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Type VI secretion systems of human gut @
Bacteroidales segregate into three genetic
architectures, two of which are contained

on mobile genetic elements

Michael J. Coyne, Kevin G. Roelofs and Laurie E. Comstock’

Abstract

Background: Type VI secretion systems (T65Ss) are contact-dependent antagonistic systems employed by Gram
negative bacteria to intoxicate other bacteria or eukaryotic cells. T6SSs were recently discovered in a few
Bacteroidetes strains, thereby extending the presence of these systems beyond Proteobacteria. The present study
was designed to analyze in a global nature the diversity, abundance, and properties of T6SSs in the Bacteroidales,
the most predominant Gram negative bacterial order of the human gut.

Results: By performing extensive bioinformatics analyses and creating hidden Markov models for Bacteroidales Tss
proteins, we identified 130 T6SS loci in 205 human gut Bacteroidales genomes. Of the 13 core T6SS proteins of
Proteobacteria, human gut Bacteroidales T6SS loci encode orthologs of nine, and an additional five other core
proteins not present in Proteobacterial T6SSs. The Bacteroidales T6SS loci segregate into three distinct genetic
architectures with extensive DNA identity between loci of a given genetic architecture. We found that divergent
DNA regions of a genetic architecture encode numerous types of effector and immunity proteins and likely include
new classes of these proteins. TheT6SS loci of genetic architecture 1 are contained on highly similar integrative
conjugative elements (ICEs), as are the T6SS loci of genetic architecture 2, whereas the T6SS loci of genetic
architecture 3 are not and are confined to Bacteroides fragilis. Using collections of co-resident Bacteroidales strains
from human subjects, we provide evidence for the transfer of genetic architecture 1 T6SS loci among co-resident
Bacteroidales species in the human gut. However, we also found that established ecosystems can harbor strains
with distinct T6SS of all genetic architectures.

Conclusions: This is the first study to comprehensively analyze of the presence and diversity of T6SS loci within an
order of bacteria and to analyze T6SSs of bacteria from a natural community. These studies demonstrate that more
than half of our gut Bacteroidales, equivalent to about % of the bacteria of this ecosystem, encode T6SSs. The data
reveal several novel properties of these systems and suggest that antagonism between or distributed defense
among these abundant intestinal bacteria may be common in established human gut communities.
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Background

The human intestinal microbiota contains more than 35
species of the order Bacteroidales that are collectively
the most abundant Gram negative bacteria of this eco-
system. These species co-colonize the human intestine
at very high density [1-4] and form stable ecosystems
[4], with strains persisting for years or decades. The co-
residence, high abundance, and long term colonization
by the Bacteroidales suggest that they may form mutual-
istic relationships that stabilize the community. In
addition, as newly introduced strains are rarely able to
become established, there are likely antagonistic mecha-
nisms employed by these strains to compete and defend
the ecosystem from invasion. Relatively few studies have
analyzed interactions between predominant human gut
Bacteroidales strains. Gut Bacteroidales are equipped
with large arsenals of proteins that allow them to harvest
a tremendous array of different plant polysaccharides
and host-derived glycans (reviewed [5]). We have shown
that Bacteroidales strains form complex ecological net-
works based on the breakdown and utilization of dietary
polysaccharides, such that some strains that cannot ac-
cess a certain polysaccharide can be cross-fed by other
Bacteroidales strains able to utilize the polysaccharide
[6]. These interactions benefit at least one interacting
member, likely without harm to either partner. We have
also shown that competitive interactions via direct antagon-
ism occur among Bacteroidales strains. Gut Bacteroidales
secrete antibacterial proteins, designated BSAPs, one of
which we have shown does not require a cognate immunity
protein and targets closely related strains [7]. As bacteria
use many different mechanisms to compete in microbial
communities, and the gut microbiota is an extremely dense
ecosystem, we predicted that contact dependent Type VI
secretion systems (T6SSs) are likely very prevalent antagon-
istic systems of the gut Bacteroidales.

T6SSs are toxin delivery systems that until recently
were only described in Proteobacterial species. The T6SS
apparatus is a multiprotein complex requiring numerous
core proteins (Tss proteins) including cytoplasmic, trans-
membrane, and outer membrane components [8, 9].
The needle or tube apparatus is comprised of a phage-
like complex, similar to the T4 contractile bacteriophage
tail, which is thought to be anchored to the membrane
by a trans-envelope complex. These tube and trans-
envelope sub-assemblies are linked via TssK [10]. The
inner tube is comprised of Hcp (TssD) that assemble as
stacked hexamers [11]. The VgrG (Tssl) protein sits at
the tip of the tube and forms a spike (in some cases,
sharpened by a PAAR protein [12]), which enables punc-
turing of the recipient’s membranes. Toxic effectors are
loaded onto the tube/spike apparatus by interacting with
Hcp or VgrG [13-15]. The inner tube is surrounded by a
sheath comprised of TssB and TssC that contracts [16, 17],
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driving expulsion of the inner tube from the cell. Current
models suggest that this T6SS firing delivers the contents
of the inner tube either into the supernatant of in vitro
grown bacteria, or punctures the membrane of a neigh-
boring bacterial or eukaryotic cell thereby delivering the
toxic contents. Following T6SS firing, components of the
T6SS machinery are recycled using energy provided by
the ATPase ClpV (TssH) [18, 19]. T6SS effectors include
cell wall degrading enzymes, proteins that affect cell mem-
branes (phospholipases, pore-forming), and nucleases
[20]. In most cases, the effector is produced with a cog-
nate immunity protein, typically encoded by an adjacent
gene [21]. Both eukaryotic and bacterial cells are targeted
by T6SS effectors (reviewed [22]) although most described
T6SS effectors target Gram negative bacteria.

T6SSs were only recently identified in Bacteroidetes
species [23-25] and this lapse was due to the fact that
many proteins of the few identified Bacteroidetes T6SS
do not share sufficient sequence similarity with core T6SS
proteins of Proteobacteria to be detectable by methods
that rely on protein-protein comparisons (e.g. blastp) or
protein-profile comparisons (e.g. Pfam, COG). Using more
sensitive profile-profile and profile-structural compari-
sons, we identified a T6SS locus contained on an integra-
tive conjugative element (ICE), and showed that it was
transferred between four different Bacteroidales species
while co-resident in a human gut [23]. This was the first
demonstration of a T6SS locus being transferred between
members of a natural microbial community. A concurrent
study showed functional T6SSs in two Bacteroidetes spe-
cies [24]. The soil organism Flavobacterium johnsonii was
shown to have T6SS proteins that function analogously to
their Proteobacterial counterparts, and an effector and its
cognate immunity protein were identified. In addition, a
T6SS of Bacteroides fragilis was shown to antagonize a
Bacteroides thetaiotaomicron strain in vitro [24]. The Bac-
teroidetes T6SSs are distinct enough from the general
Proteobacterial T6SS loci (T6SS) and the Francisella
T6SSs (T6SSY) that they have been designated a separate
subtype (T6SS™) (24). In the present study, we build upon
these early findings and provide a comprehensive analysis
of the prevalence and properties of T6SS loci of the hu-
man gut Bacteroidales.

Results

Identification of T6SS loci in human gut Bacteroidales
strains

In order to perform a comprehensive analysis of T6SSs
of human gut Bacteroidales, we retrieved the genome se-
quences of available human gut Bacteroidales strains de-
posited to Genbank and Refseq comprising a total of
205 strains with draft and complete genome sequences
representing 35 different species (Table 1). As some
strains were identified only to the genus level, the 16S
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Table 1 Summary of the 205 human gut Bacterodales strains analyzed and the T6SS loci present in each genome

T6SS architecture

number  genome 16S ID NCBI Bioproject  loci initially 3 other identified by
D identified HMM

1 Alistipes finegoldii DSM 17242 A. finegoldii PRINA40775 0

2 Alistipes indistinctus YIT 12060 A. indistinctus PRINA46373 0

3 Alistipes onderdonkii DSM 19147 A. onderdonkii PRINA199292 0

4 Alistipes putredinis DSM 17216 A. putredinis PRINA19655 0

5 Alistipes senegalensis JC50 A. senegalensis PRINAT99660 0

6 Alistipes shahii WAL 8301 A. shahii PRINA45913 0

7 Alistipes sp. AL-1 A. onderdonkii PRINA224116 0

8 Alistipes sp. HGB5 A. finegoldii PRINA54031 0

9 Alistipes timonensis JC136 A. timonensis PRIEA174622 0

10 Bacteroides caccae ATCC 43185 B. caccae PRINA18163 0

11 Bacteroides caccae CLO3T12C61 B. caccae PRINAG4801 1

12 Bacteroides cellulosilyticus CLO2T12C19 B. cellulosilyticus PRINAG4803 1

13 Bacteroides cellulosilyticus DSM 14838 B. cellulosilyticus PRINA30027 0

14 Bacteroides cellulosilyticus WH2 B. cellulosilyticus PRINA224116 0

15 Bacteroides sp. 14(A) B. cellulosilyticus PRINA224116 0

16 Bacteroides clarus YIT 12056 B. clarus PRINA48509 0

17 Bacteroides coprocola DSM 17136 B. coprocola PRINA20521 0

18 Bacteroides coprophilus DSM 18228 B. coprophilus PRINA30371 1 1

19 Bacteroides dorei 5 1 36-D4 B. dorei PRINA32451 0

20 Bacteroides dorei CLO2TO0C15 B. dorei PRINA64805 1

21 Bacteroides dorei CL02T12C06 B. dorei PRINA64807 1

22 Bacteroides dorei CLO3T12C01 B. dorei PRINA64809 0

23 Bacteroides dorei DSM 17855 B. dorei PRINA27831 1

24 Bacteroides dorei HS1 L 1 B 010 B. dorei PRINA232731 1

25 Bacteroides dorei HS1 L 3 B 079 B. dorei PRINA232731 0

26 Bacteroides sp. 3 1 33FAA B. dorei PRINA38353 0

27 Bacteroides sp. 9 1 42FAA B. dorei PRINA32445 0

28 Bacteroides eggerthii 1 2 48FAA B. eggerthii PRINA40009 0

29 Bacteroides eggerthii DSM 20697 B. eggerthii PRINA27827 1

30 Bacteroides faecis MAJ27 B. faecis PRINA86875 0

31 Bacteroides finegoldii CLO9T03C10 B. finegoldii PRINAG4831 1

32 Bacteroides finegoldii DSM 17565 B. finegoldii PRINA27823 0

33 Bacteroides fluxus YIT 12057 B. fluxus PRINA48511 1 1

34 Bacteroides fragilis 3 1 12 B. fragilis PRINA32433 1

35 Bacteroides fragilis 638R B. fragilis PRINA50405 1 1

36 Bacteroides fragilis CLO3T00C08 B. fragilis PRINAG4811 1 1

37 Bacteroides fragilis CLO3T12C07 B. fragilis PRINAG4813 1 1

38 Bacteroides fragilis CLO5T00C42 B. fragilis PRINA64815 1

39 Bacteroides fragilis CLO5T12C13 B. fragilis PRINAG4817 1

40 Bacteroides fragilis CLO7TO0CO1 B. fragilis PRINA64819 1 1

41 Bacteroides fragilis CLO7T12C05 B. fragilis PRINA64821 1 1

42 Bacteroides fragilis DCMOUH0017B B. fragilis PRINA244943 2 2
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Table 1 Summary of the 205 human gut Bacterodales strains analyzed and the T6SS loci present in each genome (Continued)

43 Bacteroides fragilis DCMOUH0018B B. fragilis PRINA244944 0

44 Bacteroides fragilis DCMOUH00428 B. fragilis PRINA253771 1 1
45 Bacteroides fragilis DCMOUH0067B B. fragilis PRINA254401 0

46 Bacteroides fragilis DCMOUH0085B B. fragilis PRINA254455 1 1
47 Bacteroides fragilis DCMSKEJBY0001B B. fragilis PRINA244942 0

