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Hirudo medicinalis, the medicinal leech, usually carries in its digestive tract a pure culture of Aeromonas
veronii bv. sobria. Such specificity is unusual for digestive tracts that are normally colonized by a complex
microbial consortium. Important questions for the symbiotic interaction and for the medical application after
microvascular surgery are whether other bacteria can proliferate or at least persist in the digestive tract of H.
medicinalis and what factors contribute to the reported specificity. Using a colonization assay, we were able to
compare experimentally the ability of clinical isolates and of a symbiotic strain to colonize H. medicinalis. The
symbiotic A. veronii bv. sobria strain proliferated well and persisted for at least 7 days inside the digestive tract.
In contrast, the proliferation of Pseudomonas aeruginosa and Staphylococcus aureus was inhibited inside the
animal compared to growth in the in vitro control, indicating that the ingested blood was modified within the
digestive tract. However, both strains were able to persist in the digestive tract for at least 7 days. For an
Escherichia coli strain, the viable counts decreased approximately 1,000-fold within 42 h. The decrease of viable
E. coli could be prevented by interfering with the activation of the membrane-attack complex of the complement
system that is present in blood. This suggests that the membrane-attack complex remained active inside H.
medicinalis and prevented the proliferation of sensitive bacteria. Thus, antimicrobial properties of the ingested
vertebrate blood contribute to the specificity of the A. veronii-H. medicinalis symbiosis, in addition to modifi-
cations of the blood inside the digestive tract of H. medicinalis.

The digestive tract of most animals is colonized by a complex
microbial flora (9, 31, 38). For example, the human colon
houses hundreds of different bacterial species (31), and certain
blood-feeding animals, such as mosquitoes, carry a diverse
microbial flora in their midgut (9). In contrast to this diversity,
the digestive tract flora of Hirudo medicinalis, the medicinal
leech, is very simple; most studies report the presence of a pure
culture of an Aeromonas sp. (15). This simplicity suggests the
presence of mechanisms that control the composition of diges-
tive-tract flora and is of importance for the medical application
of leeches.

The medicinal leech feeds on vertebrate blood and can con-
sume in a single blood meal over six times its own body weight
(23). The ingested blood is stored in the extensive crop of the
digestive tract (39) that is colonized by Aeromonas veronii bv.
sobria (16). The consistent isolation of a pure Aeromonas cul-
ture from the digestive tract prompted early investigators to
consider these bacteria to be symbionts (6, 22). For the sym-
bionts, several functions were proposed that would benefit the
host, such as the digestion of the ingested blood (18), the
provision of essential nutrients (39), and the prevention of
other bacteria from colonizing the digestive tract (6, 44). While
most studies reported only the presence of Aeromonas in the
digestive tract (6, 7, 16, 21, 22), a few studies occasionally
detected other bacteria (25, 33, 46). Wilde attributed these
bacteria to feeding the animals contaminated blood prior to
the dissections (46). Two more recent studies also reported the
detection of other bacterial species and proposed that these
bacteria may present an additional risk for the medical appli-
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cation of H. medicinalis (25, 33). While all of these studies
concluded that the major isolate is Aeromonas, the degree of
specificity was questioned on the basis of the isolation of non-
aeromonads from the digestive tract. Due to the lack of quan-
titative data and the ease of contamination from the micro-
biota present on the skin, an experimental assessment of the
specificity and the identification of the mechanisms involved is
needed. Recently, we developed a colonization essay that al-
lows us to determine the ability of individual strains to colonize
the medicinal leech and that is sufficiently amendable to allow
the identification of factors that may play a role in the apparent
specificity (16). Two studies from the 1940s and 1950s provided
some experimental evidence that the bacterial symbionts of H.
medicinalis were able to suppress the growth of other bacteria
in vitro (7) and to weaken the virulence of pathogens (44). Yet,
to our knowledge, no factors that contribute to the specificity
of this symbiosis have been reported.

