Fig. 5. Efficient secretion of SP-sfGFP fused to CTDsprs 0r to CTDrjon_3952 requires coexpression
with the cognate SprF-like protein (A) Fusion of the type B CTD encoded by Fjoh_3952 to SP-
sfGFP and coexpression with the spri-like gene Fjoh_3951 results in T9SS-mediated secretion.
Cells of AsprB and of T9SS mutant AsprB AgldK carrying either pSK58 expressing SP-sfGFP-
CTDrjon_3952(228 Aa), Or pSK57 expressing both SP-sfGFP-CTDrjon 3952228 aa) and the SprF-like
protein encoded by Fjoh_3951 were examined. Whole cells and cell-free spent media were
examined for sfGFP by SDS-PAGE and western blotting with anti-GFP antiserum. Whole cell
samples corresponded to 10 pg protein per lane and samples from spent media corresponded to
the volume of spent medium that contained 10 pg protein before the cells were removed. (B)
Secretion of SP-sf-GFP was examined as described above except that cells carried either pSK69,
which expresses both SP-sfGFP-CTDspg and the SprF-like protein encoded by Fjoh 3951, or
pPSK68 which expresses both SP-sfGFP-CTDrjon_3es2 and SprF. Control cells that secreted sfGFP
carried pSK56 expressing SP-sfGFP-CTDsprg and SprF. (C) SprF levels were examined in wild-
type and AsprF mutant cells, and in cells of the AsprB mutant carrying either pSK56 expressing
SP-sfGFP-CTDspra(218 Aa) and SprF, pSK55 expressing SP-sfGFP-CTDsprs, or pSK68 expressing
SP-sfGFP-CTDrjon 3952 and SprF. Equal amount (10 ug protein) of each sample were loaded in
each lane and western blot analysis was performed using anti-SprF antibodies.
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Fig. 6. A lone type B CTD by itself does not support sfGFP secretion. To determine of Fjoh_1123
CTD can target SP-sfGFP for secretion, cells of AsprB and of T9SS mutant AsprB AgldK, carrying
plasmids that expressed SP-sfGFP fused to 238 AA of Fjoh_1123 (pSK64) were analyzed. The
culture supernatant (spent medium) and intact cells were analyzed for sSfGFP by western blot using
anti-GFP antiserum. Whole cell samples corresponded to 10 ug protein per lane and samples from
spent media corresponded to the volume of spent medium that contained 10 ug protein before the
cells were removed.
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SprF outer membrane localization. SprF is needed for SprB localization to the cell
surface. sprB, sprC, sprD and sprF are part of an operon (16). SprF might be an adaptor or
chaperone that interacts with SprB to aid in its secretion to the cell surface. To characterize SprF
further, the protein was localized. SprF was not detected in the cell free spent medium or on the
surface of intact cells using latex spheres coated with anti-SprF. SprF was not susceptible to
proteinase K in the wild-type cells but was partially digested in AsprB cells (Fig. 7). This suggests
that it may be protected from extracellular proteases by SprB in wild-type cells. Further studies

need to be done to understand the interactions between CTDsprs and SprF.
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WT AsprB AsprF
Time (h) 0 2 02 0 2 0 2 0 2 0 2
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Fig. 7. Proteinase K treatment to determine if SprF localizes to the cell surface. Wild-type, AsprB
and AsprF strains were analyzed. Proteinase K was added at a final concentration of 1 mg/ml to
intact cells (A) and to cells extracts prepared by French pressure cell treatment (B), and cells and
extracts were incubated at 25°C. Samples were removed at 0 h and 2 h for immunoblot analyses.
Samples were separated by SDS-PAGE and SprF was detected using antiserum against SprF.
Samples not exposed to proteinase K (-) were also included.
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Discussion

