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ABSTRACT

Leeches are found in terrestrial, aquatic, and marine habitats on all continents. Sanguivorous
leeches have been used in medicine for millennia. Modern scientific uses include studies of
neurons, anticoagulants, and gut microbial symbioses. Hirudo verbana, the European medicinal
leech, maintains a gut community dominated 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 U.S.A. In this
study we show that M. decora symbiont communities are very similar to those in H. verbana.
This similarity allowed for an extensive study in which wild caught animals were sampled to
determine effects of geographic separation, time of collection, and feeding on the microbiome.
Through 16S V4 rRNA deep sequencing we show that: i) the M. decora gut and bladder
microbial communities are distinct, ii) the M. decora gut community is affected by feeding and
long periods of starvation, and iii) geographic separation does not appear to affect the overall gut
microbial community structure. We propose that M. decora is a replacement for H. verbana for
studies of wild-caught animals and offer evidence for the conservation of annelid symbionts.
Successful culturing and comparison of dominant symbionts from M. decora and H. verbana

will provide the ability to assess host-symbiont co-evolution in future work.

IMPORTANCE
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Building evidence implicates the gut microbiome in regulating animal digestion, nutritional
acquisition, immune regulation, development, and even mood regulation. Because of the
difficulty of assigning causative relationships in complex gut microbiomes a simplified model
for testing hypotheses is necessary. Previous research in Hirudo verbana has suggested this
animal as a highly simplified and tractable animal model of gut symbioses. Our data show that
Macrobdella decora may work just as well as H. verbana without the drawback of being an
endangered organism and with the added convenience of easy access to field-caught specimens.
The similarity of the microbial community structure of species from two different continents
reveals the highly-conserved nature of the microbial symbionts in sanguivorous leeches and
confirms the medicinal leech as a highly simplified, natural animal model in which to study gut

symbioses.

INTRODUCTION

Leeches are a diverse animal group capable of surviving in freshwater, marine, and terrestrial
environments. They are found on all continents and oceans on planet Earth (1, 2). Records of
humans applying leeches medicinally survive from populations as far back as ancient Egypt (3,
4), resulting in the name medicinal leech, Hirudo medicinalis Linnaeus, 1758. As our
understanding of hirundinid taxonomy improved, Hirudo medicinalis was subdivided into
additional species including H.verbana Carena 1820 and H .orientalis Utevsky & Trontelj, 2005
(5, 6). Since 2004 in the United States, only H. medicinalis and H. verbana are approved for use
as a medical device and must be shipped from suppliers in Europe (5). Although it shares the

same common name, the North American medicinal leech, Macrobdella decora, was rarely used
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for blood letting. No mechanical or pharmaceutical product has yet been able to replicate the
reduction of venous congestion achieved by the medical application of Hirudo leeches (briefly
reviewed in (7)). 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 exploited to reduce
venous congestion and improve blood circulation in affected patients. To make the most out of
unpredictable encounters with prey, hirudinid leeches consume up to five times their body
weight in one feeding and can go up to 6-12 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 and orthologues (8-11). The gastrointestinal system of
H. verbana is highly simplified and consists of a pharynx, crop, and intestinum (1, 7). Once
consumed, excess ions and water are rapidly removed from the blood meal to form a highly
viscous intraluminal fluid (ILF) in the crop (7, 12). ILF remains in the crop over long periods of

time before it slowly passes into the intestinum where it is digested (7).

The gut microbiome of medicinal leeches is especially simple when compared to common
mammalian gastrointestinal models. Previous research described an ILF microbiota in H.
verbana dominated by Aeromonas veronii and Mucinivorans hirudinis (9, 13-17). Subsequent
studies revealed the presence of additional Aeromonas spp in H. verbana and other hirudinid
leeches (18-20). Clostridial species have also been detected in culture-independent studies of the
ILF of H. verbana (14, 21) and H. orientalis (20). Several functions for the dominant crop

microbiota have been proposed including providing essential nutrients to the host (9, 22, 23),
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93  preventing other bacteria from colonizing, inhibiting putrefaction of the ILF (24), aiding the

94  host’s immune responses (25, 26), or initiating the digestion of erythrocytes (27).

95

96  In most animals, the diversity of the microbiome increases along the length of the digestive tract

97  and similar findings have been reported for Hirudo spp. The intestinum contains Alpha-,

98  Gamma-, and Delta-proteobacteria, Fusobacteria, Firmicutes, and Bacteroidetes as well as

99  Aeromonas and Mucinivorans (14). A number of closely related hirudiniform leech species have
100 also tested positive for Aeromonas and Bacteroidetes from the digestive tract (8, 19, 20). The
101  composition of the microbial community among the different Hirudo species studied is similar in
102 both crop and intestinum (14, 17, 19, 20).
103
104  Unlike humans but similar to other annelids (28, 29) the bladder of H. verbana is colonized by a
105  number of microbial species (30). Sequence analysis and fluorescence in sifu hybridization
106  micrographs of the H. verbana bladder show a stratified community consisting of Ochrobactrum,
107  Bdellovibrio, Niabella, and Sphingobacterium (30). The difference in bladder microbiome when
108  compared to the ILF or intestinum indicates that H. verbana microbiomes are body site specific
109  and suggests a selection process that regulates the composition of these communities.
110
111 Much less is known about the gut microbiome of M. decora. Prior studies attempting to
112 characterize the M. decora gut microbiome relied on aerobic culturing methods or sequencing
113 total ILF DNA with primers specific for Aeromonas or Bacteroidetes symbionts. These studies
114  revealed that the Aeromonas species associated with M. decora was A. jandaei (31) and the

115  Bacteroidetes species was most similar to uncultured and unidentified species in a clade with
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116  Rikenella, Mucinivorans, and Alistipes (8). In this study, we strived for a more complete

117  understanding of the M. decora gut microbiome through culture-independent 16S rRNA V4 deep
118  sequencing with confirmation by fluorescence in situ hybridization (FISH). This procedure was
119  also performed on H. verbana to compare microbial communities between the two host species
120  using identical techniques.

121

122 In this work we describe the microbiota of the ILF, bladder, and intestinum in wild and

123 laboratory-maintained specimens of the North American medicinal leech, Macrobdella decora.
124 Comparison of core and common microbial operational taxonomic units (OTUs) from M. decora
125  to those of the well-described H. verbana provides insights about the level of conservation of the
126  microbiomes between distantly-related and geographically-isolated sanguivorous leeches.

127

128  RESULTS

129 Leech Organs Contain Distinct Microbial Communities

130  The microbial communities of three organs from two leech species (Hirudo verbana and

131 Macrobdella decora) were analyzed in this study: the intestinum, crop, and bladder (Table S1).
132 Due to their small size, for the intestinum and bladder the entire organ was homogenized, while
133 for the crop only the ILF was collected. Total DNA was extracted from the samples and the V4
134 region of the 16S rRNA gene was amplified, sequenced using an Illumina MiSeq, and analyzed
135  to determine the community composition using Qiime 1.9 .1 (32) and R 3.6.0. Of all parameters
136  tested, the leech host species had the greatest effect on microbiome composition

137 (PERMANOVA: F=316.77, R*=0.53, p=0.001) (Figure 1A). This difference diminished when

138  performing the same analysis at a higher taxonomic level. For example, when the
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139 PERMANOVA was performed at the order level (88% sequence identity) the variation

140  accounted for by host species still had the greatest effect on microbiome composition, but that
141  effect decreased to only 25% (PERMANOVA: F=95.79, R*=0.25, p=0.001) (Figure 1B). This
142 suggests that although the specific genera within the microbial community have changed

143 between leech hosts, the general physiological functions performed by the microbiome have

144  likely been conserved. An additional 47% of the variation between samples was not accounted
145  for by host leech species alone and other factors are important in determining the community
146  composition.

147

148  In H. verbana samples, the sampled organ had the greatest effect on microbiome composition
149  (PERMANOVA: F=57.56, R'=0.29, p=0.001) with feeding in the laboratory accounting for 18%
150  of variation (PERMANOVA: F=3.90, R=0.18, p=0.001), the supplier of H. verbana animals

151 accounting for 5% of variation (PERMANOVA: F=19.71, R==0.05, p=0.001), and the shipment
152 date of H. verbana accounting for 7% of variation (PERMANOVA: F=6.63, R*=0.07, p=0.001).
153 This confirms previous results that the bladder and digestive tract have very different

154 microbiomes (14, 30) the microbial composition changes as a result of feeding (15). In addition,
155  these data suggests that leech suppliers and date of shipment affect the observed ILF microbiome
156  of H.verbana.

