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Flavobacterium johnsoniae PorV Is Required for Secretion of a Subset
of Proteins Targeted to the Type IX Secretion System

Sampada S. Kharade, Mark J. McBride

Department of Biological Sciences, University of Wisconsin—Milwaukee, Milwaukee, Wisconsin, USA

Flavobacterium johnsoniae exhibits gliding motility and digests many polysaccharides, including chitin. A novel protein secre-
tion system, the type IX secretion system (T9SS), is required for gliding and chitin utilization. The T9SS secretes the cell surface
motility adhesins SprB and RemA and the chitinase ChiA. Proteins involved in secretion by the T9SS include GIdK, GIdL, GldM,
GldN, SprA, SprE, and SprT. Porphyromonas gingivalis has orthologs for each of these that are required for secretion of gin-
gipain protease virulence factors by its T9SS. P. gingivalis porU and porV have also been linked to T9SS-mediated secretion, and
E. johnsoniae has orthologs of these. Mutations in F. johnsoniae porU and porV were constructed to determine if they function
in secretion. Cells of a porV deletion mutant were deficient in chitin utilization and failed to secrete ChiA. They were also defi-
cient in secretion of the motility adhesin RemA but retained the ability to secrete SprB. SprB is involved in gliding motility and is
needed for formation of spreading colonies on agar, and the porV mutant exhibited gliding motility and formed spreading colo-

nies. However, the porV mutant was partially deficient in attachment to glass, apparently because of the absence of RemA and
other adhesins on the cell surface. The porV mutant also appeared to be deficient in secretion of numerous other proteins that
have carboxy-terminal domains associated with targeting to the T9SS. PorU was not required for secretion of ChiA, RemA, or
SprB, indicating that it does not play an essential role in the F. johnsoniae T9SS.

C ells of Flavobacterium johnsoniae, and of many members of the
phylum Bacteroidetes, crawl rapidly over surfaces by a process
known as gliding motility (1). F. johnsoniae gliding involves the
rapid movement of the adhesins SprB and RemA along the cell
surface (2—4). These proteins are secreted across the outer mem-
brane by a novel protein secretion system originally called the Por
secretion system and more recently referred to as the type IX se-
cretion system (T9SS) (5, 6). Motility proteins are not the only
cargo for the F. johnsoniae T9SS. It is also required for secretion of
the soluble extracellular chitinase ChiA (7), and 51 other F. john-
soniae proteins are predicted to use this secretion system (6).
Many proteins secreted by T9SSs are very large. ChiA, RemA, and
SprB, for example, are 166, 152, and 669 kDa, respectively (3, 4, 7).
The mechanism that allows efficient secretion of such large pro-
teins by the T9SS is not known. T9SSs are found in many members
of the phylum Bacteroidetes, and they are apparently limited to this
phylum (8, 9). The proteins required for T9SS-mediated secretion
are not similar in sequence to proteins of other bacterial secretion
systems (5, 8, 10). Although the T9SS was only recently discov-
ered, it has already been associated with motility (11), virulence
(5), chitin and cellulose digestion (7, 12), and colonization of and
protection of plants from pathogens (13).

T9SSs were originally identified in F. johnsoniae and in the oral
pathogen Porphyromonas gingivalis (5, 11). P. gingivalis secretes
virulence factors such as gingipain proteases and adhesins using its
T9SS. Proteins secreted by T9SSs have cleavable N-terminal signal
peptides and are apparently exported across the cytoplasmic
membrane via the Sec system (9, 14). They also have conserved
carboxy-terminal domains (CTDs) of approximately 60 to 100
amino acids that target them for secretion across the outer mem-
brane by the T9SS (6, 7, 9, 14, 15). The CTDs appear to be proteo-
Iytically cleaved during or after secretion across the outer mem-
brane (9, 16). The CTDs are necessary and sufficient for secretion
by the T9SS. P. gingivalis HBP35 and F. johnsoniae ChiA lacking
their CTDs are not secreted, and heterologous fusion proteins
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carrying the HBP35 and ChiA CTDs are efficiently secreted (7,
17). Many T9SS CTDs of F. johnsoniae and P. gingivalis belong to
TIGRFAM protein domain family TIGR04183 (6, 8, 14). There
appears to be considerable diversity in T9SS CTDs, and not all fall
within the boundaries of TIGR04183. F. johnsoniae SprB, for ex-
ample, requires the T9SS for secretion, but its carboxy-terminal
region exhibits no similarity to TIGR04183 family members but
rather belongs to the unrelated domain family TIGR04131. Eleven
other F. johnsoniae proteins have TIGR04131-type CTDs, as do
numerous proteins from other species belonging to the phylum
Bacteroidetes that have T9SSs. We have speculated that these
TIGR04131-type CTDs target proteins for secretion by the T9SS
(7, 8), but with the exception of SprB, T9SS-mediated secretion of
these proteins has not been experimentally demonstrated in any
organism.

Proteins required for secretion by the F. johnsoniae T9SS in-
clude GIdK, GIdL, GldM, and GIdN or its paralog GIdO (6, 11).
SprA, SprE, and SprT also have important roles in T9SS-mediated
secretion, and cells with mutations in the genes encoding these
proteins are severely but incompletely deficient in secretion (5, 6,
18). The P. gingivalis T9SS has orthologs for GIdK, GIdL, GldM,
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GIdN, SprA, SprE, and SprT, and these are required for secretion
(5,19, 20). P. gingivalis PorP is also required for secretion. Unlike
P. gingivalis, F. johnsoniae has multiple genes that exhibit similar-
ity to porP. One of these, sprF, is required for secretion of SprB but
is not needed for secretion of other proteins by its T9SS (21). The
F. johnsoniae genome is predicted to encode 10 PorP-like proteins
in addition to SprF, and each of these may facilitate secretion of
specific cargo proteins.

Five additional P. gingivalis proteins, PorQ, PorU, PorV, PorX,
and PorY, are linked to T9SS function (5, 16, 22, 23). Mutations in
P. gingivalis porQ, porX, and porY result in partial defects in T9SS-
mediated secretion. The function of PorQ is not known, but PorX
and PorY are thought to form a two-component regulatory sys-
tem that controls expression of the T9SS genes (5). The related F.
johnsoniae proteins do not appear to play similar roles since dele-
tion of the F. johnsoniae orthologs of porQ, porX, and porY has no
effect on secretion of SprB, RemA, or ChiA (24). The functions of
F. johnsoniae PorU and PorV in secretion have not previously
been studied. P. gingivalis PorU is thought to function as the pep-
tidase that removes the CTDs of secreted proteins (16). P. gingi-
valis PorV is required for secretion of proteins targeted to the
T9SS, including the gingipain proteases RgpA, RgpB, and Kgp (23,
25). PorV, which has also been called LptO, is required for the
partial O-deacylation of lipopolysaccharide (22). PorV may have
deacylation activity, or it may be required for secretion of a deac-
ylase. F. johnsoniae has orthologs of porU and porV, but their func-
tions have not been determined. In this study, we constructed and
examined F. johnsoniae mutants to determine the roles of PorU
and PorV in secretion. Deletion of porU had little effect on secre-
tion, indicating that it was not essential for F. johnsoniae T9SS
function. In contrast, PorV was required for the secretion of many
but not all proteins targeted to the T9SS. Deletion of porV elimi-
nated secretion of RemA and ChiA but had no effect on secretion
of SprB.