T9SSs are prevalent in members of the phylum Bacteroidetes. Proteins secreted by T9SSs
have N-terminal SPs, and rely on the Sec system for export across the cytoplasmic membrane (2,
5, 10). They also have conserved CTDs that target them for secretion across the outer membrane
by the T9SS (5, 8, 10, 32, 33). Most T9SS CTDs belong to one of two protein domain families
TIGR04183 (type A CTDs) and TIGR04131 (type B CTDs) (10). The features of type A CTDs
have been functionally studied in F. johnsoniae and P. gingivialis (12, 14, 15). Type A CTDs
typically extend less than 100 AAs from the C-terminus. Truncated proteins lacking their type A
CTD are not secreted and instead accumulate in the cell, presumably in the periplasm (14). In
addition, fusion of type A CTDs to foreign proteins such as GFP results in secretion across the
outer membrane (12). CTDs are typically cleaved during or after secretion. PorU is the predicted
peptidase that cleaves the CTD. Mutation of porU results in secretion of P. gingivalis proteins
such as RgpB to the cell surface but without CTD removal (37). Deletion of core T9SS genes
eliminates secretion of proteins carrying type A CTDs (8, 10, 15), indicating that the T9SS is
required for this secretion. Unlike type-A CTDs, the potential roles and features of type B CTDs
have not been studied. The results presented here demonstrate that type B CTDs can target a
foreign protein for secretion by the T9SS. They also demonstrate the requirement for the

appropriate cognate SprF-like protein for efficient secretion.

Type B CTDs are not similar in sequence to type A CTDs (15, 38). They also appear to
differ functionally from type A CTDs. Type B CTDs of more than 149 amino acids were required
to target sSfGFP for secretion, and coexpression with cognate SprF-like proteins was required for

efficient secretion. SprF was already known to be required for secretion of the type B CTD-
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Chapter 4. Summary

Flavobacterium johnsoniae is a gliding bacterium that belongs to the phylum
Bacteroidetes. It has a novel protein secretion system called the type IX secretion system (T9SS),
that secretes cell surface adhesins SprB and RemA to the cell surface and secretes extra-cellular
enzymes such as the chitinase ChiA and the amylase AmyB to the extra-cellular milieu. These
proteins secreted by the T9SS have N-terminal signal peptides for export across the cytoplasmic
membrane into the periplasmic space. Based on the results in this thesis, a model for protein
targeting to the T9SS is hypothesized (Fig. 1). The T9SS secreted proteins have conserved
Carboxy-terminal domains (CTDs) that appear to target them to the T9SS. The CTDs in F.
johnsoniae belong to at least two distinct protein domain families. This thesis focused on
understanding the diversity of these CTDs, the features needed for secretion and cell surface
attachment, and the interaction of CTDs with some of the components of the T9SS. Chapter 2
explored the features of type-A CTDs which belong to TIGR04183. Three F. johnsoniae proteins
were studied in chapter 2: cell surface adhesin RemA, and extra-cellular enzymes ChiA and AmyB.
About 80 to 100 AA of the CTDs of these proteins were sufficient and necessary to target the
heterologous protein sfGFP to the T9SS for secretion. It was also found that secretion is growth-
phase dependent with substantial secretion seen in stationary phase cells and little secretion
observed for cells in the exponential phase of growth. Chapter 3 focused on the CTD of SprB,
which belongs to TIGR04131. It appears that regions longer regions than 149 AAs of SprB CTD
are needed to target sfGFP for secretion. In addition, coexpresion with SprF was needed for
secretion of the fusion protein. sprF and sprB are a part of an operon, and SprF is required for

secretion of SprB but not for secretion of other proteins targeted to the T9SS. Additionally, while
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the C-terminal 218 AA of SprB facilitated secretion of sSfGFP, longer regions (greater than 448
AAs) were needed for cell surface localization of sSfGFP. These requirements for targeting proteins
for secretion and surface localization in F. johnsoniae are likely to have broad significance given
the prevalence of T9SSs, and the large number of proteins secreted by these systems, in members

of the large and diverse phylum Bacteroidetes.
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Fig. 1. Members of the genus Flavobacterium, and many related bacteria, secrete proteins across
the outer membrane using the type 1X secretion system (T9SS core proteins in orange). Proteins
secreted by T9SSs have amino-terminal signal peptides (N) for export across the cytoplasmic
membrane by the Sec system, and carboxy-terminal domains (CTDs) targeting them for secretion
across the outer membrane by the T9SS. Most T9SS CTDs belong to either family TIGR04183
(type A CTDs; blue) or TIGR04131 (type B CTDs; dark green). The CTDs are cleaved off during
or after secretion of the effector proteins.
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Appendix 1. F. johnsoniae ChiAcTp is recognized as a targeting signal by the Flavobacterium
columnare T9SS

