas, Bacteroides, Proteocatella, and a Butyricicoccus-like taxon. This is consistent
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FIG 4 Bray-Curtis distance calculation shows that Macrobdella decora ILF microbiomes at 2 to 7 DaF
are significantly different from those of unfed animals (0 DaF) and that the community rebounds at
30 to 90 DaF. Warm months are June, July, August, and September. Note the appearance of two
subpopulations of M. decora ILF samples (related to season of collection) that (i) appear to rebound
by ~4 DaF and (ii) appear to require >7 DaF to rebound. PERMANOVA distance and Bonferroni-
corrected Wilcoxon rank-sum calculations for all comparisons are available in Table S7.

with previous findings that Bacteroidetes and Aeromonas are commonly (but not uni-
versally) found in the gut of animals and insects fed on blood (43-48). Siddall et al.
showed that many sanguivorous leeches maintain a gut symbiosis with Aeromonas
and Bacteroidetes species (10), and we therefore hypothesize that the conserved taxo-
nomic orders have been evolutionarily maintained in hirudinid leeches despite host
species diversification and geographic separation. Our study shows that while the
Bacteroidales and Clostridiales genera changed between leech hosts, the genus
Aeromonas is found in both leech species, suggesting that the capabilities for coloniz-
ing hosts and performing the required physiological functions are conserved at differ-
ent taxonomic levels in these bacteria.

Previous genetic studies of Aeromonas veronii provide mechanistic insight into key
physiological functions that symbionts need to possess for successful colonization of the
ILF. A number of colonization factors, such as type Il secretion systems (49), carbon starva-
tion response (50), oxidative stress response inhibition (8), and heme acquisition processes
(51), are critical to enabling leech gut colonization. Interestingly, not all members of this
genus possess these colonization factors (30), and this leads to strain specificity that our
16S rRNA survey cannot address. Such strain specificity has been noted in several other
bacterium-animal symbioses (52-55). New studies comparing genomic differences
between Aeromonas strains isolated from sanguivorous leech species and those from dis-
eased veterinary samples or non-host-associated environmental samples may be used to
further identify genes critical for host colonization and persistence (56). Comparison of
genomes of Bacteroidales and Clostridiales strains isolated from these leech hosts may
identify additional factors critical for symbiosis in a wide range of taxa.

In addition to confirming a simple core microbiome, our study also confirmed the
presence of a rich, low-abundance microbiome in both the H. verbana and M. decora
ILF, as was recently suggested to occur in the gut of wild H. verbana (21). We found
that ASVs from low-abundance microbes in the ILF of both H. verbana and M. decora
were present transiently. Because of the terminal nature of our sample collection meth-
ods, we defined transient ASVs as those present in <70% of samples, but we cannot
determine if these ASVs are present consistently in <70% of animals or rather if they
may occur in all animals but only temporarily. Although three Bacteroides and a number
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FIG 5 Box-and-whisker plot of leech-associated gut microbiotas showing that the prevalence of taxa in
the ILF appears to be greatly affected within ~48 h of a blood meal, while the prevalence of taxa in the
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FIG 6 Heat map of Macrobdella decora ILF ASVs as a function of days after feeding (DaF) and collection site.

of Rikenellaceae ASVs identified in the transient microbiome have not been described
before in H. verbana, other researchers have previously noted that Mucinivorans may not
be the only Bacteroidales taxon associated with hirudinid leeches (17, 23, 36). Sequences
belonging to other taxa noted by previous researchers were found in the H. verbana ILF
samples at median abundances below 1% of the total 16S rRNA gene V4 sequences (17,
24, 42) (Table S4). The list of transient bacteria identified in this study is likely incomplete
due to the limitations of 16S V4 rRNA gene sequencing. In order to reduce the identifica-
tion of false positives, ASVs present in a sample at <0.14% were eliminated. In this process,
bacteria that were only ever present as an especially low fraction of the community may
have been lost. Previous research in a variety of environments has concluded that
although a relatively small number of ASVs may dominate samples, low-abundance popu-
lations may be responsible for driving changes in observed community diversity between
treatment groups (57, 58). While many transient microbes simply pass through the diges-
tive tract, other transient species may have a significant role in metabolic cycles and thus
may be hidden drivers of ecosystem functioning (59).

