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Gastrointestinal microbiomes play important roles in the
health and nutrition of animals and humans. The medicinal
leech, Hirudo verbana, serves as a powerful model for the study
of microbial symbioses of the gut, due to its naturally limited
microbiome compared with other popular models, the ability
to cultivate the most abundant microbes, and genetically
manipulate one of them, Aeromonas veronii. This review covers
the relevance and application of leeches in modern medicine
as well as recent discoveries detailing the nature of the gut
microbiome. Additionally, the dual life-style of A. veronii allows
one to do direct comparisons between colonization factors for
beneficial and pathogenic associations, and relevant findings
are detailed with respect to their role within the host and
pathogenicity to other animals.

Introduction

Members of the kingdom Animalia live in a beneficial symbi-
otic relationship with microorganisms, most of which are mem-
bers of the other two domains of life, Bacteria and Archaea. In
many instances, such as symbioses associated with structures of
the alimentary canal, these relationships are generally mutualis-
tic, whereby both the host and symbiont(s) derive benefits that
neither could achieve individually. Increasing recognition of the
role that the gastrointestinal microbiome plays in human health
has spurred widespread research into the relationships between a
host and its microbial constituents, as well as between different
members of the microbiome itself."!° Estimates of the number
of different microorganisms found in mammalian gastrointesti-
nal microbiomes range from 500 to over 10,000 distinct species
or strains.”® Due to the immense complexity that these sys-
tems pose in detailing the nature of host/microbe and microbe/
microbe interactions, animals that possess a limited microbiome
are currently better suited to serve as model organisms for more
complex interactions.

Gnotobiotic mice that possess a defined, usually synthetically
derived gastrointestinal microbiome, are a popular model for
analyzing gut symbioses. These mice are colonized by either a
single species or a small defined microbial community and have
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been used by a number of researchers to clarify the roles of certain
bacterial species with regards to both host nutrition and immune
response.”*'” A notable example is colonization with the common
mammalian gut bacterium Bacteroides thetaiotaomicrom, which
is now known to metabolize complex carbohydrates and starches
that the host cannot digest into short-chain fatty acids, thus
providing an additional source of nutrients.'"> However, experi-
ments with gnotobiotic mice and defined microbial populations
do not fully replicate the complexity and co-evolutionary inti-
macy of microbial symbioses in nature. Another popular model
for the study of host/microbe symbioses is the light organ of the
Hawaiian bobtail squid, Euprymna scolopes, which exists in a nat-
ural, mono-specific symbiosis with the bioluminescent bacterium
Vibrio fischeri. This model system has yielded many important
insights into how host/microbe symbioses are both established
and maintained, as well as identifying potential natural selective
pressures on the host and bacterium that drive the co-evolution
of the symbiosis.?"*

The Hungarian medicinal leech, Hirudo verbana, is an
intriguing model for host/microbe symbioses as it possesses a
naturally limited microbiome that is dominated by two micro-
bial constituents of the alimentary canal.?> One of these symbi-
onts, an Aeromonas sp can serve as an opportunistic pathogen in
humans and other animals and is amenable to genetic manipula-
tion.? The second primary symbiont, a Rikenella-like bacterium,
is related to known bacterial members of other gastrointestinal
microbiomes and was recently isolated in pure culture.” In this
review we discuss leech usage in medical practice and the role
that the gut microbiome can play in infection following leech
therapy, the composition and role of the leech microbiome, and
how the transmission of symbionts is believed to occur. We also
discuss colonization factors for the Aeromonas symbiont that
have been identified from mutant screens and cover interactions
between the symbionts themselves and with the leech host.

Leech Usage in Medicine

Records dating back to at least 200 BCE have been found that
mention the use of leeches in a medicinal capacity. In Europe their
use peaked around 1850. In 1851, France imported over 13 mil-
lion leeches in order to supplement their local supply. Subsequently
however, the use of leeches in medical practice fell into disfavor
as the medical validity of blood-letting became justifiably ques-
tioned. In the past 30—40 years, the use of leeches has regained
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favor and interest within the medical community due to the pow-
erful anticoagulants and vasodilators they produce. Leech therapy
has become increasingly popular among plastic surgeons as part of

the post-operative healing process.*

Widespread recognition and
acceptance of leech usage within the medical community came
in 2004 when the US Food and Drug Administration officially
approved the marketing and sale of the medicinal leech as a medi-
cal device for relieving venous congestion. The European medi-
cal community has been actively investigating additional clinical
applications for leech therapy, and recent studies have suggested
that leech therapy is more effective than topical analgesics in
treating symptoms associated with osteoarthritis.””**