157

158  For this study, we obtained the H. verbana from two suppliers: one located in Germany that sold
159  field-caught animals and one in France that sold farm-bred animals. Treatments before shipping,
160  including prolonged starvation time to reduce abundance of human pathogens and potentially

161  feeding animals antibiotic-contaminated blood (33), are additional sources of influence on
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162 microbiome variation accounted for but not uniquely discernable within the confounding

163 influences clustered under the ‘supplier’ variable (18). Laboratory feeding in conjunction with
164  sampled organ or animal source accounted for an additional 7% of variation (PERMANOVA:
165 F=3.82,R=0.03, p=0.001 and PERMANOVA: F=3.94, R*=0.04, p=0.001 respectively). This left
166  ~35% of variation unaccounted for by these four variables.

167

168  In M. decora, the sampled organ had the greatest effect on microbiome composition

169 (PERMANOVA: F=26.47, R=0.19, p=0.001) with the month of animal collection accounting for
170 17% of variation (PERMANOVA: F=9.23, R=0.17, p=0.001), feeding in the laboratory

171 accounting for 6% of variation (PERMANOVA: F=2.85, R*=0.06, p=0.001), and animal source
172 accounting for only 5% of variation (PERMANOVA: F=4.37, R'=0.05, p=0.001). This mirrors
173 the results from H. verbana in that the bladder and digestive tract have very different

174  microbiomes, a change in microbial composition occurs as a result of feeding, and animal

175  collection site and time also affect the observed ILF microbiome of M. decora.

176

177  Some variables additionally exhibited statistical significance when evaluated as a group.

178  Sampled organ in conjunction with the month that the animals were collected accounted for an
179  additional 15% of variation (PERMANOVA: F=5.16, R=0.15, p=0.001). The animal collection
180  month in conjunction with feeding accounted for a final 4% of variation (PERMANOVA:

181 F=4.10, R*=0.04, p=0.001). This left ~34% of variation unaccounted for by these four variables.
182  Although the microbial differences between organs and after feeding were expected from

183  previous studies of the Hirudo microbiome (14, 15, 19, 20, 30), it was surprising to discover the

184  large role that collection month played in affecting the M. decora microbiome.
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185

186  Deep Sequencing of H. verbana ILF Microbiome Reveals Rare Community Members

187  16S rRNA V4 deep sequencing of the H. verbana ILF identified the same two dominant taxa as
188  reported previously from 454 pyrosequncing of the 16S rRNA V6 region (21), 16S rRNA V3-V4
189  deep sequencing (17), and 16S rRNA clone library analysis (14) (Table 1). The ILF microbiota
190  of H. verbana has been described as being dominated by Mucinivorans and Aeromonas with

191  occasional Clostridial spp (14, 21). In the 36 animals tested, Mucinivorans and Aeromonas

192 together accounted for 30.6 — 99.8% (median = 81.8%) of the sequences from the ILF (Table 1)
193 with Proteiniclasticum making up an additional 0 — 63.4% (median when present = 10.8%,

194  present in 69% of animals) and Fusobacterium making up an additional 0 — 28.3% (median when
195  present = 11.5%, present in 47% of animals) (Table S2). The Proteiniclasticum OTU was

196  previously reported in the ILF 16S rRNA gene clone libraries of Hirudo orientalis, a closely

197  related leech species (20). The Fusobacterium OTU was previously reported in 16S clone

198  libraries from the intestinum of H. verbana (14). The increase in Clostridial sequences observed
199  in this study compared to previous studies is likely due to the improved DNA extraction

200  techniques, which included a bead-beating step specifically optimized to increase clostridial cell
201  lysis and therefore detection (34).

202

203  In addition to the four most abundant taxa, common sequences (found in at least 70% of

204  samples) in the H. verbana ILF included three Bacteroidetes, two Bacteroides (0 — 13%, median
205  when present = 1.6%) and one Millionella-like OTU (0 — 2%, median when present = 0.4%); two
206  Proteocatella (0 — 14.9%, median when present = 2.2%); and one Desulfovibrio (0 — 8.7%,

207  median when present = 0.6%) (Table 1 and S2). Finding these additional OTUs in such a high
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percentage of animals is likely due to the much greater sequencing depth of Illumina technology
as compared to those previously used. The additional Bacteroides and Millionella-like OTUs
have not been described before in H. verbana. However, other researchers have previously noted
that, although dominant, Mucinivorans may not be the only Bacteroidales associated with Hirudo

leeches (14, 19, 35).

Sequences belonging to other taxa noted by previous researchers were also found in the 36 H.
verbana at average concentrations below 1.5% of the total sequences from the ILF community:
Firmicutes: Erysipelothrix (max = 5.1%, 17% of animals), Vagococcus (max = 1.2%, 17% of
animals), and Enterococcus (max = 0.7%, 17% of animals); Alphaproteobacteria: Ochrobactrum
(max = 0.4%, 6% of animals); Deltaproteobactera: Desulfovibrio-like (max = 5.9%, 39% of
animals) and Desulfovibrio (0.1%, 3% of animals); Gammaproteobacteria: Proteus (max =
16.1%, 44% of animals) and Morganella (max = 5.2%, 53% of animals); Bacteroidetes:

Pedobacter (max = 0.6%, 8% of animals) (14, 20, 21) (Table S2).

The low concentrations and intermittent presence of many of these previously identified bacteria
highlights the importance of greater sequencing depth and a greater number of specimens tested.
Our analysis of the microbial community in the ILF of H. verbana confirms that Aeromonas and
Mucinivorans comprise the core microbiome with Clostridial species also dominant when
present. Our analysis also reveals a more diverse rare H. verbana ILF microbiome than

previously described as well as community members that are present in >70% of the animals.

M. decora ILF Microbiome is Similar to H. verbana ILF Microbiome
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One unique feature of the analysis of H. verbana is that these animals were obtained from leech
farms that breed captive animals or maintain field-caught animals for months in captivity before
shipping. Analyzing the microbiome of field-caught M. decora, would allow us to assess if the
diversity of the microbiome could be greater in animals captured in the wild. The composition of
the ILF microbiota from the 52 sampled M. decora was very similar to that of H. verbana in that
it is dominated by Bacteroides, Aeromonas, and four Clostridiales spp (Table 1 and S2).
Aeromonas and Bacteroides sequences made up 16 — 73.5% (median = 51%) of the M. decora
ILF microbiota while the Clostridiales spp accounted for another 22 — 98%. A Bacteroides-like
OTU was present in H. verbana ILF at 0 — 2.1% of sequences (63% of animals) and sequences
from only one of these Clostridiales species (Alkaliphilus-like) had been reported before from the
H. verbana intestinum (14) (Table 1 and S2). To our knowledge, the remaining three
Clostridiales species (Papillibacter-like, Clostridium, and Butyricicoccus) have never been

identified from any site in Hirudo species.

Sequences from common OTUs (found in at least 70% of samples) in the M. decora ILF
included one additional Bacteroidaceae and three Clostridiales (Table S2). These four OTUs
made up an additional 0.6 — 12.8% of the ILF microbial community (median = 4.6%). The
presence of more Clostridiales spp in the ILF microbiota is the primary cause for the observed
increased alpha diversity in M. decora over H. verbana (Figure 2A). An increase in alpha
diversity between H. verbana and M. decora ILF microbiota may have been a result of a ‘zoo
effect’ in comparing farmed (H.verbana) to newly captured (M. decora) animals, an effect that
has been well documented in mammals (36). This hypothesis will be addressed below when

comparing the effect of feeding on the microbiota.
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254

255  Microbiome of the Intestinum is Similar to that of the ILLF

256  The intestinum microbiota from nine H. verbana samples was dominated by sequences from four
257  OTUs: Insolitispirillum-like (0.2 — 34.6%, median = 25.4%), Aeromonas (2.3 — 24.7%, median =
258  16.6%), Mucinivorans (2 — 51.3%, median = 9.3%), and Desulfovibrio (1.7 — 15.3%, median =
259  4.1%) (Table 1 and S2). Aeromonas and Mucinivorans were also dominant members of the ILF
260  community. Sequences from the Insolitispirillum-like and Desulfovibrio OTUs have been

261  previously identified in the intestinum of H. verbana and H. orientalis (19, 20). The difference in
262  microbial community between the H. verbana ILF and intestinum was marked by changes in the
263  relative abundance of sequences from both dominant and common OTUs: Insolitispirillum-like
264 (169 log. fold change, p < 0.001), Rikenella-like (14.5 log, fold change, p <0.001),

265  Aquaspirillum-like (13.8 log. fold change, p < 0.001), Mucinivorans (-2.6 log, fold change, p <
266  0.001) and Proteocatella (-11 log, fold change, p < 0.001). The change in microbial composition
267  between the ILF and intestinum may be directly related to the differences in organ functions

268  between the two (erythrocyte storage vs meal digestion respectively (1)). The almost doubling of
269  OTUs that were present in the intestinum versus those found in the ILF is consistent with

270  previous reports (14, 19) of an increase in alpha diversity between the two organs in Hirudo spp
271  (Figure 2B) and confirms that microbial colonization of the ILF is closely regulated.