Such specificity is not uncommon in symbioses where the
bacteria are housed in specialized organs (4, 26) or are intra-
cellular (1, 4, 40), but it is unusual for digestive tracts. In the
medicinal leech, potential sources of bacteria, other than the
symbionts, include the nutritious yolk that the juvenile leeches
feed on and that has been shown to contain a mixture of
bacteria (7), the skin of H. medicinalis which carries a consor-
tium of bacteria (34), the substrate that the animals attach to,
the skin of the animal that the leeches feed on, and possibly the
ingested blood of a bacteremic host. Yet in the digestive tract,
Aeromonas is the predominant bacterium.

The revival of the medical application of H. medicinalis (17,
32) and the associated risk of wound infections at the attach-
ment site by the symbiotic digestive-tract flora (8, 11, 27, 45)
have increased the need to assess the ability of pathogenic
bacteria to colonize the leech’s digestive tract (15, 16, 33).
Medicinal leeches are used to relieve venous congestion after
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reconstructive or plastic surgery (17, 32). In cases with com-
plications, the application of H. medicinalis greatly enhances
the success rate of the recovery in a way that cannot be dupli-
cated using pharmaceuticals (8, 17, 32, 39). However, without
preemptive antibiotic treatment, up to 20% of the patients
receiving leech treatment become infected with Aeromonas,
the digestive-tract symbiont of H. medicinalis (8, 27). A poten-
tial problem that may be more difficult to treat than an Aero-
monas infection is an infection by other, more pathogenic,
bacteria that were transmitted during leech therapy. In order
to be able to cause infections, these bacteria would need to be
able to proliferate to a critical density or persist at a sufficient
concentration inside the digestive tract for an extended period
of time.

The recent development of a colonization assay allowed us
to evaluate the ability of specific strains to colonize H. medici-
nalis (16). Using this assay, we demonstrated that Aeromonas
hydrophila and A. veronii bv. sobria strains isolated from hu-
man feces could colonize H. medicinalis to a similar extent as
a symbiotic strain (16). In the present study, we extended our
investigation to non-aeromonads and tested three strains that
had been isolated from the blood of patients (Escherichia coli,
Pseudomonas aeruginosa, and Staphylococcus aureus). These
three species are important causative agents of septicemia, a
serious condition that could result from a wound infection.
Our approach was to feed rifampin-resistant (Rif") derivatives
of these strains in a blood meal to H. medicinalis and to mon-
itor the ability of these strains to colonize the leech. The
growth of each strain inside the digestive tract of H. medicinalis
(in vivo) was compared to the ability of the same strain to grow
in a blood sample that was not fed to the animal (in vitro). We
hypothesized that if a strain failed to proliferate inside the host
there would be three sources of factors that could affect the
bacterial growth and survival: the host, the symbiotic micro-
biota, and the ingested mammalian blood (15).

MATERIALS AND METHODS

Strains, media, and growth conditions. The symbiotic test strain, HM21R, is
a spontaneous Rif" mutant derived from HM21 (16). The strains HM21 and
HM221 were identified as A. veronii bv. sobria and isolated from the crop of H.
medicinalis (16). The non-aeromonad strains were blood isolates and obtained
from the culture collection of the Institute for Infectious Diseases of the Uni-
versity of Berne (IMM 637156, an E. coli strain isolated from 58-year-old man
with acute sepsis after an aortic valve replacement; IMM 638585, a P. aeruginosa
strain from a 22-year-old man with a retropubic abscess after polytrauma; and
IMM 637577, an S. aureus strain from a 48-year-old woman with agranulocyto-
sis).

The spontaneous Rif" mutants were derived from the clinical strains by grow-
ing cultures overnight in Luria-Bertani (LB) broth, spreading 100 pl of the broth
on LB agar plates containing rifampin (RIF) (100 pg/ml) and incubating the
plates at 30°C overnight (30, 37). Several Rif" strains were streaked for isolation
and examined for normal growth. Representative strains were named as follows:
EcR1 derived from IMM 637156, PaR1 derived from IMM 638585, and SaR1
derived from IMM 637577. The bacteria were stored at —80°C and grown at 30°C
on blood agar plates (4.4% [vol/vol] whole sheep blood) that were made as
described previously (16). For the colonization experiments, the bacteria were
cultured as described previously in LB medium at 30°C (16, 37).

