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COMMUNICATIONS

Significance of Duplicated Flagellin Genes in Campylobacter

Richard A. Aim', Patricia Guerry2 and Trevor J. Trust't

'Department of Biochemilry and ilicrobiohuly
University of l'ictoria. IFic/oria, British Columbia

1'81' 3P6. Canada
2Enteric Disease." Program. Naral jlcdical Research I,.ntitfht-

Bethesda, MD 20814, U.S.A.

(Received 1 October 1992: acrepted 11 Dec.ember 1992)

The complex flagellum of Campylobacter coli VCI67 contains two highly related (98"o)
flagellin subunit proteins which are produced from two 92% homologous, tandemly
orientated genes. flaA and flaB. Mutants expressing only floA form a full-length flagellar
filament that confers slightly less than wild-type motility to the bacterium. However.
flagellin mutants expressing onlyflaB produce extremel]\ short, truncated filaments, and are
on],, - , ,,chtv motile. We have ihomwn that the presence of two essentiall" identical genes is
advantageous, in thatflaAflaB+ mutants become highly motile upon passage by an event
which allows the production of a full length simple flagellar filament containing a single
FlaA-FlaB chimeric flagellin protein. Furthermore, we have demonstrated that the
reassortment of DNA that results in this chimeric protein can occur by two mechanisms:
intragenomic recombination and transformation -mediated intergenomic recombination.

Keywords: flagella; chimeric flagellin; Carmpylobacter; recombination: motility

Duplicated genes have been identified in a variety teins. These subunit flagellins are encoded by two
* of eubacteria and archaebacteria. Such gene dupli, tandemly orientated genes. flaA and flaB whi(h

cations may in fact be a mechanism by which display 920' identity within their coding regions
bacteria can amplify particular functions, thus (Guerr- et al.. 1992). A second flagellin gene has

* adapting to stressful or unfavourable conditions been reported in C. jejuni strains 81-116 and INI
(Sonti & Roth, 1989). Indeed, multiple copies of (Fischer & Nachamnkin. 1991: Nuijten 0/ al.. 199K).
genes for important virulence factors have been and evidence now exists that all Campylobaitr
found in the genomes of pathogenic bacteria either isolates carry duplicated flagellin genes. with signifi.

* in expressed or silent loci (Haas & Meyer, 1986: cant homology (R. A. Alm. P. Guerry & T. J. Trust.
Mekalanos, 1983; Swanson el al., 1986). unpublished results). Mutants that only express the

The thermophilic spiral organisms Campylobacler flaA gene produce flagellar filaments that are indis-
coli and Campylobader jejuni are among the most tinguishable in size from the wild-type strain and
frequently isolated enteric pathogens, causing are composed solely of FlaA flagellin. Mutants that
severe diarrhea in humans (Butzler & Skirrow, 1979ý only express the flaB gene product produce a
Skirrow, 1977; Walker el al., 1986). The polar severely truncated filament that imparts only
flagellum of the Campylobacder cell imparts high partial motility to the tell (Guerry et al.. 1991).
motility to the bacterium and plays an important The conservation and stability of the tandemly
role in colonization of the viscous mucous lining of duplicated flagellin genes in Campylobacter suggests
the gastrointestinal tract, and is regarded as an that this property must endow these bacteria with a
important virulence determinant (Black et al., 1988; significant strategic advantage that outweighs the
Caldwell et al., 1985; Morooka et al., 1985: genetic instability of such an arrangement because
Pavlovskis et al., 1991). The flagellar filament of C. tandem gene duplications are usually rapidly elimi-
coli is complex. In the case of C. coli VC167, the nated in bacteria by intragenomic recombination
flagellar filament is composed of two highly homo- (Anderson & Roth, 1981: Tilsty et al.. 1984). Using
logous 572 amino acid residue flagellin subunit pro- the previously described flaAflaB+ mutant KXI5

(Guerry et al., 1991), we demonstrate here that the
t Author to whom all correspondence should be extra genetic information of a second highly homo-

addressed. logous fla gene carried by Campylobacter strains can
*. 359O0022-28361931000369.-05 S0tR.00f0 .• Sq, Academic Pn• Uim•,ed
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A the presence of I x .-tandard P&'R I)uffcr a -d 2 5 imN
s,, .. ,, .. , s•, ,., t°•, s,, gCI2 (G;ca-Amp. P'er'kin E-linei ('-lit, Rtxd h-t-