48 Bacteroides fragilis HMW 610 B. fragilis PRINA71525 0

49 Bacteroides fragilis HMW 615 B. fragilis PRINA71527 0

50 Bacteroides fragilis HMW 616 B. fragilis PRINA71529 1 1
51 Bacteroides fragilis JCM 11017 B. fragilis PRINA224116 0 1
52 Bacteroides fragilis NCTC 9343 B. fragilis PRINA46 1 1
53 Bacteroides fragilis YCH46 B. fragilis PRINA13067 2 1 1
54 Bacteroides fragilis str 1007-1-F #10 B. fragilis PRINA206138 1 1
55 Bacteroides fragilis str 1007-1-F #3 B. fragilis PRINA206180 1 1
56 Bacteroides fragilis str 1007-1-F #4 B. fragilis PRINA206181 1 1
57 Bacteroides fragilis str 1007-1-F #5 B. fragilis PRINA206182 1 1
58 Bacteroides fragilis str 1007-1-F #6 B. fragilis PRINA206183 1 1
59 Bacteroides fragilis str 1007-1-F #7 B. fragilis PRINA206135 1 1
60 Bacteroides fragilis str 1007-1-F #8 B. fragilis PRINA206136 1 1
61 Bacteroides fragilis str 1007-1-F #9 B. fragilis PRINA206137 1 1
62 Bacteroides fragilis str 1009-4-F #10 B. fragilis PRINA206140 1 1
63 Bacteroides fragilis str 1009-4-F #7 B. fragilis PRINA206139 1 1
64 Bacteroides fragilis str 2-F-2 #4 B. fragilis PRINA206111 1 1

65 Bacteroides fragilis str 2-F-2 #5 B. fragilis PRINA206112 1 1

66 Bacteroides fragilis str 2-F-2 #7 B. fragilis PRINA206113 1 1

67 Bacteroides fragilis str 20793-3 B. fragilis PRINA206110 0

68 Bacteroides fragilis str 3-F-2 #6 no call PRINA206178 0 1
69 Bacteroides fragilis str 3397 N2 B. fragilis PRINA206143 0

70 Bacteroides fragilis str 3397 N3 B. fragilis PRINA206144 0

71 Bacteroides fragilis str 3397 T10 B. xylanisolvens PRINA206115 0

72 Bacteroides fragilis str 3397 T14 B. fragilis PRINA206142 0

73 Bacteroides fragilis str 34-F-2 #13 B. fragilis PRINA206179 1 1

74 Bacteroides fragilis str 3719 A10 B. fragilis PRINA206150 0

75 Bacteroides fragilis str 3719 T6 B. fragilis PRINA206149 0

76 Bacteroides fragilis str 3725 D9(v) B. fragilis PRINA206141 2 1 1
77 Bacteroides fragilis str 3725 D9 ii B. ovatus PRINA206117 0

78 Bacteroides fragilis str 3774 T13 B. fragilis PRINA206151 2 1 1
79 Bacteroides fragilis str 3783 N1-2 B. fragilis PRINA206152 1 1

80 Bacteroides fragilis str 3783 N1-6 B. fragilis PRINA206153 1 1

81 Bacteroides fragilis str 3783 N1-8 B. fragilis PRINA206154 1 1

82 Bacteroides fragilis str 3783 N2-1 B. fragilis PRINA206155 1 1

83 Bacteroides fragilis str 3976 T7 B. fragilis PRINA206156 1 1

84 Bacteroides fragilis str 3976 T8 B. fragilis PRINA206157 0 1
85 Bacteroides fragilis str 3986 T(B)10 B. fragilis PRINA206145 1 1
86 Bacteroides fragilis str 3986 N(B)19 B. fragilis PRINA206120 0 1

87 Bacteroides fragilis str 3986 N(B)22 B. fragilis PRINA206148 1 1
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Table 1 Summary of the 205 human gut Bacterodales strains analyzed and the T6SS loci present in each genome (Continued)

88 Bacteroides fragilis str 3986 N3 no call PRINA206147 1 1

89 Bacteroides fragilis str 3986 T(B)13 no call PRINA206146 1 1

90 Bacteroides fragilis str 3986 T(B)9 B. fragilis PRINA206118 1 1

91 Bacteroides fragilis str 3988 T(B)14 B. fragilis PRINA206158 1 1

92 Bacteroides fragilis str 3988 T1 B. fragilis PRINA206119 1 1

93 Bacteroides fragilis str 3996 N(B) 6 B. fragilis PRINA206114 1 1

94 Bacteroides fragilis str 3998 T(B)3 B. fragilis PRINA206159 0 1
95 Bacteroides fragilis str 3998 T(B) 4 B. fragilis PRINA206116 0 1
96 Bacteroides fragilis str A7 (UDC12-2) B. fragilis PRINA206105 1 1

97 Bacteroides fragilis str B1 (UDC16-1) no call PRINA206104 1 1

98 Bacteroides fragilis str DS-166 B. fragilis PRINA206109 1 1

99 Bacteroides fragilis str DS-208 B. fragilis PRINA206107 0

100 Bacteroides fragilis str DS-71 B. fragilis PRINA206108 1 1

101 Bacteroides fragilis str Ds-233 B. fragilis PRINA206106 0 1
102 Bacteroides fragilis str 11345 B. fragilis PRINA206101 1 1

103 Bacteroides fragilis str J-143-4 B. fragilis PRINA206102 2 1 1

104 Bacteroides fragilis str J38-1 B. fragilis PRINA206103 1 1

105 Bacteroides fragilis str Korea 419 B. fragilis PRINA206100 1 1

106 Bacteroides fragilis str S13 L11 B. fragilis PRINA206121 1 1

107 Bacteroides fragilis str S23L17 B. fragilis PRINA206172 1 1

108 Bacteroides fragilis str S231.24 B. fragilis PRINA206173 1 1

109 Bacteroides fragilis str S23 R14 no call PRINA206122 1 1

110 Bacteroides fragilis str S24L15 B. fragilis PRINA206166 0 1
1M Bacteroides fragilis str S24L26 B. fragilis PRINA206167 1 1

112 Bacteroides fragilis str S24L.34 B. fragilis PRINA206168 1 1

113 Bacteroides fragilis str S36L11 B. fragilis PRINA206170 1 1 1
114 Bacteroides fragilis str S36L12 B. fragilis PRINA206171 2 1 1

115 Bacteroides fragilis str S36L5 B. fragilis PRINA206169 2 1 1

116 Bacteroides fragilis str S38L3 B. fragilis PRINA206174 1 1

117 Bacteroides fragilis str S38L5 B. fragilis PRINA206175 1 1

118 Bacteroides fragilis str S6L.3 B. fragilis PRINA206160 1 1

119 Bacteroides fragilis str S6L.5 Chlamydia sp. PRINA206161 1 1

120 Bacteroides fragilis str S6L8 B. fragilis PRINA206162 1 1

121 Bacteroides fragilis str S6R5 B. fragilis PRINA206163 1 1

122 Bacteroides fragilis str S6R6 B. fragilis PRINA206164 2 1 1

123 Bacteroides fragilis str S6R8 B. fragilis PRINA206165 1 1

124 Bacteroides sp. 2 1 16 B. fragilis PRINA38347 2 1 1

125 Bacteroides sp. 2 1 S6FAA B. fragilis PRINA40013 3 2 1

126 Bacteroides sp. 3 2 5 B. fragilis PRINA32441 2 1 1

127 Bacteroides intestinalis DSM 17393 B. intestinalis PRINA20523 0

128 Bacteroides massiliensis B84634 no call PRINA199226 0 1
129 Bacteroides massiliensis dnLKV3 no call PRINA175977 0

130 Bacteroides nordii CL02T12C05 B. nordii PRINA64823 0

131 Bacteroides nordii JCM 12987 B. nordii PRINA224116 0

132 Bacteroides sp. HPS0048 B. nordii PRINA72497 0
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Table 1 Summary of the 205 human gut Bacterodales strains analyzed and the T6SS loci present in each genome (Continued)

133 Bacteroides oleiciplenus YIT 12058 B. oleiciplenus PRINA46377 0

134 Bacteroides ovatus 3 8 47FAA B. ovatus PRINA40011 0

135 Bacteroides ovatus ATCC 8483 B. ovatus PRINA18191 0

136 Bacteroides ovatus CLO2T12C04 B. ovatus PRINAG4825 1 1
137 Bacteroides ovatus CLO3T12C18 B. ovatus PRINAG4827 0

138 Bacteroides ovatus SD CMC 3f B. ovatus PRINA42769 1 1
139 Bacteroides ovatus str 3725 D1 iv B. ovatus PRINA206123 0

140 Bacteroides ovatus str 3725 D9 iii B. ovatus PRINA206124 0

14 Bacteroides sp. 3 1 23 B. ovatus PRINA38771 0

142 Bacteroides sp. D2 B. ovatus PRINA32449 0

143 Bacteroides plebeius DSM 17135 B. plebeius PRINA27829 0

144 Bacteroides salyersiae CL02T12C01 B. salyersiae PRINAG4829 1 1
145 Bacteroides salyersiae WAL 10018 B. salyersiae PRINA170350 0

146 Bacteroides stercoris ATCC 43183 B. stercoris PRINA19859 0

147 Bacteroides stercoris CC31F B. stercoris PRINA71531 1 1
148 Bacteroides thetaiotaomicron VPI-5482 B. thetaiotaomicron ~ PRINA399 0

149 Bacteroides thetaiotaomicron dnLKV9 B. thetaiotaomicron ~ PRINA175974 0

150 Bacteroides sp. 1 1 14 B. thetaiotaomicron ~ PRINA38765 0

151 Bacteroides sp. 11 6 B. thetaiotaomicron ~ PRINA32435 0

152 Bacteroides uniformis ATCC 8492 B. uniformis PRINA18195 0

153 Bacteroides uniformis CLO3TO0C23 B. uniformis PRINAG4833 1 1
154 Bacteroides uniformis CLO3T12C37 B. uniformis PRINA64835 1 1
155 Bacteroides uniformis dnLKV2 B. uniformis PRINA175976 0

156 Bacteroides uniformis str 3978 T3 i B. uniformis PRINA206128 0

157 Bacteroides uniformis str 3978 T3 ii B. uniformis PRINA206129 0

158 Bacteroides sp. 4 1 36 B. uniformis PRINA39357 0

159 Bacteroides sp. D20 B. uniformis PRINA38355 0

160 Bacteroides vulgatus ATCC 8482 B. vulgatus PRINA13378 0

161 Bacteroides vulgatus CLO9T03C04 B. vulgatus PRINAG4837 0

162 Bacteroides vulgatus PC510 B. vulgatus PRINA42763 0

163 Bacteroides vulgatus dnLKV7 B. vulgatus PRINA175975 1 1
164 Bacteroides vulgatus str 3775 SL(B) 10 (iv)  B. vulgatus PRINA206132 1 1
165 Bacteroides vulgatus str 3775 SR(B) 19 B. vulgatus PRINA206133 1 1
166 Bacteroides vulgatus str 3975 RP4 B. vulgatus PRINA206134 0

167 Bacteroides sp. 3 1 40A B. vulgatus PRINA38773 0

168 Bacteroides sp. 4 3 47FAA B. vulgatus PRINA32443 1 1
169 Bacteroides xylanisolvens CLO3T12C04 B. xylanisolvens PRINAG4839 0

170 Bacteroides xylanisolvens SD CC 1b B. xylanisolvens PRINA42773 1 1
171 Bacteroides xylanisolvens SD CC 2a B. xylanisolvens PRINA42771 1 1
172 Bacteroides sp. 1 1 30 B. xylanisolvens PRINA41955 1 1
173 Bacteroides sp. 2 1 22 B. xylanisolvens PRINA38349 0