Animals. The medicinal leeches used in this study were farm-raised animals
obtained from Ricarimpex (Eysines, France). The animals were starved for 4
months prior to delivery by the supplier and maintained without feeding in leech
tanks (Biopharm, Dyfed, United Kingdom) containing tap water at room tem-
perature (23°C). The water was changed weekly.

Colonization assay. The colonization assay used in this study was identical to
the assay we described previously (16). For each time point, at least three animals
were used. The limit of detection was 10 CFU/ml.

The animals were fed heparinized sheep blood (25 U/ml; Sigma Chemical Co.)
that had been stored for between 18 and 24 h at room temperature. Different
concentrations of bacteria, either a high inoculum (2 X 10* CFU/ml) or low
inoculum (2 X 10> CFU/ml), were added to the blood that had been preheated
to 37°C. The animals were fed 5 ml of blood, and individual animals were
incubated for 18, 72, or 162 h at room temperature (23°C). After incubation, the
intraluminal fluid (the ingested blood) was collected from the crop of the diges-
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tive tract. The serially diluted samples were plated on LB-RIF agar plates and
blood agar plates. This allowed the comparison of counts on LB-RIF agar plates
where only the introduced Rif" test strain proliferated and on blood agar plates
where the native symbiotic microbiota and the test strain were recovered. The
number of doublings (g) for the Rif" test strain was determined using the total
numbers of bacteria ingested (CFUy) and those present at 18 h (CFU ,3): g =
(log CFUg — log CFUy)/log 2.

Growth of strains under in vitro conditions. In addition to the in vivo colo-
nization assay, an in vitro assay was done. An aliquot of the blood sample was
inoculated with the test strain and incubated in 1.5-ml microcentrifuge tubes for
the same length of time and at the same temperature as the animals to determine
the growth potential of each strain in blood. Growth of the bacteria in the in vitro
controls was determined by plating serial dilutions on blood agar plates. For the
heat-inactivated blood, the sample was heated to 56°C for 40 min and allowed to
cool to 37°C before inoculation (29). For the in vitro competition assay, the blood
was inoculated with a 1:1 mixture (200 CFU of each strain per ml; low inoculum)
of the Rif® symbiotic isolate HM221 and the Rif" test strain, i.e., either PaR1 or
SaR1.

Inhibition of the activation of the ane-attack complex. The activation of
the membrane-attack complex of the complement was inhibited by interfering
with the classical pathway of activation, the alternative pathway of activation, or
both pathways. For these experiments, we used heparinized human blood (25
U/ml; Sigma Chemical Co.). Immediately after the blood was obtained, it was
aliquoted into 1-ml fractions and pretreated for 40 min as follows: heat inacti-
vated (heating the blood to 56°C [29]), EGTA treatment (20 mM EGTA [Sigma
Chemical Co.] and 2 mM MgCl, [12, 29]), EDTA treated (20 mM EDTA Sigma
Chemical Co.] [29]), and inulin treated (inulin at 2 mg/ml [Sigma Chemical Co.]
[29]). To all of the samples an equal volume was added (made up to equal 82 pl
with saline solution [145 mM NaCl]). The E. coli strain was added at a concen-
tration of 2 X 10* CFU/ml, and the samples were incubated at 23°C for 18 h. The
mean concentration was determined from four samples using blood from two
different donors.

Statistical analysis. The data were analyzed using the program GraphPad
Prism 2.01. The data were log transformed, and the two-sided Mann-Whitney
test was performed to compare the concentration that each test strain reached in
the intraluminal fluid to the concentration in the in vitro blood control. For the
competition experiments, the concentrations reached by the Rif" test strain in the
in vitro competition were compared to its concentration in the intraluminal fluid.
For the inhibition of the activation of the membrane-attack complex, the mean
concentrations of the treated samples were compared to the nontreated control.
Significant differences (P < 0.05) are reported in the figures and in Table 1.

