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Most digestive tracts contain a complex consortium of beneficial microorganisms, making it challenging to
tease apart the molecular interactions between symbiont and host. The digestive tract of Hirudo verbana, the
medicinal leech, is an ideal model system because it harbors a simple microbial community in the crop,
comprising the genetically amenable Aeromonas veronii and a Rikenella-like bacterium. Signature-tagged
mutagenesis (STM) was used to identify genes required for digestive tract colonization. Of 3,850 transposon
(Tn) mutants screened, 46 were identified as colonization mutants. Previously we determined that the com-
plement system of the ingested blood remained active inside the crop and prevented serum-sensitive mutants
from colonizing. The identification of 26 serum-sensitive mutants indicated a successful screen. The remaining
20 serum-resistant mutants are described in this study and revealed new insights into symbiont-host interac-
tions. An in vivo competition assay compared the colonization levels of the mutants to that of a wild-type
competitor. Attenuated colonization mutants were grouped into five classes: surface modification, regulatory,
nutritional, host interaction, and unknown function. One STM mutant, JG736, with a Tn insertion in lpp,
encoding Braun’s lipoprotein, was characterized in detail. This mutant had a >25,000-fold colonization defect
relative to colonization by the wild-type strain at 72 h and, in vitro, an increased sensitivity to sodium dodecyl
sulfate, suggesting the presence of an additional antimicrobial property in the crop. The classes of genes
identified in this study are consistent with findings from previous STM studies involving pathogenic bacteria,

suggesting parallel molecular requirements for beneficial and pathogenic host colonization.

Most animals house a diverse microbial community within
their digestive tracts. For example, the human colon contains
about 400 different microbial species (3), while some insects
house simpler gut communities containing tens of species (8).
The microbial community carries out many important func-
tions for the host, including preventing pathogenic bacteria
from colonizing (64), providing essential vitamins (34, 51),
stimulating the immune system (18), and aiding digestion (23).
Despite these important roles, little is known about the mo-
lecular interactions underlying digestive tract associations, in
part due to the complexity of the consortia and the obligate
nature of some symbioses (32).

Naturally occurring, simple model systems can overcome these
challenges and provide new information that can be tested sub-
sequently in more complex systems (17, 48). The digestive tract
symbiosis of the medicinal leech, Hirudo verbana, has unique
features that aid in its use as a model to identify and characterize
these molecular interactions (17). The microbial community re-
siding in the crop of the leech is unusually simple. It is dominated
by Aeromonas veronii and a Rikenella-like bacterium (16, 66). The
medicinal leech feeds exclusively on vertebrate blood, consuming
as much as five times its body weight (52). The ingested blood
meal, now called the intraluminal fluid, is stored in the crop,
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where water and salts are absorbed. Similar functions occur in the
mammalian large intestine. The ability of the leech to consume
blood and the concurrent secretion of anticoagulants and vasodi-
lators are the underlying basis of the benefit of leech therapy and
led to the approval by the FDA of the leech as a medical device
in treating venous congestion after reconstructive surgery (44). A
clinical trial demonstrated the benefit of leech therapy for pa-
tients suffering from osteoarthritis (35). When patients with local
or general immune suppression receive leech therapy, wound
infections by the gut symbionts can occur. Presently these infec-
tions can be prevented by preemptive antibiotic treatment (30).
One of the symbionts, A. veronii, is genetically amenable (46),
while the Rikenella-like bacterium has not been cultured outside
the leech (66). Recently, epifluorescent microscopic observations
revealed that A. veronii and the Rikenella-like bacterium form
mixed-species, polysaccharide-embedded microcolonies while
colonizing the leech crop (27). In addition to being a symbiont, A.
veronii can also cause wound infections, septicemia, and diarrhea
in humans (26). The unusual simplicity of the microbiota and the
availability of genetic tools, an accessible host animal, and a de-
fined food source allow one to gain fundamental insights into
microbe-host and microbe-microbe interactions by investigating
this model system (17).

The intriguing simplicity of the microbiota in the crop is
likely due to multiple factors (17). Previously we have shown
that the complement system of the ingested vertebrate blood
remains active inside the crop and kills sensitive bacteria (25).
Bacterial surface structures can provide resistance to comple-
ment-mediated killing. For example, mutants containing a de-
fect in lipopolysaccharide (LPS) have been shown to be serum
sensitive; this was the first class of colonization mutants dis-
covered in this symbiosis (6). The growth of Pseudomonas
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description® Reference or source
Strains
A. veronii
HM21R Spontaneous Rf" mutant of wild-type HM21 16
HM21RS Spontaneous Sm" mutant of HM21R 46
JG736 HM21R Ipp-1 (lpp::mTn5SKm2STM); Rf* Km" This study
E. coli
TOP10 Cloning strain; Sm"® Invitrogen
S17-1\pir Strain used for conjugation with A. veronii 14
DHSaNpir Cloning strain capable of maintaining suicide vectors 5
CC118\pir Carrying helper plasmid pEVS104 57
Plasmids
pUTminiTn5Km?2 Contains Tn used for mutant generation; Km" 19
pEVS104 Helper plasmid; tra trb Km* 57
pCR2.1 Bacterial cloning vector; Km" Ap" Invitrogen
pAS10 Derivative of pCR2.1 containing ipp; Km" Ap* This study
pMMB207 Low-copy-number broad-host-range vector; Cm" 36
pAS11 Derivative of pMMB207 containing lpp; Cm" This study

¢ Rf", rifampin resistance; Km", kanamycin resistance; Ap", ampicillin resistance; Cm", chloramphenicol resistance; Sm", streptomycin resistance.

aeruginosa and Staphylococcus aureus strains inside the leech
was inhibited in a complement-independent manner, suggest-
ing the presence of other barriers that contribute to the spec-
ificity of this symbiosis (25). One recently discovered barrier
consists of leech hemocytes, macrophage-like cells that patrol
the gut and remove sensitive bacteria (55). A type III secretion
system is required by A. veronii for protection against phago-
cytosis (55). The presence of multiple layers enforcing speci-
ficity requires a back-and-forth interaction between host and
symbiont, as has been shown in well-established model systems
such as the symbioses of Sinorhizobium meliloti with legumi-
nous plants and of Vibrio fischeri with the Hawaiian bobtail
squid, Euprymna scolopes (9, 22, 39, 62).

