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A high-throughput bioluminescence screening procedure for identification of virulence genes in bacteria was
developed and applied to the fish pathogen Edwardsiella ictaluri. A random transposon mutant library express-
ing bioluminescence was constructed and robotically arrayed on 384-well plates. Mutants were cultivated and
mixed with catfish serum and neutrophils in 96-well plates, and bioluminescence was used to detect mutants
that are more susceptible to killing by these host factors. The virulence and vaccine efficacy of selected mutants
were determined in channel catfish. Transposon insertion sites in 13 mutants attenuated in the natural host
were mapped to the E. ictaluri genome. Ten unique genes were mutated, including genes encoding a negative
regulator of sigmakE activity, a glycine cleavage system protein, tricarboxylic acid cycle enzymes, an O poly-
saccharide biosynthesis enzyme, proteins encoded on the native plasmid pEI1l, and a fimbrial chaperon protein.
Three of these mutants were found to have potential as live attenuated vaccines. This study demonstrates a
novel application of bioluminescence to identify bacterial genes required for host resistance; as a result,
efficacious and genetically defined live attenuated vaccine candidates were developed.

Identification of bacterial genes and proteins that are differ-
entially expressed in response to a host defense can be an
effective method for identifying putative bacterial virulence
factors (4, 9, 48). In addition to microarrays and proteomics,
other high-throughput methods have been used to identify
bacterial genes upregulated in response to phagocytosis, in-
cluding differential fluorescence induction (47), random lucif-
erase transcriptional fusions (40), and selective capture of tran-
scribed sequences (14, 17).

However, genes that are differentially regulated in response
to a host defense are not necessarily the same as those that are
required for survival. For example, not all of the genes that
have increased expression after phagocytosis are required for
survival in phagocytes (10, 20). It is also possible that not all of
the genes required for survival have enough change in expres-
sion to allow detection. Therefore, mutagenesis studies com-
plement gene and protein expression studies and are likely to
detect a unique set of genes that are required for survival.

A major hurdle in identifying bacterial mutants susceptible
to host defenses is that the screening methods tend to be labor
intensive. Fields et al. (19) identified 83 Salmonella enterica
serovar Typhimurium transposon mutants with impaired mac-
rophage survival by screening individual transposon mutants
with phagocytes in 96-well plates (19, 53). However, this assay
required bacterial quantification from each well by plate
counts. Zhao et al. (53) used the same method to identify 37
Salmonella mutants susceptible to chicken macrophages.

Improved high-throughput mutant screening methods have
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been reported, including the use of bioluminescence to identify
mycobacterial genes required for survival in macrophages (27)
and a microarray-based method for screening mutants (8, 51).
However, none of these methods allow monitoring of bacterial
mutant viability in real-time. In addition, the previously re-
ported bioluminescence-based method requires a bacterial ly-
sis step and the addition of extraneous luciferin substrate and
ATP for determining luciferase activity, which increases han-
dling requirements and cost while reducing the screening effi-
ciency.

Edwardsiella ictaluri is the causative agent of enteric septi-
cemia of catfish, an important disease of farm-raised channel
catfish. E. ictaluri is a member of the Enterobacteriaceae, and it
shares similar aspects of pathogenesis with Salmonella and
Yersinia. In particular, it causes a gastrointestinal septicemia, it
is a facultative intracellular pathogen, and it has the ability to
resist killing by professional phagocytes (1, 5). In particular, E.
ictaluri is resistant to channel catfish neutrophils (1, 28, 49).
This is an important aspect of pathogenesis because neutro-
phils are the predominant immune cell type in channel catfish
intestine (21), which is an important site of entry for the patho-
gen (2, 37). E. ictaluri is also resistant to killing by the alter-
native complement pathway in channel catfish (28, 39).