H

RESULTS

Colonization of H. medicinalis by A. veronii bv. sobria. In a
previous study, the colonization dynamics of the symbiotic A4.
veronii bv. sobria strain HM21R were monitored for the initial
24 h after feeding (16). In the present study, we extended our
observations to 162 h after feeding. Throughout this time, the
symbiotic test strain was maintained at a similar mean concen-
tration in the intraluminal fluid of the crop (X = 5.8 X 107 to
1.5 X 10® CFU/ml). At 42 and 162 h, the concentrations that
were reached inside the animal were 10-fold lower than the
concentrations reached in the in vitro blood control (data not
shown). The lower concentration may be due to the removal of
water (30% of the ingested weight is lost within 12 h and up to
60% is lost within 6 days [23]), the removal of nutrients, the
competition with the native microbiota for nutrients and space,
the release of inhibitory substances (36), and/or the sampling
error. At 162 h after feeding, the intraluminal concentration of
the introduced test strain decreased in three out of four ani-
mals to a mean of 3.6 X 10° CFU/ml. Whether these changes
are indicative of a downward trend will require sampling the
animals at a later time point. These results demonstrate that 4.
veronii bv. sobria can survive for extended periods of time in
blood and inside the crop of H. medicinalis.

Colonization of H. medicinalis by E. coli. The concentration
of colony-forming EcR1 decreased dramatically inside the an-
imal and in the in vitro blood control (Fig. 1A). The animals
consumed 10° CFU of EcR1 and by 42 h no EcR1 colonies
could be detected in two out of three animals. By 162 h, EcR1
colonies were detectable in two out of four animals at a con-
centration of 10° CFU/ml, suggesting that the antimicrobial
property that affected EcR1 had been inactivated over time or
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FIG. 1. Colonization of H. medicinalis by E. coli. (A) High inoculum. During
the first 42 h after feeding, the concentration of EcR1 decreased inside the leech
and in the in vitro control. The extent of the colonization by EcR1, an Rif" E. coli
strain, was assessed 18, 42, or 162 h after inoculation. The blood was either fed
to the animal or incubated in vitro. The arrow depicts the concentration of EcR1
in the inoculum. The concentration of the bacteria present in the intraluminal
fluid of the digestive tract was determined (native flora and EcR1 recovered on
blood agar [open bar] and EcR1 alone recovered on LB-RIF plates [solid bar])
and of EcR1 in the vitro blood control (hatched bar). (B) Low inoculum and heat
treatment. Heat treatment of the blood permitted the proliferation of EcR1
inside the animal and in the in vitro blood control. The bacteria were either
inoculated into untreated blood or heat-inactivated blood which was fed to the
animal or incubated in vitro. The proliferation was assessed 18 h after inocula-
tion. The error bars represent one standard deviation.

Normal Blood

that EcR1 had become resistant to it. The native symbiotic
microbiota reached concentrations of between 7.0 X 10° and
1.2 X 10° CFU/ml in the animals. In the in vitro blood control,
a similar pattern was observed for EcR1. After an initial de-
crease in the concentration of colony-forming EcR1, a period
of proliferation occurred (Fig. 1A). These results suggested
that the antimicrobial property(ies) of the ingested blood af-
fected the viability of EcR1 and remained active for some time
within H. medicinalis.

Interference with the activation of the membrane-attack
complex. Blood has numerous antimicrobial properties that act
in concert to inhibit bacterial growth. An important property of
blood that it is capable of inactivating high concentrations of
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TABLE 1. Inhibition of the activation of complement affects the
growth of E. coli in vitro

Pretreatment of blood” with:

Parameter
Heat EGTA EDTA Inulin None
X (CFU/ml)b 320,000* 12,000* 150,000* 35 42
SD 520,000 1,200 83,000 50 33

“ For 40 min, the blood was pretreated by heating the blood to 56°C (i), adding
20 mM EGTA and 2 mM MgCl, (ii), adding 20 mM EDTA (iii), or adding 2 mg
of inulin per ml (iv). An asterisk indicates there was a significant difference
between the pretreated and untreated blood using the Mann-Whitney test (P <
0.05).

> The mean concentration was determined after 18 h using four replicates.

bacteria is the membrane-attack complex of the complement
system. The membrane-attack complex, C5b-9, inserts into the
membrane of susceptible cells, renders the cells permeable,
and thus inactivates them (42, 47). The formation of the mem-
brane-attack complex can be achieved either by the classical
pathway or by the alternative pathway (42, 47). Because com-
pounds that inhibit the activation pathways have been better
studied in humans, we used human blood for the following in
vitro experiments. Heating blood to 56°C for at least 30 min
and the addition of EDTA inhibit the activation of the mem-
brane-attack complex by both the classical and alternative
pathways (29). The addition of EGTA and MgCl, inhibits only
the activation by the classical pathway, whereas inulin inhibits
the activation by the alternative pathway (12).

