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Vibrio cholerae encodes a small RNA with homology to Escherichia coli RyhB. Like E. coli ryhB, V. cholerae
ryhB is negatively regulated by iron and Fur and is required for repression of genes encoding the superoxide
dismutase SodB and multiple tricarboxylic acid cycle enzymes. However, V. cholerae RyhB is considerably
longer (>200 nucleotides) than the E. coli RNA (90 nucleotides), and it regulates the expression of a variety
of genes that are not known to be regulated by RyhB in E. coli, including genes involved in motility, chemotaxis,
and biofilm formation. A mutant with a deletion in ryhB had reduced chemotactic motility in low-iron medium
and was unable to form wild-type biofilms. The defect in biofilm formation was suppressed by growing the
mutant in the presence of excess iron or succinate. The wild-type strain showed reduced biofilm formation in
iron-deficient medium, further supporting a role for iron in normal biofilm formation. The ry2B mutant was
not defective for colonization in a mouse model and appeared to be at a slight advantage when competing with
the wild-type parental strain. Other genes whose expression was influenced by RyhB included those encoding
the outer membrane porins OmpT and OmpU, several iron transport systems, and proteins containing heme
or iron-sulfur clusters. These data indicate that V. cholerae RyhB has diverse functions, ranging from iron

homeostasis to the regulation of biofilm formation.

Iron plays a critical role in the cellular metabolism of almost
all living organisms. Iron is required for processes as diverse as
the tricarboxylic acid (TCA) cycle, electron transport, DNA
metabolism, and response to oxidative stress. Because iron has
the potential for catalyzing production of reactive oxygen spe-
cies, excess iron can also pose a significant problem. The influx
and intracellular fate of iron must therefore be tightly regu-
lated. This is achieved in part through the action of the iron-
dependent negative regulator Fur, which functions to coordi-
nate the iron status of the cell with the expression of genes
involved in iron transport, storage, and metabolism. Under
iron-replete conditions, Fur complexes with the ferrous ion
and blocks transcription of its regulon by binding to conserved
regions termed Fur boxes within the promoter region of these
genes. There is another layer of complexity in the scheme of
iron- and Fur-dependent regulation. In Escherichia coli, cer-
tain genes involved in iron storage, iron metabolism, and an-
tioxidant defense appear to be positively regulated by Fur (6,
36, 42), and this was recently shown to be mediated through
the action of a small RNA (sRNA), RyhB (26). RyhB nega-
tively regulates the expression of sodB (encoding superoxide
dismutase), ftn and bfr (encoding ferritin and bacterioferritin),
and several iron-sulfur cluster-containing TCA cycle enzyme
genes, including the sdh operon (encoding succinate dehydro-
genase) and acnA (encoding aconitase). Because RyhB is itself
negatively regulated by Fur, the net effect is positive regulation
of these genes under high-iron conditions, which promote the
formation of the active Fur-Fe*" complex.
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Positive regulation by Fur via an sSRNA is not unique to E.
coli. A similar system, which encodes two functional homologs
of RyhB, PrrF1 and PrrF2, is present in Pseudomonas aerugi-
nosa (59). Although there is no detectable sequence conserva-
tion between E. coli RyhB and the PrrF sRNAs, the P. aerugi-
nosa sRNAs control many of the same types of targets as
RyhB, including sodB, sdh, and a probable bacterioferritin
gene, PA4880.

The mechanism of regulation by RyhB (reviewed in refer-
ence 12) is posttranscriptional and involves base pairing be-
tween RyhB and its mRNA target and subsequent RNase
E-mediated degradation of the RyhB-mRNA duplex (25, 33).
Like many reactions involving RNA-RNA interactions, this
requires the Hfq protein. Hfq is thought to function as an RNA
chaperone that facilitates formation of the SRNA-mRNA du-
plex by controlling access of the SRNA to the complementary
regions of the target mRNA (11). Another role of Hfq may be
to protect the sSRNA, as well as its mRNA targets, from deg-
radation by blocking sites in the RNA that would otherwise be
accessible to RNase E (25, 33). Once duplexing between RyhB
and its target mRNA has occurred, RNaseE cleavage sites
presumably become exposed, since the entire complex is then
rapidly degraded (25, 33).

Vibrio cholerae, the causative agent of the diarrheal disease
cholera, encodes a homolog of the E. coli Hfq protein (5, 22).
One strain of V. cholerae was shown to use an Hfg-dependent
sRNA pathway to regulate quorum sensing and virulence gene
expression (22). Interestingly, Hfq, although needed for viru-
lence, did not appear to modulate expression of known viru-
lence factors in a different V. cholerae strain (5). It is likely that
a complex and strain-specific hierarchy of virulence gene reg-
ulation involving Hfq and multiple SRNAs exists in this patho-
gen.
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TABLE 1. Bacterial strains and plasmids used in this study.

Strain or plasmid Description ?:Ferrcecné)é
Strains
V. cholerae
0395 V. cholerae classical biotype 28
ARMS572 0395 ryhBA::kan This study
ARMS573 0395 furl::tmp This study
N16961 V. cholerae E1 Tor biotype J. Kaper
SAC101 N16961 mshAA::kan This study
ARMT711 N16961 ryhBA::kan This study
E. coli
DHS5a(\pir) Cloning strain; host strain for pGP704 J. Kaper
derivatives
SM10(\pir) Npir recA Kan'; host and mobilizing strain 32
for pGP704 derivatives
Plasmids
pQE-2 IPTG-inducible expression vector Qiagen
pHMS5 Suicide vector pGP704 carrying sacB; Cb" 46
Suc®
pWKS30 Low-copy-number cloning vector; Cb" 53
pQF50 Promoterless lacZ reporter plasmid 8
pAML20 hutA-lacZ transcriptional fusion in pQF50 29
pAML23 ryhB-lacZ transcriptional fusion in pQF50 This study
pPAMR70 Full-length ryAB in pQE-2 This study
pAMR72 Full-length ryAB in pWKS30 This study
PAMR73 5'-truncated ryhB (ryhBAS5') in pWKS30 This study
pAMS10 pHMS carrying ryhBA::kan This study
PAMS12 pHMS carrying furA::tmp This study
pSAC10C pHMS carrying mshAA::kan This study

V. cholerae has been shown to exert iron- and Fur-dependent
negative regulation on many genes involved in iron acquisition
(3,17, 45) (A. R. Mey, E. E. Wyckoff, V. R. Kanukurthy, L. R.
Fisher, and S. M. Payne, unpublished data). There have also
been reports of positive regulation of V. cholerae protein ex-
pression by iron-bound Fur (23). In addition, a fur mutant of V.
cholerae was unable to use pyruvate, succinate, and fumarate as
carbon sources, signaling possible defects in certain TCA cycle
pathways (23). This suggests that V. cholerae may use a system
analogous to the E. coli RyhB mechanism for regulating genes
encoding iron-containing proteins and those involved in iron
metabolism. Indeed, Masse and Gottesman (26) found a re-
gion exhibiting significant sequence similarity to E. coli ryhB in
a BLAST search of the V. cholerae genome sequence (16) using
the complete E. coli ryhB sequence. In this study, we demon-
strate iron- and Fur-dependent expression of the predicted V.
cholerae RyhB sRNA and show that, in addition to recognizing
many of the same targets as E. coli RyhB, V. cholerae RyhB has
some unique functions, including the iron-dependent regula-
tion of biofilm formation.

MATERIALS AND METHODS

Bacterial strains and plasmids and media. The bacterial strains and plasmids
used in this study are listed in Table 1. All strains were maintained at —80°C in
tryptic soy broth plus 20% glycerol. The strains were routinely grown at 37°C in
Luria (L) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) or on L agar; in
Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl) or on LB
agar; in EZ Rich Defined Medium (EZ RDM) (http://www.genome.wisc.edu
/functional/protocols.htm), a modification of the Supplemented MOPS Defined
Medium described by Neidhardt et al. (34); or in EZ RDM with no added iron
(iron limited but not iron depleted; it supports growth of V. cholerae while
causing induction of the Fur regulon [Mey et al., unpublished]). Sucrose (0.2%
final concentration) was added to EZ RDM as the carbon source. APW no. 3
medium was made as described by Ali et al. (1). Iron-replete medium was
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TABLE 2. Oligonucleotide primers used in this study

Name Primer sequence (5'-3")*
bfdl ..o CGTTTGTTTGTGTCATGGTGTCTC
bfd2 .o TGAGCAATCAGCGATTCTTCG
. .. TGGGCGTCGACCAGCCAAGAGCC (Sall)
fur..ccccccns GTGAGCGTTAACTTTAAGACCAGC (Hpal)
fur3 GGTCTTAAAGTTAACGCTCACAAGCC (Hpal)
.. GGAGGCGCTGATATCCATTTGGC (EcoRI)
mshAl....ccoeeeee. GGGAGATCTTTCAGCGAAAGCGAATA
GTGG (BgllI)
mshA2......ccceeee. ATAGTCGACCCATTGCACCAGCAACTG
CACC (Sall)
mshA3.......ccceeee. AAAGTCGACCCTGCAACGGTTGCTATGC
(Sall)
mshA4..........c........ CCCICTAGAGTGGTTACCACCGCAAAGG
(Xbal)
polyT-Clal ............ CCATCGATTTTTTTTTTTITTITTTTT (Clal)
SOdBI .....covviiine ATTTCCACCACGGTAAGCACC

CCGAAGTTGTTGATGGCTGAATC

.. TGTGTCGACTGATGAAACAACGG (Sall)

ATGTCGGTTAACCTTCACTTGTTCCC
(Hpal)

AAGTGAAGGTTAACCGACATCTTCGG
(Hpal)

TACCGTAGGTCGACATCAACGC (Sall)

.. GGAATCCATGGTCGAGAGCC (Ncol)

.. TTCACTGGATCCCTAAGACG (BamHI)

.. CACGTCTTAGGGAACAAGTG

.. GCTAAAAATTACACTGGAAGC

AGAATTCACGTCTTAGGGAACAAGTG
(EcoRI)

