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Motility and chemotaxis are crucial for disease development in many motile pathogens, including
spirochetes. In many bacteria, motility is provided by flagella rotation, which is controlled by a che-
motaxis-signal-transduction system. Thus, motility and chemotaxis are inextricably linked. Spirochetes
are a unique group of bacteria with distinctive flat-wave morphology and corkscrew-like locomotion.
This unusual motility pattern is believed to be important for efficient motility within the dense tissues
through which these spirochetes preferentially disseminate in a host. Unlike other externally flagel-
lated bacteria-where flagella are in the ambient environment-the flagella of spirochetes are enclosed
by the outer membrane and thus are called periplasmic flagella or endoflagella. Although motility-
and chemotaxis-associated genes are well studied in some bacteria, the knowledge of how the spi-
rochete achieves complex swimming and the roles of most of the putative spirochetal chemotaxis pro-
teins are still elusive. Recently, cutting-edge imaging methods and unique genetic manipulations in
spirochetes have helped to unravel the mystery of motility and chemotaxis in spirochetes. These con-
temporary advances in understanding the motility and chemotaxis of spirochetes in a host's persis-
tence and disease process are highlighted in this review.
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Fig. 1. Schematic diagram of B. burgdorferi. Longitudinal dia-
gram (top) and cross-section diagram (bottom) of B.
burgdorferi. Note that periplasmic flagella overlap in the
cell center and form a tightly packed ribbon that causes
the outer membrane to bulge.
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Fig. 2. Unique collar structures are conserved in all spirochetes.
(A) External flagellar motor of Escherichia coli; (B-D) peri-
plasmic flagellar motors of the spirochetes, Leptospira in-
terrogans, Treponema primitia, and Borrelia burgdorferi. The
distinctive collar structure is indicated using an arrow.
Because of the dynamic nature of the E. coli stator, it
was not visualized by cryo-ET (A). (E, F) Schematic mod-
els of the external flagellar motor of E. coli (E) and the
periplasmic flagellar motor of B. burgdorferi (F). Periplas-
mic flagella are distinct from the external flagella, as they
are enclosed within the outer membrane and their flag-
ellar motors are considerably larger and more complex.
However, the core architecture of the two flagellar types
is comparable. Shared structures include the export ap-
paratus, stator, the MS-ring, the C-ring, the rod connect-
ing the hook with the MS-ring, hook, and filament (not
shown). Unique collar structure in the periplasmic flag-
ellar apparatus is shown using an orange color. IM, inner
membrane; OM, outer membrane; PG, peptidoglycan
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Fig. 3. Schematic diagram of the B. burgdorferi flagellar motor.
The major components (the export apparatus, the rod,
the stator, the P ring, the C ring, and the MS ring) are
labeled. The C ring is composed of FliG, FliM, and FliN.
The “collar” is a spirochete-specific feature. The export
apparatus is divided into two separate densities, al-
though the boundary between the MS ring and the ex-
port apparatus is not well defined. Hook is composed
of FIgE, and filaments are composed of major flagellin
FlaB and minor flagellin FlaA. IM, inner membrane.
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Fig. 4. Model of the B. burgdorferi chemotaxis system. A simplistic chemotaxis signaling pathway of B. burgdorferi. The genome
of B. burgdorferi encodes multiple homologs of several chemotaxis genes (e.g. six mcp, two cheA, three cheW, three cheY,
two cheB, and two cheR genes), making it more complex than other bacteria. The role of most borrelial chemotaxis proteins
are still unknown. To date, only two studies have shown that chemotaxis-specifically involving the histidine kinase cheA2
(box 1) and chemotaxis response regulator cheY3 (box 2)-are essential for the infectious life cycle of B. burgdorferi. CheY2
may serve as a regulator for a virulence determinant in B. burgdorferi (box 3). The role of cheY1 and other putative chemotaxis
genes in the infectious life cycle of B. burgdorferi has not been studied until now.
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Fig. 5. The enzootic life cycle of B. burgdorferi. Ixodes scapularis (also known as the blacklegged tick or deer tick) is the main vector
of B. burgdorferi in the United States and has a two-year life cycle with four life stages: the eggs, and three differential
developmental stages: the larva, nymph, and adult stages. The representative signs and symptoms of untreated Lyme disease
were shown in the dotted line boxes on right panel.