272

273  In contrast, in M. decora, the alpha diversity between ILF and intestinum samples did not change
274  significantly (Figure 2). The dominant OTUs of both ILF and intestinum from M. decora were
275  Aeromonas, Bacteroides, Butyricicoccus, and Alkaliphilus-like (Table 1 and S2). In the

276  intestinum (45 animals sampled), these OTUs accounted for 52.9 — 96.7% of the total sequences
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while in the ILF, these OTUs accounted for 73.2 — 98.8% of the sequences (Table 1 and S2).
Sequences from common OTUs (found in at least 70% of samples) in the M. decora intestinum
included additional Bacteroides, Proteocatella-like, Desulfovibrio, and two Alkaliphilus-like
OTUs. An explanation for the observation that the microbiome of M. decora ILF is not as
reduced as that observed in H. verbana may a result of maintaining or raising the animals in a

farm.

The dominant Alkaliphilus-like OTU from M. decora was previously found in the H. verbana
intestinum (14) but was detected only in three intestinum and three bladder samples from H.
verbana processed in this study. All of the other OTUs common in the M. decora intestinum
were not found in H. verbana samples. In the intestinum, like in the ILF, OTUs defined to the
genus level are not the same but when identified to the order level community composition is

conserved.

H. verbana Bladder Community Contains Three Core OTUs

16S rRNA V4 deep sequencing of bladders from ten H. verbana animals revealed a more
complex community than had been previously reported through RFLP and 16S rRNA gene
sequencing (30). Kikuchi et al reported the H. verbana bladder contains a stratified community
including Alphaproteobacteria (Ochrobactrum), Betaproteobacteria (Comamonas-like &
Sterolibacterium-like), Deltaproteobacteria (Bdellovibrio), and Bacteroidetes (Niabella &
Sphingobacterium) with Ochrobactrum, Comamonas-like, Bdellovibrio, Niabella, and
Sphingobacterium found in > 90% of animals tested (30). The deep sequencing carried out in the

current study on bladders from ten animals expanded these results by identifying
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Alphaproteobacteria (Ochrobactrum, Aminobacter, Ensifer, Insolitispirillum-like,
Phreatobacter-like), Betaproteobacteria (Ramlibacter, Pelomonas, Variovorax, Acidovorax,
Ralstonia), Deltaproteobacteria (Bdellovibrio-like and Desulfovibrio), Bacteroidetes (Niabella,
Pedobacter, and Flavobacterium), and Spirochaetes (Spirochaeta-like) in H. verbana bladders
although only Ochrobactrum, Ramlibacter (previously Comamonas-like), Bdellovibrio-like, and
Pedobacter were recovered frequently enough (in = 90% of samples) to be considered part of the

core (Table 2).

The increase in OTUs identified in the H. verbana bladder was likely due to sequencing three
times as many animals as in the previous study as well as sequencing to a much greater depth.
The expanded community contains sequences from an additional four Alphaproteobacteria, three
Betaproteobacteria, one Deltaproteobacteria, and one Spirochaete. Comparing the 16S rRNA V4
sequences to the 16S rRNA sequences produced by Kikuchi et al, indicates that the
Ochrobactrum, Ramlibacter, Niabella, and Pedobacter (previously Sphingobacterium) OTUs are
the same between the two studies (Table S2). However, the previously-identified
Sterolibacterium-like and Bdellovibrio OTUs did not have any similar sequences in the new
dataset. The increased number of identified OTUs in conjunction with the small number of
OTUs identified as core suggests that there is large variation in the minor members of the
bladder communities between individual animals. Further research would be required to

determine if this large variation is also apparent between bladders of an individual animal.

M. decora Bladder Community
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The 16S rRNA V4 sequencing of M. decora bladder from 20 animals identified sequences
belonging to Alphaproteobacteria (Ochrobactrum, Ensifer, Rhizobium, Rhizobium-like,
Azospirillum, Phreatobacter-like, Sphingomonas, Rhodopseudomonas), Betaproteobacteria
(Ramlibacter, Methylopumilus-like, Bacteriovorax-like, Pandoraea, and a Rhodocyclaeae sp),
and Deltaproteobacteria (Bdellovibrio, Cystobacter-like, Desulfovibrio, and Bacteriovorax-like).
Of these identified taxa, only Ramlibacter, Methylopumilus, Phreatobacter-like, and
Azospirillum were considered core (Table 2). The Ramlibacter, Ochrobactrum, and
Sphingobacterium OTUs sequenced from M. decora are the same as those identified from H.
verbana bladders (30) (Table S2) and suggest a conservation of bladder symbionts at the genus

level (97% sequence similarity) despite geographic and evolutionary separation.

Surprisingly, Aeromonas, Bacteroides, and Clostridial species were also detected in the bladder
sequences from M. decora and Aeromonas, Mucinivorans, and Clostridial species were identified
in the bladder sequences from H. verbana. Two possibilities seem likely to be responsible for
this observation: (i) ILF symbionts are also found in the bladder and nephridia or (ii)
contamination from the ILF occurred during dissection, PCR, or sequencing (37). The
contamination seemed especially likely in animals that had been recently fed as the filled crop is
easily punctured during dissection. In addition, previous data from H. verbana bladder
communities suggested that it was unlikely that these two dominant ILF taxa were present in the

bladder (30).

In an effort to confirm the 16S V4 rRNA deep sequencing results, FISH was used to detect

specific taxa in the bladder. Unexpectedly, low levels of Aer66-binding cells were detected in
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345  cells lining the M. decora bladder/nephridia of animals 4 and 7 days after feeding (Figure 3).

346  While this observation confirms the deep sequencing results, it raises questions to the origin of
347  these Aeromonas cells. A SILV A probeCheck (38) of the Aer66 probe confirms that it should be
348  specific for Aeromonadaceae, interestingly, there is only a single base pair mismatch to the

349 Ochrobactrum sequence. Thus, it remains unclear if this probe is binding to the highly abundant
350  Ochrobactrum or Aeromonas. Because the Bacteroidetes probe used in this study also targets
351  Pedobacter and Flavobacterium and may cross-react with Phreatobacter-like, we cannot

352  conclusively determine whether the Bacteroidetes symbiont exists within the M. decora bladder.
353

354  Physically Stratified Bacterial Community in M. decora Bladders

355  FISH imaging of M. decora bladders suggests that most Alphaproteobacteria (Ochrobactrum and
356  Phreatobacter-like) occur intracellularly in the epithelial cells lining the interior of the bladder,
357  while Rhizobiaceae (Aminobacter and Ensifer) occur in the matrix of the bladder contents.

358  Betaproteobacteria (Methylopumilus-like and Ramlibacter) occur in close association with the M.
359  decora bladder epithelial cells (Figure 3). This layered community is consistent with

360 localizations reported previously in H. verbana bladders (30). Together, this data confirms that
361  the M. decora bladder community composition and distribution are similar to those of H.

362  verbana despite differences in specific OTUs and suggests an evolutionary conservation between
363  these hosts and their symbionts.

364

365 Seasonal Changes Affect the Wild ILF Microbiome

366  The M. decora animals used in this study allowed us to evaluate how a wild leech’s microbiome

367  changes during the year. Animals collected during warm months (June-September) had similar
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368 ILF and intestinum microbiomes. However, animals collected in October (the beginning of cold
369  months) contained significantly different ILF microbiomes from those collected in April (end of
370  cold months) or during warm months (p = 0.003) (Figure 4A). Those collected in April showed
371  the least variation between individuals.

372

373  Among intestinum samples, those from animals collected in April were significantly different
374  from those collected in October or during warm months (p = 0.003 and p = 0.009 respectively)
375  (Figure 4B). However, the difference in intestinum microbiome between animals collected in
376 ~ warm months were not significantly different from those collected in October (p = 0.123). The
377  seasonal difference in the microbiome composition was detected over multiple years with

378  animals collected during warm months being more similar to those collected in warm months of
379  other years than to those from animals collected in April or October of the same year.