The European medicinal leech is the most commonly used
leech in modern medical applications. While the species Hirudo
medicinalis is historically believed to have served in this capac-
ity, recent molecular analysis has shown that most leeches sold
for medical use as H. medicinalis are usually Hirudo verbana and
in some cases another species, Hirudo orientalis® As these spe-
cies are difficult to visually differentiate, for medical purposes,
they are used interchangeably as all three are hematophagus and
produce anticoagulant proteins. However, it is possible that each
species produces a different complement of secreted proteins, and
greater attention should be given to correctly identify the spe-
cies of leech used in medical procedures.?**3' Alchough stan-
dard practice dictates the administration of certain antibiotics
prior to treatment, in ~5-15% of leech therapy cases for venous
congestion treatment is followed by a bacterial infection of the
bite wound, with higher rates of infection (-25-35%) occurring
in patients that were not treated with antibiotics prophylacti-

263132 Culcure-based recovery and biochemical identifica-

cally.
tion of wound isolates indicated that Aeromonas species were
typically the cause of these infections.” Culture-based studies of
the leech gut microbiome during the early 20" century identified
an Aeromonas sp as a persistent and exclusive symbiont of the
leech. This finding helped pave the way for use of the medicinal
leech as a model organism for the investigation of host/symbiont

relationships as well as host specific virulence mechanisms.*
Leech Gut Anatomy and Feeding Behavior

The medicinal leech is a freshwater member of the invertebrate
phylum Annelida and its body is divided into 34 segments.”
Figure 1 shows an overview of the alimentary tract and related
structures of Hirudo verbana. The alimentary canal is divided
into two primary sections, the crop which accounts for most of
the overall capacity of the canal and intestinum, which is also
referred to as the intestine in the literature.” Lateral ceca extend
off from the primary canal of the crop, which connects to the
intestinum around the 19-20"* body segment. During consump-
tion of a blood meal, the leech uses a series of rhythmic muscle
contractions to draw blood into the crop, where it is stored but
not digested.™** Over the course of a single meal, the leech can
consume over 5 times its own body weight in blood. After being
satiated with the blood meal, the leech detaches from the host
and the bite wound will continue to bleed until the effects of the
powerful anticoagulants wear off.
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Within the first few hours after feeding, the leech is largely
inactive while a series of modifications to the blood meal occur.
Analogous to the human colon, water and select osmolytes of
the blood meal are removed in the crop and excreted into the
environment through a series of nephridia and bladders.?** This
action removes nearly half of the ingested weight and effectively
concentrates the remaining erythrocytes, which are stored in the
crop predominantly intact. The crop hosts two numerically dom-
inant symbiotic bacteria: an Aeromonas sp and a recently isolated
bacterium related to the Bacteroidetes genus Rikenella.”® Analysis
of the abundance of the Aeromonas symbiont in the crop before
and after consuming a blood meal indicates that abundance is
low (-5 x 10° cfu/ml of crop contents) immediately prior to con-
sumption of the blood meal and increases roughly three orders
of magnitude after feeding.**® After this period, the majority
of host physiological changes to the blood meal have been com-
pleted and symbiont abundance in the crop gradually declines.

After consumption of a blood meal, the leech can go for a
prolonged period of time, up to 6 mo, before feeding again.*
This prolonged feeding interval provides an opportunity to
monitor nutrient preference and utilization by the gut micro-
biome in a temporal manner that may reflect similar patterns
that occur along the length of longer alimentary tracts found in
other organisms such as humans. During this “fasting” period,
erythrocytes stored in the crop are slowly transported into the
intestinum where they are lysed and the released nutrients are
absorbed. Culture independent analyses have shown that simi-
lar to the crop, the Aeromonas and Rikenella-like symbionts
are both present and numerically abundant in the intestinum,
however the intestinum microbiome is also more diverse than
that of the crop.? In addition to the Aeromonas and Rikenella-
like symbionts, Morganella morganii, members of the o, y and &
proteobacteria, Fusobacteria and Firmicutes were all observed.?
This increased microbial diversity in the section of the gut where
digestion and absorption of nutrients occurs is similar to that
seen in other organisms such as humans and mice.”

Leech Endosymbionts

Nephridia/bladder. Hirudo verbana possess 17 pairs of nephridia
that lie along side the alimentary canal.®® The nephridia func-
tion in the removal of water and osmolytes from the leech hemo-
lymph, especially following consumption of a blood meal.?%
The bladders serve to store urine and nitrogenous wastes, pri-
marily in the form of ammonia, prior to excretion.” Biising et
al. in 1953 described two bacterial morphotypes closely associ-
ated with the nephridia and bladders and Wenning et al. in 1993
showed that these symbionts were present and associated both
intra- and extra-cellularly with the bladder during leech embryo-
genesis.”*! Further investigation into these relationships, how-
ever, was largely ignored until 2009 when they were investigated
more thoroughly.