To test if the F. johnsoniae ChiA T9SS CTD is recognized as a ‘targeting signal’ by the
T9SSs of another member of the phylum Bacteroidetes, the plasmid pSSK52 expressing the fusion
protein SPchia-mCherry-CTDchia was introduced into Flavobacterium columnare wild-type and
gldN mutant cells. pSSK52 expresses mCherry that has an N-terminal signal peptide to allow
export across the cytoplasmic membrane by the Sec system, and is fused to the C-terminal 105
amino acids of F. johnsoniae ChiA (1). F. columnare is a common fish pathogen that causes
columnaris disease and is a major issue faced by aquaculture facilities worldwide (2). F. columnare
genomovar 2 strain C#2 (3, 4) was the wild-type strain used in this study. F. columnare strains
were grown in Shieh medium (5) at 30°C. Tetracycline was used at a concentration of 10 pg/ml.
To detect secretion of recombinant mCherry, F. columnare cells were grown overnight in Shieh
medium at 30°C with shaking. Cells were pelleted by centrifugation at 22,000 x g for 15 min at
4°C, and the culture supernatant (spent medium) was separated. Supernatant was ultracentrifuged
at 352,900 x g for 30 mins at 4°C. For whole-cell samples, the cells were suspended in the original
culture volume of phosphate-buffered saline consisting of 137 mM NacCl, 2.7 mM KCI, 10 mM
Na2POg4, and 2 mM KH2PO4 (pH 7.4). Equal amounts of spent media and whole cells were boiled
in SDS-PAGE loading buffer for 10 minutes. Proteins were separated by SDS-PAGE, and Western
blot analyses were performed as previously described (6). Equal amounts of each sample based on
the starting material were loaded in each lane. For cell extracts this corresponded to 10 pg protein,
whereas for spent medium this corresponded to the equivalent volume of spent medium that
contained 10 pg cell protein before the cells were removed. Commercially available antibodies

against mCherry (0.5 mg per ml; BioVision Incorporated, Milpitas, CA) were used at dilution of
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1:5,000 to detect mCherry. The CTD of F. johnsoniae ChiA functioned in F. columnare strain
C#2, as demonstrated by the accumulation of mCherry in the spent culture fluid of wild type cells
but not of the gldN mutant (Fig. 1). In contrast, mCherry accumulated in whole cells of the gldN
mutant. Together the results demonstrate that the CTD signal from F. johnsoniae was recognized
by the T9SS of another member of the phylum Bacteroidetes, F. columnare. This was especially
impressive because CTDchia is not similar to members of the type A or type B families of CTDs,
and because F. columnare does not appear to produce any proteins with CTDs similar in sequence
to ChiAcTp. The results also indicated that the F. columnare T9SS component GIdN was needed

for secretion of proteins targeted to the T9SS.
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Fig. 1. Cultures of Wild-type (WT) cells and of T9SS mutant AgldN were incubated in Shieh
medium at 30°C with shaking. 1 ml samples were centrifuged at 22,000 x g for 15 min and the
supernatant was ultracentrifuged at 352,900 x g for 30 min at 4°C. The culture supernatant (spent
medium) and intact cells were analyzed for mCherry by western blot. Cells carried either pSSK52,
which expresses mCherry with the N-terminal signal peptide from ChiA fused to the 105-amino
acid CTD of ChiA (SP-mCherry-CTDchia) or pSSK54, which expresses SP-mCherry (no CTD
control). Samples were separated by SDS-PAGE, and sfGFP was detected using anti-serum against
mCherry.
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Appendix 2. Deletion of F. johnsoniae orthologs of E. coli chemotaxis genes cheR and cheB
have no apparent effect on motility behavior