GCCAAGCTTACGAGGTCAAAGCC

.. TTCAAGCTTGTCCACTCATTGC

ATCGAATTCCTCGATATGCGGTAGCG
(EcoRI)

GCTCGATATCAAAACGTTCTACAGC
(EcoRYV)

CGCATATCGGTTAATAATAATAGTTCTC

.. TATTATTAACCGATATGCGGTAGCG

TGATGGATCCGCCAGTGGATGAG (BamHI)

“ Any relevant recognition sites for restriction enzymes (listed in parentheses)
are underlined.

prepared by the addition of ferrous sulfate (FeSO,), and iron-depleted medium
was prepared by the addition of ethylenediamine-di-(o-hydroxyphenylacetic
acid) (EDDA), deferrated by the method of Rogers (44). The concentrations of
FeSO, and EDDA added varied depending on the medium and assay conditions
used and are listed separately for each experiment in the relevant Materials and
Methods section or figure legend. Antibiotics were used at the following con-
centrations for E. coli: 250 pg of carbenicillin per ml, 50 ug of kanamycin per ml,
and 30 pg of chloramphenicol per ml. For V. cholerae, the concentrations were
125 pg of carbenicillin per ml, 25 pg of kanamycin per ml, and 7.5 ng of
chloramphenicol per ml. Polymyxin B was used at 10 ug per ml, and streptomycin
was used at 75 ug per ml. Electroporation of V. cholerae strains was carried out
as described previously (37).

PCR. The oligonucleotide primers for PCR (Table 2) were purchased from
IDT Inc. (Coralville, IA). PCR was performed using Tag polymerase (QTAGEN)
or Pfu polymerase (Stratagene) according to the manufacturer’s instructions.
Bacterial cultures grown overnight were used as the template. All clones derived
from PCR fragments were verified by sequencing.

Promoter fusion studies. The predicted promoter region for V. cholerae ryhB
was amplified by PCR using primers vryhB5 and vryhB6 (Table 2). The PCR
fragment was digested with Ncol and BamHI and cloned into pQF50 digested
with Ncol and BamHI to yield pAML23. Following transfer of pQF50, pAML20,
and pAML23 into O395 and ARMS573 by electroporation, the transformed
strains were grown to mid-log phase in iron-replete LB broth containing 40 pM
FeSO, or in iron-depleted LB broth containing 12.5 ug EDDA per ml, and
B-galactosidase activity was measured as described by Miller (30).

Construction of chromosomal mutations in V. cholerae. Deletion of the V.
cholerae ryhB gene was carried out by overlap extension PCR with primer pairs
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A

VC0106 ——» Fur binding site

Ve (-75) gtgctctaaaaaataaatgagattttttctcatttgggtgttgactattaaatgagaactattattattaac (-4)
-35 -10
V. cholerae rvhB
Vo (-3} cacGTCTTAGGGAACAAGTGAAGGTTCACCAGGACGTTAAGTCACCCTTTATCGAGTCATCGATATGCGGTA {+69)
Vo (+70) GCGAAACGGCCGAACTTGAGCAGGTTCTTTTTGACACGACATTGCTCACATTGCTTCCAGTGTAATTT--TT {+139)
Ec (+1) GCGATCAGGAAGACCCTCGCGGAGALACCTGAALAGCACGACATTGCTCACATTGCTTCCAGTATTACTTAGCC (+72)
%k k k * %k *k kK * * & EE S A EEEEEEEEEEEEEEEEREEE S E L I S

Rho-independent terminator
Ve (+140) AGCTTTTTGGTARAGCGAATCARAAAATTGGCTTTGACCTCGTTTGCTAGGCGACATCTTCGGGTGTCGCTTTTT (+214)
Ec (+73) AGCCGGGTGCTGGCTTTT (+90)

* ® %k * k&

Fur binding sites > ryhB
Ve -35 ttgactattaaatgagaactattattattaaccacGTCTTAGGGAACAAGTGAAGGTTCACCAGGACGTTARGTCACCC -  +44
Vp -35 ttgactgttaaatgagaatcattattattaatcctGTCTTAGGGAATGAGGARR-GTTCACRAAGGACGTTGAATTACTGE  +44
Vv YJOolée -35 ttgacgtgcaaatgagaattgttactjattaagge- GTCTTAGGGAATGAGGAARAAGTTCACAAGGATGTTGATTTACC -~ +42
Vv CMPCé -35 ttgacatgcaaatgagaattgttattjattaagge- GTCTTAGGGRATGAGGARAAGTTCACARGGATGTTGATTTACC -~  +42
kE kT FEx X ET R LT K *Ekk FThEE AT LR RS SRR R * % %k *ExhkEE kR ThEET Fx Kk * * Kk
Ve $45 —memme— TTTATCGAGTCATCGATATGCGGTAGCGAAACGG------ CCGAACTTGAGCAGGTTCTTTTTGACACGA +108
Vp +45 TTAACAGAAGTTGATTAACTGCTGTTGAGARGGTGATGAAACATTTATCCAAGARCTTGCACGAATTCTTTTTGACACGA +125
Vv YJ016 +43 ---------- CCARACAAC-GGETETTGARAAGGTGATGATACAAATTGCT CTGARCTTGCACGAATTCTTTTTGACACGA +112
Vv CMPCs 43 —emeeeesea CCAAACAAC-GGTGTTGAARAAGGTGATGATACAAATTGCTCTGAACTTGCACGAATTCTTTTTGACACGA +112
- * * * LA A ] LA & LR AR R R S * ke g R e W e W R ok e W
ve +109 CATTGCTCACATTGCTTCCAGTGTAATTTTTAGCTTTTTGETARAGC- ---- GAATCAAARAATTGGCTTTGACCTC-GT +182
Vp +126 CATTGCTCACATTGCTTCCAGTGTAATTTATAGCTTCTTGGTTAAGCTGCCATGAT -ATGGAACTGGCTTTACCAC--TT +202
Vv YJl10& +113 CATTGCTCACATTGCTTCCAGTGTAATTTATAGCTTTATGGTTAAGCTGCCGTATTCAACGARATTAGCTTCACCGCAATT +192
Vv CMPCE +113 CATTGCTCACATTGCTTCCAGTGTAATTTATAGCTTTATGGTTAAGCTGCCGTATTCAACGAATTAGCTTCACCGCAATT +192
FEX AT X AR AT AT TA T AT T AT T A T A TR FxhThd *xkhkE kEkhkk * * *E® *k kEkEK * *

Ve +183 TTGCTAGGCGACATCTTCGGGTGTCGCTTTTT +214

Vp +203 CTGCTAGGCGAC--CCRATTGGGTCGCTTTTT +233

Vv YJI06 +193 TTGCTAGGCGACATCARARCGATGTCOGCTTTTT +224

Vv CMPCs +193 TTGCTAGGCGACATCARACGATGTCGCTTTTT +224

sk ot R e ok ke R R * gk e ok ko kR

Fur binding sites [~ ryhB

Ec -41 agtgttggacaagtgcgaathagaatgattattattgtoeGCGATCAGE- - ARGACCCTCGCGGAGARCCT - - - - - -~ G +30

Pp -39 agtgcttg——caacccaagt agaatggttattattagcggGCACTCAGGTGAGAGGCGARACARATAACCTCTTAGTTG +39
hkER W * ok wkk Rk k wR kR w RN * * AR S * * ok Rk *

Ec +31 AARGCACGACATTGCTCACATTGCTTCCAGTATTACTTAGCCAGCCGEGETECTGEGCTTTTTTTT +95

Pp +40 AAGGCACGACATTGCTCACATTGCTTCCAGTGT -ACTTCGGCGACGGTTGAGTGTTTTTAGTGTAGGGCTAAAAACATGC +119
*hk Ak T Ak kA A AT A AT A AT A A A A A A A A AT A E ok Ak E ok ok LA 2 ok * ok E * ok

Pp +120 AACACTTCTGCTGAGCGGCGACTACCTCCTGATTATCAGGCTTTCTT +166

D

RyhB 3' (+140) -AUUUUUARUGUGACCUUCGUUACACUCGUUACAGC-5' (+106)

LT TP 11

sodB mRNA 5' (-67)-AAARUARUACACUGGAAGCARUGACAUAAAGAGAAUCCACUCUUUACACUCAACGGAGARAUCGAGCAAUG-3' (+3)