[62]. FEAH LR oFo] 7hed AL e B W EAsE
Hg&FRREH AE7129 B burgdorferi 0l 5& 8 3 54 4o 3 F3pdo 7|9 Zojgt FS5H Uk A
A o AT, o] 29 EFEY o] Fo] FE AA AZ in vitro Zoll A TP A7) gAE o] &3 ZAH F
T st 495 5 54 dAIA 8 AA dE s A& 58 B. burgdorferi7t == Aol B 9
ST 2 ORRH A2 557 oFo] EAsteA o 7Hd & SRS A T, 1 E7] B AE AH o FoR
Fol #dE AFE o] FoAA Fa AU AR HZ HPLCS 22 A& &4 AP of4 o] FoAA Xata itk
Yale At e] & AFI1FA two-photon intravital & [5, 72].
n 7S ol &ate] =79 FE #AA F LASE B. burgdor- g3 7 29 23 g o] FRTE ofy gt s34 9
feri®] TEAQ olFE AR #FATG. SAFFEHE S Ao &54 2 F342 T &S ndg. gt
RSt B. burgdorferis A@F o FA F 2570 AHEE WY A0 R B. burgdorferi7k <ol =] YW W A
A &, AE7E 53 F8 RS B2 & A3 N AR T, 3 A7 2 aESsAd b IA A gAE FESH
o F€ #4 T AR 23 o] AEetd 29 2 e} AA GAJA 27 w4 2 (early localized Lyme dis-
ANE7Z o) Fste @< H& AT o] A3+ B. burg- ease)> -7 &8 % 3~30¢ 4 TAEH, 2EE IAY
dorferi®] &5 0] AATE HH WolA s zdd ®vt 70~80%9 ¢ &FE FH ol o] FA EHk(erythema migrans)
%] = [¢]

A 7ol oJ s A = o] T FTh(Fig. 5. ¢ M 2). ol FEFAR AFD
23| 23 e} o) 5 o) WS F B. burgdorferi7} X132 Woll A o] F3tH YEhe dSRE
Z48g AT B3 39 giz S8 29 Z4EY o] Fd % YEhteE geu Y tiEA
Ao 2A81d 292 e} AEr]g F8G FAo H &3 W Z4d 4 F BYY 23 (bull's-eye rash)o] TH10, 31,

© o r



54 FHA SAd 27] &4 YW (early disseminated
F 287 Wl HAEkY, £ 74
kil

Lyme disease)> N E=7] &
1;; U]-H](Flg 5 z ) A{/\Lz} 1)

o) ol o4 F

Al BEol Yebdt. o g
AN R2A 0 ZRE FT B. burgdorferi7t +F4 2
e ol8ste] gz YRE AT A= AT
9 YHo|TH10, 31, 54, 73]. AWA DAY F7] WA Y
(late persistent Lyme dlsease) Ae7] FE 3 old o F

We, F2 PAA AE F A 2 BASAAA
A4 5o 402 Bt Fig 5. 3 4444 3). ol

Y 4 AolEAA L AZAA A w3 27
Az Q% W B Aol AW, B B Aol 03]
= A9 A7} dolglnh A 2A FAA Ao
BAEEH A S AZAE ETHL oo

%
ftl

dlete] B f HHF A T ALY ol FF
3, FHAE B. burgdorferi®] 92t DA &3 FAA
ZMEE A% Felge FAolt 3, 10, 31, 54, 67]. ¥
Wow Qg ddg gake] g gl PCR
(polymerase chain reaction, ¢&A dHuk3)E % B.
burgdorferi®] DNAE ®A S AA T, dA] #4d9 5 22
W& & B. burgdorferi®] AW ¥ FAstA X3 Ae ol
OB, 75 B8, 9% A7 1FAAE 54 iEEﬂi A8 es,
A A, FFE 12 F)NA 29z E
2 (round body form) &574 % oUA ARE
E SIAARE A
HIE gloy, opg 2 ixg«] EH* o] H1 gl
19, 69]. WekA, B. burgdorferi7} round body 34 & 53l
/%‘Xﬂilﬂ%ﬁ gol o} o] & Ao g o)Xtk FAE of
< EAHA Rty k. =&, B. burgdorferi®] OspAigsazs
“3(_73 A A 5919 49 human lymphocyte function asso-
ciated antigen-1 (hLFA-1)% A& FAA & YEIRAEL, o] 2
A Al AZtHEGAS S0l dojue=A A HA A
% dHeln27, 76].
B. burgdorferit /‘ﬂ_-—ﬂ
Ar 3wk o] &5
o

Solo oy b x> oo o o o (T N ofN
i

) ot

ox
;g

o

—

L
(B r*o
182
i
Q
it
N
4l
_o|L
_E’,
o[o

3 -4“?]‘ e /\17474]/
< Hol "Eﬂ ]%
5473 3t 371] ad ds A
é?ﬁ% &2l B. burgdorferi®] F33 A& +& ‘3—@0] methyl
accepting chemotaxis proteins (MCPs)o] A1 Z AEGEHE &
o] o] &5 = glutamate % glycine, #H W ®o] EA5t= glu-
cosamine, N-acetylglucosamine, 18] i 157]9] ZJ lHOI] /\1
A E = glycerol 2 chitosan¥} 2311, o] &
B. burgdorferi7} fr1 == Zlo] Y3 A TS, 48]. -rl ANREE
T§s & o, B. burgdorferi®] 54 2 FIHE AATE
HE o} A3FE S5 Atolo Mt a3 4TS ko 7