We determined the effect of these inhibitors on the prolif-
eration of E. coli under in vitro conditions (Table 1). Pro-
longed heat treatment and the addition of either EDTA or
EGTA plus MgCl, inhibited the bacteriocidal properties of the
blood that killed the E. coli strain. This suggests that the E. coli
strain used in this study activated complement via the classical
pathway and was killed by the membrane-attack complex.

Having established that the antimicrobial property of the
blood that killed EcR1 could be inactivated by heating the
blood in vitro, we examined whether heating the blood would
allow EcR1 to proliferate in the intraluminal fluid. The inoc-
ulum was lowered to 200 CFU/ml, and the concentration of
EcR1 was determined after 18 h. Using the untreated sheep
blood, no CFU could be detected in any of the four animals
tested nor in the in vitro blood control (Fig. 1B). However, in
the heat-treated sheep blood, EcR1 proliferated to a concen-
tration of 3.3 X 10°> CFU/ml inside H. medicinalis and to 1.8 X
10* CFU/ml in the in vitro control. This indicates that a heat-
sensitive antimicrobial property of the blood was responsible
for killing EcR1 in vitro and inside the medicinal leech, sug-
gesting that the membrane-attack complex remained active
and functional within the crop of H. medicinalis, thus contrib-
uting to the specificity of the symbiosis.

Colonization of H. medicinalis by P. aeruginosa. In contrast
to the E. coli strain, the P. aeruginosa strain, PaR1, was able to
proliferate in the crop of H. medicinalis (Fig. 2A). By 18 h,
PaR1 had proliferated in the intraluminal fluid from the initial
concentration (2 X 10* to 8.0 X 10° CFU/ml and remained at
a similar concentration for at least 162 h (¢ = 5.1 x 10*
CFU/ml at 42 h and 8.6 X 10° CFU/ml at 162 h). The observed
increase represented 3.4 doublings when calculated with the
total number of bacteria. In the in vitro blood control, PaR1
reached a 10,000-fold-higher concentration (5.7 X 10% CFU/
ml) at 42 h. For 42 and 162 h after feeding, the concentrations
reached by PaR1 in the intraluminal fluid were significantly
lower than those obtained in the in vitro blood control (Fig.
2A). These results indicate that PaR1 was unable to reach its
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FIG. 2. Colonization of H. medicinalis by P. aeruginosa. (A) High inoculum.
The P. aeruginosa strain was unable to replicate as well inside the animal as in the
in vitro control. The extent of the colonization by PaR1, a Rif" P. aeruginosa
strain, was assessed 18, 42, or 162 h after inoculation. The blood was fed to the
animal or incubated in vitro. The arrow depicts the concentration of PaR1 in the
inoculum. The concentration of the bacteria recovered from the intraluminal
fluid of the digestive tract was determined (native flora and PaR1 recovered on
blood agar [open bar] and PaR1 recovered on LB-RIF plates [solid bar]). The
concentration of PaR1 recovered from the in vitro blood control is depicted with
a hatched bar. (B) Low inoculum after 18 h of incubation. PaR1 was fed to the
animal and incubated in vitro either alone or in competition with a symbiotic
strain that was sensitive to RIF. For the competition experiment, the concentra-
tion of A. veronii strain and PaR1 recovered on blood agar is represented with an
open bar and that of PaR1 recovered on LB-RIF plates is represented with a
solid bar. * and =+, the mean concentrations differed significantly from the mean
concentrations obtained in vivo at P < 0.05 and P < 0.005, respectively.

growth potential inside the H. medicinalis and persisted at
concentrations that were at least 100-fold lower than the con-
centration obtained by the native symbiotic flora.