In the present study, we report a high-throughput biolumi-
nescence mutant screening (BLMS) method that is not labor-
intensive and that allows real-time monitoring of mutant via-
bility. This method is efficient because it allows use of robotics
to array mutants into 384-well plates and because it utilizes
bacterial luciferase, which allays the need for extraneous ad-
dition of luciferin substrate. BLMS allows real-time monitor-
ing of mutant viability and collection of data from multiple
time points for real-time screening of bacterial mutants against
host defense mechanisms. We utilized BLMS to identify E.
ictaluri mutants that are susceptible to killing by channel catfish
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neutrophils and serum. Thirteen of the mutants are attenuated
in the natural host, and four of these are effective as live
attenuated vaccines, demonstrating the utility of BLMS for
vaccine development.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli SM10 \pir
(43) was used as the donor strain in conjugations for transfer of pAKgfplux2 (24)
and pMAR2xT7 (31) into E. ictaluri strain 93-146. E. ictaluri 93-146 and E. coli
DH5a carrying pAKgfplux2 were used as resistant and susceptible controls,
respectively, in neutrophil and serum screening experiments. E. coli strains were
grown using Luria-Bertani broth and agar plates at 37°C, and E. ictaluri was
grown using brain heart infusion (BHI) broth and agar plates at 30°C. Antibiotics
were added to the following final concentrations: ampicillin (100 g ml™"),
colistin (12.5 pg ml™'), and gentamicin (12.5 pg ml~"). IPTG (isopropyl-8-p-
thiogalactopyranoside) at 2 mM was used in growth medium and screening
assays to induce expression of bacterial luciferase operon (luxCDABE) from the
lacZ promoter in pAKgfplux2. E. ictaluri minimal medium (12) was used to detect
auxotrophic mutants.

Construction of E. ictaluri mutant library. MAR2xT7 insertions were gener-
ated by introducing pMAR2xT7 from E. coli SM10 Npir into E. ictaluri carrying
pAKgfplux2 using conjugal mating as previously described (24). Transposon
mutants were selected on 20-by-20-cm Luria-Bertani agar bioassay plates (Fisher
Scientific) containing 12.5 g of colistin, 100 pg of ampicillin, and 12.5 g of
gentamicin ml~!. Putative transposants were picked robotically using a Flexsys
colony picker (Genomic Solutions) into 40 pl of BHI broth containing colistin,
ampicillin, and gentamicin in 384-well microtiter plates (Fisher Scientific) and
grown overnight in a HiGro shaker (Genomic Solutions). A duplicate library was
prepared by the Flexsys colony picker before sterile glycerol was robotically
added to the cultures at a final concentration of 20%. Plates were sealed with
AluminaSeal aluminum foil (Diversified Biotech), lids were taped with PetriSeal
(Diversified Biotech), and libraries were stored at —80°C.

Catfish serum and neutrophil preparation. Specific-pathogen-free (SPF)
channel catfish were obtained from the SPF fish laboratory at the College of
Veterinary Medicine, Mississippi State University. For serum preparation, 1- to
2-kg SPF catfish were anesthetized in water containing 200 mg of tricaine meth-
ane sulfonate (Argent Laboratories) liter ™!, and blood was collected from ap-
proximately 50 fish at 1% of body weight. Serum was obtained as described
previously (24) and stored at —80°C as single-use aliquots. Neutrophils were
isolated from single cell suspensions of anterior kidney cells from SPF catfish
(38.63 = 0.68 cm, 424.20 = 23.34 g) by using a discontinuous Percoll (Amer-
sham) gradient centrifugation procedure (38, 50). Purity of neutrophils collected
from the 1.060-1.080 interface was determined by using a Becton-Dickinson
FACSCalibur flow cytometer by dividing the number of gated neutrophils by the
total number of events (i.e., 20,000).

In vitro mutant screening using catfish serum and neutrophils. For each
384-well plate, four 96-well plates containing 195 pl of BHI medium with colistin,
ampicillin, and gentamicin and 2 mM IPTG were prepared. Portions (5 pl) of
mutant bacteria from each well of the 384-well plate were used to inoculate each
well in four 96-well plates. Each 96-well plate contained a serum-resistant (E.
ictaluri 93-146 pAKgfplux2) and a serum-sensitive (E. coli DH5a pAKgfplux2)
control well. Plates were covered with Breathe-Easy film (Diversified Biotech)
and allowed to grow for 16 to 18 h with shaking at 250 rpm.

For serum screening, 10 ul of mutant culture containing ~10° CFU was mixed
with 90 pl of catfish serum containing 2 mM IPTG in 96-well plates. Photon
emissions were collected for 10 s at each time point by using an IVIS Imaging
System 100 Series (Xenogen Corp.). Initial images were collected after a 5-min
preincubation of samples at 30°C, and subsequent images were captured from
the same plates at 15-min intervals for 90 min. Using the collected images,
luminescence was quantified from each well by using Living Image Software
v2.50 (Xenogen Corp.).