MATERIALS AND METHODS

Bacterial and bacteriophage strains, plasmids, and growth conditions.
F. johnsoniae ATCC 170617 strain UW101 was the wild-type strain used in
this study (26-28). The streptomycin-resistant rpsL mutant of UW101
(CJ1827) was used to construct deletion mutants (29). F. johnsoniae
strains were grown in Casitone-yeast extract (CYE) medium at 30°C (30).
To observe colony spreading, cells were grown on PY2 agar at 25°C (31),
and to observe motility of individual cells, they were grown in motility
medium (MM) at 25°C (32). Escherichia coli strains were grown in Luria-
Bertani medium (LB) at 37°C (33). Strains and plasmids used in this study
are listed in Table 1, and primers are listed in Table S1 in the supplemental
material. Antibiotics were used at the following concentrations when
needed: ampicillin, 100 pg/ml; cefoxitin, 100 wg/ml; erythromycin, 100
pg/ml; streptomycin, 100 pg/ml; and tetracycline, 20 pug/ml.
Construction and complementation of porVand porUmutants. Un-
marked deletions were generated as previously described (29). To delete
porV, a2,442-bp fragment upstream of porV was amplified using Phusion
DNA polymerase (New England BioLabs, Ipswich, MA) and primers 1203
(engineered BamHI site) and 1204 (engineered Sall site). The amplified
fragment was digested with BamHI and Sall and cloned into pRR51 that
had been digested by the same enzymes, generating pSSK20. A 2,271-bp
fragment downstream of porV was amplified using primers 1201 (engi-
neered Sall site) and 1202 (engineered Sphl site). This fragment was in-
troduced into pSSK20 that was digested with Sall and Sphl, to generate
pSSK22. pSSK22 was introduced into the F. johnsoniae strain CJ1827 by
triparental conjugation. Colonies containing the plasmid integrated into
the chromosome were obtained by selecting for erythromycin resistance,
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and porV deletion mutants that had lost the integrated plasmid were ob-
tained by selecting for streptomycin resistance and confirmed by PCR
essentially as previously described (29).

porU deletion mutants were constructed in a similar manner. A
2,282-bp fragment upstream of porU was amplified using primers 1207
(engineered BamHI site) and 1208 (engineered Sall site). The amplified
fragment was digested with BamHI and Sall and cloned into pRR51 that
had been digested with the same enzymes, generating pSSK21. A 2,305-bp
fragment downstream of porU was amplified using primers 1205 (engi-
neered Sall site) and 1206 (engineered Sphl site). This fragment was li-
gated with pSSK21 that had been digested with Sall and Sphl, generating
pSSK23. pSSK23 was used to construct the porU deletion strain as de-
scribed above. A strain with a polar insertion mutation in porU (CJ1818)
was also constructed. For this purpose, a 1,050-bp fragment internal to
porU was amplified using primers 948 (engineered BamHI site) and 949
(engineered Sall site). This fragment was cloned into pLYL03 which had
been cut with BamHI and Sall to generate pSSKO1. pSSKO01 was intro-
duced into wild-type F. johnsoniae UW101 by conjugation, and selection
for erythromycin resistance resulted in integration of the plasmid into the
genome and disruption of porU. The insertion was confirmed by PCR
using primers 737 and 948.

For complementation of the porV mutant, a 1,516-bp region spanning
porV was amplified using primers 972 (engineered Sphl site) and 973
(engineered Kpnl site) and introduced into pCP29, to generate pSSK03.
Similarly, for complementation of porU mutants, a 4,309-bp region span-
ning porU was amplified using primers 988 (engineered Xbal site) and 989
(engineered BamHI site) and introduced into pCP23, to generate pSSK04.

Determination of chitinase activity. Chitin utilization on agar was
observed as previously described using colloidal chitin prepared from
crab shells (11, 27, 34). Chitinase activities in cell-free culture fluid (spent
medium), intact cells, and cell extracts were measured as previously
described (11) using the synthetic substrates 4-methylumbelliferyl-B-p-
N,N’-diacetyl-chitobioside [4-MU-(GIcNAc),] and 4-methylumbel-
liferyl-B-p-N,N’,N"-diacetyl-chitotrioside [4-MU-(GlcNAc);] (Sigma-
Aldrich, St. Louis, MO), except that activities were measured for 30 min.
Activities in the spent medium (secreted chitinase), intact cells, and cell
extracts were indicated as pmol 4-methylumbelliferone released during 30
min per pg total protein in the original cell suspension. Protein concen-
trations were determined by the bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific, Waltham, MA).

Western blot analyses. F. johnsoniae cells were grown to late exponen-
tial phase in MM at 25°C with shaking. Cells were pelleted by centrifuga-
tion at 22,000 X g for 15 min, and the spent culture fluid was filtered using
0.22-pm-pore-size polyvinylidene difluoride filters (Thermo Fisher Sci-
entific). For whole-cell samples, the cells were suspended in the original
culture volume of phosphate-buffered saline (PBS) consisting of 137 mM
NaCl, 2.7 mM KCl, 10 mM Na,PO,, and 2 mM KH,PO, (pH 7.4). Equal
amounts of spent medium and whole cells were boiled in SDS-PAGE
loading buffer for 9 min. Proteins were separated by SDS-PAGE, and
Western blot analyses were performed as previously described (11) using
affinity-purified antibody against ChiA (1:5,000 dilution). Equal amounts
of each sample based on the starting material were loaded in each lane. For
cell extracts, this corresponded to 15 g protein, whereas for spent me-
dium, this corresponded to the equivalent volume of spent medium that
contained 15 pg cell protein before the cells were removed. For detection
of mCherry by Western blotting, commercially available antibodies
against mCherry (0.5 mg per ml; BioVision Incorporated, Milpitas, CA)
were used at a dilution of 1:5,000.

Myc-tagged RemA was detected as previously described (4). F. john-
soniae cells were grown to late exponential phase in CYE at 25°C with
shaking. Whole cells and spent culture fluid were prepared for SDS-
PAGE, and Western blotting assays were performed as described above for
ChiA, except that antisera against the c-myc epitope (1:10,000 dilution;
AbCam, Cambridge, MA) were used.
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TABLE 1 Strains and plasmids used in this study

F. johnsoniae Type IX Secretion System Protein PorV

Reference(s)
Strain or plasmid Genotype and/or description” or source
F. johnsoniae strains
UWI101 (ATCC 17061) Wild type 27,28
CJ1631A A(gldN gldO) in F. johnsoniae UW101 11
CJ1808 chiA disruption mutant; (Em”) 7
CJ1818 porU disruption mutant; (Em") This study
CJ1827 rpsL2; (Sm") “wild-type” strain for construction of all deletion mutants except CJ1631A 29
CJ1922 rpsL2 AsprB; (Sm") 29
CJ1984 rpsL2 AremA; (Sm") 4
CJ1985 rpsL2 AsprB AremA; (Sm") 4
CJ2082 rpsL2 AFjoh_0288; (Sm") This study
CJ2083 rpsL2 remA::myc tag 1; (Sm") 4
CJ2089 rpsL2 A(gldN gldO) remA::myc tag 1; (Sm") 4
CJ2090 rpsL2 A(gldN gldO); (Sm") 4
CJ2116 rpsL2 AporU; (Sm") This study
CJ2130 rpsL2 AporV; (Sm") This study
CJ2323 rpsL2 AporV remA::myc tag 1; (Sm") This study
CJ2445 rpsL2 AporV AsprB; (Sm") This study
CJ2446 rpsL2 AporV AFjoh_0288; (Sm") This study
Plasmids
pCP23 E. coli-F. johnsoniae shuttle plasmid; Ap" (Tc") 31
pCP29 E. coli-F. johnsoniae shuttle plasmid; Ap" (Cf" Em") 45
pRR51 rpsL-containing suicide vector; Ap* (Em") 29
PRR39 pCP23 carrying remA; Ap" (Tc") 4
pSSKO1 1,050-bp fragment of porU in pLYLO03 for constructing porU disruption mutant CJ1818; Ap* (Em") This study
pSSK03 1,516-bp SphI-Kpnl fragment spanning porV amplified with primers 972 and 973 and inserted into This study
pCP29; Ap* (Cf Em")
pSSK04 4,309-bp Xbal-BamHI fragment spanning porU amplified with primers 988 and 989 and inserted This study
into pCP23; Ap" (Tc")
pSSK14 2,332-bp Xbal-Sall fragment downstream of Fjoh_0288 amplified with primers 1104 and 1105 and This study
inserted into pSSK16; Ap” (Em")
pSSK16 2,301-bp BamHI-Xbal fragment upstream of Fjoh_0288 amplified with primers 1102 and 1103 and This study
inserted into pRR51; Ap* (Em")
pSSK20 2,442-bp BamHI-Sall region upstream of porV amplified with primers 1203 and 1204 and inserted This study
into pRR51; Ap" (Em")
pSSK21 2,282-bp BamHI-Sall region upstream of porU amplified with primers 1207 and 1208 and inserted This study
into pRR51; Ap” (Em")
pSSK22 2,271-bp Sall-Sphl region downstream of porV amplified with primers 1201 and 1202 and inserted This study
into pSSK20; Ap" (Em")
pSSK23 2,305-bp Sall-Sphl region downstream of porU amplified with primers 1205 and 1206 and inserted This study
into pSSK21; Ap" (Em")
pTB79 pCP23 carrying gldN; Ap" (Tc") 46