VC1r&7-T2 Ontario) and a final concentrationl of 2.oit pM for

each primer and 50 ng genornic t empjlate pireparvd
as described previously (Alm, Guerr-v & Tru.-t.
unpublished results). Using the HAA12 RAA7.
primer pair. and PCR cycle parameters of I seconld

at 94•C. I second at 55'C and a 120 seiond tcfl-
-mbp sion at 74'C for 35 cycles, it was possihle to amplify

a product of 1889 bases which correlates to a unit
length flagellin gene from independently isolated

1. 2 3 4 S s mutants (Fig. 1(3)). Therefore. this represented a
Figure 1. (A) Schematic representation of the flagellin straightforward recombinational event l1etwe(.'l

genes. flaAandflaBofCampylobactercoli VC167-T2. The flaA and flail and in all the.se ta-~es he Kin
rel?.tive positions of the specific oligonucleotides used for
P(R amplification arý indicated. The unique restriction cartridge and part tf both fiagetlii gene.- had la-en
endonuclease sites within the flagellin genes used for deleted during the recombination. By restriction
determination of the recombinationat cross-over points endonuclease digestion of the PCR product gener-

are shown. The areas in which recombination occurred to ated using the RAAI2, RAA7 primer pair from these

create the chimeric coding sequences for each of the mutants with B91Ig . or Ilaelll. both of w hich are
mutants is designated. (B) PCR analysis of the wild-type specific for the fla.- gene, or Hiu1 I and Ssli which
VCI67-T2 (lane I), and representative chimeric mutants are unique in theflaB sequence (Fig. 2). followed by
RAI (lane 2), RA2 (lane 3) and RA3 (lane 4). and a no separation on a 120o acrylamide gel according to
DNA control (lane 5). Lane I shows a 3-771 kb fragment the method described by Sambrook e1 ol. (19S9). we
representing 2 intact flagellin gcies, whk.-eas a 1[889 kb were able to determine the areas in which reeoi-
fragment is seen for the chimeric mutants in lanes 2. 3 and bination had occurred to produce inhe chimeriec

4. Lambda (;.) size markers are bacteriophage lambda oing sequence (g p(oduT e recmbaic

DNA digested with HindulI. coding squence (Fig. )(A}}. The recombinational
crossover in mutant RAI was localized to the area
between the 3' end of primer RAA12 and the B1g1ll

be used as a reserve copy to assure the organism of site. a distance of 72 bp. The point of recombination

motilitv. in mutants RA2 and RA3 lay between the ilaIell
The flaAflaB+ mutant KXI5 was constructed and EcoRV restriction sites. a distance of 97 lip.

by insertion of a kanamycin (Kmt) cassette into the The high homology between the two fla genes does
unique EcoRV site offlaA (Fig. I(A); Guerry et al.. not enable the determination of the exact position

1991). We observed, after plating KXI5 on of the recombinational event.
Mueller-Hinton medium (BBL, Cockevsville, MD) However. when the selective pretsure for Kin

containing 0"40. Bacto-agar (Dff o), that highly (100 pg/ml) was kept during growvth of the

motile bacteria irregularly swart ed out from the flaAflaB+ mutant KXI5 on the motility agar.

zone of growth after 24 to 36 hours* incubation at spikes of the swarming growth cau-ýed by highly

37°C. All of the 58 independently isolated motile motile bacteria wvere still apparent. although the

colonies tested were Kms. The flagellins from four of time for this growtIh to occur was increased to t0 to

these motile cells were purified and subjected to -2 hours. With the need to maintain the Km 5

automated Edman sequence analysis. In all cases, it cartridge, the genetic rearrangements encountered

was found that the first 27 N-terminal residues were not alwavs as simple as those described above

corresponded to that of the FIaA flagellin. PCR and Southern analysis indicated that duplica-