Gliding motility is common in members of the phylum Bacteroidetes, and other forms of
motility are rare or nonexistent. For example, analysis of completed genomes revealed no members
of the phylum that harbor genes for flagellar motility or for type IV pilus mediated twitching
motility (Table 1). Studies of Flavobacterium johnsoniae gliding have revealed some aspects of
the mechanism of cell movement (1), but nothing is currently known regarding how the motility
machinery is controlled to result in directed movement. The chemotactic responses of gliding
members of the phylum Bacteroidetes have not been extensively studied, but several reports
suggest the presence of chemotactic responses (2, 3). Other motile bacteria that have been well
studied have chemotaxis systems related to the canonical ones studied in the flagellated bacteria
Escherichia coli and Salmonella enterica (4, 5). These include CheA, CheB, CheR, CheW, CheY,
methyl-accepting chemotaxis proteins (MCPs), and sometimes additional proteins. In E. coli and
other diverse flagellated bacteria belonging to many phyla these proteins control the functioning
of the flagellar motor. Similar chemotaxis systems have been shown to control other types of
motility machineries, including Type IV pili (twitching motility) (6) and the M. xanthus gliding
motility apparatus (7). Gliding motility and gliding motility genes are widespread among members
of the phylum Bacteroidetes, but gliding of these bacteria is apparently not related to
myxobacterial gliding. Analyses of the genomes of gliding members of the phylum Bacteroidetes
revealed the absence of genes encoding proteins with similarity to the core chemotaxis proteins

CheA, CheW, and MCPs (Table 1 and (8)).
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F. johnsoniae, and some other members of the phylum did have homologs of cheR and
cheB (8). In E. coli CheR and CheB add and remove methyl groups from MCPs. Since CheA,
CheW and predicted MCPs are lacking in all sequenced members of the Bacteroidetes, and since
cheB and cheR homologs were lacking from some of the gliding members of the phylum

Bacteroidetes analyzed (Table 1), a role for these genes in chemotaxis seemed unlikely.

To probe the function of F. johnsoniae cheB and cheR genes, strains with in-frame
deletions were generated using a gene deletion strategy described previously (9). Briefly,
approximately 2-kbp regions upstream and downstream of cheR were amplified by PCR using
primer pairs 1287/1288 and 1289/1290 respectively and ligated into pRR51 to generate pSKO03.
Plasmid pSKO03 was introduced into the streptomycin-resistant wild-type F. johnsoniae strain
CJ1827 by triparental conjugation, and the cheR deletion mutant was isolated as previously
described (9). Deletion of cheR was confirmed by PCR amplification using primers 1242/1243,
which flank the gene. F. johnsoniae cheB was deleted in a similar way using the plasmids and

primers listed in Table 2.

F. johnsoniae AcheB and AcheR strains were analyzed for their ability to move on agar and
glass. AcheB and AcheR formed spreading colonies on PY 2 agar similar to wild-type F. johnsoniae
(Fig. 1). Colonies on PY2 agar were observed using an Olympus BH-2 phase-contrast microscope
and images were recorded using a Photometrics Cool-SNAP? camera, and analyzed using
MetaMorph software (Molecular Devices, Downingtown, PA). Cells of AcheR and AcheB strains
attached to and moved on glass similar to wild-type cells (data not shown). Wild-type and mutant
cells were grown overnight in motility medium at 25°C without shaking and examined on glass.

Tunnel slides were prepared to analyze motility on glass by attaching a glass cover slip to a glass
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slide with strips of double stick tape as previously described to make a chamber to which cells
suspended in growth media were added (10). Cells near the edge of the cover slip (within 1 mm)
or near the tape (within 1 mm) were observed to avoid loss of motility as a result of depletion of

0a.

These observations suggest that the cheR and cheB homologs are unlikely to have critical
roles in controlling motility. This is in contrast to the results observed for similar mutations in the
swimming bacterium E. coli and the gliding proteobacterium M. xanthus. Mutations in E. coli cheR
result in suppression of tumbling and decreased spreading in swim agar plates (11). Similarly,
mutations in the cheR homolog of M. xanthus, frzF, result in inhibition of cell reversals and
formation of multicellular donut-shaped ‘frizzy" swirls (12). Cells of F. johnsoniae exhibit cell
reversals, and move in swarms, and it is likely that a sensory system controls these behaviors, but
the canonical E. coli type of chemotactic signal transduction system does not appear to be involved.
This suggests the presence of novel chemotaxis machinery in F. johnsoniae. Further studies are
needed to identify the proteins that control gliding motility of F. johnsoniae and of the many other

gliding members of the phylum Bacteroidetes.
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Fig. 1. Deletion of cheB and cheR homologs in F. johnsoniae has no effect on colony morphology.
Colonies were grown for 19 h at 25°C on PY 2 agar medium. Photomicrographs were taken with a
Photometrics CoolSNAP. camera mounted on an Olympus IMT-2 phase contrast microscope.
(A) Wild-type CJ1827 (B) cheB deletion mutant CJ2352 (C) cheR deletion mutant CJ2249.
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Table 1. Motility and chemotaxis genes present in members of the phylum Bacteroidetes®.