@ Antibiotic resistance phenotypes are as follows: ampicillin, Ap"; cefoxitin, Cf'; 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.

Analysis for secretion of cell surface SprB and Myc-tagged RemA.
Secretion of SprB was examined essentially as previously described (6, 18).
Briefly, cells were grown overnight in MM without shaking at 25°C. Pu-
rified anti-SprB (1 pl of a 1:10 dilution of a 300-mg/liter stock), 0.5-pm-
diameter protein G-coated polystyrene spheres (1 pl ofa 0.1% stock prep-
aration; Spherotech, Inc., Libertyville, IL), and bovine serum albumin (1
wl of a 1% solution) were added to 7 pl of cells (approximately 5 X 10*
cells per ml) in MM. The cells were introduced into a tunnel slide (4) and
examined by phase-contrast microscopy at 25°C. Samples were examined
2 min after spotting, and images were recorded for 30 s to determine the
percentage of cells that had anti-SprB-coated spheres attached to them.
Surface-localized Myc-tagged RemA was detected similarly, except that
antiserum against the Myc tag (EQKLISEEDL; AbCam) was used.

Cell aggregation studies. The effect of RemA on aggregation was de-
termined as previously described (4). Cultures (10 ml) were grown over-
night in test tubes at 25°C in EC medium (26) with appropriate antibiotics
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on a platform shaker set at 120 rpm. Cultures were examined for turbidity
and for accumulation of cell aggregates at the bottom of the tubes.

Measurement of bacteriophage sensitivity. F. johnsoniae bacterio-
phages used in this study were ¢ Cj1, dCj13, $Cj23, $Cj28, $Cj29, $bCj42,
$Cj48, and $Cj54 (26, 35, 36). Sensitivity to phages was determined as
previously described (11). Briefly, 3 pl of phage lysate (approximately 10°
PFU/ml) was spotted onto lawns of cells in CYE overlay agar. The plates
were incubated for 24 h at 25°C. A quantitative assay was also used to
measure sensitivity to bacteriophages. This involved serial dilution of
phage lysates in 10 mM Tris-8 mM MgSO, (TM buffer, pH 7.5) and
determination of the number of PFU. Wild-type F. johnsoniae cells were
cultured overnight in CYE at 30°C. One hundred microliters of phage
dilutions was added to 200 pl of cells to allow adsorption. Four milliliters
of overlay agar at 42°C was added, and the samples were briefly mixed and
poured onto CYE agar plates. After solidification of the overlay agar, the
plates were incubated for 24 h at 25°C and plaques were counted.
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Microscopic observations of cell attachment. Wild-type and mutant
cells of F. johnsoniae were examined for attachment to glass as previously
described (6). Cells were grown overnight in MM without shaking at 25°C
and harvested at an optical density at 600 nm (ODg,) of 0.18. Cells (2.5
wl) were added to a Petroff-Hausser counting chamber, covered with a
glass coverslip, and allowed to incubate for 2 min at 25°C. The number of
cells attached to 9 randomly selected 0.03-mm? regions of the glass cov-
erslip was determined.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. Cells of F. johnsoniae wild type (CJ1827), AporU mutant CJ2116,
AporV mutant CJ2130, and A(gldN gldO) mutant CJ2090 (referred to here
as AgldNO) and cells of complemented mutants were grown in MM at
25°C with shaking until cells reached an OD, of 0.7 (late exponential
phase of growth). Cells were pelleted by centrifugation at 22,000 X gfor 15
min, and the spent culture medium was filtered (0.22-pm polyvinylidene
difluoride filters) to remove residual cells. Membrane vesicles and insol-
uble cell debris were removed from the cell-free spent medium by centrif-
ugation at 100,000 X g for 1 h. This process was repeated once to ensure
complete removal of insoluble material, the cell-free spent medium was
concentrated 1,000-fold using Amicon concentrators (Millipore, Darm-
stadt, Germany), and proteins were separated by SDS-PAGE and detected
using the Bio-Rad (Hercules, CA) silver stain kit. Enzymatic in-gel diges-
tion was performed at the University of Wisconsin—Madison Mass Spec-
trometry Facility as outlined on its website (https://www.biotech.wisc.edu
/services/massspec).

Peptides were analyzed by nano-LC-MS/MS using the Agilent 1100
nanoflow system (Agilent, Palo Alto, CA) connected to a hybrid linear ion
trap-Orbitrap mass spectrometer (LTQ-Orbitrap; Thermo Fisher Scien-
tific, Bremen, Germany) equipped with an Easy-Spray electrospray
source. Chromatography of peptides prior to mass spectral analysis was
accomplished using a capillary emitter column (PepMap C,g; 3 M, 100
A, 150 by 0.075 mm; Thermo Fisher Scientific) onto which extracted
peptides were automatically loaded. Nano-high-pressure liquid chroma-
tography (nano-HPLC) system-delivered solvents were as follows: (A)
0.1% (vol/vol) formic acid in water and (B) 99.9% (vol/vol) acetonitrile,
0.1% (vol/vol) formic acid. Sample loading was performed at 0.60 pwl/min,
and peptide elution directly into the nano-electrospray was performed at
0.3 pl/min using a gradient from 0% (vol/vol) B to 40% (vol/vol) B over
20 min followed by a gradient from 40% (vol/vol) B to 100% (vol/vol) B
over 5 min. As peptides eluted from the HPLC-column/electrospray
source, survey MS scans were acquired in the Orbitrap with a resolution of
100,000. The 5 most intense peptides per scan were fragmented and de-
tected in the ion trap over the mass range 300 to 2,000 m/z. Redundancy
was limited by dynamic exclusion. Raw MS/MS data were converted to
mgf file format and used to search against an F. johnsoniae protein data-
base (5,507 protein entries) concatenated with a list of common lab con-
taminants. Peptide mass tolerance was set at 20 ppm, and fragment mass
tolerance was set at 0.8 Da. Scaffold version 4.3.2 (Proteome Software Inc.,
Portland, OR) was used to validate MS/MS-based peptide and protein
identifications. Peptide identifications were accepted if they could be es-
tablished at greater than 90.0% probability by the Peptide Prophet algo-
rithm (37) with Scaffold delta-mass correction. Protein identifications
were accepted if they could be established at greater than 95.0% probabil-
ity and contained at least 2 identified peptides. Protein probabilities were
assigned by the Protein Prophet algorithm (38).