Using a combination of culture independent 16S rRNA
sequencing, FISH probing and transmission electron micros-
copy (TEM) Kikuchi et al. identified 6 bacterial symbionts
and their physical arrangement within the leech bladder.** An
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Figure 1. Major alimentary structures and microbial interactions of Hirudo verbana. Drawing demonstrating the anatomy of Hirudo verbana show-
ing the major structures of the alimentary system including the crop, lateral crop ceca, nephridia and bladders, intestinum and anus. Inset images
illustrate microbial interactions within the bladder (A), along the crop epithelium (B) and through the crop at large (C) and are as follows: (A) FISH

image showing the distribution of bacteria within the bladder lumen (colors correspond to probes targeted as follows: green, B-proteobacteria; red,
Bacteroidetes; blue, bacteria); (B) FISH image of the Rikenella-like bacterium (red) along the crop epithelium, epithelial cell nuclei counter-stained with
DAPI; (C1) composite image of Aeromonas (red) associated with the cell surface of a leech hemocyte, nucleus counter-stained with DAPI; (C2) FISH im-
age of mixed microcolonies showing both Aeromonas (green) and the Rikenella-like bacterium (red), erythrocytes from a blood meal auto-fluoresce
green and have darkened interiors; (C3) fluorescent image of lectin staining using succinylated wheat germ agglutinin (WGA-S, red) and DAPI counter-
staining of bacterial colonies. For images (A and B), the following indicators are used: (E) indicates the tissue epithelium of the bladder (A) or crop (B)

and L indicates the lumen.

a-proteobacterium, phylogenetically clustered with members of
the genus Ochrobactrum, was identified as living intracellularly
within epithelial cells of the bladder. Two Bacteroidetes spp, phy-
logenetically related to Sphingobacterium and Niabella, were
located along the luminal epithelium of the bladder while two
B-Proteobacteria phylogenetically related to Comamonas and
Sterolibacterium were located further into the bladder lumen.
The sixth symbiont, phylogenetically related to Bdellovibrio, was
located within the bladder lumen, typically in association with
the two B-proteobacterial symbionts.

Determination of the functional roles that the nephridia and
bladder symbionts fulfill in the leech is still a current area of
exploration. It was generally postulated that the symbionts play
an active role in the degradation and detoxification of nitrogenous
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wastes.” Kikuchi et al. however, proposed an intriguing role
of the symbionts in the recycling of nutrients during the pro-
longed “fasting” period in between blood meals.”* In the study
by Wenning et al. antibiotics were injected into the cocoons of
developing leech embryos. After hatching, the bacterial sym-
bionts were not found to be present in adult leech bladders by
TEM, suggesting that the bacterial symbionts do not play a criti-
cal role in the proper development of the nephridia and bladder.*!

Digestive tract. The seemingly simple question of who
are the digestive tract symbionts of the leech has proven to be
tricky. Both the leech and particularly microbial taxonomy have
changed in recent decades, while culture-independent analyses
have revealed the presence of a more complex community than
initially determined.
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Aeromonas. Early culture based investigations of the micro-
flora associated with the medicinal leech recovered a 3-hemolytic
and highly proteolytic species that was nearly always obtained in
pure culture from the leech digestive tract.®” As chemotaxonomic
identification methods improved, these isolates were ultimately
classified as Aeromonas hydrophila. Aeromonas sp are Gram-
negative bacteria that have been isolated from numerous aquatic
habitants, and many Aeromonas spp have been identified as
being opportunistic pathogens of both humans and various other
animals including fish and amphibians.” More recent molecu-
lar investigations into the identity of the Aeromonas symbiont
in the medicinal leech, however, have suggested that the sym-
biont is in fact Aeromonas veronii and not A. hydrophila.** Work
performed by Siddall’s group has greatly clarified this confusion.
It was initially assumed that leeches marketed commercially as
H. medicinalis were indeed H. medicinalis, however using molec-
ular taxonomy methods Siddall et al. showed that commercially
distributed medicinal leeches were usually species of H. orientalis
or H. verbana, with the lacter being by far the most common
species sold by medical suppliers for leech therapy in the UK and
USA.»