FIG. 1. Sequence features of the ryaB locus in V. cholerae. (A) Organization of V. cholerae ryhB and alignment with E. coli ryhB. The end of
the upstream open reading frame VC0106 is marked with a blunted arrow. The promoter region, including a —35 and a —10 sequence
(underlined), is shown in lowercase letters, while the V. cholerae (Vc) and E. coli (Ec) ryhB genes are shown in uppercase letters. The proposed
Fur binding sequence is shaded in gray. The right-angled arrow indicates the start of V. cholerae ryhB, as predicted by sequence analysis and
confirmed by 5" RACE. The vertical arrowheads delineate the sequence deleted from full-length ry2B to create the 5'-deleted ryhB allele (ryhBAS')
in pAMR73. The left vertical arrowhead also marks the 3" end of the sequence included in the lacZ promoter fusion constructs (the 5’ end of that
sequence corresponds to the —101 position of the sequence shown). The numbers flanking the sequences indicate the nucleotide position relative
to the start of ryhB (+1). Identical residues are marked with asterisks. (B) V. cholerae ryhB sequence features are conserved among members of
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vryhB1-vryhB2 and vryhB3-vryhB4 to amplify overlapping fragments, followed
by amplification of the overlap extension product with primer pair vryhBl-
vryhB4 to create the final ryABA allele containing a unique Hpal site. The PCR
fragment was digested with Sall and cloned into the Sall site of pWKS30. The
resulting plasmid was digested with Hpal, and the kanamycin resistance cassette
from pUC4K was inserted into this site as a Klenow-blunted Sall fragment. The
ryhBA::kan fragment was then excised using Sall and cloned into the Npir-
dependent suicide vector pHM5 digested with Sall to create pAMS10. pAMS10
was conjugated from DH5a(M\pir) into the relevant V. cholerae strain using the
helper strain MM294/pRK2013, and allelic exchange was performed as described
previously (29). To create a deletion within the V. cholerae fur gene, primer sets
furl-fur2 and fur3-fur4 were used to synthesize overlapping fragments, and
primers furl and fur4 were used to amplify the overlap extension product. The
furA product containing a unique Hpal site was digested with EcoRV and Sall
and cloned into pWKS30 digested with EcoRV and Sall. The resulting plasmid
was digested with Hpal to allow insertion of an Smal fragment derived from
pMTLtmp (E. E. Wyckoff) containing a trimethoprim resistance cassette. The
furA::tmp allele was cloned as an EcoRV/Xhol fragment into pHMS5 digested
with EcoRV and Sall to yield pAMSI12, and pAMSI12 was transferred to V.
cholerae for allelic exchange as described above. To create the deletion in the
mshA gene, a fragment containing just the 5’ end of mshA was PCR amplified
using primers mshAl and mshA2, digested with BglIT and Sall, and cloned into
pHMS digested with BglII and Sall to create pSAC10A. A second PCR fragment
containing just the 3’ end of the mshA gene was synthesized using primers
mshA3 and mshA4, digested with Sall and Xbal, and cloned into pSACI10A
digested with Sall and Xbal to yield pSAC10B. The kan cassette from pUC4K
was inserted as a Sall fragment into the Sall site of pSAC10B to generate
PSACI10C. pSACI10C was transferred from SM10(Apir) into N16961 by conjuga-
tion, and allelic exchange was carried out as described above. All mutations were
verified by PCR.

Construction of V. cholerac RyhB expression plasmids. The full-length V.
cholerae ryhB gene was amplified by PCR using primers vryhB12 and vryhB14.
The PCR product was digested with EcoRI and HindIII and cloned into pQE-2
digested with Mfel and HindIII for IPTG (isopropyl-B-p-thiogalactopyrano-
side)-inducible expression of ryhB in pAMR70. Induction of this construct was
achieved using 200 uM IPTG. To express ryhB from its native promoter, a PCR
fragment, generated using primers vryhB1 and vryhB4, was digested with Pvull
and MsclI and cloned into pBlueskript-SK (Stratagene) digested with Smal. The
ryhB insert was then excised using BamHI/EcoRV and cloned into pWKS30
digested with BamHI/EcoRV to yield pAMR72. To express the 5'-deleted ryhB
allele (missing 60 nucleotides at the 5’ end compared to full-length ryhB in
PAMR?72) (Fig. 1A) from its native promoter, primer sets vryhB20-vryhB21 and
vryhB22-vryhB23 were used to create overlapping fragments containing the de-
letion, and primers vryhB20 and vryhB23 were used to amplify the overlap
extension product. This fragment was cloned as a BamHI/EcoRV fragment into
pWKS30 digested with BamHI/EcoRV to yield pAMR73.

Sequence analysis. DNA sequencing was performed by the University of Texas
Institute for Cellular and Molecular Biology DNA Core Facility using an ABI
Prism 3700 DNA Sequencer. Analysis of DNA sequences was carried out using
MacVector 7.1.

RNA isolation and Northern analysis. Overnight cultures were diluted 1:200
into fresh LB broth containing 5 ng of EDDA per ml and grown to an optical
density at 650 nm of 0.8. Cells were harvested, and RNA was extracted using
RNeasy midi-columns (QIAGEN) according to the manufacturer’s instructions.
Northern hybridization was carried out using the NorthernMax system (Am-
bion). Briefly, 10 pg of each RNA sample was separated in a 1.8% denaturing
agarose gel, transferred to a positively charged nylon membrane (BrightStar-
Plus; Ambion) by downward capillary transfer, and subjected to UV light cross-
linking (GS Gene Linker UV chamber; Bio-Rad). The ryhB probe was generated
by PCR using primers vryhB8 and vryhB13, and the sodB probe was made by
PCR using primers sodB1 and sodB2. The DNA probes were labeled using the
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BrightStar Psoralen-Biotin Nonisotopic Labeling Kit (Ambion). Following hy-
bridization, the biotinylated probes were visualized using the BrightStar Biode-
tect Nonisotopic Detection Kit (Ambion). Equal loading of the RNA samples
was determined by ethidium bromide staining and visualization under UV light.

5" RACE. 5’ rapid amplification of cDNA ends (RACE) was performed as
described by Frohman et al. (9) with modifications. Total RNA was isolated from
V. cholerae strains grown to late log phase in EZ RDM with no added iron or in
LB broth containing 5 pg of EDDA per ml as described above. Five micrograms
of each RNA sample was used as a template for a reverse transcriptase (RT)
reaction with primer vryhB13 (25 pmol) using Superscript II RT (Invitrogen)
according to the manufacturer’s instructions. The resulting cDNA was purified
over a Mini Elute column (QIAGEN), and A tailing of the cDNA was carried out
using terminal deoxynucleotidyltransferase (Promega) as described previously
(9). The postreaction volume was brought to 100 ul with 10 mM Tris-HCI, pH
8.0-1 mM EDTA, and 1 pl of this was used in the subsequent amplification steps.
The A-tailed cDNA products were amplified as follows. After denaturation at
94°C for 5 min and annealing of primer polyT-Clal at 50°C for 2 min, the
products were extended at 72°C for 40 min. This was followed by a standard PCR
amplification using primers polyT-Clal and vryhB10 in 30 cycles of 94°C for 30
seconds, 50°C for 30 seconds, 72°C for 1 min, and a final extension at 72°C for 7
min. The amplified products were resolved on a 1.5% agarose gel, purified over
QIAquick columns (QIAGEN), and sequenced using primer vryhB10.

Microarrays. The V. cholerae microarray slides were generated at the Univer-
sity of Texas at Austin Microarray Facility using a set of oligonucleotides (Oli-
gator Custom DNA Synthesis; Illumina) representing the complete genome of V.
cholerae N16961 (16) plus V. cholerae ryhB. The arrays were printed by a robotic
arrayer onto poly-L-lysine-coated glass slides. A set of V. cholerae microarray
slides was also obtained from the Pathogen Functional Genomics Resource
Center at the Institute for Genomic Research. To isolate total RNA, bacterial
strains were grown to mid- or late log phase in EZ RDM with no added iron
(N16961 strains) or in LB plus 5 pg/ml EDDA (0395 strains), and equal num-
bers of bacteria were harvested from the reference and the test strain by cen-
trifugation. Total RNA was extracted from the cells using RNeasy midi-columns
(QIAGEN) according to the manufacturer’s instructions. With the use of 15 pg
of total RNA per sample, cDNA was synthesized in the presence of amino-allyl
deoxyuridine triphosphates in an RT reaction with Superscript II. Cy3 fluores-
cent dye (Amersham Biosciences) was coupled to the reference sample; Cy5 was
coupled to the test sample. Following purification of the two labeled cDNA
samples using the Mini Elute PCR purification kit (QIAGEN), a cDNA probe
mixture was generated and applied to the array surface for hybridization at 65°C
for 4 h. After hybridization, the arrays were washed, dried, and then scanned
using a GenePix 4000 B scanner (Axon Instruments). The fluorescence intensi-
ties were determined using the GenePix Pro 4.2 software package. The Longhorn
Array Database (http:/chipmunk.icmb.utexas.edu/ilat/) was used to perform
data filtering and analysis (19). Only gene features (“spots”) that passed certain
quality control filters, including minimum intensity and pixel consistency, were
included for further analysis. Differential expression was considered significant if
the Olog,R Owas =1, where R is the normalized red/green ratio.

Biofilm assays. The biofilm assays were performed as described by O’Toole
and Kolter (39) with modifications. Single colonies from freshly streaked LB agar
plates were inoculated into LB broth with the appropriate antibiotics and incu-
bated at 37°C with shaking overnight. The overnight cultures were diluted 1:100
into EZ RDM with no added iron and further incubated overnight at 37°C with
shaking. The EZ RDM low-iron medium was chosen in order to more closely
match the conditions used for the microarrays. These cultures were freshly
diluted approximately 1:50 into EZ RDM (with or without additional supple-
ments, as described in the relevant figure legends), diluting each strain propor-
tionally to match the inoculum size of the wild-type strain. For each strain, 200
wl of cell suspension was added per well in a 96-well polystyrene plate (Corning
catalog no. 3788) and incubated at 30°C for 20 h without shaking. Following this
incubation, the cell suspension within each well was mixed by pipetting, and the

the Vibrionaceae. The ryhB sequences from V. cholerae N16961 (V¢), Vibrio parahaemolyticus (Vp), Vibrio vulnificus YJ016 (Vv YJ016), and Vibrio
vulnificus CMPC6 (Vv CMPC6) were aligned. The proposed Fur binding sites are boxed, and the start of ryhB is indicated by the right-angled arrow.
The numbers flanking the sequences indicate the nucleotide positions relative to the start of ryhB (+1). Asterisks mark identical residues. (C) The
putative Photobacterium profundum ryhB has characteristics of E. coli ryhB. An alignment of the putative P. profundum (Pp) ryhB gene with E. coli
ryhB is shown. The predicted Fur binding sites are boxed, and the start of ryaB is indicated with a right-angled arrow. The numbers flanking the
sequences show the nucleotide positions relative to +1. (D) V. cholerae RyhB exhibits complementarity with the V. cholerae sodB mRNA upstream
region. Complementary nucleotides are marked with vertical lines. The numbers flanking the RyhB sequence correspond to the numbering scheme
used for V. cholerae ryhB in panel A. The numbers flanking the sodB mRNA sequence refer to the nucleotide positions relative to the +1 position

in the sodB transcript.
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FIG. 2. Regulation of V. cholerae ryhB by iron and Fur. The activity
of a hutA-lacZ (pAML20) and a ryhB-lacZ (pAML23) transcriptional
fusion in high- and low-iron conditions was measured in the wild-type
(0395) and the fur mutant (ARMS573) strain backgrounds. Bacterial
cultures were grown to mid-log phase in iron-replete media (plus
FeSO,; high iron) or in iron-depleted media (plus EDDA; low iron),
and B-galactosidase activity was measured as described in Materials
and Methods. The data represent the averages of three independent
experiments. Standard deviations are indicated by the error bars.

optical density was measured to assess the planktonic growth of each strain. To
visualize the biofilm, the planktonic cells were removed by aspiration, and 200 .l
of freshly made 1% crystal violet solution was added to each well. After incu-
bation for 30 min at room temperature, the crystal violet solution was removed
by aspiration, and each well was rinsed twice with distilled H,O. To solubilize the
dye for spectrophotometric readings, 200 wl absolute ethanol was added to each
well. The plates were incubated for 20 min at room temperature, and the
absorbance (As95) was measured in a Microplate Autoreader EL311s (Bio-Tek
Instruments).