In this study, we utilized signature-tagged mutagenesis
(STM) to uncover the molecular requirements of the beneficial
digestive tract association between A. veronii and the medicinal
leech. STM is an improvement on transposon (Tn) mutagen-
esis in which each Tn carries a unique sequence, or “signature
tag” (19). The power of STM is that it allows for the screening
of multiple Tn mutants in one animal and for the recovery of
mutants with a colonization defect by utilizing a signature-
tagged Tn to track each strain present in a pool of mutants.
Essentially, each mutant acts as a probe that reveals insights
about the microenvironment and identifies genes required for
successful colonization of the host. STM has been used pri-
marily to identify virulence factors in mammalian pathogens
such as Yersinia enterocolitica, Salmonella enterica serovar Ty-
phimurium, and Vibrio cholerae (13, 19, 33). STM has also been
applied to the mutualistic association between Xenorhabdus
nematophila and the nematode Steinernema carpocapsae, lead-
ing to the identification of genes required for successful ben-
eficial colonization (20).

MATERIALS AND METHODS

Bacterial strains. The A. veronii STM mutants were derived from HM21R,
and HM21RS was used as the competitor strain in competition assays (Table 1)
(16, 46). Escherichia coli strain S17-1 harboring pUTminiTn5Km2STM (19) was

used to generate A. veronii STM mutants. A. veronii was cultured at 30°C and E.
coli at 37°C in LB or on LB agar plates (50). Ringer’s solution for leeches (115.0
mM NaCl, 1.8 mM CaCl,, 4.0 mM KCI, 10.0 mM Tris maleate [pH 7.4]) was
supplemented with 10 g/liter tryptone and 5 g/liter yeast extract to simulate the
osmotic conditions inside the crop (52). The growth medium was supplemented
with the appropriate antibiotics at the following concentrations: ampicillin, 100
pg/ml; kanamycin (Km), 100 wg/ml; rifampin, 100 pg/ml for selection and 10
pg/ml for maintenance; streptomycin, 100 wg/ml; chloramphenicol, 1 pg/ml.

Selection of Tn’s. Previous studies reported occasional weak hybridization
signals and cross-hybridization of different signature tags carried on
miniTnSKm2STM (19, 20). We screened tags for signal strength and lack of
cross-hybridization, obtaining 55 signature tags. One signature tag that hybrid-
ized to several of the selected tags was spotted onto the membranes as a positive
control.

Generation of mutants. Fifty-five E. coli S17-1 strains, each harboring a
pUTminiTn5Km2STM plasmid carrying a unique tag, were used as donor strains
in conjugations with HM21R (46). Transconjugants were recovered on LB plates
with Km and rifampin and were picked into microtiter plate wells (Corning
Incorporated, Corning, NY). Frozen stocks were prepared from overnight cul-
tures by addition of 50 pl of 80% glycerol to each well and were stored at —80°C.

STM screen. The STM screen was performed in a manner similar to that
described by Hensel et al. (19) with the following modifications. Cells were grown
to mid-log phase and pooled. From a portion of this “input” pool, the DNA was
extracted (46). Another portion was used to inoculate 5 ml of fresh sheep blood
(containing heparin [25 U/ml; Sigma Chemical Co., St. Louis, MO]) with 200
CFU/ml of each strain (16). The blood was collected from sheep at the University
of Connecticut’s School of Agriculture (Storrs, CT) in accordance with an ap-
proved IACUC protocol and was warmed to 37°C prior to inoculation. Animals
were fed as described previously (16). After 42 h, animals were dissected, and
intraluminal fluid was collected, serially diluted, and plated as described previ-
ously (16).

From approximately 20,000 CFU of the “output,” DNA was extracted (46).
The tags from the input and output pools were PCR amplified with primers P2
(5'-TACCTACAACCTCAAGCT) and P4 (5'-TACCCATTCTAACCAAGC)
(19). Each reaction mixture contained 1 to 2 pg of DNA, 1X thermal polymerase
buffer (New England Biolabs, Ipswich, MA), 8 mM MgSO,, 400 uM each
deoxynucleoside triphosphate (dNTP), 1.4 uM each primer, and 1 U of Vent
DNA polymerase (New England Biolabs) in a final volume of 50 pl. The am-
plification conditions were as follows: (i) 5 min at 95°C; (ii) 25 cycles of 30 s at
95°C, 45 s at 50°C, and 10 s at 75°C. Two microliters of the PCR mixture was
separated on a 3% NuSieve (Cambrex Bio Science Rockland, Inc., Rockland,
ME) gel, and the 80-bp product was gel extracted using B-agarase (New England
Biolabs). The tags were labeled with digoxigenin (DIG; Roche Applied Science,
Indianapolis, IN) by PCR with primers P2 and P4. Each reaction mixture con-
tained 4 pl of the digested gel slice; 1X thermal polymerase buffer; 180 pM
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dTTP; 5 uM dUTP; 200 uM (each) dATP, dGTP, and dCTP; and 1 pM each
primer. Vent Exo— polymerase (0.5 U; New England Biolabs) was added once
the reaction temperature reached 95°C, in a final volume of 20 pl. The ampli-
fication conditions were those described above. The primer sequences were
removed from the tag by digesting 2 pl of the PCR product with HindIII. Fifty
microliters of double-distilled H,O was added to the digest, and the mixture was
heated for 5 min at 95°C and then used to probe a membrane.