Gliding Flagellar Twitching MCP(s)" cheA® cheB*® cheR*® cheW* cheZ*
Strains motility motility Motility

genes” genes® Genes!
Class Flavobacteriia
Capnocytophaga ochracea DSM 72717 + - - - - - - - -
Cellulophaga algicola DSM 142377 + - - - - - - - -
Cellulophaga lytica DSM 74897 + - - - - - - - -
Croceibacter atlanticus HTCC2559 " + - - - - + + - -
Flavobacterium johnsoniae ATCC 170617 + - - - - + + - -
Flavobacterium psychrophilum JIP02/86 + - - - - - - - -
'Gramella forsetii' KT0803 + - - - - + + - -
Maribacter sp. HTCC2170 + - - - - - - - -
Riemerella anatipestifer DSM 15868 T + - - - - - - - -
Robiginitalea biformata HTCC2501 " + - - - - - - - -
Weeksella virosa DSM 16922 T + - - - - - - - -
Zunongwangia profunda SM-A87 T + - - - - + + - -




Class Cytophagia (next page)

Class Cytophagia

Cytophaga hutchinsonii ATCC 33406 T

Dyadobacter fermentans DSM 18053

Leadbetterella byssophila DSM 171327

Marivirga tractuosa DSM 4126 T

Spirosoma linguale DSM 74T

Class Sphingobacteriia

44"

Chitinophaga pinensis DSM 2588 T

Pedobacter heparinus DSM 2366

Pedobacter saltans DSM 121457

Class Bacteroidia

Alistipes shahii WAL 83017

Bacteroides fragilis NCTC 93437

Bacteroides helcogenes P 36-108

Bacteroides salanitronis BL78T




ecl

Bacteroides thetaiotaomicron VPI-5482 7

Bacteroides vulgatus ATCC 84827

Bacteroides xylanisolvens XB1AT

Odoribacter splanchnicus DSM 207127

Paludibacter propionicigenes WB4™ + - - - - - +

Parabacteroides distasonis ATCC 85037

Porphyromonas gingivalis ATCC 332777

Prevotella melaninogenica ATCC 25845

Prevotella ruminicola 23

& Except for gliding motility genes, all motility and chemotaxis genes were identified by searching each genome for matches to specific
COGs, PFAMs, or TIGRFAMs corresponding to key components of each system as indicated below using the IMG v 3.5 Function
Profile tool. For COGs, rpsblast was used in identification of hits, with maximum E-value of 1e-2. For PFAMs, HMM specific cutoffs
(gathering thresholds) were used as assigned by the PFAM curator when the family was built, to eliminate false positives. For
TIGRFAMs, HMM specific noise cutoffs were used as assigned by TIGRFAM to eliminate false positives.

b Gliding motility genes were identified by BLASTP analysis as described in Table 1. '+' indicates the presence of homologs for all of
the core gliding motility genes, gldB, gldD, gldH, gldJ, gldK, gldL, gldM, gldN, sprA, sprE, and sprT. - indicates that some of the core
gliding motility genes were missing.



®Flagellar motility genes were identified using the following: pfam00460 (flagella basal body rod
protein); pfam00669 (flagellin, N-terminal region); pfam00700 (flagellin, C-terminal region);
pfam01706 (FIiG); pfam02049 (FIiE); pfam02050 (FliJ); pfam02107 (FIgH); pfam02108 (FliH);
pfam02119 (Flgl); pfam02154 (FIiM); pfam02465 (FIiD, N-terminal region); pfam02561 (FIiS);
pfam03748 (FliL); pfam03963 (FIgD); pfam06429 (flagellar basal body rod and hook proteins);
pfam07195 (FliD, C-terminal region); pfam07559 (FlaE); pfam08345 (FliF); and COG1291
(MotA). ). '+ indicates that genes predicted to encode each of the proteins listed above were
present. -' indicates that none of these genes were present.

Note that a previous study indicated that two members of the phylum Bacteroidetes (Salinibacter
ruber and Rhodothermus marinus) have flagellar genes (13). However, recent data indicate that
these bacteria are not members of the phylum Bacteroidetes but rather belong to the new phylum
Rhodothermaeota (14, 15).