The issue of identifying the species of medicinal leech sold
is not inconsequential as subsequent studies suggest that dif-
ferent species of medicinal leech carry a different complement
of Aeromonas symbionts. The commonly sold medicinal leech,
H. verbana, does not typically carry A. hydrophila but A. veronii
instead.***" H. orientalis, meanwhile, carries A. veronii and/or
Aeromonas jandaei while H. medicinalis carries A. hydrophila.’**
A. jandaei has also been found to colonize the North American
medicinal leech, Macrobdella decora.® Of note, recent work by
Siddall et al. has interestingly shown that the phylogenetic dis-
tribution of Aeromonas sp recovered from different species of
leeches caught in the wild does not accurately reflect the estab-
lished phylogeny of the leeches themselves.?® This apparent lack
of co-evolution is intriguing, however only a few specimens have
so far been analyzed, and these studies utilized sequenced PCR
products, which often detect only the most abundant organisms.
Considering that the taxonomy of the Aeromonads is still very
much in the process of being refined, and that commercial phe-
notypic tests used in clinical settings often miss-identify some
Aeromonas species as A. hydrophila, there is a concern that iso-
lates previously identified as A. hydrophila from wound infections
following leech therapy could be actually be A. veronii.**4 Follow
up studies to accurately identify the Aeromonas species isolated
from wound infections have been challenging as these isolates are
usually discarded after clinical identification; one recent study
that isolated a ciprofloxacin resistant species saved the strain
and our lab was able to independently confirm its identity as
A. hydrophila (unplublished data).”® As A. hydrophila is generally
regarded to be more pathogenic in humans than A. veronii, and
different strains of each are susceptible to different types of pro-
phylactic antibiotics administered during leech therapy, it will be
important to better establish the diversity and distribution pat-
terns of Aeromonas spp colonizing leeches supplied to the medi-
cal profession.

www.landesbioscience.com

Rikenella-like bacterium. While it was widely stated in the lit-
erature that an Aeromonas sp (either A. hydrophila or A. vero-
nii) was the sole microbial symbiont present in the leech gut,
these studies were all based on the use of aerobic culturing meth-
ods.?* It is widely accepted, however, that the vast majority of
all microbes are currently uncultivable for a variety of reasons
and that culture-independent analyses provide a more accurate
description of microbial populations. It was using culture-inde-
pendent 16S rRNA sequencing methods, that Worthen et al. first
discovered a second primary symbiont in the leech crop and inte-
stinum, as well as confirming the presence of the previously iden-
tified Aeromonas veronii.” Phylogenetic comparison of the newly
identified symbiont to previously identified species suggested that
it represented a novel genus that is related to the genus Rikenella,
an obligate anaerobe and member of the Bacteroidetes.”? The
closest phylogenetic match (89.7% identity) was to R. microfusus,
which was isolated from a Japanese water fowl. Surveys of human
fecal samples have found members of the family Rikenellaceae to
be an abundant in the human gut microbiome, however few spe-
cies from this family have been obtained in pure culture.” Initial
attempts to cultivate the Rikenella-like symbiont from the leech
in the laboratory using previously described media proved to be
unsuccessful until a directed culturing methodology was applied.

A fluorescent in situ hybridization (FISH) study revealed that
both the Rikenella-like bacterium and Aeromonas proliferated
within the leech crop after consumption of a blood meal, with
the Aeromonas symbiont plateauing and subsequently decreasing
in abundance earlier than the Rikenella-like bacterium.?® Using
meta-transcriptomic data generated from the crop contents of
leeches fed 42 h prior, Bomar et al. found elevated expression
values for genes related to both glycan and mucin foraging and
fermentative metabolism.” Histological staining revealed the
presence of mucin lining the crop epithelium. These data sug-
gested that the Rikenella-like symbiont was foraging on mucins
produced by the host and fermenting them to acetate.”” An anaer-
obic culture medium containing porcine mucin as the primary
substrate for growth was designed and ultimately allowed for the
pure isolation of the Rikenella-like symbiont.” Having the sec-
ond primary microbial leech symbiont in pure culture opens up
exciting new avenues of research that were previously unavailable
and may reveal the functions of these organisms in a variety of
hosts.

Other known symbionts. In addition to the two dominant
Aeromonas and Rikenella-like gut symbionts, a number of other
bacterial species have been identified in lower abundance, par-
ticularly in the intestinum.”® One of these species, Morganella
morganii, we have been able to isolate in the lab from H. verbana.
M. morganii is a pervasive opportunistic pathogen of a number of
animals and has been recovered from wound infections after leech
therapy.®®
in mammals, a Desulfovibrio sp has also been observed in and

0 Similar to other gastrointestinal microbiomes such as

isolated from the leech intestinum. In mammals, Desulfovibrio
spp consume hydrogen and free sulfur end products of microbial
fermentation and produce hydrogen sulfide, which can be toxic
to the host gut epithelium.” This toxicity has led to Desulfovibrio
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being implicated in bowel diseases, principally ulcerative coli-
tis.”>* Other bacterial species common to the gut microbiomes
of other animal hosts have been identified using culture inde-
pendent analyses and detailing the full scope of the intestinum
microbiome is currently an active point of exploration.