Neutrophil screening was accomplished using freshly isolated catfish neutro-
phils with =75% purity. Each well contained ~10° CFU mutant bacteria and
1.25 % 10* to 2.50 X 10* neutrophils (1:40 to 1:80 neutrophil/bacterium ratio) in
a total volume of 100 wl. Neutrophil-bacterium suspensions also contained 15%
SPF catfish serum for opsonization and 2 mM IPTG. Bioluminescence imaging
was conducted as described above.

A total of 2,256 transposon mutants were screened separately for serum and
neutrophil susceptibility as described above. The percent change in biolumines-
cence between the initial measurement and the 90-min measurement was deter-
mined for each mutant and compared to the mean percent change observed in
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serum-resistant E. ictaluri 93-146 pAKgfplux2 and serum-sensitive DH5a
pAKgfplux2 controls. Mutants were sorted by the percent light change, and those
falling below three standard deviations calculated from wild-type E. ictaluri
93-146 pAKgfplux2 were chosen for further analysis using quadruplicate samples.
A total of 178 mutants with reduced bioluminescence were rescreened against
serum and neutrophils in quadruplicate samples, and data were analyzed by
using one-way analysis of variance using SAS v9.1 (SAS Institute, Inc.). Eighty-
one mutants with significantly reduced resistance to serum and/or neutrophils
(P < 0.05) were selected and screened for auxotrophy in minimal medium (12).

In vivo mutant screening. SPF channel catfish (5.20 = 0.18 cm) were trans-
ferred from the MSU-CVM SPF fish facility to 40-liter flowthrough tanks (15 fish
per tank) with dechlorinated municipal water. Fish were maintained in well-
aerated tanks with a water temperature of 28°C throughout the experiments.
Bacterial cultures were grown overnight, and bacterial concentrations were ad-
justed using the optical density at 600 nm. After 1 week of acclimation, fish were
anesthetized in water containing 100 mg of MS222 liter ™!, and ~107 CFU of
each mutant was injected intraperitoneally into 15 catfish in 100 pl of phosphate-
buffered saline (PBS). Based on our experience in prior E. ictaluri challenges, this
dose is the approximate 80% lethal dose for pathogenic isolates. One group of 15
fish was infected with parent strain 93-146, and one group was injected with PBS.
Mortalities were recorded daily, and the percent mortality rates were calculated
for each mutant. Thirteen mutants (designated EiIAKMut01 to EiAKMut13)
with lower mortality rates than strain 93-146 were selected for further charac-
terization.

Determination of virulence and vaccine potential. Attenuation of mutants
EiAKMut01 to EIAKMut13 was confirmed in catfish by using the intraperitoneal
injection route of exposure (29, 30). Each 40-liter flowthrough tank contained 20
fish, and four tanks were used for each mutant. One group of four replicates was
injected with wild-type E. ictaluri strain 93-146, and another group of four
replicates were injected with PBS as positive and negative controls, respectively.
Channel catfish (14.61 £ 0.33 cm, 32.70 + 2.36 g) were anesthetized and infected
by intraperitoneal injection with ~105 CFU. The percent mortalities were cal-
culated for each tank, and the mean percent mortalities were analyzed by using
one-way analysis of variance. Pairwise comparison of the means was done by
using the Fisher least-significant-difference test procedure of SAS v9.1. A signif-
icance of 0.05 was used in all analyses.

The vaccine efficacy of eight mutants (EIAKMut01, EIAKMut02, EiIAKMut04,
EiAKMut05, EiAKMut06, EiAKMut08, EiAKMut12, and EiAKMut13) was
compared to a commercial live attenuated vaccine (25) (AQUAVAC-ESC)
marketed by Intervet/Schering-Plough Animal Health. Wild-type strain 93-146
and sham vaccination control treatments were included. Each 40-liter
flowthrough tank contained 25 fish with four tanks per treatment. Fish were
allowed to acclimate for 2 weeks before bacterial challenges. For vaccination, fish
(11.62 = 0.16 cm, 15.36 =+ 0.65 g) were infected by immersion in water containing
2 %X 107 CFU ml~! for 1 h. After 21 days, vaccinated fish were infected with strain
93-146 by immersion in water with 107 CFU ml~! for 1 h. Mortalities were
recorded daily, and the mean percent mortalities for each treatment were cal-
culated and analyzed as described above.