Under natural conditions, an inoculum of 2 X 10* CFU/ml
is seldom encountered, and antimicrobial factors in blood can
be overpowered by a large bacterial inoculum. Thus, we were
interested in testing a lower inoculum (200 CFU/ml). By 18 h,
PaR1 had doubled 2.7 times and reached a concentration of
3.8 X 10° CFU/ml in the intraluminal fluid. In the in vitro
blood control, a significantly higher concentration of 9.5 X 10*
CFU/ml was reached (Fig. 2B), indicating that the replication
of PaR1 was inhibited inside the host. The number of dou-
blings in vivo were similar to those achieved by PaR1 when
inoculated at a higher initial concentration. PaR1 accounted
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for <0.002% of the total bacteria (native symbiont flora and
PaR1) present in the intraluminal fluid of H. medicinalis.

Previous studies suggested that the symbiont of the medic-
inal leech could prevent other bacteria from proliferating when
coinoculated in blood (7, 44). We evaluated this possibility by
coinoculating the Rif" PaR1 with a symbiotic A. veronii bv.
sobria strain HM?221 that is sensitive to RIF. The two strains
were inoculated at equal concentrations (200 CFU/ml each).
In the competition experiment, PaR1 reached a similar con-
centration as when growing in the absence of the symbiotic
strain, and this concentration was significantly higher than the
concentration reached in vivo. In contrast to PaR1, HM221
reached a level similar to that obtained in the intraluminal
fluid. No inhibition of PaR1 by the symbiotic strain was de-
tected under these conditions.

Colonization of H. medicinalis by S. aureus. The S. aureus
strain, SaR1, was unable to replicate well inside the leech but
was able to persist in the crop of H. medicinalis (Fig. 3A). At
18 h after feeding, SaR1 reached a concentration of 10°
CFU/ml in the intraluminal fluid (inoculum = 2 X 10* CFU/
ml; Fig. 3A). However, in three of the four animals no increase
in viable counts was detected. These results suggest that SaR1
was not able to proliferate well inside the intraluminal fluid,
but SaR1 was able to persist at a similar concentration for at
least 162 h. In contrast, in the in vitro blood control, the strain
proliferated and reached significant higher concentrations at
all three time points. These results show that the growth of S.
aureus was restricted inside the crop of H. medicinalis. The
concentrations reached by SaR1 inside H. medicinalis are
1,000-fold lower than those obtained by the symbiotic test
strain.

In the experiment using the lower inoculum, SaR1 doubled
three times and reached an in vivo concentration (1.6 X 10?
CFU/ml) that was significantly lower than the concentration
reached in the in vitro blood control (Fig. 3B). This result
further suggested that the growth of SaR1 is inhibited inside H.
medicinalis.

In the in vitro competition assay, SaR1 reached a similar
concentration in the presence or absence of HM221, indicating
that under these conditions no inhibitory effect of HM221
could be detected (Fig. 3B). The concentration reached in the
competition experiment was significantly higher than in the
intraluminal fluid.

DISCUSSION

Previous studies that characterized the bacterial flora from
the digestive tract of H. medicinalis suggested that this associ-
ation was unusual because it consisted essentially of an Aero-
monas monoculture (15). A few studies reported the occa-
sional presence of other bacteria that were considered by some
authors to be contaminants from the ingested blood (46) and
suggested by others to be potential infectious agents during the
medical application of leeches (33). The frequent detection of
pure cultures of Aeromonas suggested a capability of H. me-
dicinalis to control the composition of the microbial flora in its
digestive tract, which is important for the understanding of the
symbiosis (15, 43) and for the clinical application of leeches in
modern medicine (8, 11, 27, 41, 45). We addressed this issue
experimentally by comparing three clinical strains (E. coli, P.
aeruginosa, and S. aureus) to a symbiotic strain (HM21R) that
proliferated well and persisted at a concentration of ca. 10®
CFU/ml for 162 h.