380

381  Feeding Affects the ILF Bacterial Community

382  Sanguivorous leeches are opportunistic ectoparasites that consume several times of their body
383  weight in a single feeding and rest for months between feeding events (7). Following a feeding
384  event, the abundance of Mucinivorans and Aeromonas in the H. verbana ILF increases (13, 15)).
385  Monitoring of bacterial communities after a laboratory-administered, sterile sheep blood meal in
386 M. decora revealed a significant decrease in alpha diversity in ILF by 2 days after feeding (DaF)
387  that rebounded by 30-90 DaF (Figure 6). At 2 and 4 DaF the communities in the ILF were

388  significantly different from those at any other time after feeding (p = 0.009 and p = 0.003

389  respectively). A similar change in community was observed in H. verbana where Mucinivorans

390  and Aeromonas populations increased after feeding (15). Interestingly, M. decora seemed to be
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391  divided into two groups, those that recovered quickly (by 4 — 7 DaF) and those that recovered
392  more slowly (> 7 DaF). These groups can be seen in the dichotomy in the violin plot of Bray-
393 Curtis distances presented in Figure 6B.

394

395 By 30 DaF, the alpha diversity and common members of the ILF communities of both H.

396  verbana and M. decora returned to levels indistinguishable from those in unfed animals (Figure
397 5 and 6). This would suggest that a single blood meal and maintenance in the artificial lab

398  environment was not sufficient to significantly change the composition of the gut community.
399  However, it should be noted that animals maintained for longer than 90 days before sampling did
400  appear to have a reduced variation between individuals (data not shown). This would suggest
401  that a zoo effect is minimal, although a slight decrease in biodiversity from reduction in the rare
402  microbiome members should be anticipated, as has been described in mammals (39). The

403  abundance of sequences from dominant members of the gut microbial community overall

404  appeared to return to levels comparable to those of unfed animals within 30 DaF (Figure 5).
405

406  The dominant Bacteroides and Aeromonas symbionts identified by deep sequencing were

407  additionally observed through FISH imaging. Immediately after capture, the microbial

408  population in the M. decora crop was below the limit of detection for FISH, although rare

409  Aeromonas cells were occasionally found (Figure 7). After feeding a blood meal the microbial
410  population increased at 4 and 7 DaF (Figure 7) with Bacteroidetes forming large microcolonies
411 by 4 DaF and Aeromonas pelagically spread throughout the crop by 7 DaF. A similar pattern
412 was previously observed and quantified in H. verbana (15). Interestingly, some Aeromonas at 7

413  DaF were found associated with eukaryotic cells within the crop. These cells are likely
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414  circulating immune cells from the leech host. Phagocytosis of Aeromonas by leech hemocytes
415  was previously observed in H. verbana when the Aeromonas strain lacked a functioning T3SS
416  but not for the wild type (40).

417

418  Feeding Does not Affect the Intestinum Bacterial Community

419  Unlike the bacterial community present in the ILF, the intestinum bacterial community appears
420  to be much more stable. No significant change between any of the days after feeding were
421  observed (p = 0.15). This suggests that growth of any single member of the community is

422 matched by other members. More likely, the intestinum may be a more constant environment
423  with a regular inflow and outflow that is not as much affected by sporadic feeding events. It is
424  also possible that the intestinum serves as a reservoir from which new blood meals may be
425  seeded with symbionts after ingestion.

426

427  Geographic Location

428  Because M. decora were collected from multiple ponds in nature, we were able to compare the
429  microbial communities of animals from the same species but distant geographic locations. There
430  was no significant difference between microbial communities in the ILF of M. decora from CT,
431 MA,NY,and VT (p = 0.222) (Figure sl). Statistical analyses on geographic effects were

432 performed only on samples from MA and CT due to the lower sample number for samples from
433 NY and VT.

434

435  The microbiome from the intestinum of MA animals was significantly different from that of CT

436  animals (p = 0.006), but interestingly the ILF microbiome was indistinguishable between the two
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437  leech populations (Figure s1). The difference in microbial communities between the ILF and
438  intestinum was significant in animals from MA (p = 0.006), but not in animals from CT (p =
439  0.084), and was associated with a decrease in Alkaliphilus-like (p = 0.022) and increase in

440  Papillibacter-like (p = 0.001) OTUs. In the ILF, these OTUs make up ~ 8.2% of the total ILF
441  sequences while in the intestinum they make up less than 1.6%. This difference between ILF and
442  intestinum microbiota is almost imperceptible in animals from CT. The slight differences in
443  Clostridiales species between MA and CT animals suggests a site-specific variation in less

444  abundant community members within M. decora, however the site-specific dominant symbionts
445  and core community remained the same and indicate a conservation of symbionts despite

446  geographic separation.

447

448

449

450

451

452

453

454

455  DISCUSSION

456  In this study we have used deep sequencing of the V4 region of the 16S rRNA gene and FISH to
457  characterize the microbiome from three organs in the North American medicinal leech,

458  Macrobdella decora. At the taxonomic level of order, the microbiomes described from wild-

459  caught M. decora appeared very similar to those from Hirudo verbana. However, at the genus
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level, the microbiomes were easily differentiated between the two host leech species. This is
similar to findings in other animal models where often the host-specific genera show an

evolutionary pattern that mimics that of the host’s evolution (41-45).

In both leech species, the gut microbial communities are dominated by Aeromonas,
Bacteroidales, and Clostridiales species. This is consistent with previous findings that
Bacteroidetes and Aeromonas are common but not obligate in the gut of animals and insects fed
on blood (46-51). Siddall et al. have shown that many sanguivorous leeches maintain a gut
symbiosis with Aeromonas and Bacteroidetes species (8). Because of the difficulty of
distinguishing Aeromonas species based solely on 16S sequencing data (52, 53), we are unable to

determine whether the Aeromonas species from M. decora is the same as that from H. verbana.

In-depth genetic analyses of an Aeromonas veronii strain isolated from H. verbana has shown
that the ability to grow in blood is not sufficient for leech gut colonization, but rather that a
number of colonization factors such as secretion systems (54), carbon starvation response (55),
oxidative stress response inhibition (7), and heme acquisition processes (56) are critical in
enhancing leech gut colonization. New studies comparing genomic variation between
Aeromonas strains isolated from sanguivorous leech species to those of non host-associated
environmental strains may be used to further identify genes critical for host colonization and

persistence.

In addition to confirming a similar core and common microbiome between the two leech hosts,

our study also identified a rich rare microbiome. Previous research in a variety of environments
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has concluded that although a relatively small number of OTUs may dominate samples, low-
abundance populations may be responsible for driving changes in observed phylogenetic
diversity (57, 58). Rare species may have a significant role in metabolic cycles and may be a
hidden driver of ecosystem functioning (59). Because dominant and core microbes are easier to
identify and predict, rare microbes may be overlooked keystone species responsible for
regulating the community’s development and function (59). In our study, the ability to examine
an increased number of animals, to examine three body sites from each animal, and to sequence
to a much greater depth resulted in the detection of an increased level of inter-animal variations
in the less abundant microbiota and suggest a greater diversity in the rare microbiome than

previously predicted.

We were also able to observe the effect of geographic isolation on the less abundant members of
the gut microbial community in M. decora. The very slight but statistically significant
differences in community composition between animals from MA and CT indicated that the
relationship with dominant symbionts is consistently conserved despite geographic separation of
~100 km. It is possible that this is due to a small sample size as we compared 13 unfed M.
decora from MA and seven from CT and previous studies of synthetic and natural microbial
communities found that insufficient sampling could yield an artificial difference between
geographically separated communities (60, 61). As has been noted previously in the termite gut
(58), the difference in community composition is based on minor members of the community
and is reminiscent of a similar pattern observed in community differences between suppliers of

H. verbana (data not shown). We therefore hypothesize that the conserved members of the
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505  community have been evolutionarily maintained in hirudinid leeches despite species-

506  diversification and continent-dividing events.

507

508  Not only was the core gut microbiome similar between M. decora and H. verbana, but also the
509  dynamic response of these symbionts in response to feeding a blood meal. FISH imaging

510  confirmed similar colonization patterns of the ILF of Aeromonas and Bacteroidetes from H.
511  verbana and M. decora. Although part of the decrease in alpha diversity in the leech ILF

512 microbiome post blood meal consumption may be due to innate immune properties of the blood
513  meal (62), in a number of vertebrate species it has also been shown that extreme feeding or

514  fasting events do result in decreased alpha diversity (63, 64). In H. verbana, it has been

515  suggested that the Aeromonas symbiont may provide additional antimicrobial peptides

516  responsible for restricting bacterial colonization in addition to host-produced antimicrobial

517  peptides (65). Because the core community and post-feeding community dynamics are similar in
518 M. decora, it is reasonable to assume that a similar process may also occur in this host species.
519

520  While our laboratory-maintained animals were tracked for 30-90 days after feeding, in the wild
521  leeches are thought to go for even longer periods of time between feedings as the animals are
522  inactive during the cold months. This extended period between feedings likely resulted in a

523  starved phenotype in animals collected in April. Our results are consistent with the long

524  starvation period occurring during the cool months affecting the gut microbial community of M.
525  decora and the relative nimiety of the warm months where feedings may occur regularly. The

526  observed seasonal effect may also be driven by the sequencing of transient environmental
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527  microbes from within the leech crop, as has been observed in a recent limited survey of wild H.
528  verbana (17).