Identification of transposon insertion sites. Transposon insertion sites were
identified in mutants EiIAKMut01 to EiAKMut13 by using a single primer PCR
protocol (23). Genomic DNA was prepared from overnight culture for each
mutant by using a Wizard genomic DNA purification kit (Promega). Each 25-p.l
PCR contained 0.2 mM deoxynucleoside triphosphates, 0.2 pM transposon
specific primer, 1.5 mM MgCl,, and 1.25 U of Tag polymerase (Promega).
ExoSAP-IT enzyme mix (USB Corp.) was used to clean 5 pl of the PCR.
Sequencing was conducted using BigDye v3.1 with 2 pl of ExoSAP-IT-treated
template and 10 wM nested transposon-specific primer. The resulting E. ictaluri
sequences were first searched against the E. ictaluri genome (http://micro-gen
.ouhsc.edu/cgi-bin/blast_form.cgi) and then against the nonredundant protein
database of NCBI using BLAST algorithm to identify transposon insertion sites
and gene names, respectively.

RESULTS

Identification of serum- and neutrophil-susceptible E. icta-
luri mutants. A library of approximately 15,000 random trans-
poson insertion mutations (~3.8-fold coverage of the E. icta-
luri genome) was generated in bioluminescent E. ictaluri strain
93-146 carrying pAKgfplux2 using a derivative of the mariner
transposon Himarl (42) carried on pMAR2xT7 (31). Mutants
were arrayed in duplicate in 39 384-well plates.
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FIG. 1. Overview of the mutant screening process.

A high-throughput BLMS procedure was developed that
allowed identification of virulence genes from gram-negative
bacteria in vitro. A general outline of the integrated proce-
dures including in vitro BLMS and in vivo fish screening is
shown in Fig. 1. We screened 2,256 mutants against both cat-
fish serum and neutrophils using BLMS. Although the BLMS
method would have allowed efficient screening of additional
plates for increased coverage of the E. ictaluri genome, we
limited our experiment to 24 96-well plates due to the expense
of isolating primary catfish neutrophils. After this initial
screening, 178 mutants were identified that exhibited de-
creased luminescence during incubation with these host factors
(Fig. 2).

A second screening of these 178 mutants against both serum
and neutrophils in quadruplicate indicated that 152 of the
mutants (79 neutrophil, 73 serum) had significantly reduced
resistance compared to wild-type strain 93-146 (P < 0.05). Of
these, 16 had reduced resistance to both neutrophils and se-
rum. The parent E. ictaluri strain 93-146 pAKgfplux2 was re-
sistant to both serum and neutrophils; thus, it was able to
utilize the nutrients in catfish serum to increase in numbers
over the 1.5 h of incubation. The mean percent light changes
and standard deviations of 93-146 pAKgfplux2 in response to
catfish serum and neutrophils were 21.62% = 2.09% and
35.46% = 0.53%, respectively. In contrast, E. coli DHS5«a
pAKgfplux2 was inactivated by catfish serum and neutrophils.
Thus, DHS5a had a negative percent change in biolumines-
cence at 1.5 h compared to 0 h: —9539% = 0.17% and
—77.67% =* 0.33%, respectively, in response to catfish serum
and neutrophils.

The 81 E. ictaluri mutants showing greatest sensitivity to
serum and/or neutrophils were selected for further screening.

Thirty-four of these were neutrophil sensitive, thirty-one were
serum sensitive, and sixteen were both serum and neutrophil
sensitive. When the mutants were grown in minimal medium,
no auxotrophs were detected. Next, the mutants were tested
for attenuation in the natural host by intraperitoneal injection.
Of the 81 BLMS selected mutants, 13 mutants (designated
EiAKMut01 to EiIAKMut13) were identified as putatively at-
tenuated (7 neutrophil sensitive, 1 serum sensitive, and 5 mu-
tants sensitive to both neutrophils and serum).