Transient microbiotas may also allow specific identification of leech source populations.
We compared the microbiomes of H. verbana specimens obtained from two suppliers: one
that sold field-caught animals and one that sold farm-bred animals. A number of ASVs

FIG 5 Legend (Continued)

intestinum maintains relative stability. The prevalences of eight core and common gut taxa from deep-
sequenced microbiomes of Hirudo verbana ILF, Macrobdella decora ILF, and M. decora intestinum were
assessed at 7 time points after a blood meal (0, 1, 2, 4, 7, 30+, and 90+ days after feeding). See Table S1

for number of samples analyzed at each time point. See Table S8 for Wald test P values.
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DAPI Eubacteria Bacteroides Aeromonas composite high-resolution

FIG 7 False-color FISH micrograph of Macrobdella decora ILF. From left to right, columns contain images obtained with the probes DAPI (blue, eukaryotic
DNA), Eub338 (green, Eubacteria), CF319a (white, Bacteroidetes [Bacteroides]), and Aer66 (red, Aeromonas) and composite and high-resolution composite
(enlarged areas are indicated with white squares in the composites) images. From top to bottom, the rows contain images from animals sacrificed 0days
(wild-caught animals), 4 days, and 7 days after a laboratory-administered sterile blood meal (DaF). Blue arrows indicate eukaryotic cells (most likely leech
hemocytes), green arrows indicate notable bacteria not labeled by the two specific probes, white arrows indicate Bacteroidetes microcolonies, and red
arrows indicate Aeromonas. Background fluorescence is from crop contents, especially the blood meal at 4 and 7 DaF. Few bacteria are present in the crop
of wild-caught, unfed animals. Bacteroidetes colony expansion occurs by 4 DaF, while Aeromonas prevalence increases by 7 DaF. Other bacteria are present
at 4 DaF; however, their numbers appear to be overwhelmed by Bacteroidetes and Aeromonas growth at 7 DaF. In animals at 7 DaF, Aeromonas organisms
are occasionally found associated with hemocytes. Bars=10 um.

sequenced from the ILF were identified as specific to the supplier (Table S6). Different
treatments before shipping, including different starvation times (to reduce abundance of
human pathogens) (60), potentially feeding animals antibiotic-contaminated blood (22,
61), and supplementing farmed animals with animals captured in different geographic
regions are factors that could have influenced the microbiome but are not discernible in
our study. The low concentrations and intermittent presence of many previously identified
bacteria highlight the importance of greater sequencing depth and a greater number of
specimens tested in observation of wild populations.

Not only was the core gut microbiome similar at the order level between M. decora
and H. verbana, but also the dynamic response of these symbionts in response to feeding
a blood meal followed a similar trend. Transient bacteria exhibited the most significant
changes in abundance between time points after feeding. In the most extreme cases,
bacteria present at abundances below the limit of detection were observed at only cer-
tain time points after population expansion. FISH imaging revealed that the nonsignifi-
cant changes in relative abundances of core symbionts were due to proliferation over
similar time scales. Other researchers have observed clostridial populations increasing
rapidly in response to feeding, while Bacteroidales numbers increase at a lower rate, and
high levels of Bacteroidales or Rikenellaceae are indicative of long periods between feed-
ings in avian, reptilian, and mammalian hosts (62-64). This consistency with community
dynamics observed in other animal models suggests that leeches may be good models to
predict microbial changes due to intermittent feedings or extended periods of starvation.