The three clinical strains revealed different colonization dy-
namics. For the E. coli strain, EcR1, the viable counts dropped
dramatically both in the intraluminal fluid of the crop and in
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FIG. 3. Colonization of H. medicinalis by S. aureus. (A) High inoculum. The
S. aureus strain was unable to replicate as well inside the animal as in the in vitro
control. The extent of the colonization by SaR1, an Rif" S. aureus strain, was
assessed 18, 42, or 162 h after inoculation. The blood was fed to the animal or
incubated in vitro. The arrow depicts the concentration of SaR1 in the inoculum.
The concentration of the bacteria recovered from the intraluminal fluid of the
digestive tract was determined (native flora and SaR1 recovered on blood agar
[open bar] and SaR1 recovered on LB-RIF plates [solid bar]). The concentration
of SaR1 recovered from the in vitro blood control is depicted with a hatched bar.
(B) Low Inoculum after 18 h of incubation. SaR1 was fed to the animal and
incubated in vitro either alone or in competition with a symbiotic strain that was
sensitive to RIF. For the competition experiment, the concentration of A. veronii
strain and SaR1 recovered on blood agar is represented with an open bar and
that of SaR1 recovered on LB-RIF plates is represented with a solid bar. * and
#«*, the mean concentrations differed significantly from the mean concentrations
obtained in vivo at P < 0.05 and P < 0.005, respectively.

the in vitro blood control (Fig. 1A). The decrease in viable
EcR1 could be prevented by heat treatment of the blood, the
addition of EDTA, or EGTA with MgCl,, which interfere with
the activation of the membrane-attack complex of the comple-
ment. This indicates that EcR1 was sensitive to the membrane-
attack complex, and the in vivo data suggest that this complex
remained active inside the animal for some time before be-
coming inactivated and permitting the growth of any surviving
EcR1 cells. It remains possible that, in addition to the mem-
brane-attack complex, cell-mediated processes, such as phago-
cytosis by macrophages, contribute to the decrease of EcR1. A
previous study reported the long-term survival of E. coli in H.
medicinalis (33). In that study, the crop of H. medicinalis was
rinsed with saline prior to injecting LB medium containing 10°
CFU of an E. coli strain (33); thus, no protective effect due to
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blood that would normally be ingested by the animal could
have been detected. The membrane-attack complex appears to
provide potent protection against sensitive bacteria inside the
medicinal leech because when the animals were fed blood
containing 10> CFU of EcR1 in 50% of the animals, no cul-
turable EcR1 were detected by 162 h.

These results imply that the symbiotic strains need a mech-
anism to protect themselves against the membrane-attack
complex. Previous studies have investigated the sensitivity of
virulent A. hydrophila and A. veronii bv. sobria strains to com-
plement-mediated killing (28, 29). The Aeromonas strains used
in the studies by Merino et al. (28, 29) were shown to be
resistant to complement-mediated killing due to the presence
of an S layer that covers the lipopolysaccharides and appar-
ently prevents the activation of complement. It will be impor-
tant to determine whether the symbiotic Aeromonas strains
also possess an S layer and whether the serum-sensitive mu-
tants will be unable to colonize the medicinal leech.

Interestingly, by ingesting mammalian blood a parasitic in-
vertebrate not only obtains nutrition but also antimicrobial
compounds, such as the membrane-attack complex, that pre-
vent sensitive bacteria from proliferating. The results from the
high-inoculum experiment suggest that antimicrobial proper-
ties of the ingested blood play an important role in determin-
ing which bacteria can proliferate in the digestive tract of H.
medicinalis. A similar protection by mammalian antimicrobial
compounds has been shown in Ixodes ticks. When Ixodes ticks
feed on mice that have been immunized with OspA or OspC
from Borrelia burgdorferi, the causative agent of the lyme dis-
ease, the anti-OspA and anti-OspC antibodies of the mouse
remain active inside the digestive tract of the tick, bind the
bacteria, and inhibit their proliferation and migration to the
salivary glands (10, 14). Thus, the utilization of antimicrobial
properties present in vertebrate blood by blood-sucking para-
sites occurs in two very different phylogenetic groups.

In contrast to the E. coli strain, the P. aeruginosa strain,
PaR1, and the S. aureus strain, SaR1, were able to persist in the
intraluminal fluid of H. medicinalis for at least 162 h (Fig. 2A
and 3A). However, both strains were significantly inhibited in
their ability to proliferate in the intraluminal fluid compared to
the in vitro blood control. Because the in vitro blood control
and the ectothermic animals were incubated at the same tem-
perature, the observed difference was not due to different in-
cubation temperatures. Instead, the inability of these strains to
reach their growth potential had to be due either to the pres-
ence of the symbionts or to a modification of the ingested
blood by the host.