Membranes were prepared by PCR amplification of the 56 tags using primer
pair P2-P4. Each reaction mixture contained 10 to 20 ng of plasmid DNA
extracted with a QTAGEN miniprep kit (QIAGEN Sciences, Germantown, MD),
1X buffer, 5 mM MgCl,, 400 uM each dNTP, 1 uM each primer, and 1.25 U of
AmpliTaq polymerase (Applied Biosystems, Foster City, CA) in a final volume
of 50 pl. The amplification was carried out as described above except that the
extension was performed at 72°C. Five microliters from each PCR mixture was
spotted onto a positively charged nylon membrane (Roche Applied Science).
The membrane was placed in a denaturing solution (1.5 M NaCl, 0.5 M NaOH)
for 3 min, in a neutralizing solution (1.5 M NaCl, 0.5 M Tris-HCI [pH 7.4]) for
5 min, in a fresh neutralizing solution for 1 min, and in 2X SSC (1x SSC is 0.15
M NacCl plus 0.015 M sodium citrate) for 2 min. DNA was cross-linked to the
membrane using a UV cross-linker.

The membrane was prehybridized with 5 ml of DIG hybridization solution
(Roche Applied Science) for 30 min at 42°C. The DIG-labeled probe was added
to 2 ml of fresh DIG hybridization solution, and the membrane was incubated
overnight at 42°C. Washing, probing, and detection were performed as follows:
(i) two washes with 20 ml 2X SSC-0.1% sodium dodecyl sulfate (SDS) at room
temperature for 5 min, (ii) two washes with 20 ml 0.1X SSC-0.1% SDS at 65°C
for 5 min each, (iii) one wash with 20 ml of washing buffer (0.1 M maleic acid,
0.15 M NaCl [pH 7.5], 0.3% [wt/vol] Tween 20) at room temperature for 5 min,
(iv) blocking with 40 ml of 1X blocking solution for 30 min at room temperature,
(v) one wash with 20 ml of antibody solution (alkaline phosphatase-conjugated
anti-digoxigenin in 1X blocking solution) for 30 min at room temperature, (Vi)
two washes with 20 ml of washing buffer for 5 min each, (vii) equilibration with
20 ml of detection buffer (0.1 M Tris-HCI, 0.1 M NaCl [pH 9.5]) for 3.5 min, and
(viii) detection by applying 2 ml CDP-Star ready-to-use solution (Roche Applied
Science) and incubating the membrane for 5 min at room temperature. Signals
were detected using an AT Fluorochem 8800 detection system.

Competition assay. The competition assay used in this study compares the
colonization ability of a test strain against that of a competitor strain, HM21RS,
by inoculating a blood meal with 250 CFU/ml of each strain (46). The conditions
were identical to those for the assay described previously (46) except that heat-
inactivated blood (Quad 5, Ryegate, MT) was used. At least three animals were
examined at each time point: 6, 15, 24, 42, and 72 h postfeeding. The limit of
detection was 10 CFU/ml.

Inverse PCR. Inverse PCR was used to amplify the DNA flanking the Tn
insertion (40). The procedure was performed as described previously (55) except
that the following restriction enzymes were used: Pstl, Sall, Sphl, Apal, or Ncol
in a 20-pl reaction mixture.

Fosmid construction. The fosmid for JG736 was constructed as described
previously (55).

DNA sequencing and analysis. DNA was sequenced and analyzed as described
previously (55).

Southern blot analysis. Five micrograms of genomic DNA was digested with
either Xhol or Xbal, and equal amounts of each digest were separated on a 0.6%
SeaKem LE agarose gel (Cambrex Bio Science). Genomic DNA was transferred
to a positively charged nylon membrane (Roche Applied Science) using a Vacu
Gene XL vacuum apparatus (Pharmacia, Uppsala, Sweden) under neutral trans-
fer conditions. The membrane was treated as described under “STM screen”
above except that step i was performed at 42°C; the wash solution in step ii
contained 0.5X SSC-0.1% SDS, and each wash lasted 15 min; the washing in step
iii, the blocking, and step v were performed at 42°C; and in step vi, each wash
lasted 15 min.

Serum sensitivity assay. Serum was obtained from fresh sheep blood by cen-
trifugation at 2,000 X g for 10 min at 4°C. The serum was collected and centri-
fuged again under the same conditions. After overnight growth, HM21R and all
STM mutants were patched with cotton swabs onto LB plates. After drying, 25
wl of serum was pipetted onto the plate. The plates were incubated at 30°C
overnight and observed for a zone of no growth.

Phenotypic tests. The following phenotypic tests were performed on HM21R
and each STM mutant: growth in blood, beta-hemolysis, prototrophy, autoin-
ducer production, siderophore production, and motility. Growth in blood was
assessed by inoculating heat-inactivated blood with 250 CFU/ml of mutant and
competitor strains. The inoculated blood was incubated at room temperature
(23°C). Aliquots were removed at 0, 18, 24, and 42 h after inoculation and were
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plated as described for the competition assay. For the 42-h time point, four to
eight replicates were performed. Beta-hemolysis was determined on blood agar
plates (Difco Columbia blood agar base; Becton Dickinson and Company,
Sparks, MD) after overnight growth at 30°C. Prototrophy was assessed on M9
minimal medium plates containing glucose (50). Siderophore production was
evaluated on chrome azurol S plates, which change color as iron is removed from
chrome azurol S (43). Autoinducer production was determined by cross-streak-
ing the strains onto LB plates against Chromobacterium violaceum, which turns
purple in the presence of acylated homoserine lactone-type autoinducers (31).
Motility was assessed using 0.45% LB agar plates and light microscopy at a
magnification of x1,000.

Complementation of the lpp mutant. Primer pair Ipp-F (5'-CTGTGGTGGG
GACTATGCAAAG)-Ipp-R (5'-GGGGAATAAGGTGCTGTGGG) was used
to amplify [pp. The reaction mixture contained 100 ng of DNA, 1xX PCR buffer,
1.5 mM MgCl,, 200 pM each dNTP, 0.2 uM each primer, and 1 U of Platinum
Taq DNA polymerase (Invitrogen, Carlsbad, CA) in a final volume of 50 wl. The
amplification conditions were as follows: (i) 2 min at 94°C; (ii) 30 cycles of 30 s
at 94°C, 30 s at 60°C, and 30 s at 72°C. A TA cloning kit was used to clone the
PCR product into pCR2.1 according to the manufacturer’s instructions (Invitro-
gen). The resulting plasmid, pAS10, was isolated using a QIAGEN plasmid
purification kit (QIAGEN Sciences). The cloned 421-bp fragment was ligated
into the broad-host-range vector pMMB207 from pAS10 by utilizing the EcoRI
restriction sites (36). The resulting plasmid, pAS11, was transformed into chem-
ically competent DHSalpir cells (50). pAS11 and pMMB207 were introduced
into HM21R and JG736 by conjugation with the E. coli helper strain CC118\pir
carrying pEVS104 (57). The resulting strains were competed against HM21RS.