Although part of the decrease in alpha diversity in the M. decora ILF microbiome
(Fig. S1) after blood meal consumption is possibly due to properties of the innate im-
munity of the ingested blood meal (65), in a number of vertebrate species it has also
been shown that extreme feeding or fasting events do result in decreased alpha
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diversity (62, 63). It has been suggested that in H. verbana, the Aeromonas symbiont
may release antimicrobial peptides responsible for restricting bacterial colonization in
addition to host-produced antimicrobial peptides (66). Because the ILF core commu-
nity and postfeeding community dynamics are similar in M. decora, it is reasonable to
assume that a similar process may also occur in this host species. Thus, the observation
of wild M. decora provides a new ability to observe community dynamics of taxa that
appear to have been eliminated in farm-housed H. verbana.

In contrast to the observed temporal changes in the ILF microbiome, the micro-
biome in the intestinum of H. verbana and M. decora is much more stable. This might
be largely due to a more consistent flow of nutrients resulting in a more constant envi-
ronment that is less affected by sporadic feeding events than the ILF. It is also possible
that the intestinum serves as a high-abundance reservoir of core symbionts from which
new blood meals may be seeded after ingestion.

We also examined the microbiome within the leech bladders. The 17 pairs of bladders
are adjacent to the lateral ceca of the crop. Microbes in the bladder are thought to
recycle nitrogenous waste (67). The core microbiome in H. verbana is consistent with pre-
vious studies and composed of Nubsella (previously Sphingobacterium), Ochrobactrum,
and an unknown Comamonadaceae taxon (previously Comamonas) (34). However, the
Bdellovibrio-like taxon we detected was not the same ASV that was sequenced by
Kikuchi et al. (34). In M. decora, only Proteocatella met the criteria for being in the core
microbiota. Four taxa sequenced from bladder samples exhibited conservation at the ge-
nus level between leech species. ASVs associated with Bdellovibrio, Comamonadaceae,
Phreatobacter, and Ensifer were present in bladders from both leeches; however, the
ASVs present were unique to the leech host species. In contrast, ASVs associated with
Bacteroidia, Clostridia, Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, and
Gammaproteobacteria were found in bladders from both leech species. The ASVs associ-
ated with Flavobacterium, Proteocatella, an unknown Rhodospirillaceae, an unknown
Comamonadaceae, and a Desulfovibrio-like taxon detected within M. decora are very simi-
lar to those identified from H. verbana bladders in this and other studies (Table S4) (34).
The taxa we detected in the bladders of both H. verbana and M. decora were also similar
to those found in other annelids (32, 33); i.e,, a transient ASV associated with an Elstera-
like taxon (ASV29) was most closely related to a bacterium sequenced from the earth-
worm bladder (32). These data suggest a conservation of leech bladder symbionts at the
genus level despite geographic and evolutionary separation that is greater than for the
digestive-tract microbiome. Further research is needed to determine if the transmission
of leech bladder symbionts is similar to that reported in earthworms, where the transmis-
sion occurs within the cocoon (33).

Our results indicate that there are distinct bladder and intestinal microbiota in hirudinid
leeches. Based on their absence in ILF and intestinum samples, 15 ASVs were identified as
specific to the leech bladder. In addition, the very low abundance of Ochrobactrum and
unknown Comamonadaceae taxon sequences in ILF samples (maximum =0.6%) and the
absence of any ALF968-, Rhiz1244-, or Bet42a-binding cells in FISH images (data not
shown) lead us to hypothesize that these genera are specific to the bladder microbiome.
The presence of these ASVs at a low abundance in an ILF sample would therefore possibly
be due to index hopping during sequencing (68, 69) (analysis of positive controls indicates
that in rare instances, core and common ASVs were detected in abundances of up to 1.8%
of total sequences in a sample) or contamination during dissection of the animal. In M.
decora and H. verbana, bilateral pairs of bladders are present in most body segments and
found in close proximity to the crop or intestinum. The close proximity of these organs
leads to a high chance of puncture during dissection, especially after feeding, when the
bladders and crop are both filled with fluid and stretched tissue structure becomes incredi-
bly friable. This may have occurred in previous studies where bladder-specific symbionts
were found in the ILF and intestinum of 3 wild H. verbana (21) and Pedobacter and
Ochrobactrum were cultured from intestinum samples (17, 70). Such contamination can be
difficult to overcome, especially when one is working with small animals, and this
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highlights the importance of using FISH to confirm the presence of taxa predicted by 16S
rRNA gene surveys.