529

530  Changes in gut microbial populations as a result of irregular feeding events has been observed in
531  other animals too. Other researchers have observed Clostridial populations increase rapidly in
532 response to feeding while Bacteroidales numbers increase at a slower rate and high levels of
533  Bacteroidales or Rikenellaceae are indicative of long periods between feedings in avian,

534  reptilian, and mammalian hosts (63, 64, 66). In our experiments, a higher numbers of

535  Bacteroidales sequences were found in the ILF of M. decora collected in April when compared
536  to those collected in June-October. The proportion of Bacteroidales sequences additionally

537  decreased in leeches immediately after feeding (when the number of Clostridiales sequences
538 increased). FISH imaging did indicate that Bacteroidales increase in number four days after
539  feeding, suggesting that the change in sequence ratio is due to a combination of rapid replication
540  of Clostridiales and a much slower replication of Bacteroidales. This consistency with

541  community dynamics observed in other animal models then suggests that leeches may be good
542 models to predict microbial changes due to intermittent feedings or extended periods of

543  starvation.

544

545  In addition to the conservation of Aeromonas, Bacteroidetes, and Clostridial gut symbionts, the
546  bladder taxa Comamonadaceae, Ochrobactrum, and Nubsella appear to have also been

547  evolutionarily maintained within Hirudiniform leech bladders. They are common in annelid
548  bladders as are Bordetella, Methylophilus, Achromobacter, Variovorax, Azospirillum,

549  Mesorhizobium, Phyllobacterium, Rhizobium, Desulfovibrio, Pedobacter, Spirochaeta (28). The
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taxa from the bladders of both H. verbana and M. decora were very similar to those found in
other annelids, which include Alphaproteobacteria (Ochrobactrum, Azospirillum, Brucellaceae,
Rhizobiaceae, Rhodospirillaceae, & Bradyrhizobiaceae), Betaproteobacteria (Comamonadaceae,
Methylophilaceae, & Rhodocyclaceae) and Bacteroidetes (Pedobacter) (28, 29). This
observation suggests an even greater conservation than that observed in digestive symbionts as
the conservation has occurred at the genus level in medicinal leeches and at the family level over

multiple evolutionary events in the annelids.

The Ramlibacter (previously Comamonas-like), Ochrobactrum, and Pedobacter (previously
Sphingobacterium) OTUs sequenced from M. decora are the same as those identified from H.
verbana bladders (30). However, the Pedobacter sequenced in this study does not seem to be the
same that Ott isolated from the mucus castings of adult H. verbana (67). This may indicate a
difference between the bacteria on the outside of the leech and those adapted to colonize the
bladder of the leech, as has been observed in the specialization of Aeromonas strains inside the
leech gut (27, 54-56, 68). Further research is required to determine how these two leech species
are able to maintain such specific bladder symbioses and by what means the symbionts are

efficiently transmitted between animals.

Based on the deep-sequencing absence of Niabella, Pedobacter, Ramlibacter, Ensifer,
Phreatobacter, and Aminobacter sequences in ILF and intestinum samples, the low abundance of
Ochrobactrum sequences in ILF samples (max = 0.4%), and the absence of any ALF968-,
Rhiz1244-, or Bet42a-binding cells in FISH images (data not shown) we hypothesize that these

genera are specific to the bladder. Presence of these OTUs in an ILF sample might be due to
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contamination during dissection or a diseased state of the animal. This has occurred in previous
studies where bladder-specific symbionts were found in the ILF and intestinum of 3 wild H.
verbana (17) and Pedobacter and Ochrobactrum were cultured from intestinum samples (14,
69). The fact that, in the Worthen study, Pedobacter and Ochrobactrum clones were only
recovered from recently-fed animals supports the possibility of sample contamination during
dissection (recently fed animals have larger bladders). Because of the friability of leech tissue
and the examples of bladder symbionts appearing in ILF and intestinum samples, careful

dissection technique is critical to reduce contamination during sample acquisition.

Our research has identified a conservation of gut and bladder symbioses in medicinal leech
species from Europe and North America. While the community structure of H. verbana and M.
decora microbiomes have specific similarities, the differences that exist between the two can be
exploited in the future to gain a better understanding of host/symbiont co-evolution. Not only are
the gut symbionts conserved, but their dynamics in response to a blood feeding are similar as
well. From our data we can hypothesize that the gut microbiome composition is affected by
periods of starvation and torpidity. In H.verbana, the simple gut community helps to digest the
blood meal (7) and protect the host from invading bacteria (65). It is likely that the microbial
communities in the gut of M. decora perform very similar functions. Future work should focus
on isolating dominant members of both symbioses to compare conserved metabolic and
colonization abilities and to test for host species specialization. Through understanding
molecular and mechanistic studies enabled by simple systems, especially in evolutionarily
conserved biological processes and metabolic capabilities, one can form predictions that are

more challenging to test in more complex communities.
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596 METHODS

597

598  Animals

599 M. decora were collected from ponds located in Storrs, CT (41°49'3.074"N, 72°15'32.704"W),
600  Groton, MA (42°35'26.993"N, 71°32'25.63"W), Caroga, NY (43°11'28.684"N,

601  74°28'10.026"W), and Mount Snow, VT (42°58'25.3"N, 72°55'47.9"W). If sacrificed within 1
602  week of collection, animals were maintained in native pond water.

603  H.verbana were purchased from Leeches U.S.A. (Westbury, NY U.S.A.) and BBEZ (Biebertal,
604  Germany) and maintained as described below.

605

606  Husbandry

607  Leeches were maintained in circular tanks (up to 10 animals/tank) in an environmental chamber
608  with 12/12h day/night cycles at 25/23°C respectively. Sterile dilute instant ocean (DIO)

609  consisting of 34 mg/L instant ocean salts (Aquarium Systems, Inc Mentor, OH U.S.A.) in

610  nanopure water was changed weekly or when the animals vomited or an animal in the tank died.
611  Tanks contained a minimum of one autoclaved rock.

612

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

616

617  Feeding
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618  Animals were fed as described previously (4). Sheep blood with heparin anticoagulant was

619  purchased from Lampire Biological Laboratories (Pipersville, PA U.S.A.). Animals were fed in
620  groups of 1-3 animals on sterile 50 mL Falcon tubes containing 30 mL sheep blood, warmed to
621  37°C, and covered with Parafilm (American National Can, Greenwich, CT U.S.A.). All animals
622  were allowed to feed to satiety and then let sit in sterile DIO for ~30 min before handling after
623  feeding.

624

625  Dissection

626  Animals were removed from the tank and the anterior end was tied with string to inhibit

627  regurgitation before narcotizing in 70% ethanol (13). Animal was then treated with RNase away
628  and rinsed with molecular biology grade water. An additional string was tied around to bissect
629  the animal into anterior and posterior fractions.

630  Bladder: A small primary incision was made immediately lateral to the dorsal lateral dextral
631  stripe and immediately posterior to the second string. Bladders were identified and carefully
632  dissected so as to minimize contamination from ILF. Bladders were briefly rinsed in sterile

633  phosphate buffered saline, PBS, then placed in sterile bead-beating tube. Each sample consisted
634  of 1-3 bladders from the same leech. In this manuscript, the term ‘bladders’ includes bladders
635  and the attached nephridia.

636  ILF: To access the crop contents, a secondary central incision was made immediately below the
637  second string. Approximately 100 L ILF was collected as it was released and placed in a sterile
638  bead-beating tube. In animals with especially low volumes of ILF, a sterile pipette tip was used

639  to gently scrape the inside of the crop.


https://doi.org/10.1101/687418
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/687418; this version posted June 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

640  Intestinum: To access the intestinum, a second incision was made immediately lateral to the

641  anus. The intestinum was carefully dissected from the anus and consisted of =1cm intestinum
642  with contents. Samples were placed in bead-beating tubes or 1.5 mL microcentrifuge tubes and
643  snap frozen in liquid nitrogen before storage at -80°C.