The relative serum and neutrophil resistance for some of
these 13 mutants is shown in Fig. 3. Bioluminescence of wild-
type E. ictaluri increased over the 90-min incubation with both
serum and neutrophils. Interestingly, although mutants dem-
onstrated significantly reduced resistance, they were not killed
like the E. coli strain; rather, the ability of mutants to resist
host serum or neutrophils was weakened. Twelve mutants had
significantly reduced resistance to catfish neutrophils; nine of
these (EiAKMut09, EiAKMut10, EiAKMut07, EiAKMut02,
EiAKMut03, EiAKMut08, EiAKMut06, EiAKMut01, and
EiAK11) had significantly reduced resistance compared to
the remaining three (EiAKMutl2, EiAKMut05, and EiAK
Mut04). Six mutants had significantly reduced resistance to
catfish serum (EiAKMut02, EIAKMut03, EIAKMut08, EiAK
Mut04, EiAKMut05, and EiAKMut13), five of which had sig-
nificantly reduced resistance to both neutrophils and serum (all
except EIAKMut13).

Virulence and vaccine potential of E. ictaluri mutants. To
confirm that they are attenuated, mutants EIAKMut01 to
EiAKMut13 were tested in channel catfish by intraperitoneal
injection using quadruplicate tanks. All 13 mutants were sig-
nificantly attenuated compared to wild-type strain 93-146, and
11 of these were highly attenuated (<15% mortalities). EIAK
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FIG. 2. Representative image of bioluminescence mutant screening. The 96-well plate shown is from the serum screening experiment and
contained 94 mutants, a serum-susceptible control (circle 2, E. coli DH5a), and a serum-resistant control (circle 3, E. ictaluri 93-146). Using this
image, the amount of bioluminescence was quantified from each well at 0 h and at 1.5 h, and the percent change in bioluminescence for each
individual mutant was used to determine serum sensitivity relative to the serum-resistant control. On the plate shown, one mutant (circle 1)
demonstrated reduced bioluminescence at the end of serum incubation (1.5 h) compared to the initial value (0 h). Parent strain 93-146 and all of
the other mutants on this plate had slightly increased bioluminescence over the 1.5 h of incubation. Bioluminescence scale is shown in the bar on

the right.

Mut07 and EiAKMut09 were the least attenuated mutants,
causing 58.33 and 48.33% fish mortalities, respectively (Fig. 4).

Eight of the highly attenuated E. ictaluri mutants were
compared to the only commercially available live attenuated
vaccine, AQUAVAC-ESC (marketed by Intervet/Schering-
Plough Animal Health), to assess their vaccine efficacy. Im-
mersion vaccination with AQUAVAC-ESC, EiAKMut02,
EiAKMut05, EIAKMut08, and EIAKMut13 caused no mortal-
ities, and although vaccination with EIAKMut01, EiAKMut(04,
EiAKMut06, and EiAKMutl12 caused mortalities, they were
significantly lower than mortalities caused by parent strain
93-146 (Fig. 5a). EIAKMut05 and EiAKMut12 provided the
best protection against subsequent challenge with the virulent
parent strain. Five other mutants also exhibited significantly
improved protection compared to AQUAVAC-ESC (Fig. 5b).
Mutants EiIAKMut05, EiAKMut02, and EiAKMut08 demon-
strated the best potential as live attenuated vaccines because
vaccination caused no mortalities, and they provided signifi-
cantly better protection than AQUAVAC-ESC. Vaccination
with EIAKMut13 also caused no mortalities, but it was inferior
to AQUAVAC-ESC in providing protection.

Identification of MAR2xT7 insertions in E. ictaluri genome.
MAR2xT7 insertion locations for mutants EiAKMut0l to

EiAKMut13 were determined by using single primer PCR am-
plification of transposon ends and nested primer sequencing
(Table 1). The gevP gene (encoding glycine cleavage system
protein P) was disrupted in three of the mutants (EiAKMut02,
EiAKMut03, and EIAKMut08) but at different locations. Sim-
ilarly, the rseB gene (encoding a negative regulator of sigmaFE)
was mutated at the same location in EIAKMut01 and EiAK
Mut07. Interestingly, two genes located on one of the native
plasmids of E. ictaluri (pEI1) were also mutated. One of these
genes encodes a putative RNA one modulator protein, while
the other encodes a hypothetical protein.

DISCUSSION

We describe here a new high-throughput method (BLMS)
that utilizes a measurable phenotype (luminescence) to screen
gene mutations in bacteria and allows application of forward
genetics. BLMS involves random transposon mutagenesis of a
bacterial strain expressing bacterial luciferase (luxCDABE).
Using this approach, we produced a random E. ictaluri mutant
library that expresses luxCDABE genes from a stable plasmid,
pAKgfplux2 (24). The use of a colony picking robot to array
mutants in 384-well plates and bioluminescence to measure
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FIG. 3. Response of selected E. ictaluri mutants to catfish neutrophils (a) and serum (b). The percent change in luminescence was calculated
by dividing the measured bioluminescence at 90 min by the measurement at 0 min. Capital letters indicate statistical groupings. Groups marked
with the same capital letter do not show statistically significant differences (P < 0.05).

bacterial viability (as opposed to serial dilutions and plate
counts) made the screening of 2,256 E. ictaluri mutants an
efficient process.