SDS sensitivity assay. Cells were grown to mid-log phase and diluted 50-fold
in microtiter plates (Corning Incorporated) that contained LB either without
SDS or with 0.3125%, 0.625%, 1.25%, 2.5%, or 5% SDS. The cultures were
incubated at 30°C overnight with shaking (220 rpm), and the optical density at
595 nm (ODsos5) was measured in a model 550 microplate reader (Bio-Rad,
Hercules, CA) to determine the growth yield. Duplicate experiments were per-
formed, each with four replicates.

Statistical analysis. The data were analyzed using GraphPad Prism, version
2.01. A two-tailed, one-sided ¢ test was used to test whether the competitive index
(CI) differed significantly (P = 0.05) from 1. The CI values obtained in the
animal were compared to the CI values obtained in blood by using a two-tailed
t test. Complementation in the animal was assessed with the nonparametric
Mann-Whitney test.

Nucleotide sequence accession number. The NCBI nucleotide accession num-
ber of the Ipp locus is EF579800.

RESULTS AND DISCUSSION

Identification of colonization mutants. The power of STM is
the ability to screen multiple mutants in each animal and to
recover mutants with an attenuated colonization phenotype
(19). While earlier studies used pools of mutants generated
with Tn’s carrying random signature tags, more-recent studies
selected tags that produced a strong hybridization signal and
did not cross-hybridize (20, 29). We used 55 tags that met these
criteria to generate STM mutants. A total of 3,850 A. veronii
miniTn5Km2STM mutants were screened for colonization de-
fects by inoculating fresh sheep blood with pools containing 55
mutants and feeding it to leeches. The animals were dissected
42 h after feeding. By that time, the symbiont population had
reached its maximum level and modifications of the ingested
blood meal had taken effect. These changes include the osmo-
larity of the intraluminal fluid, the activity of the mammalian
complement system, and the infiltration of hemocytes (16, 52,
55). The content of the crop, the intraluminal fluid, was diluted
and plated onto a selective medium. From the recovered bac-
teria, the output pool, DNA was isolated. The PCR-amplified
tags were labeled with DIG and used to probe membranes
containing each tag. The hybridization signal from the output
pool was compared to the signal from an input pool in order to
identify mutants with no hybridization signal or reduced hy-
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TABLE 2. Characterization of mutants

J. BACTERIOL.

Predicted function and strain(s) Disrupted gene or gene product ac?;gg?ﬁﬁ Idenntg,vzllrlrll élarlty, Symbiosis® G;(l):)v;l;‘ m
Surface modification
JG535 Glycosyltransferase YP_727333 49, 68, 756 0.0099 %/ 1.27
JG736 Outer membrane lipoprotein YP_926710 56, 72, ¢! 0.003 1 %/ 0.60
JG738 Methyltransferase type 11 YP_944741 24,49, ¢7° 0.018% 55/ 1.26
Regulatory
JG574 rRNA operon X74684 99, 99, ¢° 0.15%%/% 0.61
JG697 GTP-binding protein YP_857656 97, 100, =7 0.0927%%#/— 0.06
JG730 Response regulator YP_855452 77, 85, ¢ 8! 0.00020% /% 2.44
JG741 Exoribonuclease 11 YP_855087 95,98, ¢ 7® 0.28%/* 0.76
Nutritional
JG537 Phosphate ABC transporter YP_270310 92, 96, e~ 1° 0.033 %/ 0.80
JG698 GufA protein YP_856244 95,97, 0.23%— 0.01
JG750 Threonine/serine transporter NP_755741 85, 94, ¢ 168 0.10%/#* 1.34
Host interaction
JG752 ascU CADS56767 100, 100, =40 (.13 5/ 0.73
Unknown
JG521 Hypothetical protein YP_737079 33,54, 0.10%/* 1.19
JG523 No similarity detected 0.32%/* 1.07
JG532 Conserved hypothetical protein ZP_01669898 53,69, e 8 0.63%*/* 0.36
JG533 KAP family P-loop domain protein YP_856709 71, 80, e =% 0.33%%/— 0.60
JG538 Peptidase S15 ZP_01542412 66, 78, ¢ 0.43#/5% 1.87
JG573 Hypothetical protein NP_930352 52,70,e"7° 0.00907% /% 2.07
JG735 Hypothetical protein XP_001153743 27,34,¢e7° 0.000076%%*/* 0.95
JG751 Hypothetical protein YP_856595 84, 88, 0.33%/* 0.92
JG753 No similarity detected (.19 /3w 1.46
Wild type
HM21R 1.3 1.07

“ Percent identity and percent similarity by a BLASTX or BLASTN search.

® Mean in vivo CI values. CI values were calculated by dividing the mutant/competitor strain output ratio by the input ratio of the mutant to the competitor. The
first set of asterisks after each value represents the results of a two-tailed, one-sided ¢ test that was used to determine whether the CI differed from 1, while the second
set of asterisks represents the results of an unpaired two-tailed, two-sided ¢ test that was used to determine whether the in vivo CI differed from the in vitro CL. *, P <

0.05; **, P = 0.01; ***, P =< 0.001; —, not significantly different.
¢ Mean in vitro CI values.

bridization signals. These mutants were assembled into new
pools and retested in duplicate animals. Mutants with no signal
or a consistently reduced signal were considered presumptive
colonization mutants and verified as described below. This
secondary screen reduced the number of false positives by
68%.

In previous studies, we demonstrated that the complement
system of the ingested vertebrate blood remains active inside
the leech. As a consequence, serum resistance is essential in
order for bacteria to successfully colonize the leech gut (6, 25).
The goal of this investigation was to discover new classes of
mutants; hence, the 83 presumptive colonization mutants were
first tested for serum sensitivity. Twenty-six serum-sensitive
mutants were identified and will be characterized in a separate
study. The isolation of these serum-sensitive mutants validated
our screening technique.