Journal of Life Science 2018, Vol. 28. No. 5 633

9 ABEE PYSHE 4TS @ B opel, 4% olA
54 2400 ofF 9 AW FUIE F4F 4TS 59
st AL & 4 it

228 et 45 YA g SE4AQ s AT, 1R
7h AZ T} obd Uil EAlstaL, Al oF Bkl A8}
*‘E of WHHEY 3ol oef E¥Fol 2AdH. &
d, AFHURE 7HA = AgolA e LA

JJEEH TEE 7HAH, ¥4 7HA7
2 Fedo] oz a7En Ad #d

2 7)€ R Q8| B. burgdorferi®] %%
Tojste G RS0 WA AAEH &S
AT AT ok 7R Fe FAAE 75l HeAA
gton, 53 o] HAA ~vEHEA WEHARY 2YHH
A3 MZ OE a5 YA 2543 F349 24 5
et oAy A7 A F AT B. burgdorferid] 54 2
Fago i A3t d7E T obARA oA X3 ol
Solg Ao R 714E oldste AL WYl E7sd
T. pallidum 3 & WL 29 25 Ets9] SA4S Fed £
L3 ARE AT F Ao

ZAte 2

o EEL NI7HUE B2ALUSHT A 7A A
HAREARATH ] AL Wol £ AT, o] =29
d (Fig. 2, Fig. 3, Fig. 4)<& East Carolina University
©] Md A. Motaleb 1%} Yale University9] Jun Liu 252
H

-z
[
ol
il

References

1. Adler, B. and de la Pena Moctezuma, A. 2010. Leptospira
and leptospirosis. Vet. Microbiol. 140, 287-296.

2. Aldridge, P. and Hughes, K. T. 2002. Regulation of flagellar
assembly. Curr. Opin. Microbiol. 5, 160-165.

3. Arvikar, S. L. and Steere, A. C. 2015. Diagnosis and treat-
ment of Lyme arthritis. Infect. Dis. Clin. North. Am. 29,
269-280.

4. Bacon, R. M., Kugeler, K. J. and Mead, P. S. Centers for
Disease and Prevention (CDC). 2008. Surveillance for Lyme
disease--United States, 1992-2006. MMWR. Surveill. Summ.
57, 1-9.

5. Bakker, R. G., Li, C, Miller, M. R,, Cunningham, C. and
Charon, N. W. 2007. Identification of specific chemo-
attractants and genetic complementation of a Borrelia burg-
dorferi chemotaxis mutant: flow cytometry-based capillary
tube chemotaxis assay. Appl. Environ. Microbiol. 73, 1180-



634 8B UEP|X| 2018, Vol. 28. No. 5
1188.
6. Balmelli, T. and Piffaretti, J. C. 1995. Association between

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

different clinical manifestations of Lyme disease and differ-
ent species of Borrelia burgdorferi sensu lato. Res. Microbiol.
146, 329-340.

. Ben-Menachem, G., Kubler-Kielb, J., Coxon, B., Yergey, A.

and Schneerson, R. 2003. A newly discovered cholesteryl
galactoside from Borrelia burgdorferi. Proc. Natl. Acad. Sci.
USA 100, 7913-7918.

. Bischoff, D. S. and Ordal, G. W. 1992. Bacillus subtilis chemo-

taxis: a deviation from the Escherichia coli paradigm. Mol.
Microbiol. 6, 23-28.

. Bockenstedt, L. K., Gonzalez, D., Mao, J., Li, M., Belperron,

A. A. and Haberman, A. 2014. What ticks do under your
skin: two-photon intravital imaging of Ixodes scapularis feed-
ing in the presence of the lyme disease spirochete. Yale. J.
Biol. Med. 87, 3-13.

Bockenstedt, L. K. and Wormser, G. P. 2014. Review: un-
raveling Lyme disease. Arthritis. Rheumatol. 66, 2313-2323.
Chao, X., Muff, T. ], Park, S. Y., Zhang, S., Pollard, A. M.,
Ordal, G. W., Bilwes, A. M. and Crane, B. R. 2006. A re-
ceptor-modifying deamidase in complex with a signaling
phosphatase reveals reciprocal regulation. Cell 124, 561-571.
Charon, N. W., Cockburn, A., Li, C, Liy, J., Miller, K. A.,
Miller, M. R., Motaleb, M. A. and Wolgemuth, C. W. 2012.
The unique paradigm of spirochete motility and chemotaxis.
Annu. Rev. Microbiol. 66, 349-370.

