






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, EiAKMut04,
EiAKMut06, and EiAKMut12 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 EiAKMut05, 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 MAR2xT7insertions in E. ictaluri genome.
MAR2xT7 insertion locations for mutants EiAKMut01 to

EiAKMut13 were determined by using single primer PCR am-
plification of transposon ends and nested primer sequencing
(Table 1). The gcvP 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 sigmaE)
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

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 DH5�), 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.
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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 gcvP 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

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).
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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, EiAKMut12 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 EiAKMut13 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 pEI1 is important in E. ictaluri virulence (46).
EiAKMut04 has an insertion in a gene encoding a hypothetical
protein (p1) located on pEI1. 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 orf1 gene on pEI1 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
pEI1. 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

FIG. 4. Results of virulence trial. The percent mortalities are the mean of four replicate tanks per treatment. PBS is the saline control, and Wt
is the parent strain 93-146. Capital letters above each bar indicate statistical groupings. Groups marked with the same capital letter do not show
statistically significant differences (P 
 0.05).
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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. EiAKMut11 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). GcvP 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 gcvH and gcvT, 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

FIG. 5. Results of vaccine efficacy trial. (A) Percent mortalities resulting from vaccination; (B) percent mortalities resulting from challenge with
parent strain 93-146 21 days postvaccination. The percent mortalities are the mean of four replicate tanks per treatment. PBS is the saline control,
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).
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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 rseA cause increased
sigmaE activity (15, 34), a rseB mutant shows wild-type sigmaE
activity under inducing conditions and exhibits a small increase
in sigmaE 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 rseA, and it is
upstream of rseC, which encodes a positive regulator of
sigmaE. SigmaE 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 EiAKMut07 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 rsx 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 sigmaE regulatory system, and
the SoxR reducing system may be important for resistance of
other Enterobacteriaceae to host phagocytes and complement.
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TABLE 1. Summary of insertion identification results

Mutants Typea Gene identification GenBank
accession no. Locationb

EiAKMut01 N Negative regulator of sigma E activity (rseB) ZP_00822625 MAR2xT7ˆTAttgcgggtttcggtatgaatggttc
EiAKMut02 NS Glycine cleavage system protein P (gcvP) ZP_00834320 MAR2xT7ˆTAcccgctgcctgatcccggcctcggc
EiAKMut03 NS Glycine cleavage system protein P (gcvP) ZP_00834320 MAR2xT7ˆTAtatcgctcgccgtcttggcgcggtc
EiAKMut04 NS Hypothetical protein pEI1_p1 NP_061805 MAR2xT7ˆTAtactctccctctgtttgtggtccca
EiAKMut05 NS Succinate dehydrogenase/fumarate reductase,

cytochrome b subunit
ZP_00828037 MAR2xT7ˆTAgaataccgatggcgataaagacggc

EiAKMut06 N Electron transport complex protein RnfB YP_070683 MAR2xT7ˆTAccggcagggtacgaccattgccgcg
EiAKMut07 N Negative regulator of sigma E activity (rseB) ZP_03069723 MAR2xT7ˆTAttgcgggtttcggtatgaatggttc
EiAKMut08 NS Glycine cleavage system protein P (gcvP) ZP_00834320 MAR2xT7ˆTAgttggcgttaaggatcgccaccgtg
EiAKMut09 N Fimbrial chaperon protein BAC55513 MAR2xT7ˆTAccacgctggatgaacaggttcgtaa
EiAKMut10 N Putative RNA one modulator protein pEI1_p4 NP_061808 MAR2xT7ˆTAattcccaccgctcgccgcaagatcg
EiAKMut11 N 2-Oxoglutarate dehydrogenase E1 component

(sucA)
ABV40371 MAR2xT7ˆTActtgaccgatcccgattcagtggag

EiAKMut12 N Malate dehydrogenase (mdh) YP_404893 MAR2xT7ˆTAttcagaacgccggcactgaggtagt
EiAKMut13 S UDP-glucose 6-dehydrogenase (ugd) AAL25636 MAR2xT7ˆTAtaccttatcgctttgcaccgcgccg

a N, neutrophil sensitive; S, serum sensitive; NS, neutrophil and serum sensitive.
b MAR2xT7, mariner transposon; ˆ, insertion point; TA, two-base TA duplication; lowercase letters, 25-bp flanking unique gene sequences of E. ictaluri.
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