Among the 13 attenuated mutants we identified, redundant
mutations were present in two genes. Three mutants (EiAK
Mut02, EiAKMut03, and EiAKMut08) harbored transposon
insertion in gevP at different locations, and two mutants (EIAK

Mut01 and EiAKMut07) harbored transposon insertion in rseB
at the same location. The independent isolation of mutations
in the same gene indicates that the BLMS procedure was
effective in detecting true gene targets.

Our results indicate that BLMS is an effective procedure for
development of live attenuated vaccines. Thirteen mutants
were identified that are significantly attenuated compared to
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the virulent parent strain 93-146. Of these mutants, three
(EiAKMut02, EiAKMut08, and EiAKMut05) demonstrate po-
tential to be more effective live attenuated vaccines than the
current commercially available vaccine, AQUAVAC-ESC. In
addition, EiIAKMut12 only caused 4.45% mortality and pro-
vided good protection; with dose adjustment, it may also have
potential to be an effective vaccine.

A mutant screening strategy such as BLMS is particularly
effective at elucidating multifactorial mechanisms of pathogen
resistance to host defenses. Pathogen resistance to host phago-
cytosis is known to be complex, often requiring the appropriate
expression of many virulence genes. We have previously shown
that E. ictaluri resistance to the complement cascade is multi-
factorial (28). Our results from the current study indicate that
E. ictaluri resistance to catfish serum and neutrophils is indeed
multifactorial; none of the mutants we identified demonstrated
complete susceptibility to either serum or neutrophils.

Several of the mutants we identified were novel, but one of
the mutants identified by BLMS was not a surprise. EIAK
Mut13, which had reduced resistance to serum, has an inser-
tion in ugd. This gene encodes UDP-glucose 6-deyhydrogenase
and is located in the E. ictaluri O polysaccharide (OPS) bio-
synthesis operon (28); thus, it is likely that EiAKMut13 has
altered OPS biosynthesis. We have previously reported that a
mutant defective in OPS biosynthesis, 93-146 R6, has signifi-
cantly reduced resistance to catfish serum (28), and EiAK
Mut13 has a similar phenotype. Interestingly, 93-146 R6 is also
similar to EiIAKMut13 in that it is not very effective as a live
attenuated vaccine by immersion.

BLMS proved effective at identifying virulence genes in plas-
mids as well as in the chromosome. E. ictaluri contains two
native plasmids, pEI1 and pEI2, that are consistently present in
channel catfish isolates (36). The sequences of both plasmids
are available (18), but most of these plasmids’ gene functions
are poorly defined. Our results agree with previously reported

findings that pEIl is important in E. ictaluri virulence (46).
EiAKMut(04 has an insertion in a gene encoding a hypothetical
protein (pl) located on pEIl. The protein has >50% identity
with Salmonella effector proteins with leucine-rich repeats that
are secreted through a type III secretion system. The 618-
amino-acid protein appears to be in a monocistronic operon.
Interestingly, the orfl gene on pEIl was also identified as a
virulence gene by signature-tagged mutagenesis (46). EiAK
Mut10 has a mutation in putative open reading frame 4 (p4) of
pEIL. Open reading frame 4 has similarity to putative RNA
one modulator protein, which is involved in plasmid replica-
tion.