Charon, N. W. and Goldstein, S. F. 2002. Genetics of motility
and chemotaxis of a fascinating group of bacteria: the
spirochetes. Annu. Rev. Genet. 36, 47-73.

Chen, S., Beeby, M., Murphy, G. E., Leadbetter, J. R., Hen-
drixson, D. R., Briegel, A., Li, Z,, Shi, J., Tocheva, E. L,
Miiller, A., Dobro, M. J. and Jensen, G. J. 2011. Structural
diversity of bacterial flagellar motors. EMBO. ]. 30,
2972-2981.

Chevance, F. F. and Hughes, K. T. 2008. Coordinating as-
sembly of a bacterial macromolecular machine. Naf. Rev.
Microbiol. 6, 455-465.

Dashper, S. G,, Seers, C. A,, Tan, K. H. and Reynolds, E.
C. 2011. Virulence factors of the oral spirochete Treponema
denticola. ]. Dent. Res. 90, 691-703.

de Silva, A. M., Telford, S. R. 3rd, Brunet, L. R., Barthold,
S. W. and Fikrig, E. 1996. Borrelia burgdorferi OspA is an
arthropod-specific transmission-blocking Lyme disease vac-
cine. J. Exp. Med. 183, 271-275.

Dombrowski, C., Kan, W., Motaleb, M. A., Charon, N. W.,
Goldstein, R. E. and Wolgemuth, C. W. 2009. The elastic
basis for the shape of Borrelia burgdorferi. Biophys. ]. 96, 4409-
4417.

Feng, J., Shi, W., Zhang, S,, Sullivan, D., Auwaerter, P. G.
and Zhang, Y. 2016. A drug combination screen identifies
drugs active against amoxicillin-induced round bodies of in
vitro Borrelia burgdorferi persisters from an FDA drug library.
Front. Microbiol. 7, 743.

Fraser, C. M., Casjens, S, Huang, W. M., Sutton, G. G,
Clayton, R., Lathigra, R, White, O., Ketchum, K. A., Dodson,

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

R., Hickey, E. K., Gwinn, M., Dougherty, B., Tomb, J. E.,
Fleischmann, R. D., Richardson, D., Peterson, J., Kerlavage,
A. R, Quackenbush, J., Salzberg, S., Hanson, M., van Vugt,
R., Palmer, N., Adams, M. D., Gocayne, J., Weidman, ]J.,
Utterback, T., Watthey, L, McDonald, L., Artiach, P,
Bowman, C., Garland, S., Fuji, C., Cotton, M. D., Horst, K,,
Roberts, K., Hatch, B., Smith, H. O. and Venter, ]. C. 1997.
Genomic sequence of a Lyme disease spirochaete, Borrelia
burgdorferi. Nature 390, 580-586.

Garrity, L. F. and Ordal, G. W. 1995. Chemotaxis in Bacillus
subtilis: how bacteria monitor environmental signals. Phar-
macol. Ther. 68, 87-104.

Ge, Y. and Charon, N. W. 1997. FlaA, a putative flagellar
outer sheath protein, is not an immunodominant antigen
associated with Lyme disease. Infect. Immun. 65, 2992-2995.
Giacani, L. and Lukehart, S. A. 2014. The endemic trepone-
matoses. Clin. Microbiol. Rev. 27, 89-115.

Glekas, G. D., Plutz, M. ]., Walukiewicz, H. E., Allen, G.
M., Rao, C. V. and Ordal, G. W. 2012. Elucidation of the
multiple roles of CheD in Bacillus subtilis chemotaxis. Mol.
Microbiol. 86, 743-756.

Goldstein, S. F., Buttle, K. F. and Charon, N. W. 1996.
Structural analysis of the Leptospiraceae and Borrelia burg-
dorferi by high-voltage electron microscopy. J. Bacteriol. 178,
6539-6545.

Goldstein, S. F., Charon, N. W. and Kreiling, ]. A. 1994.
Borrelia burgdorferi swims with a planar waveform similar
to that of eukaryotic flagella. Proc. Natl. Acad. Sci. USA. 91,
3433-3437.

Guerau-de-Arellano, M. and Huber, B. T. 2002. Development
of autoimmunity in Lyme arthritis. Curr. Opin. Rheumatol.
14, 388-393.