In the STM screen, the mutants competed with wild-type
bacteria; accordingly, the colonization phenotype of the 57
serum-resistant mutants was verified in a competition assay
using heat-inactivated blood. The heat treatment inactivated
the mammalian complement system and ensured that the col-
onization defect of the mutant was due to an intrinsic property
of the leech or a heat-resistant property of the ingested blood

(25). The competitor strain in the competition assay,
HM21RS, served as an internal standard, improving reproduc-
ibility. Twenty serum-resistant mutants (0.5%) had a statisti-
cally significantly reduced ability to colonize the leech crop
42 h after feeding (Table 2). Including the serum-sensitive
mutants, 1.2% of the mutants screened had a colonization
phenotype. The CI values exhibit a large range in the severity
of attenuation, demonstrating the sensitivity and dynamic
range of the STM screen. Twelve mutants possessed slight but
significant colonization defects (1.5- to 10-fold), while one mu-
tant had a >10,000-fold defect.

Phenotypic characterization of colonization mutants. One
possible cause of the colonization defect could be a decreased
ability to grow in blood. We determined the CI values for the
20 mutants in heat-inactivated blood at 42 h and compared the
CI values obtained inside the leech to the CI values in blood
for the 42-h time point. Seventeen mutants had significantly
lower CI values inside the leech gut, indicating that the ob-
served defect was not due simply to a growth defect in blood
(Table 2). Based on previous studies on the leech digestive
tract and symbioses in general (16, 17, 27), we hypothesized
that genes affecting beta-hemolysis, prototrophy, siderophore
production, autoinducer production, and motility could play a
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role in this association. Hemolysis would be important to ob-
tain nutrients contained within the erythrocytes. Motility is
often required by beneficial and pathogenic bacteria for host
colonization (41), and in a recent study, Kikuchi and Graf discov-
ered the presence of Aeromonas and Rikenella-like bacteria to-
gether in polysaccharide-embedded microcolonies that are remi-
niscent of a floating granular biofilm or a biofilm associated with
erythrocytes (27). If attachment to the Rikenella-like bacteria is
required for enhanced colonization, then directional motility
could be important. In the leech crop, free iron is likely to be
bound by transferrin, suggesting that siderophore production by
A. veronii could be required for iron acquisition. Quorum sensing
has been shown to be important for many microbe-host interac-
tions, and Aeromonas species have been shown to produce an
acylated homoserine lactone-type autoinducer (59). Autoinducer
production could play an important role in any number of steps in
the colonization process, including biofilm formation (42, 59).

All of the mutants had wild-type phenotypes except for two
mutants, JG532 and JG736, which were motile when observed
under the microscope but produced smaller halos in soft agar.
Halo sizes for JG532 and JG736 were significantly smaller (9.8
mm [P < 0.0001] and 16 mm [P = 0.0139], respectively) than
that for the parent, HM21R (17.9 mm), 24 h after inoculation.
(An unpaired two-tailed, two-sided ¢ test was used to deter-
mine if the halo sizes differed.)

While the size of our mutant bank (3,850) was not large
enough to saturate the genome, the identification of many
mutants without detectable phenotypes indicates that the STM
screen yielded new information about the colonization require-
ments.

Molecular characterization of the mutants. Southern blot
analysis was performed using the DIG-labeled Km resistance
gene of the Tn as the probe and revealed that all colonization
mutants had Tn insertions at a single locus (data not shown).
One of the mutants, JG730, appeared to have the donor plas-
mid incorporated at the site of the Tn insertion. The DNA
flanking the Tn insertion was identified by inverse PCR and DNA
sequencing. In all cases, this analysis identified the end of the Tn,
which confirmed that the inverse PCR product was not the result
of a random amplification but was the DNA flanking the Tn. The
analysis of the flanking DNA provided important information
about the possible function of the inactivated gene (Table 2). The
20 colonization mutants were organized into five different cate-
gories based on their predicted functions.

(i) Surface modification mutants. Three mutants have Tn
insertions in genes predicted to encode proteins involved in
cell surface modification or stability. These three mutants were
among those with the most attenuated colonization pheno-
types, and the CI values in the animals were significantly lower
than those for cells grown in heat-treated blood (Table 2). One
of these mutants, JG535, has a Tn insertion in a gene encoding
a predicted glycosyltransferase. Another cell surface modifica-
tion mutant, JG738, has a Tn insertion in a predicted methyl-
transferase type 11 gene. According to the Pfam and COG
databases, this protein has conserved domains that are present
in glycosyltransferases (56, 61). Glycosyltransferases are typi-
cally responsible for the biosynthesis of LPS, the capsule, or an
extracellular matrix (68, 71); however, some glycosyltrans-
ferases have been shown to posttranslationally modify proteins
in bacteria (4). For A. veronii, intact LPS is required for resis-
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tance to the complement system (6), and based on the serum
resistance phenotype, we predict that the LPS is not dramati-
cally altered. Smaller modifications of LPS, glycosylated sur-
face proteins, the capsule, or exopolysaccharide formation may
be required for successful colonization. The study by Kikuchi
and Graf revealed that A. veronii and a Rikenella-like bacte-
rium form mixed-species polysaccharide-embedded microcolo-
nies (27). The third cell surface modification mutant, JG736,
has a Tn insertion in /pp, encoding Braun’s major outer mem-
brane lipoprotein, which has been shown previously to be im-
portant in membrane stability as well as bacterial virulence (15,
67, 69). This mutant is characterized in more detail below.

The discovery of genes encoding proteins involved in cell
surface modification and membrane integrity indicates that not
only pathogens but also beneficial symbionts encounter mem-
brane stress during the colonization process. While some of
this similarity may be due to the analysis of simple digestive
tract symbioses where powerful antimicrobial processes have
to be overcome, the complex mammalian gut also releases a
large number of antimicrobial compounds into the gut lumen,
including bile and secreted antibodies.