This work revealed a conservation of gut and bladder symbioses in medicinal leech
species from Europe and North America. While the community structures of H. verbana
and M. decora microbiomes have many similarities, the differences at the lower taxo-
nomic levels can be exploited in the future to gain a better understanding of the
coevolution of hosts and symbionts. From our data we can hypothesize that the gut
microbiome composition is affected by periods of satiated feeding, starvation, or tor-
pidity. In H. verbana, the simple gut community helps to digest the blood meal (8) and
protect the host from invading bacteria (66). It is likely that the microbial communities
in the gut of M. decora perform very similar functions. Future work should focus on iso-
lating dominant members of both symbioses to compare conserved metabolic and col-
onization abilities and to test for host species specialization. Through understanding
molecular and mechanistic studies enabled by simple systems, especially in evolutio-
narily conserved biological processes and metabolic capabilities, one can test predic-
tions that would be challenging to test in more complex communities (71, 72).

MATERIALS AND METHODS

Animals. Macrobdella decora organisms were collected from ponds located in Storrs, CT (41°
49'3.074"N, 72°15'32.704"W), Groton, MA (42°35'26.993"N, 71°32'25.63"W), Caroga, NY (43°11'28.684"N,
74°28'10.026"W), and Mount Snow, VT (42°58'25.3"N, 72°55'47.9"W). Macrobdella decora organisms
were identified through distinctive body coloration and by counting 4 gonopores. The only known con-
founding species that would overlap in this range is Macrobdella sestertia, which has 24 gonopores (73,
74). If sacrificed within 1 week of collection, animals were maintained in native pond water.

Hirudo verbana organisms were purchased from Leeches U.S.A. (Westbury, NY, USA) and BBEZ
(Biebertal, Germany) and maintained as described below.

Leeches were maintained in sterile circular tanks (up to 10 animals/tank) in an environmental cham-
ber with 12-h/12-h day/night cycles at 25/23°C, respectively. Between uses, tanks were scrubbed with
distilled water, autoclaved for 30 min, baked at 80°C overnight, and then allowed to come to room tem-
perature for storage. Tanks contained groups of animals from a single shipment or collection lot. Dilute
Instant Ocean (DIO) water, sterilized twice with 0.2-um filters and consisting of 34 mg/liter Instant Ocean
salts (Aquarium Systems, Inc., Mentor, OH, USA) in Nanopure water, was changed weekly or when the
animals vomited or an animal in the tank died. Tanks contained a minimum of one autoclaved rock.

Tanks were cleaned by completely emptying the old water and performing multiple complete,
small-volume water changes until water remained clear for at least 20 min after the last change. Tanks
were then filled to previous level and returned to environmental chamber.

Feeding. Animals were fed as described previously (16). Sheep blood with heparin as an anticoagu-
lant was purchased from Lampire Biological Laboratories (Pipersville, PA, USA). Animals were fed in
groups of 1 to 3 animals on sterile 50-ml Falcon tubes containing 30 ml sheep blood that had been
warmed to 37°C and covered with Parafilm (American National Can, Greenwich, CT, USA). All animals
were allowed to feed to satiety and then let sit in sterile DIO for ~30 min before handling after feeding.

Study design and dissections. The microbial communities of three organs from two leech species
(H. verbana and M. decora) were analyzed in this study: the intestinum, crop, and bladder (Table S1).

Animals were removed from the tank, and the anterior end was tied with string to inhibit regurgita-
tion before narcotizing in 70% ethanol (16). Each animal was then treated with RNase Away and rinsed
with molecular biology-grade water to remove external microbiota and nucleic acids. An additional
string was tied around the animal to bisect it into anterior and posterior fractions. Sterile technique and
instruments were used for all further dissection.