Guyard, C., Raffel, S. J., Schrumpf, M. E,, Dahlstrom, E.,
Sturdevant, D., Ricklefs, S. M., Martens, C., Hayes, S. F.,
Fischer, E. R., Hansen, B. T., Porcella, S. F. and Schwan,
T. G. 2013. Periplasmic flagellar export apparatus protein,
FliH, is involved in post-transcriptional regulation of FlaB,
motility and virulence of the relapsing fever spirochete
Borrelia hermsii. PLoS One 8, €72550.

Haake, D. A. and Levett, P. N. 2015. Leptospirosis in hu-
mans. Curr. Top. Microbiol. Immunol. 387, 65-97.
Hazelbauer, G. L. 2012. Bacterial chemotaxis: the early years
of molecular studies. Annu. Rev. Microbiol. 66, 285-303.
Herzer, P., Fingerle, V., Pfister, H. W. and Krause, A. 2014.
[Lyme borreliosis]. Internist (Berl). 55, 789-802; quiz 803-804.
Hovind-Hougen, K. 1984. Ultrastructure of spirochetes iso-
lated from Ixodes ricinus and Ixodes dammini. Yale. ]. Biol.
Med. 57, 543-548.

Karna, S. L., Sanjuan E., Esteve-Gassent, M. D., Miller, C.
L., Maruskova, M. and Seshu, J. 2011. CsrA modulates levels
of lipoproteins and key regulators of gene expression critical
for pathogenic mechanisms of Borrelia burgdorferi. Infect.
Immun. 79, 732-744.

Ko, A. I, Goarant, C. and Picardeau, M. 2009. Leptospira:
the dawn of the molecular genetics era for an emerging zoo-
notic pathogen. Nat. Rev. Microbiol. 7, 736-747.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Kristich, C. J. and Ordal, G. W. 2002. Bacillus subtilis CheD
is a chemoreceptor modification enzyme required for che-
motaxis. J. Biol. Chem. 277, 25356-25362.

Kudryashev, M., Cyrklaff, M., Baumeister, W., Simon, M.
M., Wallich, R. and Frischknecht, F. 2009. Comparative cryo-
electron tomography of pathogenic Lyme disease spirochetes.
Mol. Microbiol. 71, 1415-34.

Kuehn, B. M. 2013. CDC estimates 300,000 US cases of Lyme
disease annually. JAMA. 310, 1110.

Lambert, A., Picardeau, M., Haake, D. A., Sermswan, R. W.,
Srikram, A., Adler, B. and Murray, G. A. 2012. FlaA pro-
teins in Leptospira interrogans are essential for motility and
virulence but are not required for formation of the flagellum
sheath. Infect. Immun. 80, 2019-2025.

Li, C., Bakker, R. G., Motaleb, M. A., Sartakova, M. L.,
Cabello, F. C. and Charon, N. W. 2002. Asymmetrical flag-
ellar rotation in Borrelia burgdorferi nonchemotactic mutants.
Proc. Natl. Acad. Sci. USA. 99, 6169-6174.

Liao, S., Sun, A., Ojcius, D. M., Wu, S., Zhao, J. and Yan,
J. 2009. Inactivation of the fliY gene encoding a flagellar mo-
tor switch protein attenuates mobility and virulence of
Leptospira interrogans strain Lai. BMC. Microbiol. 9, 253.
Lin, T., Gao L., Zhang, C., Odeh, E., Jacobs, M. B., Coutte,
L., Chaconas, G., Philipp, M. T. and Norris, S. J. 2012.
Analysis of an ordered, comprehensive STM mutant library
in infectious Borrelia burgdorferi: insights into the genes re-
quired for mouse infectivity. PLoS One 7, e47532.

Liy, J., Lin, T., Botkin, D. J., McCrum, E., Winkler, H. and
Norris, S. J. 2009. Intact flagellar motor of Borrelia burgdorferi
revealed by cryo-electron tomography: evidence for stator
ring curvature and rotor/C-ring assembly flexion. . Bacteriol.
191, 5026-5036.

Lux, R, Miller, J. N., Park, N. H. and Shi, W. 2001. Motility
and chemotaxis in tissue penetration of oral epithelial cell
layers by Treponema denticola. Infect. Immun. 69, 6276-6283.
Moon, K. H., Hobbs, G. and Motaleb, M. A. 2016. Borrelia
burgdorferi CheD Promotes Various Functions in Chemotaxis
and the Pathogenic Life Cycle of the Spirochete. Infect.
Immun. 84, 1743-1752.