Chemotaxis assays. The chemotactic-motility assays were performed as de-
scribed by Gardel and Mekalanos (10). Briefly, an inoculating wire was used to
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FIG. 3. Analysis of selected transcripts in O395 (wild-type V. chol-
erae [wt]) and ARMS572 (0395 ryhBA::kan [RhyB™]). Total RNA was
isolated from O395 and ARMS572 grown to late log phase in iron-
limited media and analyzed by Northern blotting as described in Ma-
terials and Methods. (A) Estimation of V. cholerae RyhB size. Size
determinations are based on a comparison with biotinylated Century
RNA standards (Ambion) run alongside the RNA samples (not
shown). (B) Effect of ryhB deletion on the expression of sodB and bfd.
The blots were probed as indicated.
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stab single colonies into chemotaxis agar (L broth plus 0.3% agar). The plates
were incubated at 37°C for 8 to 10 h, and the diameter of the test strain swarm
zone was compared with the diameter of the parental-strain swarm zone.

Isolation of V. cholerae rugose colonies. To promote switching of N16961 to the
rugose morphotype, cultures were grown statically for 24 h at 37°C in APW no.
3 and then plated on L agar and incubated for 24 h at 30°C, as described by Ali
et al. (1). The rugose colonies were identified visually.

In vivo competition assays. In vivo competition assays were performed using
5-day-old BALB/c mice as described by Taylor et al. (49). Prestarved mice were
inoculated intragastrically with 50 wl saline containing 0.5% sucrose, 0.02%
Evan’s Blue dye, and 2 X 10° CFU of each competing strain grown to mid-log
phase. The mice were sacrificed after 24 h, and the small intestines were isolated
and homogenized in sterile phosphate-buffered saline. Serial dilutions were
plated on media selective for all viable V. cholerae cells and then replica plated
on differential media to determine the viable counts for each strain. The output
ratios were normalized to the input ratios to determine the competitive index.

RESULTS

Organization and sequence features of the ryiB locus in V.
cholerae. The putative V. cholerae ryhB gene is located on the
large chromosome (V. cholerae chromosome I) between open
reading frames VC0106 and VC0107, both of which encode
hypothetical proteins. Over the 90-nucleotide stretch of V.
cholerae ryhB that aligns with E. coli ryhB, the V. cholerae ryhB
gene shares 56% identity with E. coli ryhB, and the predicted V.
cholerae RyhB sRNA contains the highly conserved 30-nucle-
otide region that forms the central stem-loop structure (26) in
E. coli RyhB (Fig. 1A). Based on an alignment of putative ryAB
genes from several gram-negative species, a promoter region,
including a Fur binding region, and a transcriptional start site
had been assigned to the V. cholerae ryhB gene (26). However,
inspection of the nucleotide sequence shows that the proposed
Fur binding site is a poor match to Fur boxes found in V.
cholerae, as well as in E. coli (40), suggesting that V. cholerae
ryhB may not be regulated by Fur or may have a Fur-regulated
promoter elsewhere. Analysis of the sequence upstream of
ryhB indicates that the latter may be the case. A sequence
bearing significant identity to several known Fur boxes in V.
cholerae (74% identity to the candidate Fur boxes of vib4 [60]
and viuP [61]) and in E. coli (79% identity to the fepB Fur box
[7]; 74% identity to the iucA Fur box) and flanked by potential
—35 and —10 sequences is present nearly 100 bases upstream
of the previously predicted +1 site (Fig. 1A). This suggests that
V. cholerae ryhB may be transcribed from an iron-regulated
promoter upstream of the previously predicted ryhB start site,
potentially adding almost 70 nucleotides to the 5" end of the V.
cholerae ryhB transcript compared with the E. coli ryhB tran-
script. V. cholerae RyhB may also be longer than E. coli RyhB
at the 3’ end; the first potential Rho-independent terminator
sequence for V. cholerae ryhB commences approximately 33
nucleotides downstream of the previously predicted 3’ end of
the ryhB gene (26), suggesting that the V. cholerae RyhB sSRNA
carries a 3’ extension compared to E. coli RyhB (Fig. 1A).
Based on these new predictions for the location of a Fur-
regulated promoter upstream of ry2B and a Rho-independent
terminator downstream of ryhB, we calculate the length of the
V. cholerae RyhB sRNA to be greater than 200 nucleotides,
compared with 90 nucleotides for E. coli RyhB.

Among the Vibrionaceae sequenced to date, the longer
RyhB seems to be the predominant form. An alignment of V.
cholerae ryhB with putative ryhB genes from Vibrio parahaemo-
Iyticus and two strains of Vibrio vulnificus, YJ016 and CMPC6,
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TABLE 3. Genes whose expression is decreased by RyhB*

Encoded protein

Gene designation(s) (decrease in expression [n-fold])

Products of known RyhB-regulated genes

Superoxide dismutase (SodB)>
Succinate dehydrogenase® <

FUMATASE ..ottt

Metabolism, respiration, and other functions

FUmarate reduCtaSe™.........ovimmmimmieeieeeeeieeeesssesssssesssssssssssssssssssssssssssssses

Citrate synthase‘.........cccocoeuvuvccueunence.

Ubiquinol-cytochrome ¢ reductase’ .........o...vvervenreeereenneenssensssesssnennns

V2045 (15.6)
VC2089 (2.2), VC2090 (2.2), VC2091 (2.0)

........................ VC1304 (2.8)

........................ V2656 (2.5), VC2658 (2.8), VC2659 (6.8)

..VC2092 (3.3)

........................ VC0573 (2.2), VC0574 (3.6), VC0575 (3.0)

RnfEGDB-related proteins®

Cytochrome ¢ oxidase (CCOPQRN)PC ......ovvvrveerrernrrerienessnssesssssessesssans

Cytochrome d oxidase’..........cceeueueueueunnee
Cytochrome c-type biogenesis protein”.
Cytochrome bsg;” cooveeveeveeeereeeriesienieenne
2-Oxoglutarate dehydrogenase E2 E1°

NADH-ubiquinone oxidoreductase”

VC1012 (2.2), VC1013 (2.0), VC1014 (2.0), VC1016 (2.0)

........................ VC1439 (2.7), VC1440 (2.5), VC1441 (2.0), VC1442 (2.0)

..VC1843 (9.7), VC1844 (2.4)
..VC2052 (2.7)

..VCA0249 (2.6)

V2086 (2.0), VC2087 (2.0)

V2205 (2.1), V2290 (2.0), VC2291 (2.0), VC2292 (2.0)

Oxaloacetate decarboXylase?..........co.ovvevuevecveerererereeeereeeeeeesee e

NADP transhydrogenase® ...

Maltose ABC transportera®..........cccoceiiieiceceeceeeceeeeeeeeeenenas

........................ V0550 (2.3)

.. VCA0564 (2.0)
..VC0633 (3.3)
..VCA0867 (2.8)

........................ VCA0944 (4.4), VCA0945 (2.5)

Maltose operon periplasmic protein®?

FOTMAte trANSPOTLEI” ...u.vvurvesriesrssesesesssssssessssssssesssssssssssssssssssssssssssssssens

A/G-specific adenine glycosylase”

VCA1027 (3.4), VCA1028 (4.1)

........................ VCA0540 (2.0)

V0452 (4.0)

Iron-regulated protein

HEMOIYSIND ..o

Hypothetical proteins

........................ VCA0219 (4.1)

VC1559” (3.9)

VCA0377 (3.8)
VCA0502¢ (2.1)
VCA0505 (2.5
VCA0651” (2.3)

“ RNAs were isolated from the parental strain and the ryAB mutant or from the ryhB mutant and the ryhB overexpression strain grown to late log phase and analyzed

using microarrays.

> Mean expression of gene was at least twofold higher in the ry2B mutant of N16961 than in the wild-type parental strain in three arrays.
¢ Mean expression of gene was at least twofold lower in the ryAB mutant of O395 overexpressing ryhB than in the ryAB mutant carrying the vector in three arrays.
4 Mean expression of gene was at least twofold higher in the ryhB mutant of 0395 than in the wild-type parental strain in three arrays.

identified in BLAST searches of the completed genomes (4, 20,
24) using V. cholerae ryhB, shows that the promoter region,
including the predicted Fur binding sequence, as well as the
predicted Rho-independent terminator sequence, is highly
conserved among these Vibrio species (Fig. 1B). At 233 nucle-
otides, the predicted V. parahaemolyticus RyhB is the longest,
followed by V. vulnificus RyhB at 224 nucleotides and V. chol-
erae RyhB at 214 nucleotides. These predicted RyhB sRNAs
all contain the highly conserved central region found in E. coli
RyhB but also exhibit significant homology throughout the
predicted 5’ region, suggesting that there may be a common
function for this segment of the RyhB molecule. One member
of the sequenced Vibrionaceae, Photobacterium profundum, has
a putative ryhB gene (identified in a BLAST search of the
completed P. profundum genome [52] using V. cholerae ryhB)
that is more similar to E. coli ryhB than to V. cholerae ryhB,
with an almost identical Fur box and a very similar organiza-
tion of the 5" end (Fig. 1C). It is not clear how large this RyhB
sRNA is, however, since no obvious terminator was found
downstream of the highly conserved region (Fig. 1C and data
not shown). These findings suggest that, while certain functions
of RyhB are likely highly conserved among the gram-negative

organisms, other functions may be specific to families and even
to genera within the same family.