174 Bacteroides sp. 2 2 4 B. xylanisolvens PRINA32439 1 1
175 Bacteroides sp. D1 B. xylanisolvens PRINA32447 0

176 Bacteroides sp. D22 B. xylanisolvens PRINA41953 1 1

177 Bacteroides xylanisolvens XB1A no call PRINA39177 0
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Table 1 Summary of the 205 human gut Bacterodales strains analyzed and the T6SS loci present in each genome (Continued)

178 Parabacteroides distasonis ATCC 8503 P. distasonis
179 Parabacteroides distasonis CLO3T12C09 P. distasonis
180 Parabacteroides distasonis CLO9T03C24 P. distasonis
181 Parabacteroides distasonis str 3776 D15 i P. distasonis
182 Parabacteroides distasonis str 3776 D15 v P. distasonis
183 Parabacteroides distasonis str 3776 Po2 i P. distasonis
184 Parabacteroides distasonis str 3999B T(B) 4  P. distasonis
185 Parabacteroides distasonis str 3999B T(B) 6  P. distasonis
186 Bacteroides sp. 2 1 33B P. distasonis
187 Parabacteroides sp. 20 3 P. distasonis
188 Parabacteroides sp. 2 17 P. distasonis
189 Parabacteroides sp. D13 P. distasonis
190 Parabacteroides sp. D25 P. distasonis
191 Bacteroides sp. 3 1 19 P. distasonis
192 Parabacteroides sp. ASF519 P. goldsteinii
193 Parabacteroides goldsteinii CLO2T12C30 P. goldsteinii
194 Parabacteroides goldsteinii dnLKV18 P. goldsteinii
195 Parabacteroides gordonii DSM 23371 P. gordonii
196 Parabacteroides johnsonii CLO2T12C29 P. johnsonii
197 Parabacteroides johnsonii DSM 18315 P. johnsonii
198 Parabacteroides merdae ATCC 43184 P. merdae
199 Parabacteroides merdae CLO3T12C32 P. merdae
200 Parabacteroides merdae CLO9TO0C40 P. merdae
201 Prevotella copri DSM 18205 Pr. copri
202 Prevotella stercorea DSM 18206 Pr. stercorea
203 Bacteroides sp. VE202-11 C. hathewayi
204 Bacteroides sp. GabA1 no call

205 Bacteroides sp. GabA2 no call

PRINA13485 0

PRINA6G4883 1 1
PRINA64885
PRINA206126
PRINA206127
PRINA206125
PRINA206130
PRINA206131
PRINA38351
PRINA38767
PRINA55579 1 1
PRINA38359 0
PRINA39405 1 1
PRINA41951
PRINA176004
PRINAGA887
PRINA175978
PRINA224116 1 1
PRINAG4889 1 1
PRINA30007
PRINA18193
PRINAG4891
PRINAG4893
PRINA30025
PRINA65131
PRINA224116
PRINA224116
PRINA224116

N O O O O O O O

O O O O O o o o o

115 48 9 56 2 15

rRNA sequences were retrieved for all strains and each
was assigned a species designation based on the closest
match in the ribosomal database (Table 1). We took ad-
vantage of the fact that the genes encoding most of the
proteins involved in T6S are clustered in a T6SS locus.
The protein sequences of these 205 genomes were
searched for two proteins, VgrG (TssI) and ClpV (TssH),
which are consistently present in T6SSs and are two of
the few Bacteroidetes T6SS proteins we previously found
to be identifiable by sequence profile searches using pro-
files generated from their Proteobacterial counterparts.
If genes encoding proteins containing motifs TIGR03361
(VgrG) and TIGR03345 (ClpV) were found on the same
contig or scaffold and were within fifteen genes of each
other, all intervening genes and 25 genes flanking each
side were retrieved. This search identified a total of 115
regions from 102 of the 205 strains and included 16 dif-
ferent Bacteroides and Parabacteroides species (Table 1).

All the proteins encoded by these 115 regions were clus-
tered using cut-offs of 30 % identity over at least 70 % of
the protein, and a representative protein from each clus-
ter was searched for motifs (using traditional sequence-
profile searches) and further analyzed by profile-profile
and profile-structural comparisons. Many of these T6SS
proteins could only be identified using the more sensi-
tive profile-profile and profile-structural comparisons.
Table 2 shows the cluster analysis of the protein families
identified most frequently from these 115 regions with
corresponding hits to various databases. These 115 re-
gions were then trimmed in a consistent manner to con-
tain all identified tss genes as well as genes encoding
putative TetR/AcrR family transcriptional regulators,
T6SS-associated genes (Tags) described below, and
genes encoding predicted effector and/or immunity pro-
teins. The trimming of these segments, although consist-
ent, was somewhat arbitrary and is our best prediction
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Table 2 Cluster analysis of prevalent protein families of Bacteroidales T6SS loci

cluster representative

cluster no. hit
T6SS gene no. proteins i ipti probability e-value p-value gene name source
Hcp (TssD) 1 132 COG3157 T6SS component Hep 99.5 3.00€-14 6.20E-18 BACEGG_00439 B. eggerthii DSM 20697 DS995508.1 15800..516198)
2 130 COG3157 | T65S component Hep 99.4 5.10E-13  1.10E-16  BF1952 B. fragilis YCHA6 APO06841.1:complement(2293947..2294351)
18 56 COG3157 | T6SS component Hep 96.4 0.011 2.30E-06  M112_1955 B. fragilis str 3986 T(B)13 JGE. 1 564418)
19 56 COG3157 | T6SS Hep 9.4 0.01 2.106-06  M147_1970 B. fragilis str 1007-1-F #4 JGDK01000111.1:complement(11263..11670)
60 9 COG3157 | T6ss Hep 99.7 150E-16  3.20E-20  C800_03401 B. vulgatus dnLKV7 KE159479.1:212669..213112
61 9 COG3157 | T6SS component Hep 9.4 0.028 5.70E-06  HMPREF1075_02466  P. distasonis CLO3T12C09 JH976496.1:138323..138721
89 4 COG3157 | T6SS component Hep 84.5 14 00003 153 B. eggerthil DSM 20697 DS995508.1:532439..533143
114 2 COG3157 | T65S component Hep 81.2 12 0.00024  C800_03411 B. vulgatus dnLKV7 KE159479.1:222950..224038
140 1 COG3157 | T65S component Hep 52.8 8.2 00017 1413 sp. 203 GG774972.1 236..690735)
149 1 COG3157 _| T6SS component Hep 65.5 47 0.00097 161 B. dorei DSM 17855 DS995532.1:complement(6137..7171)
151 1 COG3157 | T6SS component Hep 92.0 0.13 2.60E-05 1716 Parabacteroides sp. 20 3 GG775007.1:complement(39055..40038)
TssE 3 115 COG3518 | Predicted T65S component 99.7 1.106-16  2.30E-20  HMPREF1018 04735  Bacteroides sp. 2 1 56FAA GL945053.1:complement(18004..18426)
VgrG (Tssl) 4 114 COG3501 | VgrG conserved protein 100.0 130E-74  2.60E-78  HMPREF1057_01535 B finegoldii CLO9TO3C10 JH951901.1:1777950..1779707
118 2 COG3501 | VgrG conserved protein 100.0 4.70E37  9.60E-41 123 4 B. fluxus YIT 12057 GL882697.1:34564..35412
131 2 COG3501 | VgrG conserved protein 99.9 4.10E-23  8.50E-27  HMPREF9446_03878 B fluxus YIT 12057 GL882697.1:24310..24774
179 1 COG3501 | VgrG conserved protein 99.9 7.90E27  160E30 1223 B. fluxus YIT 12057 GL882697.1:34026..34619
5 114 C0G3517 | Predicted T6SS component 80.9 26 000052  HMPREF0999_02165  Parabacteroides sp. D25 JH976503.1:21367..22746
TssB 6 114 COG3516 | Predicted T6SS component 100.0 230629  4.60E-33  M141_1839 B. fragilis str S38L5 JGER01000026.1:complement(42270..42719)
ClpV (TssH) 7 113 COGO542__| Clp protease ATP-binding subunit 100.0 2.00E-132  5.00E-136  1B64_20235 B. fragilis DCMOUHO0858 JPHP01000129.1:17885..20368
143 1 COG0542 | Clp protease ATP-binding subunit 100.0 3.50E-56  7.10E-60  HMPREF1181 02621 B.stercoris CC31F KE340314.1:complement(26610..27836)
145 1 COG0542 | Clp protease ATP-binding subunit 100.0 2.40E-59  4.90E-63  HMPREF1181 02620 B. stercoris CC31F KE340314.1:complement(25402..26535)
225 1 COG0542 | Clp protease ATP-binding subunit 99.7 2.00E-18 420822 11112 Bacteroides sp. 2 1 56FAA GL945053.1:complement(13276..13497)
8 112 LIGQESEBA  possible TM protein 100.0 2.00E-108  2.00E-113  BSFG_03413 Bacteroides sp. 4 3 47FAA JH114363.1:81267..82145
9 110 PFO0801 PKD domain protein 99.4 3.20E-13  6.90E-17  M146_2285 B. fragilis str 1007-1-F #3 JGEBO1000075.1:complement(96152..97045)
142 1 PFO0801 PKD domain protein 99.2 7.90E-12  1.80E-15  CW1_1136 B. xylanisolvens SD CC 2a ADMP01000125.1:complement(7607..9004)
TetR 10 84 PFO0440  TetR family regulatory protein 99.8 3.00E-21  6.20E-25  HMPREF0101_00912  Bacteroides sp. 2 1 16 GG705209.1:complement(1044325..1045068)
55 10 PFO0440  TetR family regulatory protein 99.9 4.80E-23  9.40E-27  BACDOR_01097 B. dorei DSM 17855 DS995532.1:38336..38959
1 66 COG3519 | T6SS component VasA 9.6 0.0036 7.406-07  HMPREF1055_00984 B fragilis CLO7T00CO1 JH724206.1:1030701..1032518
21 49 COG3519 | T6SS component VasA 100.0 7.90E-75  1.60E-78  HMPREF0101 01161  Bacteroides sp. 2 116 GG705209.1 1321308..1323083)
12 62 PF13519 type A von Willebrand factor 99.7 1.00E-16  2.70E-20  M117_1769 B. fragilis str 3774 T13 JGCR01000228. 1:complement(17448..19820)
20 49 PF13519 type A von Willebrand factor 97.0 0.0023 6.40E-07 HMPREF1071_03802  B. salyersiae CLO2T12C01 JH724309.1:608808..611156
Tssk 13 62 C0G3522 | Predicted T65S component 100.0 7.00E-64  140E-67  HMPREF1055_00994  B. fragilis CLO7TO0CO1 JH724206.1:1044289..1045431
22 49 COG3522 | Predicted T65S component 100.0 4.70E-62  9.60E-66  BSCG_03192 Bacteroides sp. 2 2 4 EQ973361.1:complement(54361..55509)
TssG 14 62 C0G3520 | Predicted T6SS component 100.0 2.70E55  5.50E-59  IB64_20315 B. fragilis DCMOUHO085B JPHP01000129.1:35377..36333
23 49 C0G3520 | Predicted T65S component 100.0 7.10E53  150E-56  M079_2628 B. fragilis str 3996 N(B) 6 JGDA01000242.1:complement(12077..13012)
TssO 15 62 TUWLEXIBA  hypothetical protein 100.0 2.30E-35  1.80E-40  HMPREF9008_01746  Parabacteroides sp. 20 3 GG774972.1:complement(694199..694711)
26 48 TUWLEXIBA  hypothetical protein 100.0 4.20E-89  3.60E-94  MO097_0827 B. vulgatus str 3775 SL(B) 10 (iv) JNHI01000003. 1:complement(50354..50800)
P e 16 62 LOXRESIBA  membrane protein 100.0 3.60E-41  3.00E-46  M130_1997 8. fragilis str S6R6 JGDZ01000061.1:complement(51994..52497)
25 49 LOXRESIBA  membrane protein 100.0 9.50E-42  8.00E-47  BSHG_4312 Bacteroides sp. 32 5 JH636044.1:2076302..2076799
TagC 17 56 XIHWOWIBA  hypothetical protein 100.0 2.00E-111  1.00E-116  M126_2212 B. fragilis str S6L3 JGDY01000025.1:complement(181343..181801)
TagB 24 49 TIGRO0756  pentatricopeptide domain 93.9 0.00067  160E-07  HMPREFO106_04467  Bacteroides sp. D22 GG774825.1:67738..68541
TagA 27 44 C0G3063 Tfp pilus assembly protein PilF 99.5 9.60E-13 2.00E-16 M136_4778 B. fragilis str S36L11 JGDJ01000012.1: 2188..3564)
40 15 COG3063  Tfp pilus assembly protein PilF 100.0 2.10E-26  4.30E-30  HMPREF1066_01891 B. fragilis CLO3TO0CO8 JH724173.1:complement(2333979..2334749)
57 9 COG3063  Tfp pilus assembly protein PilF 99.5 1.00E-13  2.10E-17  BACEGG_00437 B. eggerthii DSM 20697 DS995508.1:complement(512504..513862)
76 5 COG3063 Tfp pilus assembly protein PilF 98.9 3.20E-09 6.50E-13 M117_4919 B. fragilis str 3774 T13 JGCR01000081.1:19138..20487
UPAARIRRSTN 29 34 €0G3209 | RhsA family protein 100.0 1.10E-30  2.30E-34  HMPREF9008_04592  Parabacteroides sp. 20 3 GG775007.1:61923..66248
PF05488 PAAR motif 99.0 9.70E-12  2.00E-15
113 2 €0G3209 | RhsA family protein 96.1 0.0044 9.10E-07  1.20_7 Bacteroides sp. 2 1 56FAA GL945054.1:complement(1..1152)
PF05488 PAAR motif 99.3 2.70E-13  6.00E-17
feAAR 31 31 PF05488 PAAR motif 99.8 150E-21  3.50E-25  M103_1974 B. fragilis str 1007-1-F #9 JGEC01000018.1:complement(106084..106752)
41 14 PF05488 PAAR motif 77.8 0.13 3.40E-05 12416 Bacteroides sp. 2 1 S6FAA GL945053.1:complement(2..808)
111 2 PF05488 PAAR motif 99.8 5.50E21  1.40E-24  HMPREF1205_03584  B. fragilis HMW 616 JH815524.1:1607352..1610486
159 1 PF05488 PAAR motif 98.8 110E-10  2.80E-14 1276 Parabacteroides sp. 20 3 GG774972.1:712546..713430
Rhs 94 3 €0G3209 | RhsA family protein 100.0 130E-32  2.60E-36 129 1 P. distasonis CLO3T12C09 JH976496.1:complement(123215..125368)
123 2 €0G3209 | RhsA family protein 99.0 1.90E-11  3.80E-15  1.19_13 B. stercoris CC31F KE340314.1:complement(8297..8914)
125 2 C0G3209 RhsA family protein 98.8 3.60E-10 7.40E-14 1232 B. dorei CLO2TO0C15 JH724111.1:complement(961223..961816)
141 1 C0G3209 RhsA family protein 99.8 4.90E-20 1.00E-23  1.23_15 Parabacteroides sp. D25 JH976503.1:complement(1183..2586)
170 1 €0G3209 | RhsA family protein 99.6 2.00E-16  4.00E20 1268 Bacteroides sp. 2 2 4 EQ973361.1:complement(39353..40036)
171 1 €0G3209 | RhsA family protein 99.5 150E-15  3.10E-19 122 16 Bacteroides sp. 2 2 4 EQ973361.1:complement(43335..44003)
173 1 €0G3209 | RhsA family protein 99.5 2.10E-15  4.30E-19  BSFG_03425 Bacteroides sp. 4 3 47FAA JH114363.1:98977..99627
176 1 €0G3209 | RhsA family protein 98.8 3.10E-10  6.40E-14 1287 P. johnsonii CLO2T12C29 JH976468.1:173044..173664
177 1 €0G3209 | RhsA family protein 99.0 4.50E-11  9.30E-15 1282 B. finegoldii CLOST03C10 JH951901.1:1793293..1793910