GFRINTNVAALNAKANSDLN SRALDQS. We tions of flagellin information had occurred. with

reasoned that, in order to become motile again, the extra partial copies containingfla gene information.
Campylobacter cell had rearranged its flagellin comprising the 3' end of the flaA gene (data not
information and was expressing a chimeric flagellin. shown). When theflaAflaB+ mutant KX 15 was fed
consisting of both fiaA and flaB coding regions. To to raobits. the strain consistently failed to colonize

examine this possibility, we used the oligonucleo- and was cleared by 24 hours. providing further

tides RAAI2 (5'-CAGCAGAGCATTAGATCAAT- evidence that full motility is a crucial colonization

CACTTTCA-3') that was specific for the N-terminal determinant. No Kim s revertants were isolated from

sequence offlaA beginning at position 63 and RAA7 the? rabbit, and the few Kin' colonies that were
(5'-ATCATGAAGAAAGTTTAATTGCCCCT-3') recovered were shown to display poor motility
which was specific for non-fiagellin information similar to the originalfla.fla B+ mutant. However.
231 bp downstream from flaB (Fig. I(A)) in a poly- after only two days' incubation on motility agar.
merase chain reaction (PCR). AmpliTaq polymerase one isolate displayed a phenotype of irregular moti-

(Perkin Elmer Cetus, Rexdale, Ontario) (0"4 lit' identical to the KinS mutants producing the
Units/10 i reaction) was used in a hot air thermo- chimeric flagellin. yet retained Km 5 . Purification

cycler (Idaho Technology, Idaho Falls, Idaho) in and N-terminal sequencing of the flagellin produced
by this isolate demonstrated that it possessed the

t Abbreviations used: Kin. kanamycin; bp, base-pairs: first 27 N-terminal residues identical to FiaA. PCR
PCR. nolymer%.. 61i44 1ýron•.;01, analy'sis of this mutant using primer pairs that
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Figure 2. Restriction analysis of the 1-889 kb PCR product generated with RAA12 and RAA7, front mutants RAI
(lane 1). RA2 (lane 2) and RAi3 (lane 3) using enzvni"- that have unique sites inflaA orflaB. Bgfll (panel A)land //aeIll
(panel CQ are unique in the fiaA gene w'hile Hinril (panel B) and SstpT (panel D) are unique in flaB The corretqponding
flagellin gene phenotype is show~n under each lane, and size markers for the hands are indicated on the left of each panel.

cotuld specifically amplify either the f~a. (RAA 12;, used. When the flt.4fiaBi-+ mutant wvas grown on
RAAJ1: 5'-TGCATCG(AAAAGATTAAA(&(AA(CA- motilit 'y plate~s -onitaining l)N.Ase, without the sle<--
3')orthefta8 (RAAT7 RAAlO:5'-T(1TTGCTTTAAT- tive pressure of Kin, all 4,S (oloijies were mnotile after
('TTTTCGATOCA-3') region demonstrated that the 24 to36 hours growth. and were Km'. Flagella "ere
Krn R cartridge was now located in the foaB gene. purified from three indelwndent colonies. and in all
and thefiaA gene was functional and intact (Fig. 3). cases upon -N-terniinal protein sequencing, the

The rearrangement of flagellin information flagellins dlisplayed the first 27, \-terminal residues
resulting in the restoration of full] motility could he of FlaA. 11CR analysis in conjunction wvith reshi-ic-
occurring by two distinct mechanisms. involving tion endonuclease digestion demonstrated that the
either intergenomic or intragenomic i-ecomhina- gene encoding this fiagellin wvas composed of both
tional events. When the selective pressure for Kin R faA. and flaB sequences. H-owrever. when both Kmi
i.s removed, a simple recombination could occur and DNAse mere added to the motility plate. the
between the two highly homologous flagellin genes. cells remained non-motile after .5 days .incubation
However, an event w-hich would mnaintain Km R at 37T., This confirms that the processes of natural
Wvould likely involve D)NA liberated by cells that transformation combined with intergenomic recoin-
had undergone autolysis. and taken up via natural bination were crucial for the rearrangement of
transformation, The requirement for cell death mnay flagellin information when the pressure of kana-
lie one explanation as to why a longer incubation mycin \vaq maintained. Although a mechanism
time is required to observe ým R motile revertants. similar to that described for the 1*ibr-io cholerne HSI

To test this hypothesis. motility plates- containing element duplication is theoretically possibie
l)NAse I (40 pgfnhl) with and without Kmn were e(Goldberg & Mekalanos. 1986: Mekalanos. 1983), we

were unable to isolate any motile revert-ants in the
presenlce of both DNAse and Kmn, indicating that
natural transformation mediated recomnbination is
the predominant mechanism.