Regulation of V. cholerae ryhB expression by iron and Fur.
To determine whether the candidate Fur-regulated promoter
upstream of the V. cholerae ryhB gene is functional, a 108-base-
pair fragment, including the predicted Fur box and —35 and
—10 sequences, but none of the downstream sequence (Fig.
1A), was cloned upstream of the promoterless lacZ gene in
pQF50 to create pAML23. As a control, a similarly constructed
transcriptional fusion between lacZ and the iron- and Fur-
regulated promoter for hutA (17), pAML20 (29), was included
in the study. V. cholerae strains carrying the promoter fusion
constructs were grown to mid-log phase in either high- or
low-iron conditions, and B-galactosidase activities were mea-
sured. In the wild-type strain 0395, the hut4A and ryhB pro-
moters were both strongly induced in response to iron starva-
tion, with the hutA promoter fusion exhibiting a 6-fold increase
in expression and the ryaAB promoter fusion showing a >10-fold
increase in expression in iron-limited media (Fig. 2). In the
absence of fur, the level of repression in response to high iron
was markedly decreased, showing that both of these fusions
respond to the presence of iron and Fur. These data indicate
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TABLE 4. Genes whose expression is increased by RyhB*

Encoded protein Gene demgnatlon%s) (increase in

expression [n-fold])

Iron-regulated proteins

FhuAC? V0200 (2.0), VC0201 (2.5)
FeoAB® VC0207 (2.2), VC2078 (2.8)
Enterobactin receptor IrgA”.........ccocooveveenee VC0475 (4.0)

Metabolism, transport, and other
functions:

Ketol-acid reductoisomerase”..

Peptide ABC transporter®<

V0162 (4.6)

...VC0170 (3.0), VCO171 (2.3),
VC0172 (2.0)

..VC0431 (4.0)

VCA0519 (3.0)

V0533 (2.8)

..VC0534 (2.0)

Arginine repressor”
Fructose repressor’...
Lipoprotein NIpD?<“ ................
RNA polymerase sigma-38 (RpoS)°....
TIcR® VC1470 (2.5)
ABC transporter® VC1524 (5.5), VC1525 (4.1)
OmpT® VC1854 (32.4)
OmpA® VC2213 (3.4)
Formate acetyltransferase® ...VC1866 (2.1)
Formate acetyltransferase-related ...VC2361 (2.6)

protein®
Carbamoyl-phosphate synthetase? ...
Ornithine carbamoyltransferase’.
Aspartate carbamoyltransferase®.
Arginosuccinate lyase®.............. VC2641 (8.7)
Arginosuccinate synthase’........ VC2642 (29.5)
Nicotinate phosphoribosyltransferase® ........ VCA0098 (3.1)
Oxidoreductase” VCA0099 (3.0)

..VC2390 (3.7)
VC2508 (20.4)
V2510 (2.0)

Hypothetical proteins
VC0628” (2.7)
VC1207° (2.0)
VC1380° (2.1)
VC1538” (2.0)
VC1624° (3.2)
VC1641° (2.6), VC1642> (2.4)
VC1828” (2.3)
VC2717° (4.3)
VCA0076” (2.5)
VCA0087” (2.4)
VCAO0125° (2.0)
VCA0152> (2.1)
VCA0568” (2.4), VCA0569” (2.3)

“ RNAs were isolated from the parental strain and the ryAB mutant or from the
ryhB mutant and the ryhB overexpression strain grown to late log phase and
analyzed using microarrays.

® Mean expression of gene was at least twofold lower in the ryhB mutant of
N16961 than in the wild-type parental strain in three arrays.

¢ Mean expression of gene was at least twofold higher in the ryAB mutant of
0395 overexpressing ryhB than in the ryhB mutant carrying the vector in three
arrays.

9 Mean expression of gene was at least twofold lower in the ryhB mutant of
0395 than in the wild-type parental strain in three arrays.

that the sequence upstream of ryAB in V. cholerae functions as
an iron- and Fur-regulated promoter. Interestingly, loss of fur
did not completely abolish regulation of these fusions by iron,
indicating that there may be other iron-responsive regulatory
elements operating in V. cholerae (Fig. 2). This result is con-
sistent with other V. cholerae studies showing residual iron
regulation of Fur-controlled genes in the absence of Fur (17,
23).

Determination of the size and the transcriptional start site
of V. cholerae RyhB. To determine whether V. cholerae RyhB is
expressed from the upstream promoter as the full 214-nucle-
otide sSRNA predicted by sequence analysis and promoter stud-
ies, 0395 (wild type) and ARMS572 (0395 ryhBA::kan) were
grown to late log phase in low-iron media to induce expression
of ryhB, and RNA was isolated and analyzed by Northern
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blotting. The data demonstrate that V. cholerae RyhB is highly
expressed under the conditions described and that it is indeed
>200 nucleotides in size (Fig. 3A). No hybridizing band was
visible at this position in the RNA sample from the ryAB mu-
tant ARMS72. An obvious implication of this result is that,
because of its greater size, V. cholerae RyhB may have targets
that differ from those of E. coli RyhB.

To pinpoint exactly the start of the ryhB transcript, 5" RACE
was carried out. Total RNA was harvested from the classical
biotype 0395 and from the El Tor biotype N16961 grown
under iron-limiting conditions, and 5" RACE was performed as
described in Materials and Methods. The results from four
independent RNA samples, two from each strain, demon-
strated that the cDNA generated from the ryAB transcript
(3'-CAGAATCCC.. .-5') is in agreement with the start site
(5'-GTCTTAGGG . . .-3") shown for V. cholerae ryhB in Fig.
1A.

Analysis of potential V. cholerae RyhB targets identified by
sequence analysis. Because RyhB in E. coli has been shown to
function by base pairing with target mRNAs, a BLAST search
of the complete V. cholerae genome was performed using the
full-length V. cholerae RyhB to find sequences exhibiting
stretches of identity with this SRNA (data not shown). Among
the putative targets identified in this way are sodB (sequence
complementarity to RyhB in the 5’ untranslated region of the
predicted sodB mRNA [Fig. 1D]) and the bfd-bfr putative
operon (homology to RyhB within the intergenic region be-
tween bfd and bfr [data not shown]), both of which loci have
been shown to be regulated by RyhB in E. coli (26). The region
of V. cholerae RyhB predicted to hybridize to each of these
targets overlaps the region highly conserved between E. coli
and V. cholerae RyhB (Fig. 1A and D and data not shown). To
test the prediction of regulation by RyhB, Northern analysis of
RNA isolated from 0395 (wild type) and ARMS72
(ryhBA::kan) grown to late log phase in iron-limited media was
performed using probes specific for sodB and bfd. The sodB
transcript was clearly more abundant in the ry4B mutant, con-
sistent with alleviation of RyhB repression in this strain; how-
ever, no such effect was seen for the bfd-bfr transcript (Fig. 3B).
These results were confirmed by microarray analysis of strains
grown under conditions similar to those used for the Northern
analyses (Table 3 and data not shown). Although no effect of
RyhB on bfd-bfr transcription was seen, these genes are iron
regulated in V. cholerae, and expression was increased >2-fold
in low-iron medium (Mey et al., unpublished).

Identification of V. cholerae RyhB targets by microarray
analysis. Very few targets of V. cholerae RyhB were identifi-
able by homology searching, including most of the genes pre-
viously shown to be RyhB regulated in E. coli. For example,
none of the genes encoding the succinate dehydrogenase com-
plex exhibited obvious stretches of homology with RyhB in a
BLAST search, yet the sdh operon is among the most highly
conserved targets of RyhB regulation identified to date (26,
59). To study the V. cholerae RyhB regulon, microarrays were
used to compile the expression profile of a V. cholerae ryhB
mutant, as well as a RyhB-overexpressing strain (Tables 3, 4,
and 5). Several genes known to be subject to posttranscrip-
tional negative regulation by RyhB in other organisms, includ-
ing sodB (26, 59), the sdh operon (26, 59), and fumA, encoding
fumarate hydratase (26), appear also to be targets for RyhB
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TABLE 5. Possible biofilm- and virulence-related genes whose expression is decreased in a ry2B mutant®

Encoded protein

Gene designation (decrease in expression [n-fold])

LPS O-antigen transport protei..........cccceeeueueueueieueieieieinieieeeieieieieseeeeenenenes

RfbL (O-antigen ligase)...............
MSHA pilin MshB ....
PomAB (chemotaxis) .......ccccceveeueunne

Methyl-accepting chemotaxis proteins..
CheV (chemotaxis)......ccceeueveuereveerueunnnn

Flagellar sigma factor.........cccceueueuririciiieiiiiiiciciceee e
Flagellar protein FINF ........ccccoooiiiiiiiiceceeseeeeeeeeeee

Flagellar protein FliG,S.......
Flagellar proteins FlaIGBDE .
Flagellar protein FlaC..........

Flagellar protein FIgM.......cccooiiiiiiiniiiiiciniceeeeceeeeeeeeeeeeeee
TOXS ettt bttt ben

TagD

TagE

V0246 (2.0)
..VC0249 (2.0)
..VC0408 (2.0

.VC1602 (2.1), VC2202 (2.3)

VC2066 (2.3)

VC2068 (2.0)

.VC2134 (2.1), VC2138 (2.3)

..VC2139 (2.3), VC2141 (2.1), VC2142 (2.9), VC2143 (3.6), VC2144 (4.4)
.VC2187 (4.2)

VC2204 (2.1)

VC0983 (2.2)

V0824 (2.3)

VCA1043 (2.0)

“ RNAs were isolated from the N16961 ry2B mutant and its parental strain grown to late log phase and analyzed using microarrays. Genes whose expression was at

least two-fold lower in the mutant strain in each of three arrays are shown.

regulation in V. cholerae (Table 3). The aconitate hydratase
gene, acnA, which is repressed by RyhB in E. coli, showed
consistent but weak (a <2-fold change) regulation by V. chol-
erae RyhB under the conditions used for the arrays and is
therefore not listed in Table 3. Other enzymes involved in or
linked to the TCA cycle were also repressed by RyhB in V.
cholerae. These include citrate synthase and oxaloacetate de-
carboxylase (Table 3).