A sequence was randomly chosen (the “cluster representative”) from the members of the cluster and used to create a profile-HMM (see text). The representative
profile-HMM was used as a query against databases of profile-HMM:s (profile-profile comparison). Representative hits are shown. Boxed entries in the “hit accession”
column indicate motifs that have previously been considered determinative for the type of T6SS protein [12, 26, 48-51] many of these relationships are
undetectable by standard sequence-profile analyses. Only proteins found in the mapped T6SS regions (see Figs. 1, 2, 3 and 4) are listed here. Gene names of
the form 1_n_n indicate translations by Prodigal 2.2.6 [45] that did not match the depositor-supplied translations. The cell colors used are consistent with those
used on the open reading frame maps

for the boundaries of these regions. All 115 regions iden-  most regions containing genes encoding TssB, TssC,
tified in the initial search for VgrG and ClpV were found  Hcp, TssE, TssE, and TssG. Regions lacking this full com-
to contain multiple additional Tss encoding genes, with  plement of Tss encoding genes were present on contigs
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that terminate within the T6SS locus, and for some of
these regions, the remainder of these genes were identi-
fied on other contigs (Additional file 1, marked as “ex-
tension”). The identified T6SS loci are distributed
among Bacteroides and Parabacteroides genomes with
none of the nine Alistipes genomes containing a T6SS
identified by these methods. To ensure the comprehen-
sive nature of this search, we created Hidden Markov
Model (HMM) profiles of all proteins with Tss, Tag,
TetR, PAAR or Rhs designations and used them to
search the 205 genomes again for matches. For example,
in these 115 regions there are 400 predicted genes en-
coding Hcp proteins, which segregate into 11 distinct
clusters (Table 2 and Additional file 2). The sequences of
these 400 proteins were used to make a profile HMM
for the Bacteroidales Hcp family. We used the resulting
profiles of all Tss, Tag, TetR, PAAR or Rhs families to
query the protein sequences of the full genome set and
identified 15 additional T6SS loci (Table 1, Additional
file 1). These regions were not identified in the initial
analysis most commonly because the VgrG and ClpV
proteins are encoded by genes on different contigs, a
consequence of the incomplete nature of many of these
genome sequences. In addition to Bacteroides and Para-
bacteroides, these new analyses identified a putative
T6SS in Prevotella stercorea DSM 18206. This analysis
not only identified all T6SS loci present in these ge-
nomes, but also any gene encoding a Tss protein that is
not contained within these T6SS loci. Numerous ClpV-
like encoding genes were identified outside of T6SS re-
gions, which is not surprising considering that ClpV is
an ATPase. In addition, Rhs proteins and transcriptional
regulators of the TetR family were also frequently identi-
fied outside T6SS regions, and occasionally Hcp and
VgrG proteins, also components of phage, were infre-
quently found to be encoded outside T6SS regions
(Additional file 1).

Bacteroides and Parabacteroides T6SS loci segregate into
three major genetic architectures

ORF maps of each of the original 115 T6SS regions were
created with all genes encoding proteins of the same
family designated by identical color (Figs. 1, 2, 3 and 4).
All regions were oriented so that vgrG is transcribed left
to right. Analysis of these ORF maps revealed that these
T6SS loci segregate into three distinct genetic architec-
tures (Figs. 1, 2, 3 and 4, Table 1, and Additional file 1).
These genetic architectures are easily distinguished by
the consistent organization and orientation of the T6SS
genes. Those we are calling genetic architecture 1 (GA1)
(48 regions) are found in the genomes of 13 different spe-
cies, including both Bacteroides and Parabacteroides.
Genetic architecture 2 (GA2) includes nine T6SS loci
present in seven different Bacteroides and Parabacteroides
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species. Genetic architecture 3 (GA3) includes 56 loci and
are present exclusively in B. fragilis strains. The overrepre-
sentation of GA3 is due to the large number of B. fragilis
genome sequences deposited in the databases (87 of the
205 strains). Only two of the 115 T6SS loci do not segre-
gate into one of these three genetic architectures (Table 1
and Additional file 1). A strain can harbor more than one
T6SS locus, as eight strains contain both a GA1l and a
GA3 T6SS locus (Table 1). However, no strains were iden-
tified that contain a GA2 T6SS locus with either of the
other two T6SS genetic architectures (Table 1). Alignment
of the DNA of the T6SS loci within a genetic architecture
revealed a high degree of DNA identity between loci,
whereas little to no DNA identity exists between T6SS loci
of different genetic architectures. Each genetic architec-
ture also had breaks in these conserved regions were the
DNA was divergent. The red lines above the first T6SS
locus of each genetic architecture shown in Fig. 1 show
the areas of highly identical DNA, with the red number in
the breaks representing the divergent/variable regions.
Within the conserved areas, the GA1 regions were > 95 %
identical, the GA2 regions were >80 % identical, and the
GA3 regions were >95 % identical between strains within
a genetic architecture.

Conserved Bacteroidales Tss proteins not present in
Proteobacterial T6SSs

In Proteobacteria, there are 13 core Tss proteins [26]. By
motif and profile HMM analysis, we identified presumed
functional equivalents of nine of these 13 Proteobacterial
core proteins in gut Bacteroidales T6SS loci; however,
genes encoding identifiable TssA, Tss], TssL and TssM
proteins were not detected. The function of TssA is cur-
rently unknown; however, Tss], TssL, and TssM likely
form a transenvelope complex that anchors the phage
tail structure [27, 28]. There are five proteins of un-
known function encoded within the Bacteroidales T6SS
of all three genetic architectures. Four of these proteins
(TssN — TssQ) were previously detected in a few Bacter-
oidetes species [24]. The fifth protein encoded by all
three T6SS genetic architectures of human gut Bacteroi-
dales we are designating TssP. Using the HMM profiles
created for these proteins, searches of all 205 genomes
showed that genes encoding these proteins are contained
almost exclusively in T6SS loci (Additional file 1). TssN
proteins have multiple predicted transmembrane (TM)
regions, whereas TssP, TssO, and TssQ proteins each
have one predicted TM region near their N-termini, and
TssR proteins have no predicted TM regions. It is likely
that some or all of these Bacteroidetes-specificT6SS pro-
teins perform functions analogous to those performed
by TssA, Tss], TssL, and TssM of the Proteobacterial
T6SSs. In the Bacteroidales T6SS loci, these five con-
served tss genes are adjacent to genes encoding TssG
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Fig. 1 ORFmaps of three T6SS loci of each of the three genetic architectures. Genes are colored based on similarity detected by amino acid level
homology, sequence-profile and profile-profile analyses, and predicted structural similarities. Regions of high DNA similarity within a genetic archi-
tecture are shown above as red lines corresponding to the strain at the top for each architecture, with the numbered breaks representing regions
in which the DNA sequences diverge. Tag signifies “Type VI associated gene”

and TssK (Fig. 1). These two proteins have recently been
shown in Proteobacteria to localize to the inner mem-
brane and to interact with each other and with TssF and
are predicted to form a stable subcomplex within the
basal structure of the T6SS complex [29]. We have des-
ignated three proteins of unknown function with the no-
menclature of Tag (Type VI associated gene) due to
their conservation in at least one genetic architecture.
TagA is encoded by T6SS loci of both GA1 and GA2.
TagB is encoded only by T6SS loci of GA1; and TagC is
encoded only by GA3 T6SS loci (Additional file 2).