Moon, K. H., Zhao, X., Manne, A., Wang, J., Yu, Z,, Liy,
J. and Motaleb, M. A. 2016. Spirochetes flagellar collar pro-
tein FIbB has astounding effects in orientation of peri-
plasmic flagella, bacterial shape, motility, and assembly of
motors in Borrelia burgdorferi. Mol. Microbiol. 102, 336-348.
Motaleb, M. A., Corum, L., Bono, J. L., Elias, A. F., Rosa,
P., Samuels, D. S. and Charon, N. W. 2000. Borrelia burgdor-
feri periplasmic flagella have both skeletal and motility
functions. Proc. Natl. Acad. Sci. USA. 97, 10899-10904.
Motaleb, M. A,, Liu, J. and Wooten, R. M. 2015. Spirochetal
motility and chemotaxis in the natural enzootic cycle and
development of Lyme disease. Curr. Opin. Microbiol. 28, 106-
113.

Motaleb, M. A., Miller, M. R,, Li, C, Bakker, R. G,
Goldstein, S. F., Silversmith, R. E., Bourret, R. B. and
Charon, N. W. 2005. CheX is a phosphorylated CheY phos-
phatase essential for Borrelin burgdorferi chemotaxis. J.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Journal of Life Science 2018, Vol. 28. No. 5 635

Bacteriol. 187, 7963-7969.

Motaleb, M. A., Miller, M. R,, Li, C. and Charon, N. W.
2007. Phosphorylation assays of chemotaxis two-component
system proteins in Borrelia burgdorferi. Methods. Enzymol. 422,
438-447.

Motaleb, M. A., Pitzer, J. E., Sultan, S. Z. and Liu, J. 2011.
A novel gene inactivation system reveals altered periplasmic
flagellar orientation in a Borrelia burgdorferi fliL mutant. J.
Bacteriol. 193, 3324-3331.

Motaleb, M. A., Sal, M. S. and Charon, N. W. 2004. The
decrease in FlaA observed in a flaB mutant of Borrelia burg-
dorferi occurs posttranscriptionally. ]. Bacteriol. 186, 3703-
3711.

Motaleb, M. A., Sultan, S. Z.,, Miller, M. R,, Li, C. and
Charon, N. W. 2011. CheY3 of Borrelia burgdorferi is the key
response regulator essential for chemotaxis and forms a
long-lived phosphorylated intermediate. ]. Bacteriol. 193,
3332-3341.

Muff, T. J. and Ordal, G. W. 2007. The CheC phosphatase
regulates chemotactic adaptation through CheD. ]. Biol.
Chem. 282, 34120-34128.

Murray, T. S. and Shapiro, E. D. 2010. Lyme disease. Clin.
Lab. Med. 30, 311-328.

Novak, E. A., Sekar, P., Xu, H., Moon, K. H., Manne, A.,
Wooten, R. M. and Motaleb, M. A. 2016. The Borrelia burg-
dorferi CheY3 response regulator is essential for chemotaxis
and completion of its natural infection cycle. Cell. Microbiol.
18, 1782-1799.

Novak, E. A, Sultan, S. Z. and Motaleb, M. A. 2014. The
cyclic-di-GMP signaling pathway in the Lyme disease spi-
rochete, Borrelia burgdorferi. Front. Cell. Infect. Microbiol. 4,
56.

Ohnishi, J., Piesman, J. and de Silva, A. M. 2001. Antigenic
and genetic heterogeneity of Borrelia burgdorferi populations
transmitted by ticks. Proc. Natl. Acad. Sci. USA. 98, 670-675.
Pal, U, Li, X, Wang, T., Montgomery, R. R, Ramamoorthi,
N., Desilva, A. M., Bao, F.,, Yang, X,, Pypaert, M., Pradhan,
D., Kantor, F. S, Telford, S., Anderson, J. F. and Fikrig, E.
2004. TROSPA, an Ixodes scapularis receptor for Borrelia
burgdorferi. Cell 119, 457-468.

Park, S. Y., Lowder, B, Bilwes, A. M., Blair, D. F. and Crane,
B. R. 2006. Structure of FliM provides insight into assembly
of the switch complex in the bacterial flagella motor. Proc.
Natl. Acad. Sci. USA. 103, 11886-11891.

Pitzer, ]. E., Sultan, S. Z., Hayakawa, Y., Hobbs, G., Miller,
M. R. and Motaleb, M. A. 2011. Analysis of the Borrelia burg-
dorferi cyclic-di-GMP-binding protein PIzA reveals a role in
motility and virulence. Infect. Immun. 79, 1815-1825.
Porter, S. L., Wadhams, G. H. and Armitage, ]. P. 2011.
Signal processing in complex chemotaxis pathways. Nat.
Rev. Microbiol. 9, 153-165.

Radolf, J. D., Caimano, M. J., Stevenson, B. and Hu, L. T.
2012. Of ticks, mice and men: understanding the dual-host
lifestyle of Lyme disease spirochaetes. Nat. Rev. Microbiol.
10, 87-99.