Symbiont Transmission

One of the intriguing questions that arises from the study of
host/microbe endosymbioses is where do the symbiotic bacteria
come from and how do they become established within a host. In
mammalian species such as mice and humans, the neonate gas-
trointestinal tract is sterile at birth and is subsequently colonized
through interaction with the environment, particularly during
feeding.>*® This process of acquiring symbiotic microbes from
the environment is known as horizontal transmission. Avian and
presumably reptilian species are also born with sterile gastrointes-
tinal tracts that are subsequently colonized post hatching through
horizontal transmission.”® Leeches are hermaphroditic and repro-
duce through the deposition of multiple fertilized embryos in a
cocoon.”® During cocoon deposition, the parent leech secretes a
foamy liquid from specialized cells along the outer integument
that is subsequently sloughed off over the anterior end.?* The
leech then uses its mouth to form the cocoon’s final shape as the
foamy liquid begins to harden. Contact with both bladder secre-
tions and the mouth of the parental leech during cocoon deposi-
tion and formation could provide a simple and direct route for
the vertical transmission of microbial symbionts from the parent
crop to the cocoon.

This mode of direct vertical transmission from the parent to
the embryo was explored by Rio et al. using diagnostic PCR.
They showed that the Aeromonas symbiont was detectable within
24 h after cocoon deposition, while the Rikenella-like symbiont
was first detected 2 weeks after the juveniles leeches hatched from
the cocoon.”” While the Rikenella-like symbiont was not detect-
able using standard diagnostic PCR until two weeks after hatch-
ing, it is likely that this symbiont is present immediately following
deposition but at a level below the limit of detection of the PCR
assay used. Transmission of the nephridia and bladder symbionts
to developing leeches is more complex considering the intracel-
lular nature of one of the symbionts. In their same study, Rio
et al. found that the intracellular Ochrobactrum symbiont was
present in 100% of all cocoons examined from 24 h post-depo-
sition onward while the Commamonas and Niabella symbionts
were detected at all time points during development, although
not in all cocoons sampled.” Further, no transmission of bladder
or nephridia symbionts was found to occur when housing juve-
nile leeches that had been exposed to antibiotics during develop-
ment, and thus had no bladder symbionts, with adult leeches that
were not exposed to antibiotics, suggesting that transmission and
colonization of the bladder and nephridia symbionts must occur
during cocoon deposition and embryogenesis.!

Proposed Role of the Leech Gut Microbiome
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Microbial gut symbioses pose interesting questions regarding the
functional interactions that occur between the microbiome and
the host. The large microbial diversity and complexity of most
digestive-tract microbiomes, such as in mice and humans, com-
plicates studies attempting to determine the functional roles of
individual species of the microbiome. The naturally occurring,
low diversity microbiome within the leech gut, combined with
our ability to culture both dominant symbionts and genetically
manipulate one of them, makes the medicinal leech a powerful
model for the study of microbe/host interactions. Since the ini-
tial discovery of the digestive-tract symbioses of the leech gut,
three main hypotheses have been offered to explain why this
relationship is maintained as well as its specificity.*4*>¢ Two of
these hypotheses are based on nutritional aspects and neither
are mutually exclusive. The first hypothesis is that the microbial
symbionts are responsible for the digestion of the blood meal (1)
while the other is that the symbionts provide essential nutrients
that the leech is unable to synthesize for itself and cannot derive
in sufficient quantities from the blood meal directly (2). Early
research suggested that the leech was incapable of lysing the con-
sumed erythrocytes without the contribution of the Aeromonas
symbiont due to an apparent lack of host proteases within the
gut.?® Subsequent discovery of host produced proteases within
the intestinum, which is the primary site of erythrocyte lysis and
digestion of the blood meal, suggests that the microbial symbi-
onts may not be essential for the digestion of the blood meal.””
However, recent transcriptome analysis has revealed which met-
abolic pathways of the microbial community are active within
the leech crop, and suggests that the symbionts may be releasing
nutrients such as acetate that can then be utilized by the host.”
Thus, while the host may be capable of digesting the blood meal
itself, optimal nutritional benefits may require the presence of
certain members of the gut microbiome. For example, the low
concentration of B vitamins in blood, which the leech is inca-
pable of synthesizing for itself, suggests that they would need to
be supplied by the either the crop or intestinum microbiomes.®
Further transcriptome analysis of both the crop and intestinum
microbiomes is currently under way and will greatly elucidate the
role of each in the provision of nutrients to the host.