A major group of V. cholerae genes whose expression is
reduced by RyhB contains genes encoding respiration and
energy metabolism proteins, particularly components of elec-
tron transport. These include cytochrome oxidases, NADH-
ubiquinone oxidoreductase, E1 and E2 components of com-
plex I, and the RnfEGDB-related proteins. The rnf genes were
identified in Rhodobacter capsulatus as nitrogen fixation genes
encoding a putative membrane complex involved in electron
transport to nitrogenase (47). Notably, this group includes
proteins predicted to contain iron, in either an iron-sulfur
cluster or heme. Regulation by RyhB would couple the expres-
sion of these proteins to the level of iron in the cell and to the
levels of TCA cycle enzymes.

In addition to the metabolic genes, the levels of some genes
encoding membrane proteins were influenced by ryiB expres-
sion. Expression of the genes encoding the outer membrane
proteins OmpT and OmpU was affected by RyhB (Tables 3
and 4). In the ryAB mutant, expression of ompT was reduced
32-fold, making it the most highly regulated target in our
arrays, and ompU was increased over 3-fold. Mutations in rel4
(15) and toxR (32) have also been shown to have reciprocal
effects on the regulation of these two genes; a rel4 mutant
increased ompU and decreased ompT expression, while toxR
mutants have increased ompT and decreased ompU expres-
sion. This suggests that RyhB could be required for RelA
synthesis or could be reducing the expression of toxR. How-
ever, no significant regulation of either rel4 or foxR, or of any
known downstream targets of these regulators, was seen in the
ryhB mutant or in the strain overexpressing ryhB under the
conditions tested (data not shown).

Several of the membrane or secreted proteins identified in
the microarray analysis are iron-regulated proteins. Compo-
nents of the ferrichrome (Fhu), ferrous iron (Feo), and enter-

obactin (IrgA) transport systems were induced when RyhB was
expressed (Table 4). This may reflect a slight iron starvation
caused by increased expression of iron-containing proteins that
are normally repressed by RyhB. In contrast, expression of the
hemolysin gene, which is also repressed by iron (48), was re-
duced by RyhB (Table 3). ABC transporters were identified
that were up-regulated (Table 4) or down-regulated (Table 3)
by RyhB, but they are not known to contain iron or to have a
metabolic role related to iron metabolism.

rpoS expression was lower in a ryhB mutant (Table 4), but
reduced RpoS does not appear to be responsible for the
changes in gene expression observed in the microarray exper-
iments. Only one of the genes identified by Yildiz et al. (62) as
being expressed at a reduced level in microarray analysis of an
rpoS mutant was also expressed at a lower level in the ryhB
mutant (VCAO0568) (Table 4), and the fumarate reductase
genes (VC2657 and VC2658) that have reduced expression in
the rpoS mutant of V. cholerae (62) are up-regulated in the
ryvhB mutant (Table 3).

An additional category of genes whose expression was re-
duced in the ryAB mutant includes those encoding functions
related to motility, chemotaxis, and cell surface antigens (Ta-
ble 5). In particular, expression of a number of genes involved
in flagellar synthesis is lower in the ry4AB mutant than in the
parental strain. Because these genes are associated with bio-
film formation, we determined the effect of a ry4B mutation on
biofilm production.

RyhB is required for biofilm formation in V. cholerae. We
tested biofilm formation in the classical strain O395 and in the
El Tor strain N16961 and found that N16961 forms a much
more robust biofilm than does O395 under our assay condi-
tions. We therefore tested the effect of RyhB in biofilm for-
mation in the El Tor strain. The same ryhB deletion mutation
in ARMS572 was made in the N16961 background, and the El
Tor ryhB mutant (ARM711) was compared with the parental
strain in a biofilm assay. An mshA mutant of N16961, SAC101,
which does not form the mannose-sensitive hemagglutinin
(MSHA) pilus necessary for the primary attachment to the
substrate and therefore cannot initiate wild-type biofilm
growth (55, 56), was used as the negative control in these
assays. Figure 4 shows that the ry2B mutant ARM711 is a very
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FIG. 4. RyhB is required for biofilm formation in the El Tor strain
N16961. The amount of biofilm formed by each strain was determined
as described in Materials and Methods and is expressed as a percent-
age of the biofilm formed by the wild-type (wt) parental strain N16961
grown under the same conditions. Means and standard deviations of
three independent experiments are shown.

poor biofilm producer compared with its parental strain,
N16961, exhibiting biofilm growth comparable to that seen in
the negative control strain SAC101. Planktonic growth rates, as
measured by determining the optical density of the nonadher-
ent cell suspension within the well, were comparable for all
three strains (data not shown), indicating that the reduced
biofilm was not due to poor growth of the mutant. Biofilm
formation was restored when ryi2B was supplied on a plasmid,
PAMR72. These data indicate that RyhB is necessary for bio-
film formation in N16961 under the conditions used. To de-
termine whether the additional 5’ sequences of V. cholerae
RyhB, compared with E. coli RyhB, play a role in biofilm
formation, a plasmid (pAMR?73) carrying an ryhB allele miss-
ing 60 nucleotides at the 5’ end was constructed (Fig. 1A). The
ryhB mutation was partially complemented by pAMR?73, albeit
not to wild-type levels. This suggests that the unique 5’ region
of V. cholerae RyhB does not contain sequence-specific infor-
mation required for regulating a target involved in biofilm
growth. Rather, failure to entirely complement the biofilm
defect may be related to the stability of the 5'-deleted SRNA;
it was determined by real-time PCR that the level of the 5’'-
deleted transcript is approximately 25% of that of the full-
length RyhB expressed from the same vector and approxi-
mately 60% of that of RyhB expressed from the chromosomal
ryhB gene (data not shown).

The V. cholerae biofilm defect can be rescued by the addition
of excess iron or succinate. RyhB has been shown to play an
important role in cellular iron metabolism in other organisms.
Therefore, we decided to study the relationship between iron
status and biofilm growth in V. cholerae (Fig. 5). Addition of
excess iron to the biofilm assay medium restored biofilm for-
mation in the ryAB mutant strain, suggesting that the presence
of iron overrides the biofilm defect associated with loss of
RyhB. Iron did not rescue the mshA mutant for biofilm growth
(Fig. 5), nor did it greatly enhance biofilm formation in the
wild-type strain N16961 (Fig. 6). These data suggest that the
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FIG. 5. Iron or succinate can restore biofilm formation in the ryhB
mutant. Biofilm growth of the ry2B mutant ARM711 (filled bars) and
the mshA mutant negative control strain SAC101 (unfilled bars) was
measured in EZ RDM with or without added iron (5 uM), succinate
(1% or 2%), or succinate (1%) plus EDDA (25 pg per ml) as described
in Materials and Methods and is shown as a percentage of the biofilm
growth of the wild-type N16961 strain under the same conditions.
Means and standard deviations of three independent experiments are
shown.

ryhB mutant may be somewhat iron stressed in the biofilm
assay medium compared with the parental strain. The iron
stress experienced by the ryAB mutant is likely to be fairly
subtle, since the planktonic growth of the ry4B mutant in this
medium was comparable to that of the parental strain (data
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FIG. 6. Iron depletion inhibits biofilm formation in N16961. Plank-
tonic growth and biofilm formation were measured as described in
Materials and Methods and are expressed as percentages of the growth
or biofilm produced in EZ RDM without added iron or chelator.
Means and standard deviations of three independent experiments are
shown. (A) Planktonic growth of N16961 in the biofilm assay with or
without added iron or the iron chelator EDDA. (B) Biofilm formation
by the cultures shown in panel A.
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TABLE 6. Roles of iron and RyhB in rugose switching

% Rugose colonies after growth in APW no. 3 with*:

Strain FeSO, No EDDA EDDA
(40 pM) additions (5 pg/ml) (10 pg/ml)
N16961 82 81 14 0
ARMT711 (ryhB 86 55 7 0
mutant)

“ The strains shown were grown statically at 37°C for 24 hours in the indicated
media and then plated on L agar to determine the percentage of rugose colonies.
The experiment was repeated three times, and one representative data set is
shown.

not shown). Adding iron chelators to the biofilm medium fur-
ther compromised biofilm growth in the ry2B mutant (data not
shown) and adversely affected biofilm formation in the wild-
type strain as well, even at concentrations that did not inhibit
the planktonic growth of the wild-type strain (Fig. 6). These
data are consistent with a role for iron and RyhB in the reg-
ulation of biofilm formation.

One of the most conserved functions of RyhB in E. coli, P.
aeruginosa, and V. cholerae is the regulation of the succinate
dehydrogenase operon (Table 3). Interestingly, adding exoge-
nous succinate to the biofilm medium restored biofilm forma-
tion in the ryAB mutant in a concentration-dependent manner
(Fig. 5). This does not appear to be due to iron contamination
of the succinate preparation, since succinate rescued the bio-
film defect of the ry2B mutant even in the presence of high
levels of the iron chelator EDDA (Fig. 5). The succinate effect
is specific for the ryhB pathway and did not restore biofilm
formation in the mshA mutant (Fig. 5).