Analysis of starch utilization. Wild-type and mutant cells of F. john-
soniae were examined for starch hydrolysis using a plate assay. Cells were
streaked on CYE agar supplemented with 0.25% starch and incubated
overnight at 25°C. Starch was detected by flooding the agar with a solution
of 1% KI and 1% iodine.

Sequence analyses. Sequences were analyzed with MacVector soft-
ware (Cary, NC), and comparisons to database sequences were made us-
ing the BLAST algorithm (39). Predictions regarding cellular localization
were made using PSORTD (40), TMpredict (41), and CELLO (42).
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FIG 1 Map of the region spanning porU and porV. Numbers below the map
refer to kilobase pairs of sequence. The regions of DNA carried by complemen-
tation plasmids used in this study are indicated beneath the map.

RESULTS

F. johnsoniae porU and porV. Analysis of the F. johnsoniae ge-
nome revealed orthologs of the P. gingivalis T9SS genes porU and
porV. F. johnsoniae PorU exhibits 26% identity to P. gingivalis
PorU over 1,170 amino acids, and F. johnsoniae PorV exhibits
44% identity to P. gingivalis PorV over 385 amino acids. F. john-
soniae PorU and PorV have predicted N-terminal signal peptides,
and both proteins are predicted by PSORTb and CELLO analyses
to reside in the outer membrane. F. johnsoniae porU and porV are
located adjacent to each other on the genome (Fig. 1) as are P.
gingivalis porU and porV (5, 16, 23). A putative promoter (TTG-
N18-TANNTTTG) which matches the Bacteroidetes housekeep-
ing promoter consensus (43) lies between porU and porV, and
several possible promoter sequences lie upstream of porU, sug-
gesting that these genes may be transcribed separately. A predicted
terminator (AATCCAAATTTCTGCATTTTAGAAATTTGGAT
TTTTTTT) begins 25 bp downstream of the porV stop codon.

porV mutant cells are defective for chitin utilization and for
secretion of the chitinase ChiA. Cells of F. johnsoniae T9SS mu-
tants fail to secrete the soluble extracellular chitinase ChiA and are
thus defective in chitin utilization (5-7, 11, 18). The F. johnsoniae
porU and porV genes were deleted to determine whether they have
roles in T9SS function. Deletion of porV resulted in loss of ability
of cells to digest chitin (Fig. 2A). Complementation with pSSK03,
which carries porV, restored this ability. In contrast, deletion of
porU had little effect on chitin digestion. Similarly, insertional
disruption of porU using the suicide vector pLYLO03 also had little
effect on chitin utilization. pLYLO3 insertions result in polar mu-
tations that prevent expression of downstream genes of an operon
(44). The ability of the porU disruption mutant to digest chitin
(Fig. 2A) supports the suggestion made above that porU and porV
are transcribed separately. Chitinase activity was also examined in
cell-free spent culture fluid, intact cells, and cell extracts, using a
quantitative assay. Chitinase activity was detected in the cell-free
spent culture fluid from wild-type cells and from cells of the
AporU mutant but was not detected in spent culture fluid from
cells of the AporV mutant (Fig. 2B), suggesting that PorV was
required for secretion of the major soluble extracellular chitinase
ChiA. Cell-associated chitinase levels (intact cells and cell extracts)
were similar for wild-type and mutant cells and presumably reflect
the activities of chitinases other than ChiA. Genome analysis pre-
dicted the existence of four chitinases in addition to ChiA that may
contribute to these activities (28).

Western blot analyses were used to examine the presence of
ChiA protein in cells and in the spent culture fluid of wild-type
and mutant strains. Wild-type cells secreted ChiA into the culture
fluid, with little if any ChiA detected in cell extracts (Fig. 3). In
contrast, cells of the porV mutant failed to secrete ChiA and in-
stead accumulated small amounts of the larger proChiA inside
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FIG 2 porV is required for chitin utilization. (A) Chitin digestion on agar
media. Approximately 10° cells of wild-type and mutant strains of F. john-
soniae were spotted on MYA-chitin medium (27) and incubated at 25°C for 2.5
days. Left panel, left to right: wild-type F. johnsoniae CJ1827; porV deletion
mutant CJ2130; CJ2130 complemented with pSSK03, which carries porV.
Right panel, top row, left to right: wild-type F. johnsoniae CJ1827; porU dele-
tion mutant CJ2116; CJ2116 with pSSK04, which carries porU. Right panel,
bottom row, left to right: wild-type F. johnsoniae UW101; porU disruption
mutant CJ1818; CJ1818 with pSSK04, which carries porU. (B) Chitinase activ-
ities of wild-type and mutant cells. Chitinase activities of spent medium, intact
cells, and cell extracts were determined using the synthetic substrates 4-MU-
(GleNAc); and 4-MU-(GIcNAc),. Equal amounts of each sample, based on the
protein content of the cell suspension, were incubated with 10 nmol of syn-
thetic substrate for 30 min at 37°C, and the amount of 4-MU released was
determined by measuring fluorescence emission at 460 nm following excita-
tion at 360 nm. Yellow, wild-type (WT) F. johnsoniae UW101 carrying control

January 2015 Volume 197 Number 1

Journal of Bacteriology

F. johnsoniae Type IX Secretion System Protein PorV

A Spent media
SES)
. 1%R% %%
EZ S 5588 3%
kba =2 3 S <9 9 <<
170—
130—
95— - - — — e —ChiA
72—
B Cells .
LanH 2R
Lz 233 TSE
e 523 3535532
170— —proChiA
130— e
95—
72—

FIG 3 PorV is required for secretion of the soluble extracellular chitinase
ChiA. Cell-free spent medium (A) and cells (B) were examined for ChiA by
SDS-PAGE followed by Western blotting using antiserum against recombi-
nant ChiA. M, molecular mass markers; WT, wild-type F. johnsoniae CJ1827;
chiA, chiA mutant CJ1808; AporV, porV deletion mutant CJ2130; AporV<,
CJ2130 complemented with pSSK03, which carries porV; AporU, porU dele-
tion mutant CJ2116; AporU*, CJ2116 complemented with pSSK04, which car-
ries porU; AgldNO, gldNO deletion mutant CJ1631A; AgldNO®, CJ1631A com-
plemented with pTB79, which carries gldN. Samples loaded in panel B
corresponded to 15 g protein per lane, and samples loaded in panel A corre-
sponded to the volume of spent medium that contained 15 pg cell protein
before the cells were removed.

cells. Complementation of the porV mutant with pSSKO03 resulted
in secretion of ChiA into the culture medium and failure to accu-
mulate proChiA inside cells, similarly to wild-type cells. The effect
of deletion of porV on ChiA secretion was nearly identical to that
observed for deletion of the region spanning the T9SS genes gldN
and gldO (Fig. 3). Deletion of other T9SS genes also resulted in
failure to secrete ChiA (7). In contrast to the results with the porV’
mutant, cells of the porU deletion mutant behaved similarly to
wild-type cells. The porU mutant strain secreted ChiA and failed
to accumulate it inside cells. Secreted ChiA from wild-type and
porU mutant cells migrated at the same size, suggesting that in F.
johnsoniae PorU is not required for secretion or processing of
ChiA.