EiAKMut05 has an insertion in the sdhC gene, which en-
codes one of four subunits of the succinate dehydrogenase
complex. Succinate dehydrogenase is part of the aerobic respi-
ratory chain and the tricarboxylic acid (TCA) cycle, oxidizing
succinate to fumarate while reducing ubiquinone to ubiquinol.
It is closely related to fumarate reductase, which catalyzes the
reverse reaction. SdhC is one of the two subunits that anchors
the complex in the cytoplasmic membrane (35). Although
SdhC has a similar function, hydrophobicity, and protein size
compared to the membrane-binding subunit from fumarate
reductase (FrdC), SdhC and FrdC do not share significant
sequence identity (52). In E. coli and Salmonella, succinate
dehydrogenase is known to contribute to pathogenicity. The
organic acids formate and succinate have a protective effect in
stationary-phase cells against killing effects of antimicrobial
bactericidal permeability-increasing protein, which appears to
disrupt the bacterial respiratory chain (3). Maintenance of
protective levels of formate and succinate requires the activity
of formate dehydrogenase and succinate dehydrogenase, re-
spectively. A sdhCDA mutant of S. enterica serovar Typhi-
murium was slightly attenuated, but complete attenuation was
achieved by succinate dehydrogenase and fumarate reductase
double mutation (33). In E. ictaluri, sdhC is the first gene in a
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Wt is the parent strain 93-146, and AQUAVAC-ESC is a commercial live attenuated vaccine. Capital letters above each bar indicate statistical
groupings. Groups marked with the same capital letter do not show statistically significant differences (P < 0.05).

polycistronic operon that encodes the four components of suc-
cinate dehydrogenase. E. ictaluri also encodes the formate de-
hydrogenase complex in its genome; however, attenuation of
E. ictaluri was achieved with sdh mutation without a need for
generating double mutants in frd genes.

In addition to sdhC, two other mutants had insertions in
enzymes in the TCA cycle. EIAKMutl1 was mutated in sucA,
which encodes 2-oxoglutarate dehydrogenase E1 component,
and EiAKMut12 was mutated in mdh, which encodes malate
dehydrogenase. The isolation of three mutants encoding TCA
cycle enzymes in our screening is a strong indication of the
importance of the TCA cycle in E. ictaluri resistance to catfish
neutrophils.

EiAKMut02, EiAKMut03, and EiAKMut08 all had inser-

tions in gcvP, which encodes a protein that is part of the glycine
cleavage system. The glycine cleavage system is a loosely asso-
ciated four-subunit enzyme complex that catalyzes the revers-
ible oxidation of glycine to form 5,10-methylenetetrahydrofo-
late, which serves as a one-carbon donor. Expression of the
glycine cleavage enzyme system is induced by glycine (32, 44),
and gcv mutants are unable to use glycine as a one-carbon
source and excrete glycine (41). GevP is a 104-kDa protein that
catalyzes the decarboxylation of glycine. In E. ictaluri, gcvP is
the third gene in a three-gene operon; it is located downstream
of gevH and gevT, which encode subunits of the glycine cleav-
age system. To our knowledge, the glycine cleavage system has
not been linked with virulence previously, but our study
showed that this protein is critical for both neutrophil and
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TABLE 1. Summary of insertion identification results

Mutants Gene identification

GenBank

. Location”
accession no.

EiAKMut01 N

EiAKMut(02 NS
EiAKMut03 NS
EiAKMut04 NS
EiAKMut05 NS

Negative regulator of sigma E activity (rseB)

Glycine cleavage system protein P (gcvP)

Glycine cleavage system protein P (gcvP)

Hypothetical protein pEI1_pl

Succinate dehydrogenase/fumarate reductase,
cytochrome b subunit

EiAKMut06 N Electron transport complex protein RnfB

EiAKMut07 N Negative regulator of sigma E activity (rseB)

EiAKMut08 NS Glycine cleavage system protein P (gcvP)

EiAKMut09 N Fimbrial chaperon protein

EiAKMut10 N Putative RNA one modulator protein pEIl_p4

EiAKMutl1 N 2-Oxoglutarate dehydrogenase E1 component
(sucA)

EiAKMut12 N Malate dehydrogenase (mdh)

EiAKMut13 S UDP-glucose 6-dehydrogenase (ugd)

ZP_00822625
ZP_ 00834320
ZP_00834320
NP_061805

ZP 00828037

MAR2xT7"TAttgcgggtttcggtatgaatggttc
MAR2xT7"TAcccgctgcctgatcccggectegge
MAR2xT7"TAtatcgctcgccgtcttggecgeggtce
MAR2xT7"TAtactctccctctgtttgtggtccca
MAR2xT7"TAgaataccgatggcgataaagacggc

YP_070683
ZP_03069723
ZP_00834320

MAR2xT7"TAccggcagggtacgaccattgccgeg
MAR2xT7"TAttgcgggtttcggtatgaatggttce
MAR2xT7"TAgttggcgttaaggatcgccaccgtyg

BAC55513 MAR2xT7"TAccacgctggatgaacaggttcgtaa
NP_061808 MAR2xT7 " TAattcccaccgctcgccgcaagatceg
ABV40371 MAR2xT7 " TActtgaccgatcccgattcagtggag
YP_404893 MAR2xT7"TAttcagaacgccggcactgaggtagt
AAL25636 MAR2xT7 " TAtaccttatcgctttgcaccgecgeeyg

“ N, neutrophil sensitive; S, serum sensitive; NS, neutrophil and serum sensitive.