The third hypothesis for the role of the microbial symbionts
is that they provide a form of either passive or active resistance
to colonization of the leech gut by potentially pathogenic or
detrimental species of bacteria.®® In humans and mice, the gut
microbiome is though to perform an important function by pre-
venting exogenous, potentially pathogenic microbes from colo-
nizing, a process is termed colonization resistance. The specificity
of the composition of the leech gut microbiome can be evaluated
experimentally by utilizing a colonization assay that introduces
different bacterial strains into the leech via the blood meal. This
assay allows for the screening of factors that affect the introduced
strains ability to colonize the leech crop and intestinum. Using
this the assay, Indergrand and Graf first tested clinical isolates
that were identified as Escherichia coli, Staphylococcus aureus and
Pseudomonas aeruginosa for their ability to colonize the leech crop
when compared with growing in blood alone.’® Both S. aureus
and P. aeruginosa were found to be significantly attenuated in
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Table 1. List of Aeromonas veronii mutants

Functional Group Strain ID(s) Identified defect/mutation Colonization deficiency* Reference for strain
Parent/Wild-type Strains HM21R, HM21RS - - 24
Complement Resistance 30+ isolates Multiple genetic loci +, ++, +++ 59

Oxidative Stress JG186 katA - 72
JG356 Glycosyltransferase +++ 59

Surface Modification JG736, JG730 Ipp +++ 3% Er?&%li?\igraf
JG738 Methyltransferase type 11 ++ 59
JG574 Ribosomal operon + 59
Regulatory JG697 GTP-binding protein ++ 59
JG741 Exoribonuclease Il + 59
JG537 pstC homolog ++ 59
Nutrition JG698 GufA + 59
JG750 Threonine/serine transporter ++ 59
ot e o JG752 ascU-Type lll secretion system ++ 70
HE-1095 exeM-Type Il secretion system + 69
JG521, JG573, JG735, JG751 Hypothetical proteins +, ++, +++ 59
JG532 Conserved hypothetical protein + 59
Unknown Role JG533 KAP family P-loop domain protein 3 59
JG538 Peptidase S15 + 59
JG523, JG753 No similar BLAST result + 59

*Colonization deficiency of leech crop compared with parent/wild-type strain represented as follows: -, no colonization deficiency; +, 2 to 10-fold

deficiency; ++, 10 to 100-fold deficiency; +++, > 100-fold deficiency.

their ability to proliferate within the leech crop compared with
the in vitro blood control, suggesting either that their growth was
inhibited or that cell proliferation was balanced by death. These
data suggest that the leech and/or the gut microbiome creates
conditions inside the leech gut that modulate the proliferation
of these two species. E. coli, however, was found to have a sig-
nificantly reduced ability to survive in both the leech and the in
vitro blood control. This finding suggested that an innate immu-
nity factor of the blood meal was responsible for inhibiting the
proliferation of E. coli but not S. aureus and P. aeruginosa’® Heat
treatment of the blood prior to inoculation with the E. col7 strain
allowed for growth in the in vitro blood control and colonization
of the leech crop, suggesting that the mammalian complement
system is active within the leech crop and plays a role in pre-
venting complement sensitive bacteria from colonizing the leech.
This activity of the complement system is reinforced by findings
that Aeromonas mutants that are unable to properly synthesize
the lipopolysaccharide layer of the outer membrane are unable to
colonize the crop or grow in blood where the complement system
has not been inactivated.”

Factors Critical to Survival of Aeromonas
in the Leech Gut

Insight into factors that are critical for the establishment and
maintenance of the specificity of host/microbe symbioses is often
gained through the creation of bacterial mutants and monitor-
ing their ability to colonize and proliferate in the host.”* The
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Aeromonas symbiont is easily cultured in vitro and has a well-
established system for genetic manipulation. Using random
transposon mutagenesis screening, we have identified numer-
ous colonization factors that are required for A. veronii to effec-
tively colonize the leech crop. A brief overview of these factors is
given in Table 1. Signature tagged mutagenesis (STM), a high-
throughput transposon mutagenesis screening method has been
used for a number of bacterial species to identify both virulence
and symbiosis related genes.®* Using STM, Silver et al. identi-
fied 20 serum-resistant A. veronii mutants that showed a reduced
ability to colonize the leech crop compared with the parent strain
and 26 serum-sensitive mutants.”” Nine of the 20 serum-resistant
mutants were observed as having a statistically lower ability to
colonize the crop compared with the parent strain, however anal-
ysis of the transposon insertion site only revealed the disruption
of hypothetical proteins or proteins of unknown function. The
remaining 11 serum-resistant mutants, however, had insertions
affecting identifiable genes, forming four groups based on the
functional category of the disruption.

Resistance to blood complement system. Mammalian blood
contains a number of innate immunity factors that serve to pro-
tect the host from bacterial infection. The complement system
is one such innate immunity factor, and was found to remain
active within the leech for up to two days after feeding.”® This
prolonged activity limits the ability of foreign bacteria that are
susceptible to the complement system to colonize the leech, such
as was observed for E. coli. Of the 46 mutants identified by Silver
et al. 56% were found to be sensitive to serum, an indicator for
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susceptibility to the complement system present in mamma-
lian blood.” This recovery of a large number of serum sensitive
mutants reinforces the role that resistance to the complement
system of the ingested blood meal provides as a colonization fac-
tor of A. veronii in the leech and highlights the large number of
genes involved in protecting Aeromonas from the complement
system.*t