4Twitching motility genes were identified using the following: tigr01420 (PilT); COG2804
(PilB/PUlE). '+" indicates the presence of both motor proteins (PilT and PilB). '-' indicates the
absence of a gene encoding PilT. In each case where pilT was present, it was located near pilB,
and near other pilus associated genes.

¢Chemotaxis genes were identified using the following: pfam00015 (MCP); pfam01339 (CheB);
pfam01739 (CheR); pfam03705 (CheR N-terminal region); pfam04344 (CheZz); pfam01584
(CheW); pfam02895 (CheA); COGO0643 (CheA). '+' indicates that genes predicted to encode
MCPs, CheA, CheB, CheR, CheW, and CheZ, were present. - indicates that these genes were not
present.

124



Table 2. Strains and plasmids used in this study

Strain Description? Source or
reference
E. coli strains
DH5amcr Strain used for general cloning Life
Technologies
(Grand Island,
NY, USA)
HB101 Strain used with pRK2013 for triparental conjugation (16, 17)
F. johnsoniae
strains
CJ1827 rpsL2; Sm"‘wild-type' F. johnsoniae strain used in 9
construction of deletion mutants
Plasmid Description Source or
reference
pRR51 rpsL-containing suicide vector; Ap" (Em") 9)
pSKO01 2-kbp fragment downstream of Fjoh_3352 (cheR) This study
amplified with primers 1289 and 1290 and inserted in
Xbal and Sphl sites of pRR51; Ap" (Em")
pSKO02 2-kbp fragment downstream of Fjoh_3351 (cheB) This study
amplified with primers 1285 and 1286 and inserted in
Xbal and Sphl sites of pRR51; Ap" (Em")
pSKO03 2-kbp fragment upstream of Fjoh_3352 (cheR) amplified  This study

with primers 1287 and 1288 and inserted in Xbal and
Sphl sites of pSKO01; Ap" (Em")
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pSK23 2-kbp fragment upstream of Fjoh_3351 (cheB) amplified  This study
with primers 1318 and 1405 and inserted in Xbal and
Sphl sites of pSK02; Ap" (Em")

4Antibiotic resistance phenotypes are as follows: ampicillin, Ap"; erythromycin, Em"; streptomycin, Sm";
tetracycline, Tc". The antibiotic resistance phenotypes given in parentheses are those expressed in F.
johnsoniae but not in E. coli. The antibiotic resistance phenotypes without parentheses are those expressed
in E. coli but not in F. johnsoniae.

126



References:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Nakane D. SK, Wada H., McBride M. J., Nakayama K. . 2013. Helical flow of surface
protein required for bacterial gliding motility. Proc Natl Acad Sci USA 110:11145-11150.
Liu ZX F. 1996. Negative chemotaxis in Cytophaga johnsonae. Can J, Microbiol 42:515-
518.

Klesius PH, Shoemaker CA, Evans JJ. 2008. Flavobacterium columnare chemotaxis to
channel catfish mucus. FEMS Microbiol Lett 288:216-20.

Armitage JP. 1999. Bacterial tactic responses. Advances in Microbial Physiology 41:229-
289.

Manson MD. 1992. Bacterial motility and chemotaxis. Advances in Microbial Physiology
33:277-346.

Mattick JS. 2002. Type IV pili and twitching motility. Annu Rev Microbiol 56:289-314.
Zusman DR, Scott AE, Yang Z, Kirby JR. 2007. Chemosensory pathways, motility and
development in Myxococcus xanthus. Nat Rev Microbiol 5:862-872.

McBride MJ, Xie G, Martens EC, Lapidus A, Henrissat B, Rhodes RG, Goltsman E, Wang
W, Xu J, Hunnicutt DW, Staroscik AM, Hoover TR, Cheng YQ, Stein JL. 2009. Novel
features of the polysaccharide-digesting gliding bacterium Flavobacterium johnsoniae as
revealed by genome sequence analysis. Appl Environ Microbiol 75:6864-75.

Rhodes RG, Pucker HG, McBride MJ. 2011. Development and use of a gene deletion
strategy for Flavobacterium johnsoniae to identify the redundant gliding motility genes
remF, remG, remH, and reml. J Bacteriol 193:2418-28.