644

645  Tissue Fixation and Embedding

646  After bladder, ILF, and intestinum sample were collected a fully bissecting incision was made
647  immediately posterior to the second string. The anterior portion of the animal was placed in

648  methacarn (6:3:1 methanol:chloroform:acetic acid) (70). Tissues in methacarn were stored at 4°C
649  with rocking. Regular fixative changes were made when the fixative was no longer clear. Tissues
650  were dissected and a final fixative change was performed with fresh anhydrous methacarn before
651  incubating for one additional week, 4°C with rocking. The anhydrous methacarn was replaced

652  with anhydrous methanol and the tissues stored at 4°C until embedding. Tissues were cleared

653  with a decreasing methanol:xylene series then embedded in Paraplast Plus® (Millipore Sigma,
654  St.Louis, MO U.S.A)).

655

656  Fluorescence In-Situ Hybridization (FISH)

657  Paraffin-embedded tissues were sectioned at 6-8 ym using a microtome and placed on poly-L-
658  lysine-coated slides. Sections on slides were cleared with xylene then rehydrated with an

659  ethanol:water series. Slides were bleached for 8-12 h using 2% hydrogen peroxide and a standard
660  fluorescent light bulb (with concomitant cooling over an ice bath). 0.54M NaCl, 12mM Tris-Cl,
661  30% formamide, and 1.2% sodium doecyl sulfate with 1M Cy3 probe, 1uM Cy5 probe, and

662  3uM Eub338. Slides were observed using a Nikon A1R microscope (laser wavelengths 405nm
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(DAPI), 488nm (Alexa488), 558nm (Cy3), 640nm (CyS5)) and images processed using Imagel

1.51s (71).

Bead-beating DNA Extraction

Modified version of previous protocol published by Yu et al (72). 300 pL cell lysis buffer was
added to sample in bead tube containing 0.Imm and 0.5mm zirconia/silica beads (BioSpec
Products, OK, U.S.A.) beads. Samples were beaten for 90 sec and briefly centrifuged before
transferring supernatant to clean 1.5 mL microcentrifuge tube. An additional 150 L lysis buffer
was added to the bead tube and sample was beaten again 90 sec. The supernatant previously
removed was returned to bead tube and incubated for 15min at 56°C with 5 sec vortexing every 4
min. The sample was briefly centrifuged before adding 100 L 10 M ammonium acetate at 4°C
and vortexed 15 sec before incubating for 10 min on ice. The sample was centrifuged for 10min
at 16 000 x g. The supernatant was transferred to clean 1.5mL MCEF tube and to which 350 L
ethanol at 4°C was added before vortexing for 10 sec and transferring the supernatant to a
QIAamp Mini spin column (Qiagen Germantown, MD U.S.A.). The sample was process as
recommended in the QIAamp DNA Mini Handbook and eluted with 10 mM Tris-Cl, pH 8.5. The
eluted DNA concentration was measured using Qubit™ dsDNA HS Assay Kit (Thermo Fisher

Scientific Carlsbad, CA U.S.A.). Stored at -20°C.

MasterPure DNA Extraction
MasterPure complete DNA extraction without column purification into S0y L. TE was performed
according to manufacturer’s protocol (Epicentre Madison, WI U.S.A.). No significant difference

was found between the two extraction methods (PERMANOVA: p = 0.23).
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686

687  Sequencing and Initial OTU Picking

688  Extracted DNA samples were analyzed by amplifying the V4 hypervariable region of the 16S
689  ribosomal RNA (rRNA) gene using primers designed in (73). PCR reactions were prepared as in
690  (58) and sequenced using an Ilumina MiSeq (Illumina San Diego, CA U.S.A.) with custom

691  sequencing primers added to the reagent cartridge (73) and sequenced 2 x 250bp. The sequence
692  data was deposited in the NCBI SRA under project ID PRINA544194.

693

694  Resulting community sequences were processed using MacQiime as outlined in (58) using a
695  GreenGenes reference library (2013-08 release). Sequences not clustered were identified using
696  the Ribosomal Database Project (74) to the lowest possible taxonomic level.

697

698  Bacterial Community Analysis

699  Resulting sequencing data was analyzed using MacQiime and R as described below. Complete
700  coding is available in supplemental materials and via GitHub:

701  https://github.com/joerggraflab/McClureE_Md2019/. (32, 75)

702

703 Sample Selection: Samples with 1) fewer than 10,000 reads or 2) fewer than 3 OTUs were

704 excluded from analysis.

705

706  Positive Controls: Two types of positive control were prepared and sequenced. 1) Amplification
707  of adilution series of a ZymoBIOMICS Microbial Community DNA Standard (Zymo Research,

708  Irvine, CA U.S.A.), 2) Some samples were amplified multiple times with different PCR primers
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709  and on different runs to confirm the reproducibility of the data (data not shown). For samples
710  amplified and sequenced multiple times, the sample with the most reads was used for analysis.
711

712 Negative Controls: Two types of negative controls were prepared and sequenced. 1) Reagent
713 controls were prepared by performing the DNA extraction procedure using the same reagents
714  without any sample. The resulting DNA yields for these reagent controls after extraction were
715  always below the limit of detection for the Qubit dsSDNA High-Sensitivity Assay. 2) Negative-
716  PCR controls were prepared by performing V4-specific PCR amplification on molecular biology
717  grade water. The resulting reactions produced no bands when analyzed with the QIAxcel DNA
718  Fast Analysis cartridge (Qiagen Germantown, MD U.S.A)).

719

720  After sequencing, each negative control contained less than 2,000 reads. Negative controls were
721  combined and compared to identify contaminating OTUs using maxNeg and meanNeg. maxNeg
722 was defined as the maximum count of a single OTU found in a negative control and was

723  determined to be 379 reads. meanNeg was defined as the mean count of all OTUs when found in
724  negative controls and was determined to be 4 reads. OTUs were first restricted by requiring that
725  each OTU be present in at least 1 sample with a read count >= maxNeg. This resulted in a

726  dataset consisting of 158 OTUs.

727

728  Contaminating OTUs were further identified through the use of the decontam package (76).

729  After removal of contaminants identified by decontam OTUs, the dataset consisted of 157 OTUs,
730  indicating that most contaminant OTUs were found at counts <= maxNeg and so were not

731  considered as community members.
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732

733 After initial trimming, all samples contained a minimum of 10,000 reads (maximum = 375,834,
734  minimum=10,287, median=62,015).

735

736  Effect of Extraction Method: A PERMANOVA analysis using the Bray-Curtis metric was

737  performed through the adonis function of the vegan package (77) to determine the effect of

738  extraction method. No significant difference was found between the two extraction methods

739  (PERMANOVA: p = 0.23).

740

741  Effect of Leech Species: A PERMANOVA analysis using the Bray-Curtis metric was performed
742  through the adonis function of the vegan package (77) to determine the effect of leech species.
743 This analysis was performed twice 1) with taxa split into original OTUs as determined by Qiime
744  and 2) with taxa agglomerated at the order level (using tax_glom function of the phyloseq (75)
745  package).

746  Non-metric Multidimensional Scaling (NMDS) plots were prepared using the distance, ordinate,
747  and plot_ordination function of the phyloseq package (75). Distances were calculated with the
748  Unifrac method (78).

749  Variation within H. verbana and M. decora was evaluated separately with a PERMANOVA

750  analysis using the Bray-Curtis metric through the adonis function of the vegan package (77).
751  Sample groups were probed for the effect of sampled organ, feeding, animal supplier/source, and
752  shipment/collection date.

753
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754  Core and Common OTUs: The average read count of a single OTU in any negative control was
755  calculated to be 4 (meanNeg). This number was then used to calculate a conservative estimate
756  for the minimum fraction of a sample that an OTU must compose to be considered present in that
757  sample. It was assumed that any true OTU would contain a read count greater than or equal to
758  meanNeg, so in the smallest sample with 10,287 total reads, an OTU must contain at least 4
759  reads or .03% of the total community in order to be considered present. The Core community
760  was defined to consist of only those OTUs present in at least 90% of samples in a group. The
761  Common community was defined to consist of only those OTUs present in at least 70% of

762  samples in a group.

763

764  Alpha Diversity: Alpha diversity was calculated using the Shannon metric in the plot_richness
765  function of the phyloseq package (75). Alpha diversity was calculated for ILF and intestinum
766  samples separately.

767

768  Effect of M. decora Collection Month: A PERMANOVA analysis using the Bray-Curtis metric
769  was performed through the adonis function of the vegan package (77) to determine the effect of
770  collection month/season on M. decora samples. This analysis was performed twice 1) with ILF
771  samples and 2) with intestinum samples.

772  NMDS plots were prepared using the distance, ordinate, and plot_ordination function of the
773  phyloseq package (75). Distances were calculated with the Unifrac method (78).