We were interested in testing in vitro whether the symbionts
could inhibit PaR1 and SaR1. In competition experiments, the
clinical isolates reached a similar concentration as when inoc-
ulated alone, and the concentrations were significantly higher
than those obtained in the intraluminal fluid of H. medicinalis
(Fig. 2B and 3B). At least under these laboratory conditions,
the symbionts did not exhibit a negative effect on the two
clinical isolates. A previous study from 1953 by Biising et al. (7)
reported a similar experiment in which S. aureus proliferated
poorly when coinoculated with the symbionts in blood at 37°C.
Temperature is an important factor in controlling gene expres-
sion (5, 20), and it remains possible that at 37°C an inhibitory
effect could occur, but this would not be relevant to the sym-
biosis. It is also possible that the symbionts only express certain
genes inside the host and not under laboratory conditions.
Induction of some virulence genes is thought to occur only
upon contact with host cells (2, 13, 19) and symbiotic Vibrio
fischeri strains, isolated from the light organ of the Hawaiian
squid Euprymna scolopes, are 1,000-fold more luminous inside
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the light organ than under culture conditions (3). Our study
provides no direct evidence that the symbionts are responsible
for suppressing the growth of PaR1 and SaR1. An additional
control mechanism could be a modification of the ingested
blood by the host in a manner that would prevent the prolif-
eration of the clinical isolates but not of the symbiont.

Already during the process of ingesting the blood, the me-
dicinal leech secretes a number of different compounds that
dilate the blood vessels and prevent the coagulation of blood
(35, 39). In blood recovered from the crop, two protease in-
hibitors have been detected, bdellin and eglin, and it has been
proposed that they prevent the proliferation of the bacterial
symbionts (36). While our results do not support the inhibition
of the native symbiont population (16), it is possible that these
protease inhibitors reduce the ability of the clinical isolates to
proliferate. The medicinal leech concentrates the erythrocytes
and possibly the antimicrobial factors present in the ingested
blood. Most of the water is secreted, and the osmolyte con-
centration is reduced and changed in its composition (48).
While these examples show various modifications of the in-
gested blood by the host, an effect of any of these modifications
on bacterial proliferation remains to be demonstrated, and
additional compounds are likely to be secreted by the host. The
mechanisms that contribute to the species specificity in this
symbiosis, as well as in other symbioses, are likely to be mul-
tilayered (43).

An important finding of the present study is that, while
bacteria other than Aeromonas cannot proliferate well, they
can persist in the crop of H. medicinalis, even when fed to the
animal at concentrations of as low as 200 CFU/ml. This sug-
gests that if an animal ingests bacteria that survive the antimi-
crobial properties of the ingested blood, these bacteria may
persist for at least 1 week in the crop. The bacteria we tested
did not replace the native symbiotic flora. As the intraluminal
fluid is moved from the crop into the intestinum, digested, and
defecated, bacteria that failed to proliferate will eventually be
lost. If such contamination occurs under natural conditions, in
leech farms, or in the laboratory this could explain the occa-
sional isolation of other bacteria besides the symbionts. The
inability of the clinical strains to proliferate to high levels and
an extended starvation period prior to applying leeches to
patients suggest that the risk of contracting infections by other
bacterial pathogens besides the native symbiont is low.

In conclusion, we have shown that the membrane-attack
complex of the complement system remains active inside the
medicinal leech and can prevent sensitive bacteria from pro-
liferating. Thus, in H. medicinalis, a protective mechanism of
vertebrates contributes to the specificity of the digestive-tract
symbiosis of the leech. While other nonsymbiotic bacteria re-
mained viable in the crop of H. medicinalis for extended peri-
ods of time, the native symbiotic bacteria accounted for the
vast majority of the bacterial flora and persisted at high con-
centrations. For the maintenance of the symbiotic relationship,
the long-term presence of the symbionts is important because
H. medicinalis feeds infrequently and can survive on a single
blood meal for more than 6 months (39). In addition, the
ingested blood was modified in a manner that restricted the
growth of P. aeruginosa and S. aureus. Our future studies will
aim to identify what modifications (by symbionts and/or the
host) prevent the introduced bacteria from proliferating in the
crop of H. medicinalis.
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