(ii) Regulatory mutants. Bacteria colonizing host environ-
ments, both beneficial symbionts and pathogens, need to sense
the host environment and modulate gene expression and pro-
tein levels accordingly (63). We identified four mutants with
Tn insertions in genes likely associated with regulating gene
expression, enzymatic activity, or protein synthesis rates. One
of these mutants, JG730, has a Tn insertion in a homolog of
PvrR, a gene encoding a response regulator of a two-compo-
nent regulatory system. Two-component regulatory systems
are often utilized by bacteria to sense environmental condi-
tions and transmit the information via a phosphorelay system
to a regulator that mediates changes in gene expression, inter-
acts with other proteins, or affects enzyme activity (2). PvrR is
a CheY-type response regulator. While it does not possess a
DNA-binding domain, it has a predicted EAL domain that
could be involved in cyclic di-GMP signaling (49). An intrigu-
ing aspect of EAL domain-containing proteins is that many of
them are involved in the transition from motile to sessile life-
styles.

JG574 has a Tn insertion in the regulatory region of a ribo-
somal operon. While the colonization defect in the animal was
moderate (a sixfold decrease), the CI was significantly lower
than that in blood. Analysis of the genome sequence of Aero-
monas hydrophila identified 10 copies of the ribosomal operon,
and other aeromonads also have many copies, which could
potentially compensate for this defect (38, 53). In Sinorhizo-
bium meliloti, which has three copies of the ribosomal operons,
certain copies are expressed only during specific stages of the
growth curve (47). In E. coli, the deletion of one rRNA operon
resulted in a decreased growth rate under fast-growth condi-
tions but not in media supporting slower growth (58). If the
symbionts grow faster inside the leech than in blood, this phe-
nomenon could explain why the mutant had a significantly
lower CI inside the leech.

Another regulatory mutant with a threefold lower CI,
JG741, has a Tn insertion in a putative exoribonuclease II,
which could be involved in mRNA degradation and tRNA
precursor end processing. The final regulatory mutant, JG697,
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hydrophila, Shewanella amazonensis, E. coli, and S. enterica.

has reduced CI values in both the leech and blood, indicating
a more general defect.

Previous STM studies of digestive tract pathogens or bene-
ficial symbionts (13, 20, 33) identified several genes encoding
regulatory proteins, supporting the notion that the recognition
of and adaptation to the host environment is critical in these
associations independently of the effect on the host. Inhabiting
a niche outside the host, overcoming host defenses, coordinat-
ing gene expression with host responses, and transmission be-
tween generations necessitate precise regulatory mechanisms
(62). In contrast, obligately intracellular symbionts have lost
most regulatory genes. For example, Buchnera spp., the obli-
gate symbionts of aphids, contain less than 2.5% of the regu-
latory genes found in E. coli, which can be explained by the
constant environment in which these symbiotic bacteria reside
(37).

(iii) Nutritional mutants. Other STM studies revealed a
large number of nutritional genes to be important for coloni-
zation of the host by pathogens or symbionts (20, 54). We
identified three colonization mutants with Tn insertions in
genes required for transporting nutrients, and two of them had
significantly lower CI values in the leech than in blood. One of
these two mutants, JG750, has a Tn insertion in a gene encod-
ing a threonine/serine transporter, suggesting that there is
greater competition for these amino acids inside the leech. The
increased demand for amino acids in the crop is likely to be
due to the presence of the Rikenella-like symbionts, because
the leech is thought to absorb nutrients in the intestinum and
not in the crop.

The other mutant with a reduced CI, JG537, has a Tn in-
sertion in a homolog of pstC, a gene predicted to encode a
component of a high-affinity phosphate ABC transporter. In E.

coli, the Pst (phosphate-specific transport) protein is expressed
under low phosphate concentrations. The Pst operon is com-
posed of five genes, pstS, pstC, pstA, pstB, and phoU, and
belongs to the Pho regulon. The gene order was conserved in
the A. hydrophila genome except that pstS was not detected
(53). In E. coli, the pst operon is responsible for the transport
of phosphate into the cell in environments with low phosphate
concentrations and repression of the Pho regulon (1, 45). This
suggests that there are low phosphate levels in the lumen of the
crop. Interestingly, besides being involved in phosphate acqui-
sition from the environment, an intact Pst system has been
shown to be required for full pathogenicity in two animal
virulence models for E. coli. Deletion of the Pst system in E.
coli O78 has been shown to cause sensitivity to rabbit serum
(the mutant remained resistant to avian serum) and increased
susceptibility to polymyxin and acid shock, as well as severely
attenuated virulence in a chicken experimental infection model
(28). Another study showed that a mutation in pstC from E.
coli O115 leads to sensitivity to rabbit serum and reduced
virulence in a pig septicemia model (12). The link between the
pst operon and membrane stability remains to be determined.
Whether phosphate limitation, membrane stability, or both are
responsible for the observed colonization defect remains to be
demonstrated.

While STM screens involving gram-negative pathogens have
identified a large number of mutants defective in amino acid
synthesis (54), our screen only revealed three nutritional mu-
tants with slight colonization defects, none of which had Tn
insertions in genes involved with amino acid biosynthesis. This
result is not surprising, considering that with the exception of
certain group B vitamins, blood is a rich source of nutrients,
containing fatty acids, glucose, and amino acids.
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FIG. 2. Complementation of JG736. The observed phenotype was linked to the disruption of /pp by complementing the JG736 colonization
defect. The parent strain, HM21R, and JG736, each carrying either the broad-host-range vector pMMB207 or pAS11 (pMMB207 containing the
complementing region) were tested against the competitor strain, HM21RS, and assessed at 72 h. The CI [calculated as (mutant,,,,/competi-
0Ty pue)/(Mutant,,/competitor;,,)] for each animal is shown. Horizontal lines represent median CI values. Asterisks indicate a statistically
significant difference between data sets (P < 0.05 by the Mann-Whitney test); ns, not significantly different.

(iv) Host interaction mutant. Another mutant, JG752, has a
Tn insertion in a homolog of ascU, a gene encoding a cyto-
plasmic membrane component of the type III secretion system.
This mutant was characterized in another study (55).