774

775  Plotting gut community over time: For each time point after feeding, taxa were assessed for

776  presence (= 0.1% of total reads) or absence. At any time point, if the taxon was determined to be
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777  present in < 1 samples, it was considered absent from that time point. Ggplot2 was used to

778  produce a stat_boxplot with whiskers at 1.5x interquartile range.

779
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TABLES
Table 1. Average percent of total 16S rRNA V4 sequences of core and common OTUs in ILF
and intestinum samples from Hirudo verbana and Macrobdella decora
Hirudo verbana Macrobdella decora
Accession No.
Phylum Genus ILF: | Intestinum ILF | Intestinum
Bacteroides 1.37% 0.38% 39.82% 40.48% SAMN11823292
Mucinivorans-like 0% 8.89% 0% 0% SAMN11823282
Bacteroidetes
Millionella-like 0.35% 9.79% 0% 0.65% SAMN11823299
Mucinivorans 58.20% 16.83% 0% 0.00% SAMN11823269
Alkaliphilus-like 0% 1.11% 20.42% 28.62% SAMN11823295
Clostridium 0% 0% 2.78% 0.50% SAMNI11823294
Clostridia
Papillibacter-like 0% 0% 2.71% 1.15% SAMN11823296
Butyricicoccus 0% 0% 18.51% 6.70% SAMN11823293
Alphaproteobacteria | Insolitispirillum-like 0% 21.02% 0% 1.67% SAMN11823298
Deltaproteobacteria Desulfovibrio 0.71% 6.15% 0.62% 1.27% SAMNI11823279
Gammaproteobacteria Aeromonas 18.07% 15.88% 8.10% 9.15% SAMN11823291

* OTUs determined at the 97% confidence level. Those OTUs indicated as “-like” indicate the most closely-related
genus listed in RDP.

T Core (present in > 90% of samples) OTUs are highlighted in green. Common (present in > 70% of samples) OTUs
are highlighted in yellow. Core and common OTUS were determined for each species of leech and sampled organ
individually.
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Table 2. Presence of bladder OTUs in total 16S rRNA V4 sequences from Macrobdella decora

and Hirudo verbana bladder samples.

GenBank Hirudo verbana | Macrobdella decora
Class Genus .
Accession No. | Median' | Max | Median Max
Ochrobactrum SAMNI11823287 | 15.46% | 94.99% 0% 12%
Ensifer --- 0.18% | 13.18% | 0.37% 13.14%
Aminobacter --- 0.40% 2.92% N.D. N.D.
Alphaproteobacteria
Azospirillum --- N.D. N.D. 15.13% 28.86%
Azospirillum SAMN11823283 N.D. N.D. 19.08% 45.92%
Phreatobacter-like SAMNI11823288 | 0.86% | 9.52% 3.23% 21.54%
) Methylopumilus-like | SAMN11823285 N.D. N.D. 6.68% 17.40%
Betaproteobacteria
Ramlibacter SAMNI11823289 | 20.81% | 75.62% | 20.94% 38.93%
Deltaproteobacteria Bdellovibrio-like SAMNI11823266 | 2.22% | 20.09% N.D. N.D.
Niabella SAMNI11823286 | 0.63% | 9.20% N.D. N.D.
Bacteroidetes
Pedobacter SAMN11823267 | 18.48% | 44.24% N.D. N.D.

 Median percentage of total 16S V4 rRNA sequences, when OTU is present. Core (present in > 90% of samples)
OTUs are highlighted in green.
$ Maximum percentage of total 16S V4 rRNA sequences.
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Supplemental Table 1. Number of samples collected of each sample type for this study. Only one
sample of each sample type was collected per animal, however multiple sample types were often
collected from the same animal. A total of 36 Hirudo verbana and 52 Macrobdella decora
animals were used in this study.
ILF Intestinum Bladder
DalF~ | M. decora | H. verbana | M. decora | H. verbana | M. decora | H. verbana
0 17 10 15 2 8 2
1 6 - 6 - 2 -
2 2 6 2 - - 1
4 6 4 9 - 4 -
7 9 8 9 - 3 -
30 7 — 4 - 2 -
90+ 5 8 - 7 1 9

Supplemental Table 2. See Excel

** Days after first laboratory-administered, sheep blood meal
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1043
1044
1045
1046
1047

1048 Supplemental Table 3. FISH probes used in this study

Nucleotide sequence

Probe (5'-3")

Reference Target Organism(s)

Aminobacter, Insolitispirillum-like,

ALF968 | GGTAAGGTTCTGCGCGTT Neef (1997) Ochrobactrum, Phreatobacter-like, Sphingomonas

Achromobacter, Acidovorax, Pelomonas,

BET42a | GCCTTCCCACWTCGTTT Manz et al. (1992) Ramlibacter. Variovorax

Bacteroides, Flavobacterium, Pedobacter,
CF319a | TGGTCCGTGTCTCAGTAC | Manz et al. (1996) | Mucinivorans, (some) Phreatobacter-like, (some)
Bdellovibrio

AER66 | CTACTTTCCCGCTGCCGC Kampfer (1996) Aeromonas

Aminobacter, Ensifer, Phreatobacter-like, (some)

Rhiz1244 | TCGCTGCCCACTGTCACC | Thayanukul (2010) Ocrobactrum

Eub338 | GCTGCCTCCCGTAGGAGT | Amann et al. (1990) (most) Eubacteria

1049

1050

1051

1052

1053

1054

1055

1056

1057
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FIGURES

Figure 1. Unifrac-calculated NMDS plot of leech-associated microbiota 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 = circle, intestinum = triangle, bladder = cross). A) When OTUs were calculated
at 97% sequence similarity (~Genus), 53% of the total variation between samples is described by
separating the two leech host species. B) When OTUs were calculated at 88% sequence
similarity (~Order), only 25% of the total variation between samples is described by separating

the two leech host species. Ellipses were calculated at 95% confidence.

Figure 2. Shannon Alpha-diversity showing the microbiome of Macrobdella decora ILF is more
diverse than that of Hirudo verbana but the opposite is true of the intestinum microbiomes.
Calculations for leech A) ILF and B) intestinum samples. All samples were collected before
feeding or greater than 28 days after feeding. Alpha diversity does not change between the ILF

and intestinum of wild-caught M. decora (grey) but increases in farm-raised H. verbana (white).
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1081  Figure 3. False-color FISH micrographs of Macrobdella decora bladder samples. From left to
1082  right, columns contain images with probes DAPI (blue — Eukaryotic DNA), Eub338 (green —
1083  Eubacteria), CF319a (white : Bacteroidetes — Mucinivorans, Bacteroides, Niabella, Pedobacter),
1084  (red), and composite. From top to bottom, the fourth (red) column contains images with probes
1085  Alf968 (Alphaproteobacteria — Ochrobactrum, Azospirillum, Phreatobacter-like), Bet42a

1086  (Betaproteobacteria — Methylopumilus-like, Ramlibacter), Rhiz1244 (Rhizobiales —

1087  Ochrobactrum, Phreatobacter-like), Aer66 (Aeromonas). The M. decora bladder is colonized in
1088  a stratified manner with intracellular Azospirillum, epithelial-associated Betaproteobacteria, and
1089  Phreatobacter-like and Niabella in the matrix. Aeromonas (red arrows) is present associated with
1090  eukaryotic cells, suggesting that they have been carried here by leech hemocytes and are not
1091  normal flora for the bladder. Bars = 10um.

1092

1093  Figure 4. Unifrac-calculated NMDS plot of wild-caught Macrobdella decora - associated

1094  microbiota shows that month of collection affects gut microbiome. Animals were collected in
1095  three seasons: late cold (April - light blue), warm (June - pink, July - red, August - brown, and
1096  September - brown), and early cold (October - dark blue). A) ILF samples. ILF microbiota from
1097  animals collected in October were significantly different from that of animals collected in April
1098  or warm months. B) Intestinum samples. Intestinum microbiota from animals collected in April
1099  were significantly different from that of animals collected in warm months or October. Ellipses
1100 drawn at 95% confidence interval.

1101

1102 Figure 5. Box and Whisker plot of leech-associated gut microbiota showing that the prevalence

1103  of taxa in the ILF appears to be greatly affected within ~48h of a blood meal, while the
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1104  prevalence of taxa in the intestinum maintains relative stability. The prevalence of 9 core gut
1105  taxa from deep-sequenced microbiomes of A) Hirudo verbana ILF, B) Macrobdella decora ILF,
1106  and C) M. decora intestinum were assessed at 7 time points after a blood meal (0, 1, 2, 4,7, 30,
1107  and 90+ days after feeding). See Supplemental Table 1 for number of samples analyzed at each
1108  time point.