> MAR2xT7, mariner transposon; ", insertion point; TA, two-base TA duplication; lowercase letters, 25-bp flanking unique gene sequences of E. ictaluri.

serum resistance in E. ictaluri. The phenotypes of all three
mutants were very consistent in their response to serum and
neutrophils, as well as in the catfish host.

EiAKMut01 and EiAKMut07 had insertions in rseB, which
encodes a negative regulator of sigmaE (34). RseB is a
periplasmic protein that stimulates binding of RseA to sigmaE,
thereby assisting RseA in tethering sigmaE to the cytoplasmic
membrane (11). Although mutations in rse4 cause increased
sigmakFE activity (15, 34), a rseB mutant shows wild-type sigmaE
activity under inducing conditions and exhibits a small increase
in sigmaFE activity under noninducing conditions (15). In E.
ictaluri, rseB is the third gene in a polycistronic operon. It is
downstream of rpoE, which encodes sigmaE, and rse4, and it is
upstream of rseC, which encodes a positive regulator of
sigmaE. SigmakE is required for Salmonella virulence (22) and
mediates Salmonella resistance to oxidative stress (22, 45) and
antimicrobial peptides (13). SigmaE is also required for Sal-
monella to survive intracellularly (6). EIAKMut01 and EiAK
Mut07 had consistent phenotypes in serum and neutrophil
resistance assays, but although both mutants were attenuated
in channel catfish, EIAKMut01 caused significantly lower mor-
talities than EiIAKMut07 following intraperitoneal exposure.
This may be because RseB is in a regulatory cascade. Small
variations in individual fish host environment may cause vari-
ability in the RseA-sigmaE response to host stimuli, which in
turn would be amplified through downstream effects on the
sigmaE regulon, causing variability in the degree of attenua-
tion. Further work is required to confirm this hypothesis.

EiAKMut06 has an insertion in rsxB, which encodes one of
six proteins that form a SoxR reducing system in E. coli (26).
SoxR is a regulatory protein that senses superoxide and nitric
oxide and induces expression of a SoxS-mediated oxidative
stress response (26). The SoxR reducing system inactivates
SoxR, thereby turning off the oxidative stress response. In E.
coli, when any of the six 7sx genes are mutated, SoxS is consti-
tutively expressed, leading to induction of oxidative stress re-
sponse. In Salmonella, SoxS is not essential for virulence (16),
but SoxS was found to contribute to virulence in an E. coli
mouse pyelonephritis model (7). In E. ictaluri, rsxB is the sec-
ond in the six gene rsx operon.

The present study resulted in the development of a high-
throughput screening method (BLMS) for identification of
bacterial virulence genes required for resistance to host de-
fense mechanisms. High-throughput identification of genes re-
quired for bacterial virulence complements transcriptomic and
proteomic studies that identify bacterial genes and proteins
whose expression is altered by host environment. Importantly,
BLMS appears to be effective for identification of new candi-
date live attenuated vaccine strains.

BLMS is limited to assays that can be conducted in tissue
culture plates, and it also would not be effective for screening
stages of infection that require whole-animal studies. However,
BLMS has the advantage that it allows identification of bacte-
rial genes required for resistance to a particular host mecha-
nism of interest. In our particular study, BLMS resulted in
elucidation of E. ictaluri mechanisms of resistance to channel
catfish serum and neutrophils. Because E. ictaluri is a member
of the Enterobacteriaceae, and it shares pathogenic mechanisms
with some of the members of this family, it is likely that the
genes identified in the present study may be crucial not only for
the virulence of E. ictaluri but also for other bacterial patho-
gens with similar infection mechanisms. Thus, TCA enzymes,
the glycine cleavage system, the sigmaFE regulatory system, and
the SoxR reducing system may be important for resistance of
other Enterobacteriaceae to host phagocytes and complement.
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