(i) Bladder. A small primary incision was made immediately lateral to the dorsal lateral dextral stripe
and immediately posterior to the second string. Bladders were identified and carefully bluntly dissected
5o as to minimize contamination with ILF. Bladders were briefly rinsed in sterile phosphate-buffered sa-
line (PBS) and then placed in a sterile bead-beating tube. Each sample consisted of 1 to 3 bladders from
the same leech. In this paper, the term “bladders” includes bladders and the attached nephridia.

(i) ILF. To access the crop contents, a secondary central incision was made with a fresh blade imme-
diately below the second string. Approximately 100 wl ILF was collected as it was released and placed in
a sterile bead-beating tube. In animals with especially low volumes of ILF, a sterile pipette tip was used
to gently scrape the inside of the crop.

(iii) Intestinum. To access the intestinum, a second incision was made immediately lateral to the
anus. The intestinum was carefully dissected from the anus and consisted of =1 cm intestinum with con-
tents. Samples were placed in bead-beating tubes or 1.5-ml microcentrifuge tubes and snap-frozen in
liquid nitrogen before storage at —80°C.

Tissue fixation and embedding. After bladder, ILF, and intestinum sample were collected, a fully
bisecting incision was made immediately posterior to the second string. The anterior portion of the ani-
mal was placed in methacarn (6:3:1 methanol-chloroform-acetic acid) (75). Tissues in methacarn were
stored at 4°C with rocking. Regular fixative changes were made when the fixative was no longer clear.
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TABLE 5 FISH probes used in this study
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Probe Nucleotide sequence (5'-3") Reference Target organism(s)

ALF968 GGTAAGGTTCTGCGCGTT 88 Aminobacter, Elstera, Insolitispirillum-like, Ochrobactrum, Phreatobacter-like, Sphingomonas

BET42a GCCTTCCCACWTCGTTT 89 Achromobacter, Acidovorax, Pelomonas, Ramlibacter, Variovorax

CF319a TGGTCCGTGTCTCAGTAC 90 Bacteroides, Flavobacterium, Pedobacter, Mucinivorans, (some) Phreatobacter-like, (some)
Bdellovibrio

AER66 CTACTTTCCCGCTGCCGC 91 Aeromonas

Rhiz1244 TCGCTGCCCACTGTCACC 92 Aminobacter, Ensifer, Phreatobacter-like, (some) Ochrobactrum

Eub338 GCTGCCTCCCGTAGGAGT 93 (Most) Eubacteria

Tissues were dissected, and a final fixative change was performed with fresh anhydrous methacarn
before incubating for one additional week at 4°C with rocking. The anhydrous methacarn was replaced
with anhydrous methanol, and the tissues were stored at 4°C until embedding. Tissues were cleared
with a decreasing methanol-xylene series and then embedded in Paraplast Plus (Millipore Sigma, St.
Louis, MO, USA).

FISH. Paraffin-embedded tissues were sectioned at 6 to 8 um using a microtome and placed on
poly-L-lysine-coated slides. Sections on slides were cleared with xylene and then rehydrated with an
ethanol-water series. Slides were bleached for 8 to 12 h using 2% hydrogen peroxide and a standard flu-
orescent light bulb (with concomitant cooling over an ice bath). Bleached slides were incubated in dis-
tilled water at 90°C for 5 min, then hybridized at 55°C for 20 min in a hybridization chamber, and washed
in 50 ml wash buffer at 50°C for 20 min on a rotating incubator (76). Hybridization solutions contained
0.54 M NaCl, 12mM Tris-Cl, 30% formamide, and 1.2% sodium dodecyl sulfate with 1 uM Cy3 probe,
1uM Cy5 probe, and 3 uM Eub338. Slides were briefly rinsed with distilled water and allowed to dry
before mounting with SlowFade Gold. Negative no-probe controls were subjected to the same condi-
tions and used to estimate autofluorescence of the samples (data not shown). Probe sequences and tar-
gets are listed in Table 5. Slides were observed using a Nikon ATR confocal microscope (laser wave-
lengths, 405 nm [DAPI {4',6-diamidino-2-phenylindole}], 488 nm [Alexa Fluor 488], 558 nm [Cy3], and
640 nm [Cy5]), and images were processed using ImageJ 1.51s (77).