(v) Hypothetical proteins. The remaining nine mutants were
classified as having insertions in genes with unknown functions.
Two of these mutants, JG573 and JG735, had CI values dra-
matically lower (100-fold and 10,000-fold, respectively) than
those for the wild type. Sequencing efforts have dramatically
increased the number of hypothetical proteins, which often
account for 26% of the genes identified (24). The character-
ization of hypothetical proteins has been challenging because
of the lack of phenotypes, but in this case the presence of a
strong colonization phenotype provides us with the ability to
characterize hypothetical proteins by creating specific muta-
tions and testing the abilities of the mutated genes to comple-
ment the colonization defect. An animal phenotype can be
used to assess complementation and the importance of indi-
vidual protein domains. Alternatively, physiological stresses
determined to be important for host colonization by the char-
acterization of other mutants could hint at potential roles for
the hypothetical proteins.

Characterization of the [pp mutant. For further character-
ization, we chose to characterize a mutant, JG736, with a
dramatic colonization defect and in vitro phenotypes in order
to assess complementation. JG736 has a >300-fold-reduced
ability to colonize the crop of the leech at 42 h and has the Tn
inserted into a gene with homology to /pp. We cloned and
sequenced the DNA flanking the Tn insertion of JG736. Se-
quence analysis verified that the Tn insertion is located in a
gene with the highest similarity to Aeromonas salmonicida Ipp

(100% deduced amino acid identity) (Fig. 1B). The closest
homolog that has been characterized biochemically is E. coli
Lpp. Based on the 42% amino acid identity and conserved
features described below, we term the inactivated gene Ipp
(Fig. 1B). The N terminus of Lpp contains a leader sequence
for exporting the protein, and its C-terminal end is anchored to
the peptidoglycan by a conserved lysine residue, thus tethering
the outer membrane to the cell wall (7). The Lpp proteins in E.
coli and Salmonella serovar Typhimurium (15, 21) have been
shown to be important for membrane structure and function;
strains carrying mutations in /pp are more susceptible to toxic
compounds such as the surfactants SDS and Triton X-100 as
well as to certain antibiotics (21). It has been observed that E.
coli lpp mutants undergo membrane blebbing and leak
periplasmic contents (21). A Salmonella serovar Typhimurium
Ipp mutant has been shown to be less virulent in mice than the
wild type, inducing a dramatically weaker inflammatory re-
sponse (15).

Querying the recently published genome sequence from A.
hydrophila (53) revealed the presence of an lpp-like sequence
that was not annotated, possibly due to its small size, with 99%
identity to the deduced amino acid sequence of A. veronii Lpp.
The organization of the locus is conserved between the two
species. A gene encoding a thioredoxin domain protein is lo-
cated downstream of Ipp, while ribB and a gene encoding a
formyltetrahydrofolate deformylase are upstream of /lpp (Fig.
1A). Based on the analysis of the open reading frames flanking
Ipp, the Tn insertion is unlikely to have a downstream effect
(Fig. 1A). The gene encoding Lpp is 240 bp long, and the Tn
is inserted after the 230th bp. While initially it seemed surpris-
ing that a Tn insertion that close to the end of an open reading
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TABLE 3. SDS sensitivity assay

J. BACTERIOL.

Strain (plasmid)

ODsys (mean = SD) at the following SDS concn (%):

0 0.3125 0.625 1.25 2.5 5.0
HM21R(pMMB207) 0.95 = 0.06 0.26 = 0.04 0.13 = 0.06 0.12 = 0.06 0.09 = 0.03 0.06 = 0.03
HM21R(pAS11) 0.88 = 0.01 0.22 = 0.03 0.10 = 0.05 0.17 = 0.05 0.15 = 0.09 0.13 = 0.06
JG736(pMMB207) 0.87 = 0.03 0.09 = 0.04 0.11 = 0.05 0.06 = 0.06 0.01 £0.01 0.01 = 0.01
JG736(pAS11) 0.94 = 0.02 0.19 = 0.01 0.11 = 0.03 0.16 = 0.11 0.20 = 0.18 0.10 = 0.09

frame can result in a phenotype, previous studies have shown
that the final amino acid, a conserved lysine (Fig. 1B), is es-
sential for anchoring the protein to the peptidoglycan (11, 70).

Complementation of JG736 with lpp. The observed coloni-
zation defect was linked to the disruption of [pp by comple-
menting JG736 with Ipp and its presumptive promoter region
on pAS11, which was derived from the broad-host-range vector
pMMB207 (Fig. 1A). The complementation was assessed 72 h
after feeding by competing either HM21R (the parent strain)
or JG736, each carrying either pAS11 or pMMB207, against
the Sm" competitor strain HM21RS in the leech. The comple-
mented mutant colonized the leech crop at significantly higher
levels than the mutant carrying the empty control plasmid (Fig.
2). Colonization by JG736(pAS11) did not reach wild-type
levels, which could be due to poor maintenance of the plasmid
or a copy number effect. These results demonstrate that the
colonization defect in the leech is due to the lack of a func-
tional Ipp.

SDS sensitivity assay. Previously it has been shown that /pp
mutants can be more susceptible to toxic compounds due to
the decreased stability of the mutant’s cell membrane (21).
We examined the sensitivities of HM21R and JG736 carry-
ing either pMMB207 or pAS11 to SDS. As expected, JG736
(pMMB207) was significantly more sensitive to SDS than
the parent strain, HM21R(pMMB207) (Table 3). The com-
plemented mutant, JG736(pAS11), reached a significantly
higher OD than JG736(pMMB207) at all SDS concentra-
tions except 0.625%, indicating that a functional Lpp was
required for the increased resistance to SDS. The comple-
mented mutant also grew to levels similar to those of the
parent strain carrying either vector (Table 3). These results
are consistent with previous studies demonstrating the al-
tered integrity of the cell membrane for /pp mutants.