Multiple Hcp encoding genes

The 115 identified Bacteroidales T6SS loci encode 400
Hcp proteins (Additional file 2). Hep proteins form hexam-
ers that stack to form the inner tube/needle structure of
the puncturing device [11]. Other functions have also been
described for Hcp proteins, for example, some Hcp

proteins have been shown to have a chaperone function in
that they bind to and stabilize effectors [13]. In addition,
there are “evolved” Hcp proteins that have the Hcp domain
at the N-terminal half of the protein and a toxic effector
function present in the C-terminal portion of the protein
[30]. Our analyses showed that GA1 T6SS loci encode two
Hcp proteins, both of which are contained in cluster 1
(Additional file 2), GA2 T6SS regions typically encode five
distinct Hep proteins of four different clusters and a larger
“evolved” Hcp that segregate to distinct clusters based on
the toxin region contained in the C-terminus (Additional
file 2). GA3 T6SS loci typically encode five Hep proteins
that segregate into four clusters. Most T6SS loci of Proteo-
bacterial species only encode a single Hcp protein and the
biological relevance for the presence of multiple /cp genes
in these Bacteroidales T6SS regions is currently unknown,
but is another distinguishing feature of Bacteroidales
T6SSs compared to those of Proteobacteria.
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Fig. 2 ORF maps of the human gut Bacteroidales GA1 T6SS loci. Alignment of GA1 T6SS loci demonstrating the conservation of these regions.
Maps labeled with multiple isolate names indicate these DNA sequences matched each other at 99 % identity over 96 % of their lengths; an ORF
map representative of each set is shown. The four co-resident isolates from the CLO2 microbiome are marked by asterisks, indicating that ambiguities
in these sequences were resolved by Sanger sequencing [23]. Most of the genomes are draft assemblies, and many of the segments shown comprise
entire contigs — maps that appear truncated upstream or downstream likely reflect difficulties during assembly. The number of the cluster into which
the encoded protein segregated is shown under each gene. The ORF maps are colored according to the key provided in Fig. 1

Transcriptional regulators of the TetR/AcrR family

Type VI secretion is a highly regulated process in many
species with numerous factors affecting regulation
(reviewed [9, 28]). Bacteroidales T6SS loci of all three
genetic architectures contain a nearby gene encoding a
protein of the TetR/AcrR transcriptional regulator fam-
ily. TetR proteins bind to DNA and repress transcription
[31]. When its ligand is present, the ligand binds TetR
and releases it from the DNA allowing for transcription.
Although TetR family proteins have not to date been
shown to regulate T6S, we predict, based on the vicinity
of these TetR encoding genes to theT6SS genes of all
three genetic architectures, that these proteins may have
a role in transcriptional regulation of T6SS loci in the
gut Bacteroidales. TetR orthologs from GA1l and GA3
are highly similar to each other and segregate into the
same cluster (Additional file 2); whereas the GA2 TetR
orthologs have almost no similarity at the protein se-
quence level to those of GAl and GA3, and may

regulate T6S in a different manner, and/or respond to
different ligands.

Effector and Immunity proteins

The highly identical DNA of a given T6SS genetic archi-
tecture (Fig. 1) contains genes encoding core Tss
proteins and conserved Tags (Fig. 1), whereas the diver-
gent regions do not, and some genes in these regions en-
code identifiable effector and/or immunity proteins
(Additional file 3). Therefore, different T6SS loci of a
given genetic architecture often encode different effector
and immunity proteins. For GA1 T6SS loci, the DNA
similarity in region 2 ends just after a gene encoding a
protein of immunity family 10 followed by a gene encod-
ing a PAAR-Rhs-effector, also described as polymorphic
toxins [21]. In many of these genes, the contig ends or
contains stretches of Ns due to inherent difficulties in
assembling Rhs regions. However, the sequence of many
of these PAAR-Rhs-effector regions is complete and

-
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Fig. 3 ORF maps of the human gut Bacteroidales GA2 T6SS loci. Alignment of GA2 T6SS loci demonstrating the conservation of these regions.
The number of the cluster into which the encoded protein segregated is shown under each gene. The ORF maps are colored according to the
key provided in Fig. 1
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key provided in Fig. 1

Fig. 4 ORF maps of the human gut Bacteroidales GA3 T6SS loci. Alignment of GA2 T6SS loci demonstrating the conservation of these regions.
Maps labeled with multiple isolate names indicate these DNA sequences matched each other at 99 % identity over 96 % of their lengths; an ORF
map representative of each set is shown. This architecture was found in B. fragilis only. Most of the genomes are draft assemblies, and many of
the segments shown comprise entire contigs — maps that appear truncated upstream or downstream likely reflect difficulties during assembly.
The number of the cluster into which the encoded protein segregated is shown under each gene. The ORF maps are colored according to the

some of these polymorphic toxins include C-terminal
WapA domains or YwqJ nucleic acid deaminase do-
mains (Additional file 3) [32]. GA2 T6SS loci encode the
greatest number of identifiable effector/immunity pro-
teins, all of which are contained within the three variable
regions shown in Fig. 1. Identifiable effectors include
“evolved” Hcp with predicted C-terminal toxin do-
mains including DYW nucleic acid deaminase super-
family and toxin 43 superfamily predicted to have
RNase activity [21], as well as many unknown toxin do-
mains in various GA2 regions. GA2 region 2 encodes
PAAR-Rhs-effector toxins, many of unknown function;
although several distinct toxin domains were identified
including that of the AHH nuclease family, a URI fold
nuclease toxin 2 family and a colicin-like nuclease. In
addition, there are other predicted effectors/immunity
proteins encoded in divergent regions of some GA2 loci
including a cell wall hydrolase tae4/tai4 effector/im-
munity gene pair in one strain, and a pore-forming
colicin-like protein. The GA3 T6SS loci have two vari-
able regions, the genes of which are largely of unknown
function. In the B. fragilis 638R and 9343 T6SS loci, all
proteins encoded in these two divergent regions con-
tain transmembrane spanning regions, and we predict
these constitute as yet undescribed families of effector
and immunity proteins.

To more comprehensively identify effector and immun-
ity proteins in these T6SS regions, we took advantage of a
comprehensive study of toxins and immunity proteins as-
sociated with polymorphic toxins (21). We created HMMs
of the segment alignments for the 220 toxin and immunity
proteins described in this study and compared all of the
proteins encoded by the 115 T6SS loci to these HMM
models. These comparisons identified numerous effector
and immunity proteins (Additional file 3), most of which
were encoded by GA1 and GA2 T6SS loci, which encode
the majority of polymorphic toxins.

Bacteroidales T6SS loci and ICE

We previously showed that a 116-kb integrative conjuga-
tive element (ICE) containing a T6SS locus was trans-
ferred between five co-resident Bacteroidales species of a
human subject [23]. As the transfer of these antagonistic
systems has important ecological implications, we ana-
lyzed whether other T6SS loci may also be contained on
ICE, and therefore, subject to intra-ecosystem transfer.

The genomes of all strains containing a T6SS locus
present on a sufficiently large contig were searched for
genes encoding conjugative transfer (Tra) proteins,
many of which we found to be consistently encoded by
Bacteroidales ICE [23]. These analyses demonstrated
that T6SS loci of GA1 and GA2 have tra genes in very
close proximity to the T6SS loci (Fig. 5). In addition, the
tra genes flanking GA1 T6SS loci are present in a con-
sistent pattern, as are the tra genes flanking GA2 T6SS
loci. These similarities suggest not only that the T6SS
loci of a genetic architecture are contained on ICE, but
they are contained on very similar ICE. To determine
how similar the ICE harboring GA1 or GA2 T6SS loci
are, we extended the DNA alignment analyses to these
flanking regions and determined the extent of DNA
similarity between strains of a given architecture. Using
the defined 116 kb ICE from the CLO02 strains containing
the GA1 T6SS locus, we found that there was remark-
able similarity among GA1l-harboring strains with most
strains at least 95 % identical at the DNA level along the
length of the ICE, and some more than 99 % identical
(Additional file 4). For GA2, there was also extensive
DNA identify albeit to a lesser degree with identity
values ranging from approximately 75 to 99 % along the
approximately 100 kb ICE (Additional file 5). In con-
trast, analysis of regions flanking GA3 T6SS loci did not
reveal a consistent pattern of tra genes in close proxim-
ity to the T6SS loci. Only three of the GA3 T6SS loci
contained these tra genes within 50 kb of the T6SS loci,
and the distances were variable between strains with
some being several hundreds of kilobases away. Bacteroi-
dales strains are known to harbor numerous conjugative
elements of which these distantly encoded Tra proteins
may be part. Collectively, these data strongly suggest that
GA1 and GA2 T6SS loci are contained on ICE, which ex-
plains their distribution among many species and families
of gut Bacteroidales. In addition, the ICE harboring GA1
are extremely similar to each other at the DNA level as
are the GA2 harboring ICE. The data are less supportive
of the presence of GA3 T6SS loci on ICE and may explain
why these T6SSs are restricted to B. fragilis.

Analysis of T6SS loci from natural human gut Bacteroidales
communities

Of the 205 human gut Bacteroidales strains that were
analyzed for T6SS loci, seven strains were co-resident in
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Fig. 5 Comparison of the ICEs containing GA1 and GA2 T6SS loci. tra genes (dark green) are adjacent to each of the T6SS loci and present in a
consistent manner within an ICE of a genetic architecture. a For the GA1 ICE, the tra genes from left to right encode TraG (TIGR03783), TraK
(TIGR03781), TraM (TIGR03779), TraN (TIGR03780), TraD (TIGR02759). b For GA2 containing ICE, the tra genes from left to right encode TraO
(PF10626), TraN (TIGR03780), TraM (TIGR03779), TraK (TIGR03781), TraJ (TIGR03782), TrbJ (TIGR02780), TraG (TIGR03783), Tral (PRK13878), TraD
(TIGR02759). The four CLO2T12 isolates from the same microbiome are drawn using sequence with ambiguities corrected. An IS element
interrupting the continuity in P. johnsonii CLO2T12C29 is marked with an asterisk [23]. The ORF maps are colored according to the key provided in
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the gut ecosystem of human subject 2 (CLO2 strains)
and eight were co-resident in the gut ecosystem of hu-
man subject 3 (CLO3 strains) [1]. This allowed us the
unique opportunity to determine the T6SS loci profiles
of strains in natural microbial communities. We previ-
ously showed that an integrative conjugative element
(ICE) containing a T6SS locus was transferred between

five of seven co-resident CLO2 strains [23]. Our current
study now reveals that this T6SS locus is a member of
the GA1 group. In addition, these studies reveal that two
other co-resident Bacteroidales strains that were isolated
from this individual do not contain a T6SS locus. There-
fore, all Bacteroidales strains isolated from this individ-
ual either have an identical GA1 T6SS region that was



Coyne et al. BMIC Genomics (2016) 17:58

transferred between strains, or no T6SS locus. The situ-
ation is very different when analyzing the strains from sub-
ject 3. Our analyses reveal that of the eight CLO3 strains
sequenced, four contain T6SS loci, each of which are dis-
tinct. B. uniformis CL0O3T12C37 has a GA1 T6SS locus, B.
caccae CLO3T12C61 and P. distasonis CLO3T12C09 each
have GA2 T6SS loci that are distinct, and B. fragilis
CL03T12C07 has a GA3 T6SS locus. It will be important
to determine if these co-resident strains with distinct
T6SS loci antagonize each other, or if there are features
that allow them to peacefully co-exist. These data demon-
strate that co-resident Bacteroidales strains from human
gut ecosystems do not fall within a single pattern in regard
to the types of T6SS loci that they harbor, rather, there are
distinct patterns of T6SS loci in co-resident strains.