Bead-beating DNA extraction. A modified version of a protocol published by Yu and Morrison was
used (78). Cell lysis buffer (300 ul) was added to sample in a bead tube containing 0.1-mm and 0.5-mm
zirconia/silica beads (BioSpec Products, OK, USA) beads. Samples were beaten for 90 s at ~3,500 oscilla-
tions per min and briefly centrifuged before supernatant was transferred to clean 1.5-ml microcentrifuge
tubes. An additional 150 ul lysis buffer was added to the bead tubes, and the sample was beaten again
for 90s. The supernatant previously removed was returned to bead tube and incubated for 15 min at
56°C with 5s vortexing every 4 min. The sample was briefly centrifuged before addition of 100 ul 10 M
ammonium acetate at 4°C and vortexed for 15 s before being incubated for 10 min on ice. The sample
was centrifuged for 10 min at 16,000 x g. The supernatant was transferred to a clean 1.5-ml microcentri-
fuge tube to which 350 ul ethanol at 4°C was added before vortexing for 10's and transferring the superna-
tant to a QlAamp Mini spin column (Qiagen, Germantown, MD, USA). The sample was processed as recom-
mended in the QIAamp DNA Mini handbook and eluted with T0mM Tris-Cl, pH 85. The eluted DNA
concentration was measured using a Qubit double-stranded DNA (dsDNA) high-sensitivity (HS) assay kit
(Thermo Fisher Scientific, Carlsbad, CA, USA). Eluted DNA samples were stored at —20°C until sequencing.

MasterPure DNA extraction. MasterPure complete DNA extraction without column purification into
50 wl Tris-EDTA (TE) was performed according to the manufacturer’s protocol (Epicentre, Madison, WI, USA).
No significant difference was found between the two extraction methods (PERMANOVA; P = 0.359) (Fig. S4).

Sequencing and initial ASV taxonomy assignment. Extracted DNA samples were analyzed by
amplifying the V4 hypervariable region of the 16S rRNA gene using primers designed in a previous study
(79). PCRs were prepared as described in reference 80 and sequenced using an lllumina MiSeq instru-
ment (lllumina, San Diego, CA, USA) with custom sequencing primers added to the reagent cartridge
(79) and sequenced at 2 x 250 bp.

Resulting community sequences were processed using R as outlined below. Complete coding is
available in supplemental material and via GitHub: https://github.com/joerggraflab/McClureE_Md2019/.

Initial ASV assignments were processed using the standard DADA2 pipeline (81). Sequences were fil-
tered using the recommended standard filtering parameters: 0 Ns, truncated quality score less than 2,
and maximum expected error rate of 2. Forward and reverse sequences were then merged, chimeras
were removed, and amplicon size was limited to 240 to 263 bp to reach a data set containing 2,191
unique ASVs. ASVs were assigned taxonomy by comparing to the SILVA SSU 132 data set (82). Any ASVs
that were not identified to the genus level and were considered significant in later analysis were com-
pared to the RDP data set for taxonomic assignment to the lowest possible taxonomic level (83).

(i) Negative controls. Two types of negative controls were prepared and sequenced. (i) Reagent
controls were prepared by performing the DNA extraction procedure using the same reagents without
any sample. The resulting DNA yields for these reagent controls after extraction were always below the
limit of detection for the Qubit dsDNA HS assay. (ii) Negative-PCR controls were prepared by performing
V4-specific PCR amplification using molecular biology-grade water. The resulting reactions produced no
bands when analyzed with the QlAxcel DNA fast analysis cartridge (Qiagen, Germantown, MD, USA).