Proteins secreted by T9SSs typically have conserved CTDs in-
volved in this process (6, 9, 15). The C-terminal 105 amino acids
of ChiA are necessary and sufficient for secretion by the T9SS since
mCherry fused to the CTD of ChiA is efficiently secreted by wild-
type cells but not by cells of T9SS mutants (7). Secretion of
mCherry-CTDy,;4 by wild-type cells and by porU and porV mu-
tant cells was examined. Wild-type cells and cells of the porU de-
letion mutant secreted mCherry-CTD ;5 (Fig. 4). The secreted
protein corresponded to the size of mCherry, suggesting that the
protein was processed, perhaps removing the CTD, during or after
secretion. In contrast, cells of the AporV mutant and of the

vector pCP29; red, porV deletion mutant CJ2130 carrying pCP29; blue, CJ2130
complemented with pSSK03 which carries wild-type porV; gray, wild-type F.
johnsoniae UW101 carrying control vector pCP23; tan, porU deletion mutant
CJ2116 carrying pCP23; purple, CJ2116 complemented with pSSK04, which
carries wild-type porU; green, chiA mutant CJ1808; pink, gldNO deletion mu-
tant CJ1631A.
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FIG 4 PorV is required for secretion of the heterologous fusion protein
mCherry-CTDy,;4. Cell-free spent medium and whole cells were analyzed for
cultures of wild-type (WT) cells carrying pSSK54, which expresses mCherry
with the N-terminal signal peptide from ChiA (SP-mCherry), or carrying
pSSK52, which expresses mCherry with the N-terminal signal peptide from
ChiA and the 105-amino-acid C-terminal region of ChiA (SP-mCherry-CT-
Depia)- Cells and spent medium from cultures of the T9SS mutant CJ1631A
(AgldNO), the porV deletion mutant CJ2130 (AporV), and the porU deletion
mutant CJ2116 (AporU), each carrying pSSK52, were also analyzed. “No
mCherry” indicates spent medium or cells from F. johnsoniae carrying the
control vector pCP23. Cell samples corresponded to 15 g protein per lane,
and samples from spent medium corresponded to the volume of spent me-
dium that contained 15 pg cell protein before the cells were removed. Samples
were separated by SDS-PAGE, and mCherry was detected using antiserum
against mCherry.

AgldNO mutant failed to secrete mCherry-CTDy,;, and instead
accumulated a small amount of a protein corresponding in size to
mCherry-CTDy,;4 in the cells. The results indicate that PorV is
required for secretion of proteins carrying CTD ;-

porV mutant cells fail to secrete RemA. The cell surface mo-
tility adhesin RemA is secreted by the T9SS (4). The ability of cells
of the porV deletion mutant to secrete a Myc-tagged version of
RemA was examined using antisera against the c-myc peptide.
Wild-type and AporV mutant cells produced Myc-tagged RemA

(]
-
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7
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AporV! remA::myc-tag-1
AgldNO/ remA::myc-tag-1
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FIG 5 Deletion of porV disrupts secretion of RemA. Immunodetection of
Myc-tagged RemA in spent medium or in cells of wild-type or mutant F.
johnsoniae strains. Cell-free spent medium and whole cells were analyzed for
cultures of wild-type F. johnsoniae CJ1827 (WT, no myc tag), CJ2083 (WT,
remA:myc tag 1), CJ2323 (AporV remA:=myc tag 1), and CJ2089 (AgldNO,
remA:myc tag 1). Cell samples corresponded to 20 pg protein per lane, and
samples from spent medium corresponded to the volume of spent medium
that contained 20 g cell protein before the cells were removed. Samples were
separated by SDS-PAGE, and Myc-tagged RemA was detected using antiserum
against the myc tag peptide.
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TABLE 2 Deletion of porV disrupts secretion of myc-tagged RemA

Avg (SD) % of

Journal of Bacteriology

Antibody cells with spheres

Strain Description added attached”
CJ1827 Wild type, no myctag  Anti-Myc 0.0 (0.0)
CJ2083 Wild type, remA::myc ~ No antibody 0.0 (0.0)

tag 1
CJ2083 Wild type, remA::myc  Anti-Myc 44.6 (3.3)

tag 1
CJ2323 AporV remA:myctagl  Anti-Myc 0.0 (0.0)
CJ2323/pSSK03  AporV remA:myctag  Anti-Myc 40.6 (3.0)

1, complemented
with pSSK03,
carrying porV

@ Purified anti-myc-tag antiserum and 0.5-wm-diameter protein G-coated polystyrene
spheres were added to cells as described in Materials and Methods. Samples were
introduced into a tunnel slide, incubated for 2 min at 25°C, and examined using a
phase-contrast microscope. Images were recorded for 30 s, and 100 randomly selected
cells were examined for the presence of spheres that remained attached to the cells
during this time. The numbers in parentheses are standard deviations calculated from
three measurements.

(Fig. 5, right), but whereas wild-type cells localized RemA on the
cell surface, cells of the AporV mutant failed to do this (Table 2).
Wild-type cells also secreted substantial amounts of RemA into
the culture fluid (Fig. 5, left), whereas cells of the porV mutant did
not. Soluble secreted RemA from wild-type cells was present as
fragments of 100 and 130 kDa, significantly smaller than cell-
associated RemA. We do not know if these soluble fragments of
RemA are functional, but they serve as additional evidence that
PorV is required for secretion of RemaA.

RemA is a cell surface galactose/rhamnose-binding lectin, and
cells expressing this protein aggregate to form multicell clumps
(4). This phenomenon is most easily observed when RemA is
moderately overexpressed (approximately 10-fold) from plasmid.
Wild-type and porV mutant cells expressing RemA were examined
for the formation of large cell aggregates. Wild-type cells aggre-
gated extensively, rapidly falling to the bottom of the culture fluid,
whereas cells of the porV mutant remained dispersed (Fig. 6),
further indicating that porV mutant cells fail to secrete RemA to
the cell surface.

PorU and PorV are not required for secretion of the major
motility adhesin SprB or for gliding motility. The T9SS is re-
quired for secretion of the motility adhesin SprB to the cell surface
(5, 6, 11, 18). Antibodies against SprB were used to determine if
SprB was present on the surface of AporU and AporV mutant cells.
Latex spheres coated with antibodies against SprB readily attached
to wild-type and AporU and AporV mutant cells (Table 3). In

wild type

AporV

FIG 6 Effect of porV on RemA-mediated cell aggregation. Cells of CJ1827
(wild type) and CJ2130 (AporV) were incubated in EC medium for 16 h at
25°C. Both strains carried remA-expressing plasmid pRR39.
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TABLE 3 PorV and PorU are not required for localization of SprB to the cell surface

Avg (SD) % of cells with

Strain Description Antibody added spheres attached”
CJ1827 Wild type No antibody 0.0 (0.0)
CJ1827 Wild type Anti-SprB 44.5 (3.54)
CJ1827/pCP29 Wild type with empty vector pCP29 Anti-SprB 43.5 (3.05)
CJ1827/pCP23 Wild type with empty vector pCP23 Anti-SprB 39.5(3.48)
CJ1922 AsprB Anti-SprB 0.0 (0.0)
CJ2090 A(gldN gldO) Anti-SprB 0.0 (0.0)
CJ2130/pCP29 AporV with empty vector pCP29 Anti-SprB 30.4 (2.9)
CJ2130/pSSK03 AporV complemented with pSSK03, carrying porV’ Anti-SprB 37.5(1.88)
CJ2116/pCP23 AporU with empty vector pCP23 Anti-SprB 37.0 (2.17)
CJ2116/pSSK04 AporU complemented with pSSK04, carrying porU Anti-SprB 35.8 (2.51)

“ Purified anti-SprB antiserum and 0.5-pm-diameter protein G-coated polystyrene spheres were added to cells as described in Materials and Methods. Samples were introduced
into a tunnel slide, incubated for 2 min at 25°C, and examined using a phase-contrast microscope. Images were recorded for 30 s, and 100 randomly selected cells were examined
for the presence of spheres that remained attached to the cells during this time. The numbers in parentheses are standard deviations calculated from three measurements.

contrast, they failed to attach to cells of the T9SS mutant CJ2090
(AgldNO) or to cells of the sprB deletion mutant CJ1922. These
results indicate that although PorV is required for secretion of
RemA and ChiA, it is not required for secretion of SprB.