Shrivastava A, Rhodes RG, Pochiraju S, Nakane D, McBride MJ. 2012. Flavobacterium
johnsoniae RemA is a mobile cell surface lectin involved in gliding. J Bacteriol 194:3678-
88.

Parkinson JS, Houts SE. 1982. Isolation and behavior of Escherichia coli deletion mutants
lacking chemotaxis functions. J Bacteriol 151:106-113.

McCleary WR, McBride MJ, Zusman DR. 1990. Developmental sensory transduction in
Myxococcus xanthus involves methylation and demethylation of FrzCD. J Bacteriol
172:4877-4887.

McBride M, and Zhu Y. 2013. Gliding motility and Por secretion system genes are
widespread among members of the phylum Bacteroidetes. J Bacteriol 195:170-8.

Hahnke RL, Meier-Kolthoff JP, Garcia-Lopez M, Mukherjee S, Huntemann M, lvanova
NN, Woyke T, Kyrpides NC, Klenk HP, Goker M. 2016. Genome-Based Taxonomic
Classification of Bacteroidetes. Front Microbiol 7:2003.

Munoz R, Rossello-Mora R, Amann R. 2016. Revised phylogeny of Bacteroidetes and
proposal of sixteen new taxa and two new combinations including Rhodothermaeota phyl.
nov. Syst Appl Microbiol 39:281-96.

Bolivar F, Backman K. 1979. Plasmids of Escherichia coli as cloning vectors. Methods
Enzymol 68:245-267.

Figurski DH, Helinski DR. 1979. Replication of an origin-containing derivative of plasmid
RK2 dependent on a plasmid function provided in trans. Proc Natl Acad Sci USA 76:1648-
1652.

127



Appendix 3. Transposon mutagenesis to isolate novel motility mutants

HimarEm1 mutagenesis was used to isolate mutants with partial defects in motility to
identify novel genes involved in F. johnsoniae gliding motility and secretion. pHimarEm1 was
introduced into wild-type cells by conjugation from E. coli S17-1 X pir as previously described
(1). In previous F. johnsoniae Himar mutagenesis experiments, colonies were screened to obtain
those that failed to spread on agar. This resulted in the identification of many motility genes (1).
The proteins encoded by these genes are thought to comprise components of the motility
machinery and of the type IX secretion system (T9SS) that is involved in assembly of the motility
apparatus (2). Genes involved in regulation of expression of the motility apparatus, and genes
involved in control of the motility apparatus to result in chemotaxis, have eluded detection. Here
we ignored nonspreading colonies and instead screened for colonies that exhibited some spreading
but less than that exhibited by the wild type. Eleven such 'poor spreading’ colonies were identified.
Cells of the wild-type UW-101 and of the transposon mutants were grown on PY?2 agar for 24 h at
25°C to examine single colonies for spreading by phase contrast microscopy. The transposon
mutants had reduced or ‘poor’ spreading phenotypes as compared to the wild-type strains.
Identification of the HimarEm1 insertions was performed as described previously by cloning the
disrupted region and determining the DNA sequence near the site of insertion (1). A list of these

mutants, gene loci and phenotypes has been compiled in Table 1.

Four of the eleven 'poor spreading’ mutants had insertions in genes predicted to be involved
in polysaccharide synthesis and/or transport. Three of these had insertions in genes encoding
glycosyl transferase enzymes. The fourth predicted polysaccharide synthesis mutant had an

insertion in degT, which is similar to Porphryomonas gingivalis porR. P. gingivalis PorR is
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involved in biosynthesis of aminoglycoside sugars of LPS (3). Polysaccharides have previously
been implicated in F. johnsoniae gliding motility (4-7). The exact roles played by polysaccharides
in gliding are not known, but it has been suggested that cells make different polysaccharides to
coat the substratum. At least one of these polysaccharides appears to interact with the mobile cell
surface motility adhesin, RemA (5). The polysaccharides may function as 'roads' and facilitate
interaction of the motility adhesins with the substratum, thus providing the traction needed for cell

movement.