One woulld assume that there exists a functional
reason why two flagellin genes are stably' main--- tained in wvild-type Campylobacter strains. The two

3100bp- - 3300bp fin genes are co'ntrolled by two different classes of

179b-~- 99bp promoters. The fla- gene is regulated by a a2
1799p- 195p pr-onmoter, similar to the flagella genes of Esrherickia

co/i. Salmonella typhimteriurn and Bari//us sutilfiis
(CtierrN el al., 1991: Helmann & Chamberlain,

197.whereas the flaB gene is controlled by aa
12 3 4 56 7 promoter similar to the flagellin and hook genes of

~. 2 4 5 6('ulohacter (Minnich & Newton. 19S7: Nitllin &
Figure 3. PCR Anal - si~s of N'C167-T2 (lanies 2. 5). the Newvton. 1989). FlaB is environmentally regulated

'riginlal fla. -. flaR+ muttant KXI13 (laints 1, (;) and the and differentially- expressed at different stages
0iiineric mnutant isolated after animial passage (lanies 4. 71 during the Canpy/1oharter life cycle which allows the
ao ml tino DNA cont ril (lane 1), The specifii- oligotuciclo- cllomdatismoit-(Am(
title pairs um-d ý, ere RAAI2:RAAI I (lanes 2 1to 4) to celt ouaeismtlt Am uerrN & Trust,
Auplify thefla.4 negion. And RAAlt)1RA.\7 (lane, 5 to 8) unpublished results). The fact that the twofla genes
To kiuijdify the jlflR region. The increased size diie toth are tinder the conitrol of distinct classes of
Pti*'lf'iit'e of the 1-3 kli Kin' cartridge c-an lie set-i-n in the promoters, and arc cxi1ressed at vastly different
./17.4 gene of K\ 15 lae1.and theflafl getie of 66)3 (lane levels tinder standard growth conditions (Guerrv

.Lambda (;,) size markersý are lamblda DNA digested el al. - 1991: Guerry 0t al.. 1990) mnay be vital to the
m~itli Hindlll. stable maintenance of the tandem fla genes.
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Moreover. thle amin o anid ca rbox termi ninai ('ldm~eli. M. Wt ( terry P Lev E, C Bm, I l
domains, normally highly conserved ai otong ellbac- Walker. ft. I (I%)Il(-%ersille( j. r,.i.. t.uiIl
terial flag-ellins (Joys. 1985: Trachitenh erg ý in ('anmjybibdwer Jion. ifert twou,t, 50 941 9 ¶43

DeRosier. 1988: Wei &JoYs. 1 98.5) are imp;ortant Fdrv ,VKs~kv.A''&llG
for flagellin export. polymerizat ion into a flagelluml (19S8). Architecton~ics. of a Iatea titge OT1 VIn;C 1 ti I a I I Wo

and filament stability (Fedorov el al., 198S subuntit. F1EBS Letucr.ý. 241. 145- 14S
... Fischer. S. H, & Nacliatoink-. 1 (1991II) m~i~i ddVonderviszt, et al.. 1989, 1991). However, it Is ill variable domains of the. flageilii gen.- rbv in

these regions that 700o' of the amino acid differences Compylobaritrjf'joini .11mb-c. _1TlIcrol,,l. 5 1 1'.-, 1 15
betwveen the PlaA and FlaB tiagellins of C'. roli Vodeg .&Mklns 1 .(9() trt' lrc

VCIG7 occur. These sequence differ'ences ma 'y mutation oil choltlaV toxill ýLreIte Aiiijhlitn1ti.n Aind
contribute to different structural roles for the two deletion events .1. lladcrtrjl. 165. 7 23--,3 1
flagellins in the assembled filament.- and these func- (hierry, P.. Logan1. S. N1 . Thiorltoil. S, & Trui-i T, .1
tional differences could also contribute to the stable 091M9. Genornic organiizatioti and t-p,ýi, of
maintenance of the duplicated genes in wild-typle C'antpyolubarler fiagellin genes. .J, Infr 172
cells. Interestingly, we never isolated a mut ant 1853-186(t.