After sequencing, each negative control contained fewer than 2,050 reads. Furthermore, contaminat-
ing ASVs were identified through the use of the decontam package (84). After removal of contaminants
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identified by decontam, the data set consisted of 2,288 ASVs. Samples contained 4,992 to 308,479 reads,
with a median of 49,250. A rarefaction curve was calculated for all samples and revealed that a rarefac-
tion level of 2,000 reads was sufficient to describe the composition of the microbiome. Rarefaction to
4,990 reads/sample without replacement resulted in the removal of 1,339 ASVs from the data set. Any
ASV not present in at least two samples after rarefaction was also removed from the data set. The final
trimmed and rarefied data set consisted of 209 samples, 182 ASVs, and 4,990 reads per sample. The
trimmed data set was then transferred to phyloseq (85) for further analysis.

(i) Positive controls. Two types of positive control were prepared and sequenced. (i) A dilution se-
ries of a ZymoBIOMICS microbial community DNA standard (Zymo Research, Irvine, CA, USA) was ampli-
fied. (ii) Some samples were amplified multiple times with different PCR primers and on different runs to
confirm the reproducibility of the data (data not shown). For samples amplified and sequenced multiple
times, the sample with the most reads was used for analysis.

The maximum abundance of any spurious ASV in a positive-control sample was 1.8%, with only
three ASVs at >1% abundance (Table S4). The majority of spurious ASVs occurring in both positive and
negative controls were those identified as core or common in at least one sample group. Together, the
control sample results suggest that ASVs with measured abundances of =1.8% in a sample must be
viewed with some skepticism until confirmed in future research.

Core and common ASV determination. The median read count of a single ASV in any negative con-
trol (medNeg) was calculated to be 7. This number was then used to calculate a conservative estimate
for the minimum fraction of a sample that an ASV must constitute to be considered present in that sam-
ple. It was assumed that any true ASV would contain a read count greater than or equal to the medNeg,
so an ASV must contain at least 7/4,990 (0.1%) of the total community in order to be considered present.
The core community was defined as only those ASVs present in at least 90% of samples in a group. The
common community was defined as only those ASVs present in 70 to 90% of samples in a group.

Comparison to previous sequences. 16S sequences from previously published research were
downloaded from the NCBI SRA database. Published sequences were trimmed to the appropriate primer
region and aligned with sequences from this study using CLC Genomics Workbench (Qiagen, Aarhus,
Denmark). Sequences from regions outside the V4 hypervariable region of the 16S rRNA gene could not
be directly compared to the sequences in this study and so were compared only qualitatively at the
identified genus level. Aligned sequences were identified as identical to those produced by this study or
were labeled as unique ASVs.

Effect of extraction method. Sample collection and processing were conducted over a period of
6 years. Over this time, two DNA extraction methods were used, as described above. A PERMANOVA
using the Bray-Curtis metric was performed through the adonis function of the vegan package (86) to
determine if the two extraction methods affected results. No significant difference was found between
the two extraction methods (PERMANOVA: pseudo-F = 0.695; R? = 0.06; P = 0.586, Bray-Curtis) (Fig. S4).

Beta diversity calculations. PERMANOVA using the Bray-Curtis, Jaccard, Chao1, or binary Ochiai
metrics were performed using the adonis function of the vegan package (86). Nonmetric multidimen-
sional scaling (NMDS) plots were prepared using the distance, ordinate, and plot_ordination function of
the phyloseq package (85). Distances were calculated with the Bray-Curtis, Jaccard, Chao1, or binary
Ochiai metrics, as indicated (87).

Alpha diversity calculations. Alpha diversity was calculated using the Shannon, inverse Simpson,
Chao-1, and abundance-based coverage estimator (ACE) metrics in the plot_richness function of the
phyloseq package (85). Alpha diversity was calculated for ILF and intestinum samples separately.

Data availability. The sequence data were deposited in the NCBI SRA under project ID
PRINA544194. Individual ASV sequences are available in Table S4 as well as in the NCBI SRA under the
accession numbers listed in Table S4.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
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