One mutant isolated from this screen had a transposon insertion in sprk. Previous studies
have shown that sprE insertion mutants form non-spreading colonies but that individual cells
exhibit slight gliding movements on glass (8). sprE mutants are also defective for T9SS-mediated
protein secretion. The sprE mutant described here (CJ2215) exhibited a slightly different
phenotype. Isolated colonies of CJ2215 failed to spread, but colonies in close proximity to each
other exhibited slight spreading. CJ2215 produces 589 AA out of the 870 AA of SprE. This
explains the poor spreading phenotype rather than non spreading phenotype previously (8)

observed for SprE mutant that produce shorter truncated version of SprE protein.

Mutant CJ2160 has transposon inserted in Fjoh_3155, which is predicted to encode a Rhs
element VVgr-like protein. The single colonies observed under microscope exhibited poor spreading
as compared to wild-type and the mutant failed to digest chitin, which may indicate a defect in
protein secretion (data not shown). In Vibrio cholerae, VVgr proteins form a complex that resembles
the tail-spike complex of bacteriophage T4 and provide a conduit for T6SS mediated translocation

of proteins out of and between cells (9).
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Other poor spreading mutants isolated from this screen include strains with insertions in
genes predicted to encode: a PSP-1 domain containing protein, a short-chain
dehydrogenase/reductase family protein, a CorA-like ion transporter, and a MoxR family ATPase.
Fjoh_0891, encoding the PSP-1 domain containing protein, is immediately upstream of gliding
motility gene gldH. gldH mutants are nonmotile (10). It is possible that the phenotype of the mutant
carrying an insertion in Fjoh_0891 is the result of a polar effect on gldH. This could be tested by
attempting to complement this mutant with gldH on a plasmid. CorA is a divalent ion transporter
protein and has been extensively studied because of its ability to transport magnesium and cobalt
across membranes (11). In E. coli, MoxR family proteins are predicted to have chaperone-like
activities, enabling proper maturation and activation of protein complexes (12) . It is unclear if
these proteins are directly involved in gliding motility and further studies are needed to

characterize the mutants and investigate their unusual poor-spreading phenotypes.
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Table 1. Mutants isolated in HimarEm1 transposon mutagenesis screen.

Strain Protein encoded Phenotype
(gene locus)

CJ2210 | Glycosyl transferase | Well isolated colonies are poor-spreading; clustered
(Fjoh_0338) colonies spread more but not as well as wild-type.

CJ2214 | Glycosyl transferase | Well isolated colonies are poor-spreading; clustered
(Fjoh_0344) colonies spread more but not as well as wild-type.

CJ2211 | Glycosyl transferase | Well isolated colonies are poor-spreading; clustered
(Fjoh_0342) colonies spread more but not as well as wild-type.

CJ2304 | Hypothetical protein | Well isolated colonies are poor spreading; clustered
(Fjoh_0816) colonies spread more but not as well as wild-type.

CJ2030 | PSP-1 domain Well isolated colonies are poor spreading; clustered
containing protein colonies spread more but not as well as wild-type.
(Fjoh_0891)

CJ 2133 | CorA (Fjoh_2650) All colonies (isolated and clustered) are poor-spreading.

CJ2215 | SprE (Fjoh_1051) Well isolated colonies fail to spread; clustered colonies are

poor-spreading. Fails to digest chitin, suggesting a T9SS

defect.”
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CJ2160 Rhs element Vgr All colonies (isolated and clustered) are poor-spreading.

protein (Fjoh_3155) ] ] . ) .
Fails to digest chitin, suggesting a T9SS defect.

CJ2308 Dehydrogenase All colonies (isolated and clustered) are poor-spreading.
(Fjoh_4568) Digests chitin.

CJ2219 | MoxR ATPase All colonies (isolated and clustered) are poor-spreading.
(Fjoh_0715) Digests chitin.

CJ2132 DegT (Fjoh_1727) Well isolated colonies are poor-spreading; clustered

colonies spread more but not as well as wild-type;

Doughnut shaped colonies after 48h. Digests chitin. ™

“ Chitin assay was performed only with these strains.
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Table 2. Strains used in this study

Strain Description Source or
reference
E. coli strains
DH5amcr Strain used for general cloning Life
Technologies
(Grand Island,
NY, USA)
HB101 Strain used with pRK2013 for triparental conjugation (13, 14)
S17-1 A pir Strain used for conjugation (15)
F. johnsoniae
strains
Uwi0l  (ATCC Wild type (16, 17)
17061)
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