1109

1110  Figure 6. Macrobdella decora ILF diversity changes with time after feeding. A) Shannon

1111  diversity index calculates a drop in ILF microbiome diversity by 2 days after feeding (DaF) that
1112 rebounds by 7 — 30 DaF. B) Bray-curtis distance calculation shows that ILF microbiomes at 2 — 7
1113 DaF are significantly different from those of unfed animals (0 DaF) and that the community
1114  rebounds at 30 — 90 DaF. Note the appearance of two sub-populations of ILF samples that 1)
1115  appears to rebound by ~4 DaF and ii) appears to require > 7 DaF to rebound.

1116

1117  Figure 7. False-color FISH micrograph of Macrobdella decora ILF. From left to right, columns
1118  contain images with probes DAPI (blue — Eukaryotic DNA), Eub338 (green — Eubacteria),

1119  CF319a (white : Bacteroidetes — Mucinivorans, Bacteroides), Aer66 (red — Aeromonas), and
1120 composite. From top to bottom, the rows contain images from animals sacrificed 0 days (wild-
1121  caught animals), 4 days , and 7 days after a laboratory-administed sterile blood meal. Blue

1122 arrows indicate eukaryotic cells (most likely leech hemocytes), green arrows indicate notable
1123  bacteria, white arrows indicate Bacteroidetes microcolonies, and red arrows indicate Aeromonas.
1124 Background fluorescence is from crop contents, especially the blood meal at 4 and 7 days. Few
1125  bacteria are present in the crop of wild-caught, unfed animals. Bacteroidetes colony expansion

1126  occurs by 4 days after feeding, while Aeromonas prevalence increases by 7 days after feeding.
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1127  Other bacteria are present at 4 days after feeding, however their numbers appear to be

1128  overwhelmed by Bacteroidetes and Aeromonas growth at 7 days after feeding. In animals 7 days
1129  after feeding, Aeromonas occasionally are found associated with hemocytes. Bars = 10pm.
1130

1131 Sup Figure 1. Unifrac-calculated NMDS plot of wild-caught Macrobdella decora - associated
1132 microbiota. Animals were collected from four states of the Northeastern U.S.A.: Connecticut
1133 (orange), Massachusetts (cyan), New York (green), and Vermont (black). A) ILF samples show
1134 no significant difference between ILF of M. decora from CT, MA,NY, and VT (p = 0.222).
1135  B) Intestinum samples from CT and MA are significantly different from each other (p = 0.006).
1136  Ellipses drawn at 95% confidence interval.

1137

1138
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Figure 1: Unifrac-calculated NMDS plot of leech-associated microbiota 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 = circle, intestinum = triangle, bladder = cross).
A) When OTUs were calculated at 97% sequence similarity (~Genus), 53% of the total
variation between samples is described by separating the two leech host species. B)
When OTUs were calculated at 88% sequence similarity (~Order), only 25% of the
total variation between samples is described by separating the two leech host species.
Ellipses calculated at 95% confidence.
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Figure 2: Shannon Alpha-diversity showing the microbiome of Macrobdella decora ILF
is more diverse than that of Hirudo verbana but the opposite is true of the intestinum
microbiomes. Calculations for leech A) ILF and B) intestinum samples. All samples
were collected before feeding or greater than 28 days after feeding. Alpha diversity
does not change between the ILF and intestinum of wild-caught M. decora (grey) but
increases in farm-raised H. verbana (white).
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DAPI Eub338 CF319a composite
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Figure 3: False-color FISH images of Macrobdella decora bladder samples. From left
to right, columns contain images with probes DAPI (blue - Eukaryotic DNA), Eub338
(green - Eubacteria), CF319a (white : Bacteroidetes - Mucinivorans, Bacteroides, Nia-
bella, Pedobacter), (red), and composite. From top to bottom, the fourth (red) column
contains images with probes ALF968 (Alphaproteobacteria - Ochrobactrum, Azospiril-
lum, Phreatobacter-like), Bet42a (Betaproteobacteria - Methylopumilus-like, Ramlibac-
ter), Rhiz1244 (Rhizobiales - Ochrobactrum, Phreatobacter-like), Aer66 (Aeromonas).
The M. decora bladder is colonized in a stratified manner with intracellular Azospir-
illum, epithelial-associated Betaproteobacteria, and Phreatobacter-like and Niabella in
the matrix. Aderomonas (red arrows) is present associated with eukaryotic cells, suggest-
ing that they have been carried here by leech hemocytes and are not normal flora for the
bladder. Bars = 10um.
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Figure 4: Unifrac-calculated NMDS plot of wild-caught Macrobdella decora - associ-
ated microbiota shows that month of collection affects gut microbiome. Animals were
collected in three seasons: late cold (April - light blue), warm (June - pink, July - red,
August - brown, and September - brown), and early cold (October - dark blue). A) ILF
samples. ILF microbiota from animals collected in October were significantly different
from that of animals collected in April or warm months. B) Intestinum samples. In-
testinum microbiota from animals collected in April were significantly different from
that of animals collected in warm months or October. Ellipses drawn at 95% confidence
interval.


https://doi.org/10.1101/687418
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/687418; this version posted June 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

A Aeromonadales B i B i Clostridiales Clostridiales Clostridiales Clostridiales
Aeromonas Bacteroides Mucinivorans Alkaliphilus-like Butyricicoccus Clostridium Papillibacter-like
1.000 4 $ QEFT
[ ]
0.100 A * Py %
_ |8
5ls
[ g
5
0.0104°® 2
[ ]
[ ]
[ ]
0.001 ®
1.000
e L] .
[ ] L ] [ ]
9 g 0 ¢
=
gooti [l i AL
- ® S
g i ! $ " $£ $ n$ |8
c ° $ - o
> ° g
Qo [ ] 8
< 0.010- $ 3
[ ] L [ ]
[ ]
® [ ]
0.001 . ®
1.000 -
B w-
° Ehf—ﬁ ? m é (]
é [
0.100 1 E ﬁ s 5
” 0
° N
° hd 38
0.010 S
° e I $
. b
[ ] [ ]
0.001
LS L S i o s e e e S e e e e e S e e e e e e e e e e e e S B B |
O+ OrATN+<L O AUIN+<C Or-AUTMN+<C Or-ANIN+<C Or-ANTN+<C O~ +<
8z 8z 8z 8z 8z &8z 8z

Days after feeding

Figure 5: Box and Whisker plot of leech-associated gut microbiota showing that the
prevalence of taxa in the ILF appears to be greatly affected within ~48h of a blood
meal, while the prevalence of taxa in the intestinum maintains relative stability. The
prevalence of 9 core gut taxa from deep-sequenced microbiomes of A) Hirudo verbana
ILF, B) Macrobdella decora ILF, and C) 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 Supplemental
Table 1 for number of samples analyzed at each time point.
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Figure 6: Macrobdella decora ILF diversity changes with time after feeding. A) Shan-
non diversity index calculates a drop in ILE; microbiome diversity by 2 days after feed-
ing (DaF) that rebounds by 7-30 DaF. B) Bray-curtis distance calculation shows that
ILF microbiomes at 2—7 DaF are significantly different from those of unfed animals
(0 DaF) and that the community rebounds at 30-90 DaF. Note the appearance of two
sub-populations of ILF samples that i) appears to rebound by ~4 DaF and ii) appears to
require > 7 DaF to rebound.
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DAPI Eub338 CF319a Aer66 Composite

Figure 7: False-color FISH images of Macrobdella decora ILF. From left to right,
columns contain images with probes DAPI (blue - Eukaryotic DNA), Eub338 (green
- Eubacteria), CF319a (white : Bacteroidetes - Mucinivorans, Bacteroides), Aer66 (red
- Aeromonas), and composite. From top to bottom, the rows contain images from an-
imals sacrificed 0 days (wild-caught animals), 4 days , and 7 days after a laboratory-
administed sterile blood meal. Blue arrows indicate eukaryotic cells (most likely leech
hemocytes), green arrows indicate notable bacteria, white arrows indicate Bacteroidetes
microcolonies, and red arrows indicate Aeromonas. Background fluorescence is from
crop contents, especially the blood meal at 4 and 7 days. Few bacteria are present in the
crop of wild-caught, unfed animals. Bacteroidetes colony expansion occurs by 4 days
after feeding, while Aeromonas prevalence increases by 7 days after feeding. Other
bacteria are present at 4 days after feeding, however their numbers appear to be over-
whelmed by Bacteroidetes and Aeromonas growth at 7 days after feeding. In animals 7
days after feeding, Aeromonas occasionally are found associated with hemocytes. Bars
= 10pm.
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