Evidence of intraecosystem transfer of GA1 T6SS loci
Unlike the transfer of the GA1 T6SS locus ICE between
co-resident CLO2 strains [23], neither the GA1 nor the
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two GA2 T6SS loci of the CLO3 strains from subject 3
are present in more than one Bacteroidales member of
this ecosystem that we analyzed. To determine if we
could detect additional transfers of T6SS loci via ICE,
we broadened these analyses to co-resident strains from
two additional human subjects. The genome sequences
of two B. fragilis strains from subject 5 (B. fragilis
CL05T12C13 and CLO5T00C42 that are the same strain
isolated at different time points) are available and these
harbor a GA2 T6SS locus. The genome sequences of
four strains from subject 9 are available, only one of
which, B. finegoldii CL0O9T03C10, harbors a T6SS (GA1)
(Table 1). We designed primers specific to these two
T6SS loci (in the variable regions of each locus) and
used PCR to detect the presence of these specific T6SS
loci in other Bacteroidales strains from these individuals.
We were unable to detect the GA2 T6SS locus in any of
the other six Bacteroidales species isolated from subject
5 (Fig. 6a). However, of the seven CLO09 species analyzed,

-

Bacteroides finegoldii CLO9T03C10
CODDIMC>LCEOMBBILER < DX (I OOINDD DD [T
JH951901.1, 122,652 bp

Bacteroides cellulosilyticus CLO9T06C25

CODDIM L LCEOMBBRIL < DX I CDINDD IO
cont13, 54,602 bp, 1 miss

Bacteroides ovatus CLO9T03C03
CODOMM>DL0OMBBIIR < DK [N OMINDD D]
cont35, 6,266 bp, 2 misses  cont44, 48,336 bp, 0 misses
Bacteroides stercoris CLO9T03CO1

CODOMM_DECOBIBBILE <1 DK (NI CADINDD IDC]
cont12, 54,602 bp, 2 misses

Fig. 6 Analysis of T6SS loci transfer between co-resident strains. a Ethidium bromide-stained agarose gels showing the results of PCR amplification of
regions specific to the B. fragilis CLO5T12C13 GA2 T6SS locus (left) or the B. finegoldii CLO9T03C10 GA1 T6SS locus (right) from co-resident strains.
Bfra - B. fragilis, Bvul — B. vulgatus, Bcel — B. cellulosilyticus, Bova — B. ovatus, Bthe — B. thetaiotaomicron, Buni — B. uniformis, Pmer — P. merdae, Pdis — P.

[ DOXKIC<1Moo beCCreeCDI0IK XTI iim

O > <JMMm DOOOINDD
cont27, 29,071 bp, 1 miss

o

(K0 I <IMnm cCCOn OO IEIINK KK I i nm
cont13, 56,234 bp, 1 miss

(K0 <0Mnm eI KK nm
cont8, 56,242 bp, 1 miss

distasonis, Bfin — B. finegoldii, Bste — B. stercoris. The entire strain designation consists of three parts: a subject ID (e.g. CL09), an indicator of the isolation
time in months (e.g. T03), and a colony ID (e.g. C10). b Comparison of T6SS-containing ICE DNA contained within four co-resident species. The three
Bacteroides isolates sequenced for this work (B. cellulosilyticus, B. ovatus, and B. stercoris) contain DNA nearly identical to a previously sequenced isolate
(B. finegoldii) from the same individual, strongly suggesting transfer of this ICE among co-resident strains. The small ORFs in the center of the B. finegoldii
map are surrounded by Ns; this DNA is present in the three newly sequenced strains as well, but as separate small contigs, as the assembler used took
a less aggressive scaffolding approach. The ICE containing this GA1 T6SS locus is greater than 110,000 bp in size. The ORF maps are colored according
to the key provided in Fig. 1, except that tra genes are additionally colored dark green
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PCR products specific to the GA1 T6SS locus of B. fine-
goldii CLO9T03C10 were amplified from the DNA of
three additional species (B. ovatus, B. stercoris, and B.
cellulosilyticus). We sequenced the genomes of these
three strains and found that they contain a nearly identi-
cal T6SS containing ICE, with most strains containing
this region on two contigs with only a central portion
absent from the assembled sequences (Fig. 6b). The lar-
gest difference in DNA sequence between these strains
was only three mismatches, therefore, this GA1 T6SS
loci containing ICE is 99.997 % identical between these
four co-resident strains. Although ICE harboring GA1l
T6SS loci are highly identical at the DNA level, such ex-
tremely high DNA identity does not occur between non-
co-resident strains (Additional file 4 and Additional file
5). Therefore, of the four human gut Bacteroidales com-
munities that we have analyzed, we have evidence for
the transfer of GA1 T6SS via ICE among co-resident
Bacteroidales strains in two of these ecosystems.

Discussion

The last decade has witnessed an incredible expansion
of our understanding of the composition of the human
gut microbiota and the genomes of its microbial
members. These data have transformed our ability to
analyze this microbial community and to ask fundamen-
tal questions regarding the mutualistic and competitive
interactions that govern its composition. Competition
for nutrients, or exploitative competition, is likely a driv-
ing factor in ecosystem composition and numerous
studies have been directed at understanding the nutrient
utilization capabilities of various members (reviewed
[5]). We previously demonstrated that interference com-
petition also occurs among human gut Bacteroidales
strains by the production of factors that directly harm
other members. Bacteroidales secrete antimicrobial pro-
teins, termed BSAPs, the first of which was shown to be
secreted in OMVs [7]. The present study demonstrates
that these bacteria also employ T6SSs, likely to antagonize
other strains, and that these loci are widely distributed
among human gut Bacteroidales strains. We have identi-
fied numerous different types of effectors in these T6SS
loci likely with cellular targets including the cell mem-
brane, peptidoglycan, and nucleic acid in addition to many
with functions yet to be described.

In order to better understand the role of T6SSs in
established gut communities, it will be important to
analyze antagonistic interactions between co-resident
bacteria isolated from human gut ecosystems. The
present study has revealed two disparate situations in
regards to Bacteroidales T6SS loci from two human sub-
jects. In one ecosystem, all seven Bacteroidales strains
either have an identical GA1 T6SS locus that was trans-
ferred between members via an ICE, or they completely
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lack a T6SS. In the second ecosystem, four Bacteroidales
members each have a distinct T6SS loci and four other
members have none. This finding raises the important
question as to whether strains without T6SS are subject
to antagonism by those equipped with these machiner-
ies, and whether the T6SS-containing strains from sub-
ject 3 are antagonistic to each other. This highlights our
current limited knowledge regarding the spatiality of the
Bacteroidales community. It will be important to deter-
mine if niches of co-resident strains are over-lapping,
with antagonistic interactions frequently occurring, or
whether these competitive interactions only occur if one
member encroaches into another’s territory. There is
also the question of the role of these systems in ecosys-
tem invasion by a new strain, or in the defense of an
ecosystem from invading strains. It should be possible to
address these important ecological questions using well
established gnotobiotic mouse models.

The T6SS loci of human gut Bacteroidales clearly seg-
regate into three distinct genetic architectures with only
a few outliers. GA1 T6SSs are extremely related to each
other and appear to be readily transferred between co-
resident Bacteroidales strains. The data also strongly
support that GA2 T6SS loci are contained on ICE, how-
ever, many fewer of GA2 T6SS loci were identified in
these gut Bacteroidales strains, indicating they may be
less amenable to transfer among co-resident strains.

It is intriguing that none of the four B. thetaiotaomi-
cron genomes analyzed in this study contained a T6SS
locus. This is the only species for which there were four
representative strains, none of which contained a T6SS
locus. It is possible that as more B. thetaiotaomicron
strains are sequenced, such regions will be identified. Al-
ternatively, it is possible that B. thetaiotaomicron strains
are not recipients of T6SS loci containing ICE. In con-
trast, a large majority of B. fragilis strains contain T6SS
loci (75 of 87 strains), most of GA3, although GA1 were
also frequently present, and both were occasionally
present on the same genome. Due to the incomplete
nature of many of these genomes, it is possible that
even a larger percentage of B. fragilis strains may con-
tain T6SS loci.

This comprehensive analysis of the T6SS loci of hu-
man gut Bacteroidales has revealed many unique fea-
tures of these systems that can serve as a foundation for
future investigation. From a structure/function perspec-
tive, it will be important to delineate the roles of the
conserved Tags and if they are functional equivalents of
the Proteobacterial Tss proteins that are “missing” from
gut Bacteroidales T6SSs. In terms of regulation, it will be
important to determine if TetR is a transcritptional re-
pressor of fss genes and, if so, what are the ligands, en-
vironmental signals, or cues that overcome repression.
This study also revealed regions of the T6SS loci that
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likely encode effector and immunity proteins and illus-
trate that the Bacteroidales may utilize previously unde-
scribed classes of these molecules. These future
molecular analyses, combined with ecological analyses of
antagonistic interactions between strains from human
ecosystems and in animal models, should rapidly in-
crease our knowledge of these ubiquitous antagonistic
systems of our abundant gut bacteria.

Conclusions

This study represents an extensive and comprehensive
analysis of Type VI secretion systems in the human gut
Bacteroidales. As T6SS loci were found in more than
half of human gut Bacteroidales strains, and Bacteroi-
dales comprise approximately half of the total colonic
bacteria in many people, it is likely that % of the bacteria
in the human colon contain T6SS loci. These T6SS loci
were found in Bacteroidales species from three different
families, and they segregate into three evolutionarily dis-
tinct genetic architectures, two of which are contained
on integrative conjugative elements. We identified five
new conserved core proteins that are not encoded by
Proteobacterial T6SS loci and may be functional equiva-
lents of the four Proteobacterial Tss orthologs that are
absent in these Bacteroidales T6SSs. We also identified
numerous distinct effector and immunity proteins and
identified regions of the loci that likely encode unde-
scribed effector and immunity proteins. In addition, we
studied natural human gut Bacteroidales communities
and found evidence that the ICEs bearing T6SS loci of
one of the genetic architectures is readily transferred to
other members of the ecosystem in the human gut.
However, we found that a stable human gut ecosystem
could harbor strains with numerous different T6SS loci,
raising the possibility of bacterial antagonism among
stable members of our gut microbiota.

Methods

The curated genome collection

The GenBank [33] and RefSeq [34] assembly summary
reports (downloaded from ftp://ftp.ncbi.nlm.nih.gov/ge-
nomes/ASSEMBLY_REPORTS) were used to identify all
genome sequences identified as Allistipes, Bacteroides,
Parabacteroides, or Prevotella species. Where there were
duplicate and identical genomes deposited in both
GenBank and RefSeq, only one entry was retained.
Depositor-provided protein sequence information had to
be available for the genome to be further considered.
This process resulted in an initial set of 246 genomes.
From this set, species where the particular genome an-
notation indicated the isolate sequenced was not of hu-
man origin or — if such annotation was lacking — where
the type strain of the species was not of human origin
(e.g. Bacteroides barnesiae from chickens, all Prevotella
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except Prevotella copri and Prevotella stercorea) were
eliminated. All Allistipes species retrieved were retained.
For all retained genomes, DNA identified in the ge-
nome’s Generic Feature Format (.gff) file as 16S riboso-
mal RNA or, where such documentation was lacking,
DNA showing best-hit BLAST homology to a 16S se-
quence from B. fragilis NCTC 9343, was extracted and
compared to the 16S sequence database from the Ribo-
somal Database Project [35] and to the refseq_rna data-
base at NCBI to confirm the species where indicated, or
to assign a putative species ID to those genomes identi-
fied by the depositor to the genus level only. The final
set of genomes encompasses 205 genome sequences,
representing four genera and 36 species (Table 1).

Detection of T6SS regions

Each retained genome was scanned using the reverse
position-specific blast utility rpsblast from the 64-bit
Windows version of the NCBI BLAST+ suite (version
2.2.30, [36]) for proteins matching the motifs identified
by Tigrfams [37] TIGR03361 (VgrG) and TIGR03345
(ClpV) position-specific scoring matrices (PSSMs) as
contained in the conserved domain database (CDD, ver-
sion 3.12, [38]). For a genome to be analyzed further,
proteins matching these TIGRfams had to reside on the
same contig, match each sentinel motif with an e-value
less than or equal to le-03, and be within fifteen genes
of each other. For genomes exhibiting such characteris-
tics, DNA encompassing twenty-five genes flanking the
outermost detected tssH and vgrG genes was retrieved
from NCBL If the contig had less than twenty-five genes
either upstream or downstream of the detected tssH and
vgrG genes, all available DNA was included for that
flank.