Roles of iron and RyhB in switching from the smooth to the
rugose colony type. V. cholerae grown under nutrient starvation
conditions can exhibit two distinct colony morphologies:
smooth and rugose. The rugose morphology is associated with
elevated production of exopolysaccharide (EPS) (63), which is
also a hallmark of cells growing in biofilms (56). Thus, mutants
unable to switch to the rugose morphotype may also have
defects in biofilm formation. To test the roles of iron and V.
cholerae RyhB in rugose switching, strains were grown under
conditions known to promote high-level switching of N16961
(1). The results (Table 6) show that the N16961 ryhB mutant,
although able to switch, did so at a consistently lower fre-
quency than the wild-type strain. In addition, iron starvation
inhibited the smooth-to-rugose transition, since increasing
concentrations of the iron chelator EDDA in the medium
reduced and ultimately eliminated rugose switching in either
the wild-type or the ryAB mutant strain (Table 6). Supplemen-
tation of the medium with excess iron dramatically increased
the percentage of rugose colonies in the ryhB mutant strain,
consistent with results from biofilm assays showing that iron
can rescue the biofilm defect of the ry2B mutant. These results
suggest that iron plays a role in regulating EPS production and
that RyhB may be involved in some aspect of this regulation.
However, this is clearly not an absolute requirement, since
rugose switching did occur in the ryAB mutant. The classical
biotype strain O395 did not switch to the rugose morphotype in
any medium tested, consistent with poor biofilm formation by
this strain under our laboratory conditions.
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FIG. 7. The ryhB mutant has decreased motility and/or chemotaxis
under conditions of iron starvation. The wild-type strain (N16961), the
mshA mutant (SAC101), and the ryhB mutant (ARM711) were inoc-
ulated into chemotaxis agar containing 20 pg/ml EDDA (A) or 40 pM
FeSO, (B) and incubated at 37°C for 8 to 10 h, after which the swarm
zone of each strain was measured.

Iron and succinate do not stimulate rugose switching within
biofilms of the N16961 ryhB mutant. Based on the observation
that adding iron to the APW no. 3 medium increased the
frequency of rugose switching in the N16961 ryhB mutant
strain (Table 6), it is possible that excess iron in the biofilm
medium might also promote switching. The presence of even a
very small number of rugose cells (fewer than 1% at the outset
of the biofilm experiment; fewer than 10% at the time of
biofilm harvesting) (14) within a population has been shown to
result in wild-type levels of biofilm growth, both because the
rugose cells outgrow their smooth counterparts and because
the smooth cells become embedded in the copious EPS pro-
duced by the rugose cells. To test whether a proportion of the
ryhB mutant cells growing in biofilms in the assay medium
supplemented with iron had switched to the rugose colony
type, adherent as well as planktonic cells were recovered from
the assay wells and plated. Despite healthy biofilm growth in
the presence of iron, none of the ryhB mutant cells had
switched to the rugose morphotype (switching frequency,
<10™%). The role of exogenous succinate in the biofilm assay
medium was similarly tested and found not to promote rugose
switching in the N16961 ryhB mutant strain. These data suggest
that, while iron and succinate may affect EPS production, they
do so using a mechanism other than the phase-variable genetic
change underlying rugose switching.

V. cholerae ryhB plays a role in chemotactic motility. Flagel-
lar rotation and motility are closely linked to biofilm formation
in V. cholerae (21, 56). In the early stages of biofilm formation,
motility is necessary for approaching a surface and for spread-
ing across that surface to initiate microcolony formation (56).
In addition, nonmotile mutants with defects in the sodium-
driven flagellar motor exhibit decreased EPS expression and
subsequently do not form wild-type three-dimensional biofilms
(21). In a chemotaxis assay, the N16961 ryAB mutant ARM711
consistently showed an approximately 50% decrease in swarm
zone in low-iron conditions compared with its parental strain,
while the mshA mutant was unaffected (Fig. 7A). This suggests
that RyhB is needed for optimal chemotactic motility. Thus,
flagellum-dependent microcolony formation or the flagellum-
dependent signaling pathway leading to EPS production could
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TABLE 7. In vivo competition of V. cholerae ryhB mutants with
their wild-type parental strains

Competitive index”

Strain No. of mice
Mean (SD) Range
ARMS572° 1.67 (0.38) 1.28-2.08 6
ARMT711¢ 2.51(1.82) 0.67-8.1 7
ARM711¢4 1.11 (0.31) 0.82-1.56 7

“ The competitive index of the specified strain relative to its wild-type parental
strain was determined by normalizing the output ratio of the two competing
strains to the input ratio, as described in Materials and Methods.

> ARM572 competed against 0395.

¢ ARM711 competed against N16961.

@ Ten-fold-lower inoculum.

be compromised in the ry2B mutant strain. These results are
consistent with the decrease in flagellar and chemotaxis gene
expression observed in the microarray analysis of the ryhB
mutant (Table 5). As was noted in the biofilm assays, the defect
was suppressed by adding iron to the medium (Fig. 7B). Inter-
estingly, added succinate significantly increased the swarm
zones of all the strains tested, including the wild-type and
mshA mutant strains (data not shown), suggesting that V. chol-
erae may have a strong chemotactic response to succinate.

RyhB is not required for V. cholerae virulence. It has been
shown that V. cholerae Hfq is required for the virulence of V.
cholerae in infant mice (5). Because RyhB likely acts in concert
with Hfq, it is possible that RyhB is also required for some
aspect of virulence. To test this, the infant mouse model of V.
cholerae intestinal colonization was used. In this assay, equal
numbers of the ryAB mutant and its parental strain were inoc-
ulated intragastrically into 5-day-old infant mice, and the abil-
ity of the mutant strain to compete with the wild-type strain
was assessed by determining the ratio of viable mutant cells to
wild-type cells recovered after 24 h. Because the classical strain
0395 and the El Tor strain N16961 display differences in
virulence gene expression and in biofilm formation, we tested
both the 0395 ryhB mutant ARMS572 and the N16961 ryhB
mutant ARM711. The 0395 mutant showed no defect in colo-
nization (Table 7). The competitive index (the output ratio
normalized to the input ratio) of the ryAB mutant was slightly
above 1.0, suggesting that the ryAB mutant may have a small
competitive advantage; however, since it is less that twofold,
this result may not be significant.

The N16961 ryhB mutant also exhibited no defect in coloni-
zation compared with its parental strain (Table 7). In fact,
ARMT711 appears to have an even greater competitive advan-
tage over its parental strain than that exhibited by the 0395
ryhB mutant ARMS572 over its parent. This effect was not
observed when a 10-fold-smaller inoculum size was adminis-
tered.

DISCUSSION

In this study, we provide the initial characterization of V.
cholerae RyhB. This small RNA is a functional homolog of E.
coli RyhB, and like the E. coli RNA, it represses the synthesis
of SodB and several TCA cycle enzymes. V. cholerae and E. coli
RyhB share significant overall sequence similarity; the central
portions of V. cholerae RyhB and E. coli RyhB are identical at
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31 of 34 nucleotides. The region of E. coli RyhB involved in
base pairing with the sodB message in E. coli is contained
within this highly conserved stretch. In addition, a 22-nucleo-
tide stretch with nearly complete complementarity (20- out of
22-nucleotide complementary) to V. cholerae RyhB was found
upstream of sodB in the N16961 genome (16) (Fig. 1D), sug-
gesting a base-pairing mechanism of regulation by RyhB sim-
ilar to the one described in E. coli. Consistent with these
findings, it was clear from Northern analyses (Fig. 3), microar-
rays (Table 3), and real-time PCR (data not shown) that sodB
is one of the most highly regulated targets of RyhB in strains
representing both the classical and the El Tor biotypes of V.
cholerae. Among other predicted targets, based on RyhB func-
tion in E. coli and P. aeruginosa, were the succinate dehydro-
genase operon, aconitase, and fumarase, all of which appear to
be RyhB regulated in V. cholerae as well, as determined by
microarray analysis. Many other genes involved in cellular me-
tabolism, including aerobic- and anaerobic-respiration and
electron transport genes, were identified in microarrays as pos-
sible RyhB targets in V. cholerae. Several of these are down-
regulated in the ryAB mutant, suggesting either repression of
an upstream negative regulator by RyhB in the well-docu-
mented manner or direct positive regulation of these targets by
RyhB, possibly through stabilization of the mRNA. This mode
of direct positive regulation by a small RNA was recently
described for the GadY sRNA, which induces the acid re-
sponse regulator GadX by stabilizing its mRNA (38); however,
no such activity has been reported for RyhB.

Although V. cholerae RyhB functions similarly to E. coli
RyhB, there are distinctive features of V. cholerae RyhB, per-
haps the most intriguing of which is its greater length. Whereas
E. coli RyhB is 90 nucleotides long, V. cholerae RyhB is ex-
pressed as an RNA molecule of >200 nucleotides. It does not
appear that the V. cholerae RyhB transcript is further pro-
cessed, at least not under the conditions tested, since no lower-
molecular-weight species were detectable in any significant
amounts in Northern analyses. In addition, only one transcrip-
tional start site for ryhB was detected by 5’ RACE. Thus, the
unique 5" and 3’ regions of the RyhB transcript are likely part
of the mature expressed SRNA and may contain sites for in-
teractions with additional targets in V. cholerae. Among the
putative targets identified through a BLAST search of the V.
cholerae genome with the extended regions of V. cholerae
RyhB, none showed up in our arrays as being RyhB regulated.
However, in the absence of information about the folding of
the RNA and the locations of bases available for interactions
with targets, it is not possible to rule out a direct role of these
sequences in regulation of target genes. The 5’ region may also
be important for the structure or stability of the SRNA mole-
cule in V. cholerae. The RyhBA5’ sRNA still regulated sodB
expression, but to a lesser extent than the full-length RyhB
produced from the same vector (data not shown). In addition,
RyhBAS’ was expressed at a lower level than wild-type RyhB
(data not shown).