The presence of SprB on the cell surface is required for efficient
cell movement over agar resulting in the formation of spreading
colonies. Cells of sprB mutants, and cells of T9SS mutants that
disrupt secretion of SprB, form nonspreading colonies (3, 5, 6, 11,
18). In contrast, cells of porU and porV mutants formed spreading
colonies (Fig. 7), consistent with the ability of these mutants to
express and secrete SprB. As shown above, porV mutant cells were
deficient in secretion of the motility adhesin RemA. However, as
previously reported (4), and as confirmed in this study (Fig. 7),
deletion of remA had no effect on movement of cells over agar.
Although not required for movement over agar, RemA is thought
to facilitate attachment to and movement over other types of sur-

FIG 7 Photomicrographs of F. johnsoniae colonies. Colonies grown from
single cells were incubated at 25°C on PY2 agar for 44 h. Photomicrographs
were taken with a Photometrics Cool-SNAP_/ camera mounted on an Olym-
pus IMT-2 phase-contrast microscope. (A) Wild-type F. johnsoniae CJ1827.
(B) porU deletion mutant CJ2116. (C) porV deletion mutant CJ2130. (D)
gldNO deletion mutant CJ2090. (E) sprB deletion mutant CJ1922. (F) remA
deletion mutant CJ1984. The bar in panel D indicates 1 mm and applies to all
panels.
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faces (such as glass) that are coated with rhamnose- or galactose-
containing polysaccharides produced by the cells (4).

porV mutant cells are resistant to some F. johnsoniae phages.
Cells with mutations in genes essential for T9SS function exhibit
resistance to all known bacteriophages that infect F. johnsoniae (6,
11, 18). For example, cells of the AgldNO mutant CJ2090 were
resistant to all bacteriophages tested (Fig. 81). This is thought to be
the result of inability to secrete cell surface proteins that function
as phage receptors, such as SprB, RemA, and other motility ad-
hesins (3, 4, 6). porU mutants remained sensitive to all phages
(Fig. 8B), consistent with the findings presented above that PorU
is not required for secretion by the F. johnsoniae T9SS. In contrast,
the porV deletion mutant CJ2130 was resistant to at least two of
the eight phages tested, $Cj48 and $Cj54 (Fig. 8C; also see
Table S2 in the supplemental material). Complementation with
pSSKO03, which carries porV, restored sensitivity to these phages.
Previous results indicated that SprB is a likely receptor for phages
$Cjl, $Cj13, and $Cj23 and one of several receptors for $Cj29 (3,
6) (Fig. 8F). Sensitivity of the porV mutant to phages $Cj1, $Cj13,
$Cj23, and $Cj29 supports the suggestion made above that PorV
is not required for secretion of SprB. PorV is required for the
secretion of RemA, as shown above, and it is also likely to be
involved in the secretion of other cell surface proteins. This is
illustrated by the sensitivity of the ArernA mutant to phages $bCj48
and ¢Cj54 compared to the complete resistance of the AporV
mutant to these phages (see Table S2 in the supplemental mate-
rial). Comparison of the phage resistances of the AsprB and AporV/
mutants with that of the AsprB AporV double mutant suggests that
some phages may use multiple cell surface receptors. Cells of the
AsprB or AporV mutants were susceptible to $Cj29 and $Cj42
whereas cells of the double mutant (AporV AsprB) were com-
pletely resistant to both phages (Fig. 8, compare panels C, F, and
H; also see Table S2 in the supplemental material). Phages $Cj29
and $Cj42 may use either SprB or cell surface proteins secreted by
PorV as receptors.

Cells of the AporV mutant are defective in attachment to
glass. Wild-type cells attached efficiently to glass whereas cells of
the AgldNO mutant CJ2090 were completely deficient in attach-
ment (Table 4). This supports the previous suggestion that the
T9SS secretes cell surface adhesins (6). The motility adhesins SprB
and RemA are secreted by the T9SS, and their absence on the
surface of T9SS mutants accounts for some of the defect in attach-
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FIG 8 Susceptibility of wild-type and mutant cells to bacteriophages. Bacte-
riophages (3 ul of lysates containing approximately 10° PFU/ml) were spotted
onto lawns of cells in CYE overlay agar. The plates were incubated at 25°C for
24 h to observe lysis. Bacteriophages were spotted in the following order from
left to right, as also indicated by the numbers in panel A: top row, $Cj1, $Cj13,
and ¢Cj23; middle row, $Cj28, $Cj29, and $Cj42; bottom row, $Cj48 and
$Cj54. (A) Wild-type F. johnsoniae CJ1827. (B) CJ2116 (AporU). (C) CJ2130
(AporV). (D) CJ2130 complemented with pSSK03, which carries porV. (E)
CJ1984 (AremA). (F) CJ1922 (AsprB). (G) CJ1985 (AremA AsprB). (H) CJ2445
(AporV AsprB). (I) CJ2090 (AgldNO).

ment. Cells of the sprB deletion mutant CJ1922 attached well to
glass, and cells of the remA deletion mutant CJ1984 were only
slightly deficient in attachment, but cells of the double mutant
CJ1985 (AremA AsprB) exhibited a substantial defect in attach-
ment (Table4). An even greater defect in attachment was observed
for cells of the AporV mutant CJ2130, suggesting that PorV is
required for secretion of other adhesins in addition to RemA. The
few AporV mutant cells that attached to glass exhibited gliding
motility, consistent with the results described above that indicated
that PorV was not required for gliding motility. CJ2445 (AporV
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AsprB) was almost entirely deficient in attachment to glass, sug-
gesting that PorV is required for secretion of most of the glass-
binding adhesins other than SprB. The results suggest that RemA,
SprB, and other adhesins secreted by the T9SS are responsible for
attachment to glass. Some of these adhesins may function as phage
receptors, helping to explain the phage resistance of porV mutant
cells (Fig. 8). Cells of the porU mutant CJ2116 attached to glass
almost as well as did wild-type cells, indicating that PorU is not
required for secretion of the F. johnsoniae adhesins.

porV mutant cells appear to be defective for secretion of at
least 32 additional proteins. Spent culture fluids of wild-type
cells; AgldNO, AporV, and AporU mutant cells; and comple-
mented cells were examined for the presence of secreted proteins
by SDS-PAGE. Several prominent bands between 60 and 240 kDa
that were present in the cell-free spent culture fluids from wild-
type and AporU mutant cells were absent or decreased in intensity
in culture fluid of AgldNO and AporV mutant cells and were re-
stored to near-wild-type levels in the complemented mutants (Fig.
9). LC-MS/MS analysis of one of these bands, at approximately 90
kDa, demonstrated that it corresponded to ChiA (see Fig. S1in the
supplemental material), which as mentioned above is secreted by
the T9SS. The region of the gel between 60 and 240 kDa was
excised and analyzed by LC-MS/MS (Table 5; also see Table S3 in
the supplemental material). Proteins present in the culture fluid
from wild-type cells, but absent or greatly reduced in culture fluid
from the AgldNO mutant, included 18 proteins with TIGR04183
CTDs (including RemA), six proteins with TIGR04131 CTDs, and
nine proteins that lacked obvious conserved CTDs. Twenty-six of
the proteins mentioned above were also absent or greatly reduced
in the cell-free culture fluid of the AporV mutant. The other seven
proteins (Fjoh_0601, Fjoh_0602, Fjoh_0604, Fjoh_0606, Fjoh_
1123, Fjoh_3952, and Fjoh_4934) apparently do not require PorV
for secretion by the T9SS. All of the proteins listed in Table 5 that
have TIGR04183-type CTDs required PorV for efficient secretion.