Motility assay. The motility assay performed on the STM
mutants revealed that JG736 was slightly less motile than the
parent strain. We then examined the motilities of the parent
strain, HM21R, carrying either pMMB207 or pAS11 and JG736
carrying either pMMB207 or pAS11 at various temperatures.
JG736(pMMB207) was significantly less motile than the parent

TABLE 4. Motility assay

Diam (mm)“ of colony at:
Strain (plasmid)

23°C 30°C 37°C
HM21R(pMMB207) 8.58 = 1.16 14.00 = 1.46 17.20 = 1.68
HM21R(pAS11) 8.08 £092  12.80 = 1.35 17.50 = 0.71
JG736(pMMB207) 3.58 = 0.66 9.40 = 2.04 11.50 = 2.45
JG736(pAS11) 692 080 11.10 =143 16.40 = 1.78

“ Values are means *+ standard deviations, measured 24 h after inoculation.

strain, HM21R(pMMB207) (Table 4). The motility phenotype of
the complemented mutant, JG736(pAS11), was similar to that of
the wild type, indicating that the mutation in lpp was responsible
for the decreased motility (Table 4). The motility defect exhibited
by JG736 is possibly due to an indirect effect on the proton motive
force affecting flagellar rotation. However, the dramatic coloni-
zation defect exhibited by JG736 is not likely to be due to the
slight motility defect we observed in soft agar. Another motility
mutant, JG532, was less motile than JG736 yet possessed only a
1.58-fold colonization defect at 42 h, compared to a >300-fold
defect for JG736. This suggests that the colonization defect of
JG736 is most likely caused by increased sensitivity to antimicro-
bial peptides rather than by decreased motility.

Osmolarity. While leeches feed, the ingested blood meal is
being modified to concentrate the blood and achieve an osmo-
larity inside the crop that is isosmotic to the leech hemolymph
(52). Water and salts are absorbed from the crop, and within
6 h after feeding, the weight of the leech is reduced by 25% due
to the removal and loss of water. One hypothesis is that the
change in osmolarity and the decreased stability of the bacte-
rial membrane led to the decreased colonization ability of
JG736. However, no increased sensitivity to osmolarity was
observed. There was no difference in plating efficiency between
JG736 and wild-type cells when they were grown in a medium
simulating the osmotic conditions of leech hemolymph and
then plated onto regular LB agar (data not shown). These
results suggest that changes in osmolarity are not responsible
for the observed colonization defect of JG736.

Temporal competition phenotype. The ability of the lpp mu-
tant JG736 to colonize the digestive tract of the leech was
tested in a competition assay over time (Fig. 3). JG736 did not
exhibit a colonization defect at 6 h postfeeding; however, from
15 h onward, JG736 had a statistically significantly reduced
ability to colonize the crop. The inability of JG736 to success-
fully colonize the leech crop was most evident at 72 h, when the
mutant showed a >25,000-fold colonization decrease com-
pared to the competitor strain. The temporal changes in col-
onization dynamics suggest that the digestive tract physiology
changes beyond 6 h after feeding in a way that is detrimental to
JG736.

We have shown that a functional /pp is required for success-
ful colonization of the leech digestive tract. A likely explana-
tion for the observed colonization defect is that the intralumi-
nal fluid inside the leech is modified in a manner that increases
membrane stress. One intriguing hypothesis is that antimicro-
bial peptides are secreted by the leech or the microbial sym-
bionts. Antimicrobial peptides have been reported for many
invertebrates, including the leech (60, 65), but none from the
leech crop have yet been identified. Further analysis of the Ipp
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FIG. 3. Decreased ability of the [pp mutant, JG736, to colonize the
leech. JG736 was coinoculated with the competitor strain in a 1:1 ratio.
The CI [(mutant,y,/competitor,, ,,)/(mutant;,,,/competitor;, )]
was calculated for each animal and plotted over time. A CI of 1
(dashed line) indicates that the mutant and competitor strain colonize
to equal levels. A CI below 1 indicates that the mutant is outcompeted
and has a colonization defect. The decrease in the CI is statistically
significant from 15 h onward (P < 0.05 by a single-sided, two-tailed ¢
test).

mutant may lead to the identification of another factor that
contributes to the simplicity of this digestive tract symbiosis.

Comparison of pathogenic and mutualistic associations.
Our findings have greatly increased the understanding of the
molecular requirements for the benign colonization of diges-
tive tracts. Interestingly, the classes of genes involved in host
colonization are similar to those reported in previous studies
utilizing STM with pathogenic bacteria and one symbiotic bac-
terium (13, 20, 33, 54). The proportion of genes identified as
being important for the colonization of the leech (1.2%) was
more than two times higher than that found to be required for
the symbiotic colonization of the nematode host by X. nema-
tophila (20). However, STM studies with gram-negative mam-
malian pathogens such as Yersinia enterocolitica, Salmonella
serovar Typhimurium, and Vibrio cholerae have shown that
slightly more than 2% of their STM mutants had attenuated
virulence (10, 13, 33, 54). The percentage is affected by the
sensitivity and reproducibility of the colonization assay as well
as by the complexity of the interactions.

In this study, we identified 20 mutants that had reduced
abilities to compete in the crop of the medicinal leech. Only
three of these mutants had a similar defect in blood. The
remaining mutants provided new insights into the interaction
between A. veronii and H. verbana. The importance of regula-
tory genes for colonization demonstrates the ability of A. vero-
nii to recognize the host environment and regulate genes ac-
cordingly. Future studies of the response regulator with a
dramatic colonization defect may provide information about
how the symbiont recognizes the host environment and regu-
lates gene expression or enzymatic activity.

We have previously shown the importance of intact LPS for
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serum resistance (6) and the importance of a type III secretion
system to prevent phagocytosis (55). The characterization of
the [pp mutant suggests that there are additional antimicrobial
properties that prevent the colonization of sensitive bacteria.
Interestingly, only 53% of the genes identified in our STM
screen possessed homologs in the closely related organism A.
hydrophila. These genes could account for the ability of A.
veronii to colonize the leech digestive tract. Future functional
characterization of these genes will not only enhance the un-
derstanding of the A. veronii-leech symbiosis but also pave the
way for the discovery of conserved mechanisms for digestive
tract colonization.
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