At least one of the genes regulated by RyhB in E. coli (the
ferritin gene bfr) is not regulated by RyhB in V. cholerae. In E.
coli, the bfd and bfr genes, although apparently linked (2), are
oppositely regulated in response to iron and Fur. While bfd is
induced in low iron, consistent with classical Fur-mediated
regulation, bfr is repressed (J. M. Grogan, unpublished data,
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cited in reference 42). This repression is mediated through
RyhB, but the mechanism is not known (26). In V. cholerae,
both bfd and bfr are negatively regulated by iron and Fur (Mey
et al., unpublished), and there is no evidence that the bfd-bfr
transcript is a direct target of V. cholerae RyhB (Fig. 3 and data
not shown). Interestingly, significant homology to V. cholerae
RyhB was found upstream of bfr in N16961 (data not shown),
leaving open the possibility that a level of regulation exists that
was not detectable under the conditions used in our studies.
However, the identity is with the coding strand, not the tem-
plate strand, which would entail a mechanism for RyhB regu-
lation different than base pairing with the mRNA. It has been
suggested that a Fur-regulated antisense RNA may be encoded
within E. coli bfd-bfr (2); such an antisense RNA within the V.
cholerae bfd-bfr locus could be a potential target for RyhB.

Some of the altered regulation seen in the V. cholerae ryhB
mutant may reflect alterations in iron metabolism. Clues that
the V. cholerae ryhB mutant may be somewhat iron stressed
were gained from the microarray analyses. A number of the
genes whose expression was altered in the absence of RyhB or
in the presence of RyhB overproduction encode proteins in-
volved in iron transport or ones that require heme or iron for
their functions. The iron- and Fur-regulated hemolysin gene
hlyA is consistently derepressed in the ryhB mutant. The rfn-
related cluster, which includes a putative iron-sulfur cluster
protein-encoding gene, rfnB, is also repressed by RyhB. The rnf
operon from Rhodobacter capsulatus was shown to be re-
pressed in low iron (18), consistent with iron regulation via a
mechanism similar to the V. cholerae RyhB circuit. However, it
is not the case that the entire iron regulon is affected, i.e., there
is not a global switching on of all the iron-regulated genes,
which would be the expected result under iron starvation con-
ditions. In fact, the fhu, feo, and ent iron transport systems,
which are negatively regulated by iron and Fur in V. cholerae
(45; Mey et al., unpublished), were repressed in a ry2B mutant.
Further, there was no effect of the ryAB mutation on growth of
the cells under the conditions used for microarray analysis of
RNA levels (data not shown). Rather, these results point to a
more subtle effect on iron homeostasis.

The ability of V. cholerae to form biofilms in aquatic envi-
ronments is critical for its persistence in these environments
and for efficient spread to the human host (13). Interestingly,
iron appears to play an integral role in the regulation of biofilm
formation in the El Tor strain N16961. Adding iron chelators
to the assay medium at levels that did not inhibit planktonic
growth caused a concentration-dependent decrease in biofilm
production in the wild-type strain. Further, rugose switching
was suppressed in the wild-type strain in the presence of iron
chelator, even though the density of the culture reached the
critical point at which rugose switching begins to occur in
iron-replete media (data not shown). This suggests that the
effect of iron stress on EPS production and biofilm formation
is not simply a result of reduced growth in low-iron conditions.
Moderate (subbacteriostatic) iron limitation has been linked to
poor biofilm formation in several other bacterial species, in-
cluding P. aeruginosa and Staphylococcus aureus (58), suggest-
ing that sensitivity of biofilms to small shifts in iron homeosta-
sis may be a common theme among bacterial pathogens. In V.
cholerae, this effect could be mediated via RyhB. The N16961
ryhB mutant, although able to maintain wild-type planktonic
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growth in the biofilm medium, failed to form biofilms unless
excess iron was added, signaling that the ry2B mutant probably
does experience subtle iron stress within the biofilm. In addi-
tion, the N16961 ryhB mutant exhibited decreased chemotaxis
in low-iron, but not high-iron, medium and was more sensitive
to iron chelators than its wild-type parental strain (data not
shown). These data are consistent with the expression profile
of a ryhB mutant, indicating that RyhB is necessary for regu-
lating normal cellular iron metabolism.

There are several direct mechanisms by which RyhB could
influence biofilm formation in response to iron limitation. A
constitutively expressed target of RyhB, which would normally
be repressed by RyhB in iron-depleted medium, since RyhB is
maximally expressed under those conditions, might be inap-
propriately turned on. Such a target could be the succinate
dehydrogenase operon, which is highly up-regulated in the
RyhB mutant. The net effect of this would likely be signifi-
cantly lower cellular succinate levels. It has been proposed that
succinate may be a component of the EPS produced by V.
cholerae growing in biofilms (62). Interestingly, adding exoge-
nous succinate to the growth medium restored biofilm forma-
tion in the ryhB mutant, suggesting that succinate bypasses the
RyhB requirement. Since high levels of iron in the medium do
not repress the expression of sdh in the ryhB mutant (data not
shown), it is not completely clear why adding iron would over-
come the succinate depletion potentially caused by increased
succinate dehydrogenase activity in the ryAB mutant. Iron-
replete cells may simply contain higher levels of all TCA cycle
intermediates due to the increased growth rate and respiration
under those conditions. It is also possible that the formation of
iron-sulfur clusters, which are an integral part of the succinate
dehydrogenase complex, is somewhat decreased in high iron,
since one set of genes involved in their assembly (suf) is neg-
atively controlled by iron and Fur (27, 41). Another gene
whose overexpression in the ryhB mutant could negatively in-
fluence biofilm formation is ompU. In Vibrio anguillarum, elim-
inating ompU caused a 10-fold increase in biofilm growth,
suggesting that OmpU has an inhibitory effect on biofilm for-
mation (54).

The effects of RyhB on biofilm formation may also reflect
the reduced expression of flagellar genes in the ry4B mutant.
The microarray analysis indicated that the ry4B mutant had
decreased expression of a number of genes in the motility and
chemotaxis pathways, suggesting that the proper assembly and
function of flagella may be affected by RyhB. The microarray
results are consistent with the observed decrease in motility of
the N16961 ryhB mutant ARM711 under low-iron conditions
(Fig. 7). Reduced motility may directly inhibit biofilm forma-
tion or may affect biofilm formation by interfering with the
flagellum-dependent signaling pathway that regulates EPS
production (21). These hypotheses are under investigation.

Biofilm formation in V. cholerae is a complex process. In
strains that possess a functional HapR, the relationship be-
tween quorum sensing and biofilm formation has been clearly
established. When these strains are at low cell density, two
known quorum-sensing pathways and at least one unknown
pathway converge to phosphorylate the central regulator LuxO
(31). LuxO in its phosphorylated state acts via Hfq and four
sRNAs to repress the expression of HapR (22, 51, 65). Since
HapR is a negative regulator of the vps cluster that controls
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synthesis of EPS, the net result is EPS production and biofilm
growth (14). However, many toxigenic, virulent strains of V.
cholerae, including O395 and N16961, contain defective hapR
alleles, and thus, it is not clear if there is a link between the
LuxO-mediated pathways and biofilm formation in these
strains. In strains possessing a functional HapR, mutating
HapR is associated with the rugose phenotype, consistent with
the role of HapR in repressing the vps genes. Thus, it might be
expected that V. cholerae strains that do not encode a func-
tional HapR are by default rugose; however, this is clearly not
the case, since N16961 and 0395 are both smooth under lab-
oratory conditions. Because N16961 is capable of rugose
switching, and because the N16961 rugose variant produces
higher levels of EPS and more robust biofilms than the smooth
cells (1), it follows that a negative regulatory circuit separate
from the HapR pathway exists in this strain. The recent dis-
covery that an Hfq-dependent SRNA pathway regulates the
integration of quorum-sensing signals with biofilm formation
in a HapR™ strain (22) suggests the possibility that a separate
SRNA pathway could be involved in the negative regulation of
EPS production and biofilm formation in HapR™ strains.
While our studies show that RyhB is required for wild-type
biofilm growth, consistent with repression by RyhB of a nega-
tive regulator of biofilm formation, overproduction of RyhB in
N16961 did not result in a rugose phenotype or in increased
biofilms (data not shown), indicating that RyhB probably does
not directly regulate the phase-variable rugose-switching path-
way in N16961.

Many small RNAs require Hfq, and V. cholerae has a func-
tional Hfq protein (5, 22). It was shown recently that Hfq is
required for V. cholerae virulence in both a HapR™ (20) and a
HapR™ (5) strain background. In the HapR™ strain, Hfq and
multiple small RNAs were required for expression of the toxin-
coregulated pilus (TCP) (22), a key virulence determinant of V.
cholerae, whereas in the HapR ™ strain, no such effect on TCP
expression was seen (5). This emphasizes that the SRNA path-
ways leading to virulence gene expression and biofilm forma-
tion in HapR ™ and HapR ™ strains are fundamentally different.
We investigated whether V. cholerae RyhB might be involved
in Hfg-mediated regulation of virulence in the AapR mutant
strains N16961 and O395. This is probably not the case, since
a ryhB mutant in either 0395 or N16961 exhibited no defects
in the ability to compete with the parental strain during intra-
gastric growth.

The ability to form biofilms or to properly regulate biofilm
formation has been shown to be important for V. cholerae
virulence. Excessive biofilm formation in V. cholerae impedes
colonization of infant mice (43, 57, 64), while eliminating bio-
film growth altogether may negatively impact growth in vivo, as
has been reported for strains with mutations in galU (35), vpsR
(43), and motX (21). However, there are examples of muta-
tions that eliminate biofilm formation but do not affect viru-
lence, including mutations in the structural gene for the
MSHA pilus, mshA (50); in galE (35); and, as reported here, in
ryhB, indicating that biofilm growth per se may not be required
for colonization of the mammalian host. Rather, the link be-
tween absent or inappropriate biofilm formation and coloni-
zation defects could be explained by the coordinate regulation
of biofilm formation and virulence gene expression in many V.
cholerae strains (14, 21, 31, 57, 64, 65). Nevertheless, by con-
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tributing to the environmental persistence and infectivity of V.
cholerae (13), biofilms should be considered an important as-
pect of the pathogenic potential of this organism.
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