Regulatory control in response to host stimuli. Given that
A. veronii is found not just in the leech gut, but also in many
aquatic habitants and is a pathogen in both mammals and fish, one
expects that tight regulatory control over cell proliferation, meta-
bolic processes and colonization factors in response to the given
environment would be crucial in allowing A. veronii to colonize
and persist in the leech. Four mutants were initially reported by
Silver et al. to have a disruption in regulatory genes which could
be required for modulating activity in response to host stimuli.”?
However, subsequent analysis of one of these mutants, JG730,
revealed that the initial identification of the affected gene was
most likely based on an annealing artifact during inverse PCR,
and that the actual transposon insertion occurred in the /pp gene
(Bomar L and Graf]J, unpublished). The disruptions for the other
three mutants occurred, respectively, in a ribosomal operon con-
trol region, a gene encoding a GTP-binding protein, and a gene
encoding an exoribonuclease I11.”

Cell membrane maintenance and modification. Studies
examining other model symbioses, such as tsetse flies, have iden-
tified that certain cell membrane modifications serve to promote
colonization of the host by only specific symbionts, and thus the
ability to prevent or resist attack from membrane stress within
the leech would be a critical colonization factor for Aeromonas.®
Three strains were reported in the STM study to have mutations
in cell surface modification or stability proteins. Two strains have
mutations in putative glycosyltransferase genes, which are known
to play a role in the synthesis of the LPS layer that provides com-
plement resistance in Aeromonas.”” However, as neither of these
two mutants was found to be serum sensitive, it is unlikely that
LPS synthesis alone was responsible for the colonization defect
and that the affected genes may play a more subtle role in modi-
fying the cell surface, the production of exopolysaccharides or
glycosylating certain surface proteins. The third mutant, JG736,
was found to have a disruption of the /pp gene and is described in
more detail in the STM study.”” Our subsequent re-identification
of the transposon insertion site for JG730 as being in /pp would
now make this four surface modification and stability mutants.

Nutrient acquisition. Competition for nutrients between the
two primary symbionts, as well as with the host, provides a selec-
tive pressure that can prevent microbial species from effectively
colonizing the leech crop. Three strains containing mutations in
nutrient transporter genes were identified in the STM study. One
of these mutants, JG537, was found to have a disruption of a pstC
homolog gene.”” In E. coli, the classical documented activity of the
DPst operon is to control phosphate transport into the cell under
low phosphate conditions. Pst has also interestingly been impli-
cated as being required for full pathogenicity of two pathogenic
strains, O78 and O115, in animal models.®*® Studies examin-
ing enteropathogenic E. coli in vitro and Citrobacter rodentium in
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vivo have found that the Pst operon is necessary for adhesion to
host gastrointestinal epithelial cells and full virulence in murine
models.®”°
tem, it is possible that the failure of the Pst mutant to colonize the

8 Thus while Pst is a classical nutrient transporter sys-

leech crop is not due to a defect in the acquisition of nutrients.

Host interaction. An interesting and clinically important fea-
ture of the Aeromonas symbiont is that it is also a pathogenic
bacterium in both mammals and fish. Because of this dichoto-
mous lifestyle, numerous investigations have been undertaken
to elucidate the mechanisms that A. veronii uses to persist in
the leech host without causing any apparent negative effects.
Bacterial secretion systems have been identified as necessary
virulence factors for a number of pathogenic bacteria including
Aeromonas. Both the type 2 (T2SS) and type 3 (T3SS) secretion
systems of A. veronii serve as virulence factors and were found to
be required for colonization of the leech crop. The T2SS mutant
was found during a screening of A. veronii transposon mutants
that had lost the ability to lyse erythrocytes (3-hemolysis) when
grown on blood agar plates.”” Sequencing of the insertion site
found that the transposon disrupted transcription of two genes
required for the synthesis of the inner membrane components of
the T2SS, indicating that the T2SS is responsible for the export
of hemolysins by A. veronii. The failure of the T2SS mutant to
colonize the leech crop suggests that hemolysin export is a criti-
cal colonization factor for A. veronii, even though the majority
of consumed erythrocytes remain visibly intact inside the leech
crop. The T3SS mutant was identified in the above-mentioned
STM study by Silver et al. and showed a diminished capacity
to colonize the leech crop although no growth defect was wit-
nessed in an in vitro blood control.>”° Fluorescent in situ hybrid-
ization (FISH) microscopy determined that the T3SS mutant
was phagocytosed by leech hemocytes, macrophage like cells
that would serve to remove susceptible bacteria from the blood
meal, while wild-type Aeromonas were only associated with the
hemocyte cell surface. The T3SS mutant also demonstrated a
significantly decreased ability to lyse murine macrophage cells
when compared with the parent strain, and was subsequently less
pathogenic when injected into mice.”” These finding suggest that
A. veronii uses known virulence factors in a manner that allows it
to colonize and persist in the leech crop.