Protein clustering and cluster identification using profile-

profile comparisons

All of the 5753 proteins from the resulting set of seg-
ments (tssH/vgrG +£25 genes) were collected and
grouped into clusters of proteins matching at a mini-
mum of 30 % identity over 70 % of each of their lengths
(setting b =true) using the NCBI program blastclust
(version 2.2.26). A protein sequence from each of the
resulting 700 clusters was pseudo-randomly selected (via
Perl) and used for further analysis as a representative of
the cluster. A multiple sequence alignment was gener-
ated for each of the 700 representative proteins by using
each as a query against the profile hidden Markov model
(HMM) database Uniprot20 (dated March, 2013, down-
loaded from ftp://toolkit.genzentrum.lmu.de/pub/HH-
suite/databases/hhsuite_dbs). The MSA was generated
using the HHblits [39] program using three iterations
and the default e-value cutoff of 0.001. Secondary struc-
ture information predicted for the representative protein
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by PsiPred (version 2.6, [40]) was added to the MSA.
The HHSearch program was used to generate a profile-
HMM from the MSA and use it as a query against vari-
ous profile-HMM databases [41], notably the Uniprot20
(March, 2013), NR20 (Aug 12, 2011), COG (Jan 14,
2015, [42]), RCSB Protein Data Bank (PDB; Feb 14,
2015, [43]), and Pfam (version 27, [44]) profile databases
(all profile databases were downloaded from ftp://
ftp.tuebingen.mpg.de/pub/protevo/HHsearch/databases).
(Table 2). All HH-suite programs were from the 64-bit
version 2.0.16, and were compiled and run under Cen-
tros Linux 7. Custom Perl scripts were employed to
parse the output from these profile-profile searches;
convincing relationships between the representative
profile-HMM and entries in the profile-HMM databases
(generally, probability > = 90 %) were used to putatively
assign an identity to the representative and thus to all
proteins contained within its parent cluster.

Inspection of these preliminary identification results
allowed trimming of the ranges contained within the
T6SS loci in a consistent manner for each genetic archi-
tecture. A comparison of the open reading frame maps
thus produced displayed inexplicable differences in some
of the ORFs generated from the translations deposited
in GenBank, wherein some ORFs clearly present in some
isolates were truncated or were missing altogether in
others despite the DNA sequences being the same. Rea-
soning that these anomalies were likely caused by the
use of various gene prediction programs by different
depositors, we re-translated the DNA sequences of all
the T6SS loci in a consistent manner with Prodigal
(v. 2.6.2, [45]), using a training library created from
B. fragilis NCTC 9343. The anomalies noted when
relying on the deposited translations were alleviated
by this procedure. The protein sequences resulting
from the re-translation step were collected and re-
clustered, and analyzed by profile-profile analysis as
before, and putative identities were assigned based on
these results.

Detection of tra genes

Motifs detecting proteins with known transfer functions
(Tra proteins) were extracted from the CDD database,
curated based on their annotations, and used to compile
a custom position-specific scoring matrix (PSSM) data-
base. All proteins in the 205 genome set were compared
to this custom database using rpsblast, and the location
of detected tra genes was mapped to the putative T6SS
loci using the gene’s name and/or contig position to deter-
mine proximity to the T6SS loci. Ultimately, genes encod-
ing products matching TIGR02759 (TraD), TIGR03783
(TraG), PRK13878 (Tral), TIGR03782 (TraJ), TIGR03781
(TraK), TIGR03779 (TraM), TIGR03780 (TraN), PF10626
(TraO), and TIGR02780 (TrbJ) were colored in Fig. 5.
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DNA relatedness among ICE

Genomes with T6SS loci in close proximity to tra genes
were examined for DNA-level homology. The 109,805 bp
segment of DNA earlier identified as containing a T6SS
loci and common to B. cellulosilyticus CLO2T12C19, B.
dorei CL02T12C06, B. salyersiae CL02T12C01, and Para-
bacteroides johnsonii CLO2T12C29 (region 2 in [23]) was
used as a blastn query against individual BLAST databases
custom made from all contigs of each genome containing
a GA1 T6SS locus. The data was retained in table format,
and high scoring segment pairs (HSPs) were sorted by
query start position after removal of HSPs of less than
1000 bp (Additional file 4). A similar operation was per-
formed to identify DNA-level homology between the ge-
nomes identified as having GA2 T6SS loci, except that
initial comparisons were performed using a region encom-
passing 50,000 bp upstream and downstream of the T6SS
locus of Bacteroides fragilis CLO5T00C42 (chosen ran-
domly to act as the source of the query sequence). Ultim-
ately, after several blastn iterations, the length of the
query sequence was modified as the comparisons indi-
cated the likely start and end of the homologous region
(Additional file 5).

Generation of profile HMMs

Proteins from all re-translated T6SS regions were col-
lected according to assigned type (TssB, TssC, etc.). Each
collection was made non-redundant at 100 % identity
over 100 % length, using blastclust and the non-
redundant collection was aligned with Clustal Omega
[46]. Each alignment was used to generate a profile
HMM using hmmbuild from the HMMer 3.1bl suite
(hmmer.org; the HMMer suite programs were run under
Cygwin using version 6.1 of the 64-bit dynamically-
linked library). Each resulting profile HMM was then
used to scan (via hmmsearch) the set of proteins used
to generate the Clustal alignment, and the highest full
sequence or best domain score was recorded and used
as a threshold score during subsequent analyses using
the profile HMM. These profiles and information used
to generate them has been submitted to the Pfam
database.

Identification of putative toxin and immunity encoding
genes described by Zhang et al. (21)

The segment alignments for 220 toxin and immunity
proteins were retrieved from the supplemental files
provided as part of Zhang, D., et al. [21]. A hidden
Markov model of each alignment was generated using
hmmbuild. These models were concatenated, and a bin-
ary representation of the models was created using
hmmpress. All of the proteins encoded by the 115
T6SS loci were compared to the binary HMM models
using hmmsearch. Comparison included all Prodigal
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retranslated proteins if they were in a T6SS loci. All
matches achieving a full length e-value of less than or
equal to 1x 107> were retained and shown in Add-
itional file 3.

PCR analyses for evidence of intra-ecosystem transfer of
ICE

PCRs were performed with Taq MasterMix (NEB) using
the manufacturer’s recommendations with an annealing
temperature of 59 °C. Specific amplification of GA2 of B.
fragilis CLO5T12C13 was performed with primers GTC
ACCAGGGATTATCAAAAGG and CACATATATAATG
CATATCCCTTAGCC and specific amplification of GA1
of B. finegoldii CLO9T03C10 was performed with primers
TTCGGGTGACATGGAAGAGC and GGCGTTTCCTG
TCAACATTG.

Sequencing and assembly of additional Bacteroides
genomes from the CLO9 ecosystem

Chromosomal DNA from B. ovatus CL09T03C03, B.
stercoris CLO9T03CO01, and B. cellulosilyticus CLO9T
06C25 was fragmented using the Covaris S2 instrument,
and analyzed for fragment distribution with a Hi-
Sensitivity D1K TapeStation machine, and for sufficient
quantity by an SYBR qPCR assay. The DNA was sequenced
using an Illumina MiSeq sequencer, producing paired-end
reads of 150 bp. Assembly of the genome was performed
de novo using Velvet 1.2.10 [47], with a k-value of 71 (de-
termined by Velvet Optimizer 2.2.5). (http://www.vicbioin-
formatics.com/software.velvetoptimiser.shtml). The average
depth of coverage ((no. reads used x read length)/total
bases assembled) was 70X, 140X, and 127X, for the B. ova-
tus, B. stercoris, and B. cellulosilyticus, respectively. The
draft genome sequences of Bacteroides cellulosilyticus
CL09T06C25, Bacteroides stercoris CL0O9T03CO01, and
Bacteroides ovatus CLO9T03CO03 have been deposited in
GenBank under BioProject IDs [GenBank:PRJNA283626],
[GenBank:PRJNA283624], and [GenBank:PRJNA283619],
respectively.

Additional files

Additional file 1: Proteins encoded by each of the 205 genomes
that match the profile HMMs for Tss, Tag, TetR, Rhs, PAAR and
PAAR-Rhs proteins. (XLSX 359 kb)

Additional file 2: Enumeration of Bacterodales T6SS proteins by
genetic architecture and cluster. (XLSX 12 kb)

Additional file 3: Identification of putative effector and immunity
proteins by comparison to those identified in Zhang et al. [21].
(XLSX 22 kb)

Additional file 4: Alignment of the ICE from the Bacteroidales
CL02T12 strains against contigs of strains harboring GA1 T6SS loci.
(XLSX 48 kb)

Additional file 5: Alignment of contigs harboring GA2 T6SS loci
with the B. fragilis CLO5T00CO5 contig bearing the GA2 T6SS locus.
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Page 20 of 21

Abbreviations

COG: Cluster of orthologous genes; GA: Genetic architecture; ICE: Integrative
and conjugative element; Rhs: Rearrangement hot spot (gene, protein);

T6SS: Type VI secretion system; tag: Type VI associated gene; TM: Transmembrane.

Competing interests
The authors declare that they have no competing interests, financial or
otherwise, and no conflicts of interest of any kind.

Authors’ contributions

MC and LC designed the study. MC performed all bioinformatics analyses. LC
performed PCR analyses. KR initiated the genome sequence analyses. MC, KR
and LC wrote the paper. All authors read and approved the final manuscript.

Acknowledgements

We thank the Harvard Biopolymer Facility for genome sequence. This work
was supported by Public Health Service grants Al093771 and Al120633 from
the National Institute of Allergy and Infectious Diseases.

Received: 4 September 2015 Accepted: 6 January 2016
Published online: 15 January 2016

References

1. Zitomersky NL, Coyne MJ, Comstock LE. Longitudinal analysis of the
prevalence, maintenance, and IgA response to species of the order
Bacteroidales in the human gut. Infect Immun. 2011;79(5):2012-20. doi:10.
1128/1A1.01348-10..

2. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al.
Diversity of the human intestinal microbial flora. Science. 2005;308(5728):
1635-8. doi:10.1126/science.1110591.

3. Kurokawa K, Itoh T, Kuwahara T, Oshima K, Toh H, Toyoda A, et al.
Comparative metagenomics revealed commonly enriched gene sets in
human gut microbiomes. DNA Res. 2007;14(4):169-81. doi:10.1093/dnares/
dsm018.

4. Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H, Goodman
AL, et al. The long-term stability of the human gut microbiota. Science.
2013;341(6141):1237439. doi:10.1126/science.1237439.

5. Koropatkin NM, Cameron EA, Martens EC. How glycan metabolism shapes
the human gut microbiota. Nat Rev Microbiol. 2012;10(5):323-35. doi:10.
1038/nrmicro2746.

6. Rakoff-Nahoum S, Coyne MJ, Comstock LE. An ecological network of
polysaccharide utilization among human intestinal symbionts. Curr Biol.
2014;24(1):40-9. doi:10.1016/j.cub.2013.10.077.

7. Chatzidaki-Livanis M, Coyne MJ, Comstock LE. An antimicrobial protein of
the gut symbiont Bacteroides fragilis with a MACPF domain of host
immune proteins. Mol Microbiol. 2014. doi:10.1111/mmi.12839

8. Zoued A, Brunet YR, Durand E, Aschtgen MS, Logger L, Douzi B, et al.
Architecture and assembly of the type VI secretion system. Biochim Biophys
Acta. 2014;1843(8):1664-73. doi:10.1016/j.bbamcr.2014.03.018.

9. Silverman JM, Brunet YR, Cascales E, Mougous JD. Structure and regulation
of the type VI secretion system. Annu Rev Microbiol. 2012;66:453-72. doi:10.
1146/annurev-micro-121809-151619.