Rollend, L., Fish, D. and Childs, J. E. 2013. Transovarial



636

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

BB ULRIX| 2018, Vol. 28. No. 5

transmission of Borrelia spirochetes by Ixodes scapularis: a
summary of the literature and recent observations. Ticks.
Tick. Borne. Dis. 4, 46-51.

Rosa, P. A, Tilly, K. and Stewart, P. E. 2005. The burgeoning
molecular genetics of the Lyme disease spirochaete. Nat.
Rev. Microbiol. 3, 129-143.

Rosey, E. L., Kennedy, M. J. and Yancey, R. J. Jr. 1996. Dual
flaA1 flaB1 mutant of Serpulina hyodysenteriae expressing
periplasmic flagella is severely attenuated in a murine mod-
el of swine dysentery. Infect. Immun. 64, 4154-4162.

Sal, M. S,, Li, C, Motalab, M. A., Shibata, S., Aizawa, S. and
Charon, N. W. 2008. Borrelia burgdorferi uniquely regulates
its motility genes and has an intricate flagellar hook-basal
body structure. |. Bacteriol. 190, 1912-1921.

Sanchez, J. L. 2015. Clinical manifestations and treatment
of lyme disease. Clin. Lab. Med. 35, 765-778.

Sanjuan, E., Esteve-Gassent, M. D., Maruskova, M. and
Seshu, J. 2009. Overexpression of CsrA (BB0184) alters the
morphology and antigen profiles of Borrelia burgdorferi.
Infect. Immun. 77, 5149-5162.

Sapi, E., Kaur, N., Anyanwu, S., Luecke, D. F., Datar, A,,
Patel, S., Rossi, M. and Stricker, R. B. 2011. Evaluation of
in-vitro antibiotic susceptibility of different morphological
forms of Borrelia burgdorferi. Infect. Drug. Resist. 4, 97-113.
Sarkar, M. K,, Paul, K. and Blair, D. 2010. Chemotaxis signal-
ing protein CheY binds to the rotor protein FliN to control
the direction of flagellar rotation in Escherichia coli. Proc.
Natl. Acad. Sci. USA. 107, 9370-9375.

Schwan, T. G. and Piesman, J. 2000. Temporal changes in
outer surface proteins A and C of the lyme disease-asso-
ciated spirochete, Borrelia burgdorferi, during the chain of in-
fection in ticks and mice. . Clin. Microbiol. 38, 382-388.
Shih, C. M., Chao, L. L. and Yu, C. P. 2002. Chemotactic
migration of the Lyme disease spirochete (Borrelia burgdor-
feri) to salivary gland extracts of vector ticks. Am. |. Trop.
Med. Hyg. 66, 616-621.

Smith, R. P., Schoen, R. T., Rahn, D. W,, Sikand, V. K,,
Nowakowski, J., Parenti, D. L., Holman, M. S., Persing, D.
H. and Steere, A. C. 2002. Clinical characteristics and treat-
ment outcome of early Lyme disease in patients with micro-
biologically confirmed erythema migrans. Ann. Intern. Med.
136, 421-428.

Sourjik, V. and Wingreen, N. S. 2012. Responding to chem-
ical gradients: bacterial chemotaxis. Curr. Opin. Cell. Biol. 24,
262-268.

Steere, A. C,, Duray, P. H. and Butcher, E. C. 1988. Spiroche-
tal antigens and lymphoid cell surface markers in Lyme
synovitis. Comparison with rheumatoid synovium and ton-
sillar lymphoid tissue. Arthritis. Rheum. 31, 487-495.
Steere, A. C,, Gross, D., Meyer, A. L. and Huber, B. T. 2001.
Autoimmune mechanisms in antibiotic treatment-resistant
lyme arthritis. ]. Autoimmun. 16, 263-268.

Sultan, S. Z., Manne, A., Stewart, P. E., Bestor, A., Rosa,
P. A, Charon. N. W. and Motaleb, M. A. 2013. Motility is
crucial for the infectious life cycle of Borrelia burgdorferi.
Infect. Immun. 81, 2012-2021.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Sultan, S. Z., Pitzer, ]. E., Boquoi, T., Hobbs, G., Miller, M.
R. and Motaleb, M. A. 2011. Analysis of the HD-GYP do-
main cyclic dimeric GMP phosphodiesterase reveals a role
in motility and the enzootic life cycle of Borrelia burgdorferi.
Infect. Immun. 79, 3273-3283.