TABLE 4 Deletion of porV results in decreased attachment of cells to

glass

Avg (SD) no. of
cells attached to

0.03-mm?

region of glass
Strain Description coverslip®
CJ1827 Wild type 40.5 (2.2)
CJ1827/pCP29  Wild type with empty vector pCP29 38.7 (6.7)
CJ1827/pCP23  Wild type with empty vector pCP23 32.4(6.7)
CJ2090 A(gldN gldO) 0.0 (0.0)
CJ1984/pCP29  AremA with empty vector pCP29 32.3 (6.5)
CJ1922/pCP29  AsprB with empty vector pCP29 41.4 (9.0)
CJ1985/pCP29  AremA AsprB with empty vector pCP29  17.8 (5.5)
CJ2130/pCP29  AporV with empty vector pCP29 7.0 (1.6)
CJ2130/pSSK03  AporV complemented with pSSK03, 31.3(2.7)

carrying porV

CJ2445/pCP29  AporV AsprB with empty vector pCP29 0.1 (0.3)
CJ2116/pCP23  AporU with empty vector pCP23 31.5(2.7)
CJ2116/pSSK04  AporU complemented with pSSK04, 30.3 (2.7)

carrying porU

@ Approximately 10° cells in 2.5 pl of MM were introduced into a Petroff-Hausser
counting chamber and incubated for 2 min at 25°C. Samples were observed using an
Olympus BH-2 phase-contrast microscope, and cells attached to a 0.03-mm? region of
the cover glass were counted. Numbers in parentheses are standard deviations
calculated from 9 measurements.
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FIG 9 Soluble extracellular proteins of wild-type and mutant cells. Cells of F. johnsoniae wild type (CJ1827); AgldNO mutant (CJ2090); AporV mutant (CJ2130);
AporU mutant (CJ2116); CJ2090 complemented with pTB79, which carries gldN; CJ2130 complemented with pSSK03, which carries porV; and CJ2116
complemented with pSSK04, which carries porU, were grown in MM at 25°C with shaking until cells reached an ODg,, of 0.7. Equal amounts of cell-free spent
medium of wild-type and mutant cells were separated by SDS-PAGE, and proteins were detected by silver staining. Arrowheads indicate bands present in the
culture fluid of wild-type cells that were absent or reduced in intensity in the culture fluid of the AgldNO mutant cells. The double arrowhead corresponds to the
N-terminal fragment of ChiA (see Fig. S1 in the supplemental material). The boxed regions were subjected to LC-MS/MS analysis (Table 5; also see Table S3 in

the supplemental material).

Proteins in cell-free culture fluid of AporU mutant cells were sim-
ilar to those in culture fluid of wild-type cells (Fig. 9), although a
few proteins were apparently reduced in intensity or absent in the
culture fluid from the AporU mutant (Table 5). These results in-
dicate that PorU is not required for F. johnsoniae T9SS-mediated
secretion, but it may enhance the secretion of some proteins.

In addition to the proteins that appeared to be secreted by the
T9SS mentioned above, many other proteins were also identified
in the cell-free culture fluid (see Table S3 in the supplemental
material). Analysis of the F. johnsonaie genome suggested the pres-
ence of a type II secretion system (8), which may account for the
secretion of some of these proteins. Some proteins were present in
much larger amounts in the culture fluid of T9SS mutants than in
the culture fluid of wild-type cells (see Table S3 in the supplemen-
tal material). These may be cellular (nonsecreted) proteins that
were released because of cell surface defects of the T9SS mutants.
Consistent with this, many of these proteins were predicted to
localize to the cytoplasm, periplasm, or outer membrane, where
they presumably reside in wild-type cells.

The T9SS and PorV are required for efficient starch utiliza-
tion. The predicted a-amylases Fjoh_1208 and Fjoh_1408 were
detected in cell-free culture fluid of wild-type cells but not in cul-
ture fluid of AgldNO mutant cells (Table 5). Examination of wild-
type and mutant cells confirmed that the T9SS has a role in starch
utilization (Fig. 10). The AgldNO and AporV mutant cells were
partially deficient in digestion of starch. The small amount of re-
sidual starch digestion detected with these mutants may be the
result of additional amylases released by other secretion systems or
may indicate that a small amount of Fjoh_1208 or Fjoh_1408 was
released from the mutant cells.

Fjoh_0288, which exhibits limited sequence similarity to
PorV, does not appear to be required for T9SS function. Exam-
ination of the F. johnsoniae genome revealed one gene, Fjoh_0288,
encoding a protein that exhibits 30% amino acid identity with
PorV over a 135-amino-acid region. Fjoh_0288 was deleted in
wild-type cells and in cells of the AporV mutant. Cells of CJ2082
(AFjoh_0288) and of CJ2446 (AFjoh_0288 AporV) spread on agar
as well as did wild-type cells (data not shown), suggesting that
SprB was secreted to the cell surface. Deletion of Fjoh_0288 also
had no effect on secretion of ChiA and no effect on sensitivity to
the eight phages used in this study (data not shown). These results
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suggest that Fjoh_0288 is not involved in T9SS-mediated secre-
tion.

DISCUSSION

T9SSs, discovered in P. gingivalis and F. johnsoniae, are common
among members of the phylum Bacteroidetes (5, 8, 9). Seven pro-
teins (GldK, GIdL, GIdM, GldN, SprA, SprE, and SprT) are im-
portant for T9SS function in F. johnsoniae, and orthologs of these
are required for secretion in P. gingivalis (5, 6, 11, 18-20). P. gin-
givalis PorP is also required for secretion (5), whereas in F. john-
soniae the function of PorP appears to be split between multiple
PorP-like proteins, such as SprF, which is required specifically for
secretion of SprB (21). Two additional P. gingivalis proteins (PorU
and PorV) are involved in gingipain secretion (5, 16, 22, 23). In
this study, we examined the potential roles of F. johnsoniae PorU
and PorV in secretion.

F. johnsoniae PorU was not required for secretion of proteins
by the T9SS. Three proteins, RemA, ChiA, and SprB, known to be
secreted by the T9SS (4, 6, 7, 11) were each secreted in functional
form by cells of a porU deletion mutant. SDS-PAGE followed by
LC-MS/MS analysis of proteins secreted by wild-type and mutant
cells revealed that whereas cells of the gldNO deletion mutant
appeared to be defective for the secretion of at least 33 proteins,
proteins secreted by cells of the porU deletion mutant were similar
to those secreted by wild-type cells. PorU is thought to function as
the peptidase that removes the CTDs of P. gingivalis proteins dur-
ing or after secretion (16). Our results suggest that either F. john-
soniae does not require CTD processing for secretion or it has
other proteases that render PorU unnecessary. No paralogs of
porU were detected in the genome, but F. johnsoniae produces
many peptidases (28).

F. johnsoniae PorV was required for secretion of many but not
all proteins that are targeted to the T9SS. Secretion of RemA and
ChiA required PorV, whereas secretion of SprB did not. Defects in
phage sensitivity and in attachment of cells to glass were also as-
sociated with deletion of porV and suggested that PorV is required
for the secretion of additional cell surface adhesins besides RemA.
Analysis of spent culture fluid of wild-type and mutant cells re-
vealed 26 proteins that appear to require porV for efficient secre-
tion. These proteins were also absent in culture fluid of the
AgldNO mutant, suggesting that they are secreted from wild-type
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TABLE 5 Candidate proteins secreted by the T9SS identified by LC-MS/MS analysis of cell-free culture fluid”

Spectrum count for:

AgldNO AporV AporU
Locus tag/protein Mol mass” Predicted Predicted protein Wild AgldNO = strain with  AporV  strain with AporU  strain with
name (kDa) localization® CTD? function® type strain pTB79 strain  pSSK03 strain  pSSK04
Fjoh_0074 123.1 OM, E TIGR04183 Nuclease/phosphatase 42 3 108 7 84 95 129
Fjoh_0601 208.2 OM 115 0 84 71 78 118 148
Fjoh_0602 279.3 OM 68 0 38 57 59 65 86
Fjoh_0604 144.2 E 47 0 39 42 44 40 45
Fjoh_0606 409.5 OM 163 0 172 77 169 176 198
Fjoh_0808/RemA 154.0 E TIGR04183 Motility adhesin 38 0 47 0 56 37 67
Fjoh_0886 99.1 E TIGR04183 Peptidase 12 0 19 0 21 14 18
Fjoh_1022 51.1 E TIGR04183 Licheninase 6 0 6 0 6 1 8
Fjoh_1123 121.9 E, OM TIGR04131 34 0 10 27 3 37 32
Fjoh_1188 152.7 E,OM TIGR04183 49 0 104 0 42 52 75
Fjoh_1189 181.4 E TIGR04183 Lectin 74 0 112 1 69 112 79
Fjoh_1208 112.5 E TIGR04183 «-Amylase 45 0 66 6 91 58 126
Fjoh_1231 97.8 E TIGR04183 Pectate lyase 9 0 13 0 6 35 31
Fjoh_1269 94.3 E,OM TIGR04183 27 4 43 3 40 34 56
Fjoh_1408f 106.0 E TIGR04183 «-Amylase 2 0 4 0 2 0 6
Fjoh_1645" 258.1 E TIGR04131 20 6 0 1 2 3
Fjoh_2150 39.0 E,OM TIGR04183 6 0 6 0 7 3 3
Fjoh_2273 93.3 E TIGR04131 4 0 5 1 5 5 1
Fjoh_2389f 57.7 E,OM TIGR04183 Peptidase 2 0 7 0 12 0 6
Fjoh_2667 129.7 OM 28 0 7 0 3 5 33
Fjoh_2687 155.8 E 26 1 26 7 35 26 43
Fjoh_3108 30.9 OM,E, P 7 0 10 0 8 0 10
Fjoh_3246 299.4 OM, E TIGR04183 12 0 77 0 6 23 41
Fjoh_3324 105.3 E TIGR04183 Carbohydrate binding 16 1 40 5 20 49 59
Fjoh_3729 195.1 OM 46 0 32 0 52 23 79
Fjoh_3777 128.1 OM, E TIGR04183 Deacylase 10 0 25 0 9 10 34
Fjoh_3952 330.6 E TIGR04131 22 0 11 12 16 11 17
Fjoh_4174 102.5 E TIGR04183 Carbohydrate binding 40 5 40 6 62 55 36
Fjoh_4176 95.4 E TIGR04183 Carbohydrate binding 48 3 65 7 63 108 76
Fjoh_4177 144.9 E TIGR04183 Glycoside hydrolase 22 0 35 0 34 67 60
Fjoh_4750 158.1 E TIGR04131 13 0 3 3 3 3 10
Fjoh_4819 112.5 C,OM, P Glycoside hydrolase 34 0 5 0 1 12 9
Fjoh_4934 84.8 E TIGR04131 11 1 7 19 4 17 17

“ Proteins in cell-free culture fluid from wild-type F. johnsoniae CJ1827, AglANO mutant CJ2090, AporV mutant CJ2130, AporU mutant CJ2116, AgldiNO complemented with
pTB79, AporV complemented with pSSK03, and AporU complemented with pSSK04 were separated by SDS-PAGE and silver stained, and the regions shown in Fig. 9 spanning
approximately 60 to 240 kDa were cut from the gel and analyzed by LC-MS/MS. Total/unweighted spectrum counts corresponding to total number of spectra associated with a
single protein and indicative of relative abundance of that protein are indicated for each of the seven strains analyzed. For the complete data set, including proteins that were
apparently secreted by other secretion systems or were released by cell lysis, see Table S3 in the supplemental material.

b Mol mass, molecular mass as calculated for full-length protein before removal of signal peptide.

¢ Protein localization as predicted by CELLO v 2.5 subcellular localization predictor (42). OM, outer membrane; E, extracellular; P, periplasmic; C, cytoplasmic.

4 CTD type identified by BLASTP analysis.

¢ Predicted protein functions as listed on the Integrated Microbial Genomes website (https://img.jgi.doe.gov), except for RemA (4).
fThe small number of spectra identified from wild-type cells for these proteins made the prediction of secretion by the T9SS less certain. These proteins were included because no
spectra were observed from AgldNO or AporV mutant cells and because complementation of the AgldNO mutant resulted in 4 to 7 spectral hits for each protein.

cells by the T9SS. Eighteen of these proteins had CTDs that belong
to protein domain family TIGR04183, suggesting that proteins
with TIGR04183-type CTDs might require PorV for secretion.
Some proteins with TIGR04131-type CTDs and some proteins
that lacked recognizable T9SS CTDs also appeared to require
PorV for secretion, whereas others did not since they were found
in the cell-free culture fluids of both wild-type and porV mutant
cells.

T9SS-mediated secretion of proteins with TIGR04183-type
CTDs has been documented for many proteins of diverse mem-
bers of the phylum Bacteroidetes (4, 6, 8,9, 14). In contrast, the role
of TIGR04131-type CTDs in targeting proteins for secretion is less
well established. F. johnsoniae SprB is the only example of a
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TIGR04131 family member that has been demonstrated to be se-
creted by the T9SS (5, 6, 11, 21). The observation of six additional
F. johnsoniae proteins with TIGR04131-type CTDs that appear to
be secreted by the T9SS supports the suggestion that TIGR04131
CTDs target proteins to the T9SS. The F. johnsoniae genome is
predicted to encode 12 proteins with TIGR04131-type CTDs, and
we hypothesize that each of these is secreted by the T9SS. Proteins
that have TIGR04131-type CTDs are also common among the
many members of the phylum Bacteroidetes that have T9SSs.
Proteins in addition to those with TIGR04183-type CTDs and
TIGR04131-type CTDs are also secreted by T9SSs. For example, F.
johnsonaie ChiA is secreted by the T9SS, but its CTD, which is
necessary and sufficient for secretion, does not closely resemble
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FIG 10 Starch digestion by wild-type and mutant cells. Cells were streaked on
CYE agar containing 0.25% starch and incubated overnight at 25°C. The agar
was flooded with a solution of 1% KI and 1% iodine to detect starch. Clearing
zones around the cells indicate starch digestion. Wild type, F. johnsoniae
CJ1827; AgldNO, gldNO deletion mutant CJ2090; AporV, porV deletion mu-
tant CJ2130; AporV<, CJ2130 complemented with pSSK03, which carries porV;
AporU, porU deletion mutant CJ2116; AporU<, CJ2116 complemented with
pSSK04, which carries porU.

members of either TIGR04183 or TIGR04131 (7). Here, we iden-
tified nine additional proteins (Fjoh_0601, Fjoh_0602, Fjoh_
0604, Fjoh_0606, Fjoh_2667, Fjoh_2687, Fjoh_3108, Fjoh_3729,
and Fjoh_4819) that were apparently secreted by the T9SS but that
did not exhibit similarity to members of either TIGR04183 or
TIGR04131. There is considerable sequence diversity among T9SS
CTDs (9, 14), and these nine proteins may have novel T9SS-tar-
geting domains that have thus far escaped detection.

The results reported here identify 35 proteins (including ChiA,
SprB, and RemA) that appear to be secreted by the F. johnsoniae
T9SS. This is probably only a partial list of proteins secreted by this
system. Fifty-four F. johnsoniae proteins were previously pre-
dicted to be secreted by the T9SS based on the presence of CTDs
belonging to TIGR04183 and TIGR04131 (6). In addition, the
identification of proteins that lack obvious T9SS-targeting CTDs
but that are apparently secreted by the T9SS suggests that addi-
tional proteins may be secreted by this system. Further study is
needed to determine the diversity of T9SS-targeting sequences
and to reveal the mechanism of T9SS-mediated protein secretion
in F. johnsoniae and in other members of the phylum Bacte-
roidetes.
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