Microbe/Microbe Interactions

The discovery and subsequent culture isolation of a second pri-
mary microbial symbiont in the leech gut provided new and
exciting avenues of research not only into host/microbe interac-
tions, but also into microbe/microbe interactions. The Rikenella-
like symbiont, as with other members of the Bacteroidetes, is an
obligate anaerobe, while the Aeromonas symbiont is a faculta-
tive anaerobe. As the leech epidermis is fairly permeable to oxy-
gen and water, it was first questioned whether or not the leech
gut was sufficiently anaerobic to support the proliferation of
the Rikenella-like symbiont. This led to the hypothesis that the
Aeromonas symbiont, a facultative anaerobe, could be respon-
sible for the consumption of oxygen within the leech gut, keeping
it sufficiently reduced to permit the growth of the Rikenella-like
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symbiont.?® This hypothesis is consistent with data that showed
that the Aeromonas symbiont could be detected within 24 h after
cocoon deposition, when the concentration of oxygen would be
similar to the surrounding environment, while the Rikenella-like
symbiont could not be detected until 2 weeks after emergence
from the cocoon, at which point the gut would be fully formed
and possibly anaerobic.”® Although the cocoon itself would not
be anaerobic during embryogenesis, it is possible that during this
period of development that the gut symbionts are in close prox-
imity and that the Aeromonas symbiont has created an anaerobic
microenvironment where the Rikenella-like bacterium can sur-
vive but not proliferate. This would explain how the obligately
anaerobic Rikenella-like bacterium could be vertically transmit
ted from parent to offspring, but could not be detected until after
emergence of the juvenile leech from the cocoon.”

Further evidence supporting this interaction between the
Aeromonas and Rikenella-like symbionts can be found in the
distribution of the symbionts within the crop of adult leeches.
Using FISH microscopy, Kikuchi and Graf determined that the
Aeromonas symbiont was found in one of two forms within the
leech.’® The first form was as single, freely moving pelagic cells,
while the second was in association with the Rikenella-like bacte-
rium in what are described as mixed microcolonies. These micro-
colonies were found to be covered by a polysaccharide matrix,
which could tightly bind the two species together. The close
proximity of Aeromonas to the Rikenella-like bacterium would
facilitate the maintenance of a sufficiently anaerobic environment
for the Rikenella-like bacterium to proliferate within the micro-
colony, as well as allow for rapid nutrient transfer between the
two species in a manner similar to that observed for bacteria in
anaerobic granules present in certain waste treatment systems.*®
An intriguing proposed function of these mixed microcolonies
is that they aid the Rikenella-like bacterium in evading phago-
cytosis by leech hemocytes in the crop. This could occur by pre-
venting recognition of the Rikenella-like bacterium due to the
polysaccharide matrix or the clearing of hemocytes in the crop as
a result of the activity of the T3SS of the Aeromonas symbiont as

discussed above.?*”°

Future Perspectives

Due to its naturally limited microbiome when compared with
other common animal models, the ability to culture the two
dominant symbionts, genetically manipulate one of them
(Aeromonas), and modify the blood meal, the medicinal leech
has proven to be a powerful model for examining the nature
of microbial symbioses. While we discussed above a number of
important findings regarding the nature of the leech microbiome,
and have been able to apply these findings to other symbiosis
models and areas of research, previous studies have only scratched
the surface of what is occurring and the underlying mechanisms
thereof. As the Aeromonas symbiont was the first isolate obtained
from the leech, most of our knowledge is based on analyses of this
symbiont only. Now that the Rikenlla-like bacterium has been
obtained in pure culture, further characterization of the isolate
and its role within the leech is an active point of exploration. An
interesting finding in the python that Rikenella spp play a role
in metabolizing host mucins to acetate, which could serve as a
source of host nutrition during periods of fasting has interesting
parallels to the leech, which also undergoes long periods between
feeding.”*

One of the important questions that we are currently inves-
tigating is how the symbiont/host dynamics change during the
maturation of juveniles into adult leeches. Within the cocoon
the embryonic leeches subsist on albumin, and do not con-
sume their first blood meal until weeks after emerging from the
cocoon. This represents a period in which a number of host and
microbial interactions are believed to occur as the primary source
of nutrients switches from albumin to blood. Using a combina-
tion of metagenomic and metatranscriptomic approaches, we
are rapidly expanding our understanding of the host response
in relation to changes in the physiology and composition of the
gut microbiome, pointing out new research directions that we
are just beginning to explore. Thus, despite its undeserved repu-
tation and association with quackery, the medicinal leech can
hold its head high as a powerful model for the study of microbial
symbioses and as useful medical device in modern medicine.
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