Guerrv. P..Aim. R. A.- Power. NI. F.. lnS WIcapable of producing a full length FlaB filamnent. Tfrust. T. J. (1991), The role of two tiagt-llin genies in
The fact that all the full length filaments producing Campyhoar'r nioitilitv. J. Bhcrtf io. 173. 4--17. i
FlaA-FlaB chimeric flagellins we have isolated Guerrv. P.. Almi . A.. Power. MI. E. & Tru-t. T. J.
alwavs cont-ain the FlaA amino terminal domain (1992). Molecular and sztructural anal vsis of
suggests that. if any' structural constraint contri- (am pylobarder flagellin. In Carniltylarle-t jsni
butes to the inability of FlaB to produce a full C'urr-ent Slatwc anid Future Trfrd.. (Naeluainkin. I..
length filament, this constraint must reside in the Blaser. M. .1. & Tompkins. I... e&-). lip 26V7-281.
sequence differences carried in the \-terminal Proceedings of NIH Svrt~posiurn onl (ampynlobacters
domain. A.S.M. Publications- Wýashington 1w.

In summary, this study has provided additional Hasas. R. & Meyer. T. F. (1986). The re1 wrioirt- (f dtl-nit
evidence of the biological importance of tandernly pilti.sgenes in .\ei~s-sria gonorr/ooeae eNeid-nvv for genle

conversion. Cell. 44. 107 -115.duplicated flagellin genes in Campylobacter. Motility Helmmnn. J. D)- & Chamberlain. M. J1. (IIS i97 1)NA
appears to be crucial to thle ability of Camnpylobartf r sequence analy sis suggests that v~pres.iori of flagut-liar
to colonize its intestinal niche. and thle presence of a and chernotaxis aenies in E.rhtr~r),if 'oli slnd
second flagellin gene can, under certain circum- SalmonellaO typhoimnrium is, controlle-d by an) alterna.
,stances such as any possible spontaneous mutations, tive sigma factor. Proc. Nat. A-rad. Sri, USAý 844.
,which may impair motility, provide this organism 64224-424.
with a backup or reserve gene cop~y, allowing the Joys. T. MI. (1985). The covalent structure (if ilth phla~e-l
organism to maintain close to fuli motility. flagellar filament protein of Salimisolula typ/.buriuutm

and its comparison-, with other flagellin'.. J1. BioMoreover, two distinct and independent mechani- e.24.58-13
isms can be utilized to accomplish this rearrange- Chekanost. 24. (1-1983. iuieto n miiiaeno
ment of its genetic information, emphasizing the tlkaao.\i g.ne in (19b3). Duplrati. (and 3mp.ifiat-on
importance of motility to Cam pylobarter. Therefore. Mnih .A etn .(97.Parue apn
in addition to any structural andior regulatory- and cell cycle regulation (If flagellin gt-ne transc-rijl-
advantages in maintaining two highly homologous tion in Cu(Aaduruter rrei..?('ais. Proc. Nal. .-lcnS Sri..

tandem fla genes (Guerry et al.. 1991: Alm, Guerr U.S.A A4, 1142-1146.
& Trust, unpublished results). the presence of dupli- Morooka. T.. &meda. A. & Amako. K. (1198Th. MlotilitY as
cated flagellin genes and their ability to ensure an .intestinal colonization factor fur (nirwij,pyh~iocrir
motility appears to endow this pathogenicl Jr~~~. Gen. Mtlirrobiol. 131. 1973-19s11

bactriu wit a igniicat bilogcal dvatage 1Mullin. D. A. & Newton. A. (19S9). Ntr-lik.- 3I'..Iutt.-r,bactriumwit a sgnifcan bioogicl avantge.and upstreamn regulatory sequence ft r are- rr-.uired foar
transcription of a developmentally regulated
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