Sultan, S. Z., Pitzer, ]. E., Miller, M. R. and Motaleb, M.
A. 2010. Analysis of a Borrelia burgdorferi phosphodiesterase
demonstrates a role for cyclic-di-guanosine monophosphate
in motility and virulence. Mol. Microbiol. 77, 128-142.
Sultan, S. Z., Sekar, P., Zhao, X., Manne, A., Liu, J., Wooten,
R. M. and Motaleb, M. A. 2015. Motor rotation is essential
for the formation of the periplasmic flagellar ribbon, cellular
morphology, and Borrelia burgdorferi persistence within
Ixodes scapularis tick and murine hosts. Infect. Immun. 83,
1765-1777.

Sze, C. W. and Li, C. 2011. Inactivation of bb0184, which
encodes carbon storage regulator A, represses the infectivity
of Borrelia burgdorferi. Infect. Immun. 79, 1270-1279.

Sze, C. W.,, Morado, D. R, Liu, J., Charon, N. W., Xu, H.
and Li, C. 2011. Carbon storage regulator A (CsrA(Bb)) is
a repressor of Borrelia burgdorferi flagellin protein FlaB. Mol.
Microbiol. 82, 851-864.

Sze, C. W,, Zhang, K,, Kariu, T, Pal, U. and Li, C. 2012.
Borrelia burgdorferi needs chemotaxis to establish infection
in mammals and to accomplish its enzootic cycle. Infect.
Immun. 80, 2485-2492.

van Dam, A. P.,, Kuiper, H., Vos, K., Widjojokusumo, A.,
de Jongh, B. M., Spanjaard, L., Ramselaar, A. C., Kramer,
M. D. and Dankert, J. 1993. Different genospecies of Borrelia
burgdorferi are associated with distinct clinical manifes-
tations of Lyme borreliosis. Clin. Infect. Dis. 17, 708-717.
van Leeuwenhoek, A. 1684. An abstract of a letter from Mr.
Anthony Leevvenhoeck at Delft, dated Sep. 17. 1683.
Containing some microscopical observations, about animals
in the scurf of the teeth, the substance call’d worms in the
nose, the cuticula consisting of scales. Philos. Trans. 14,
568-574.

Xu, H.,, Raddi, G,, Liu, J., Charon, N. W. and Li, C. 2011.
Chemoreceptors and flagellar motors are subterminally lo-
cated in close proximity at the two cell poles in spirochetes.
J. Bacteriol. 193, 2652-2656.

Xu, H., Sultan, S., Yerke, A., Moon, K. H., Wooten, R. M.
and Motaleb, M. A. 2017. Borrelia burgdorferi CheY2 is dis-
pensable for chemotaxis or motility but crucial for the in-
fectious life cycle of the spirochete. Infect. Immun. 85,
€00264-16.

Xue, F., Yan, ]. and Picardeau, M. 2009. Evolution and
pathogenesis of Leptospira spp.: lessons learned from the
genomes. Microbes Infect. 11, 328-333.

Zhang, K, Liu, J., Tu, Y., Xu, H.,, Charon, N. W. and Li,
C. 2012. Two CheW coupling proteins are essential in a che-
mosensory pathway of Borrelia burgdorferi. Mol. Microbiol. 85,
782-794.

Zhao, X., Norris, S. J. and Liu, J. 2014. Molecular architecture
of the bacterial flagellar motor in cells. Biochemistry 53,
4323-4333.



91. Zhao, X., Zhang, K., Boquoi, T., Hu, B., Motaleb, M. A,

Miller, K. A., James, M. E., Charon, N. W., Manson, M. D,

Norris, S. ], Li, C. and Liu, J. 2013. Cryoelectron tomog

Journal of Life Science 2018, Vol. 28. No. 5 637

raphy reveals the sequential assembly of bacterial flagella
in Borrelia burgdorferi. Proc. Natl. Acad. Sci. USA. 110, 14390-
14395.

B

E . El.O“:ﬁ elol A

ool_oﬁ Jtsoil . |:|7|§I_|_2*

=
o-L-o e

(Radsta Adsst s oy &, 2g2E g st

54 2 FIAAL 2 EdEE 2T B2 0
Borrelia burgdorferioll ©}s 2Hstm, ety e
oA 748 Fdsks HE-m A4 @‘ﬂolﬁ} Borrelia

#5328 FHAEL 1 HEE VA, 2540
A ZIga A Ao B3 A H] oH oS o
5 S M AR Q4T
TR 2247)e0] 2D s Wdel X dd 22 EY LFH 2
It & gir =woAe ol Hdd 7]@4 ofgLz dAA T
EH F2E a/fsta, 7o BedY &84 3 FIEe FaaAd o

@ ol #o| £EA0l A BF WAYZ

olty 2I0| ATL|Z|El Borrelia burgdorferi

A Ftetrienhet of FAY = R

i

ESAL FaiY: BEIIMUMS A

\_/

Borrelia burgdorferH "Hi-fv’:
& Arstaiz .




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