10.  Zoued A, Durand E, Bebeacua C, Brunet YR, Douzi B, Cambillau C, et al. TssK
is a trimeric cytoplasmic protein interacting with components of both
phage-like and membrane anchoring complexes of the type VI secretion
system. J Biol Chem. 2013;288(38):27031-41. doi:10.1074/jbc.M113.499772.

11. Mougous JD, Cuff ME, Raunser S, Shen A, Zhou M, Gifford CA, et al. A
virulence locus of Pseudomonas aeruginosa encodes a protein secretion
apparatus. Science. 2006;312(5779):1526-30. doi:10.1126/science.1128393.

12. Shneider MM, Buth SA, Ho BT, Basler M, Mekalanos JJ, Leiman PG. PAAR-
repeat proteins sharpen and diversify the type VI secretion system spike.
Nature. 2013;500(7462):350-3. doi:10.1038/nature12453.

13. Silverman JM, Agnello DM, Zheng H, Andrews BT, Li M, Catalano CE, et al.
Haemolysin coregulated protein is an exported receptor and chaperone of
type VI secretion substrates. Mol Cell. 2013;51(5):584-93. doi:10.1016/].
molcel.2013.07.025.

14. Whitney JC, Beck CM, Goo YA, Russell AB, Harding BN, De Leon JA, et al.
Genetically distinct pathways guide effector export through the type VI
secretion system. Mol Microbiol. 2014;92(3):529-42. doi:10.1111/mmi.12571.


http://www.vicbioinformatics.com/software.velvetoptimiser.shtml
http://www.vicbioinformatics.com/software.velvetoptimiser.shtml
dx.doi.org/10.1186/s12864-016-2377-z
dx.doi.org/10.1186/s12864-016-2377-z
dx.doi.org/10.1186/s12864-016-2377-z
dx.doi.org/10.1186/s12864-016-2377-z
dx.doi.org/10.1186/s12864-016-2377-z
http://dx.doi.org/10.1128/IAI.01348-10
http://dx.doi.org/10.1128/IAI.01348-10
http://dx.doi.org/10.1126/science.1110591
http://dx.doi.org/10.1093/dnares/dsm018
http://dx.doi.org/10.1093/dnares/dsm018
http://dx.doi.org/10.1126/science.1237439
http://dx.doi.org/10.1038/nrmicro2746
http://dx.doi.org/10.1038/nrmicro2746
http://dx.doi.org/10.1016/j.cub.2013.10.077
http://dx.doi.org/10.1016/j.bbamcr.2014.03.018
http://dx.doi.org/10.1146/annurev-micro-121809-151619
http://dx.doi.org/10.1146/annurev-micro-121809-151619
http://dx.doi.org/10.1074/jbc.M113.499772
http://dx.doi.org/10.1126/science.1128393
http://dx.doi.org/10.1038/nature12453
http://dx.doi.org/10.1016/j.molcel.2013.07.025
http://dx.doi.org/10.1016/j.molcel.2013.07.025
http://dx.doi.org/10.1111/mmi.12571

Coyne et al. BMIC Genomics (2016) 17:58

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

"

Hachani A, Allsopp LP, Oduko Y, Filloux A. The VgrG proteins are “a la carte’
delivery systems for bacterial type VI effectors. J Biol Chem. 2014;289(25):
17872-84. doi:10.1074/jbc. M114.563429.

Kudryashev M, Wang RY, Brackmann M, Scherer S, Maier T, Baker D, et al.
Structure of the type VI secretion system contractile sheath. Cell. 2015;
160(5):952-62. doi:10.1016/j.cell.2015.01.037.

Clemens DL, Ge P, Lee BY, Horwitz MA, Zhou ZH. Atomic structure of T6SS

reveals interlaced array essential to function. Cell. 2015;160(5):940-51. doi:10.

1016/j.cell.2015.02.005.

Basler M, Mekalanos JJ. Type 6 secretion dynamics within and between
bacterial cells. Science. 2012;337(6096):815. doi:10.1126/science.1222901.
Basler M, Pilhofer M, Henderson GP, Jensen GJ, Mekalanos JJ. Type VI
secretion requires a dynamic contractile phage tail-like structure. Nature.
2012;483(7388):182-6. doi:10.1038/nature10846.

Ma LS, Hachani A, Lin JS, Filloux A, Lai EM. Agrobacterium tumefaciens
deploys a superfamily of type VI secretion DNase effectors as weapons for
interbacterial competition in planta. Cell Host Microbe. 2014;16(1):94-104.
doi:10.1016/j.chom.2014.06.002.

Zhang D, de Souza RF, Anantharaman V, lyer LM, Aravind L. Polymorphic
toxin systems: Comprehensive characterization of trafficking modes,
processing, mechanisms of action, immunity and ecology using
comparative genomics. Biol Direct. 2012;7:18. doi:10.1186/1745-6150-7-18.
Durand E, Cambillau C, Cascales E, Journet L. VgrG, Tae, Tle, and beyond:
the versatile arsenal of Type VI secretion effectors. Trends Microbiol. 2014;
22(9):498-507. doi:10.1016/j.tim.2014.06.004.

Coyne M, Zitomersky N, McGuire A, Earl A, Comstock L. Evidence of
extensive DNA transfer between Bacteroidales species within the human
gut. mBio. 2014;5(3):.e1305-14.

Russell AB, Wexler AG, Harding BN, Whitney JC, Bohn AJ, Goo YA, et al. A
Type VI Secretion-Related Pathway in Bacteroidetes Mediates Interbacterial
Antagonism. Cell Host Microbe. 2014;16(2):227-36. doi:10.1016/j.chom.2014.
07.007.

Wilson MM, Anderson DE, Bernstein HD. Analysis of the outer membrane
proteome and secretome of Bacteroides fragilis reveals a multiplicity of
secretion mechanisms. PLoS One. 2015;10(2):e0117732. doi:10.1371/journal.
pone.0117732.

Boyer F, Fichant G, Berthod J, Vandenbrouck Y, Attree I. Dissecting the
bacterial type VI secretion system by a genome wide in silico analysis: what
can be learned from available microbial genomic resources? BMC
Genomics. 2009;10:104. doi:10.1186/1471-2164-10-104.

Cascales E, Cambillau C. Structural biology of type VI secretion systems.
Philos Trans R Soc Lond B Biol Sci. 2012;367(1592):1102-11. doi:10.1098/rstb.
2011.0209.

Ho BT, Dong TG, Mekalanos JJ. A View to a Kill: The Bacterial Type VI
Secretion System. Cell Host Microbe. 2014;15(1):9-21. doi:10.1016/j.chom.
2013.11.008.

English G, Byron O, Cianfanelli FR, Prescott AR, Coulthurst SJ. Biochemical
analysis of TssK, a core component of the bacterial Type VI secretion
system, reveals distinct oligomeric states of TssK and identifies a TssK-TssFG
subcomplex. Biochem J. 2014;461(2):291-304. doi:10.1042/BJ20131426.
Blondel CJ, Jimenez JC, Contreras |, Santiviago CA. Comparative genomic
analysis uncovers 3 novel loci encoding type six secretion systems
differentially distributed in Salmonella serotypes. BMC Genomics. 2009;10:
354, doi:10.1186/1471-2164-10-354.

Deng W, Li C, Xie J. The underling mechanism of bacterial TetR/AcrR family
transcriptional repressors. Cell Signal. 2013;25(7):1608-13. doi:10.1016/j.
cellsig.2013.04.003.

lyer LM, Zhang D, Rogozin IB, Aravind L. Evolution of the deaminase fold
and multiple origins of eukaryotic editing and mutagenic nucleic acid
deaminases from bacterial toxin systems. Nucleic Acids Res. 2011;39(22):
9473-97. doi:10.1093/nar/gkr691.

Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi |, Lipman DJ, Ostell J,
et al. GenBank. Nucleic Acids Res. 2013;41(Database issue):D36-42. doi:10.
1093/nar/gks1195.

Pruitt KD, Tatusova T, Brown GR, Maglott DR. NCBI Reference Sequences
(RefSeq): current status, new features and genome annotation policy.
Nucleic Acids Res. 2012;40(Database issue):D130-5. doi:10.1093/nar/gkr1079.
Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal
Database Project: data and tools for high throughput rRNA analysis. Nucleic
Acids Res. 2014;42(Database issue):D633-42. doi:10.1093/nar/gkt1244.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

Page 21 of 21

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al.
BLAST+: architecture and applications. BMC Bioinformatics. 2009;10:421. doi:
10.1186/1471-2105-10-421.

Haft DH, Selengut JD, Richter RA, Harkins D, Basu MK, Beck E. TIGRFAMs and
Genome Properties in 2013. Nucleic Acids Res. 2013:41(Database issue):
D387-95. doi:10.1093/nar/gks1234.

Marchler-Bauer A, Zheng C, Chitsaz F, Derbyshire MK, Geer LY, Geer RC,

et al. CDD: conserved domains and protein three-dimensional structure.
Nucleic Acids Res. 2013;41(Database issue):D348-52. doi:10.1093/nar/
gks1243.

Remmert M, Biegert A, Hauser A, Soding J. HHblits: lightning-fast iterative
protein sequence searching by HMM-HMM alignment. Nat Methods. 2012;
9(2):173-5. doi:10.1038/nmeth.1818.

Jones DT. Protein secondary structure prediction based on position-specific
scoring matrices. J Mol Biol. 1999;292(2):195-202. doi:10.1006/jmbi.1999.3091.
Soding J. Protein homology detection by HMM-HMM comparison.
Bioinformatics. 2005;21(7):951-60. doi:10.1093/bioinformatics/bti125.
Tatusov RL, Fedorova ND, Jackson JD, Jacobs AR, Kiryutin B, Koonin EV, et al.
The COG database: an updated version includes eukaryotes. BMC
Bioinformatics. 2003;4:41. doi:10.1186/1471-2105-4-41.

Berman HM, Westbrook J, Feng Z, Gililand G, Bhat TN, Weissig H, et al. The
Protein Data Bank. Nucleic Acids Res. 2000;28(1):235-42.

Punta M, Coggill PC, Eberhardt RY, Mistry J, Tate J, Boursnell C, et al. The
Pfam protein families database. Nucleic Acids Res. 2012;40(Database issue):
D290-301. doi:10.1093/nar/gkr1065.

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal:
prokaryotic gene recognition and translation initiation site identification.
BMC Bioinformatics. 2010;11:119. doi:10.1186/1471-2105-11-119.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable
generation of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol. 2011,7:539. doi:10.1038/msb.2011.75.

Zerbino DR, Birney E. Velvet: algorithms for de novo short read assembly
using de Bruijn graphs. Genome Res. 2008;18(5):821-9. doi:10.1101/gr.
074492.107.

Bingle LE, Bailey CM, Pallen MJ. Type VI secretion: a beginner's guide. Curr
Opin Microbiol. 2008;11(1):3-8. doi:10.1016/j.mib.2008.01.006.

Cascales E. The type VI secretion toolkit. EMBO Rep. 2008,9(8):735-41.
doi:10.1038/embor.2008.131.

Coulthurst SJ. The Type VI secretion system - a widespread and versatile cell
targeting system. Res Microbiol. 2013;164(6):640-54. doi:10.1016/j.resmic.
2013.03.017.

Koskiniemi S, Lamoureux JG, Nikolakakis KC, T'Kint De Roodenbeke C, Kaplan
MD, Low DA, et al. Rhs proteins from diverse bacteria mediate intercellular
competition. Proc Natl Acad Sci U S A. 2013;110(17):7032-7. doi:10.1073/
pnas.1300627110.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://dx.doi.org/10.1074/jbc.M114.563429
http://dx.doi.org/10.1016/j.cell.2015.01.037
http://dx.doi.org/10.1016/j.cell.2015.02.005
http://dx.doi.org/10.1016/j.cell.2015.02.005
http://dx.doi.org/10.1126/science.1222901
http://dx.doi.org/10.1038/nature10846
http://dx.doi.org/10.1016/j.chom.2014.06.002
http://dx.doi.org/10.1186/1745-6150-7-18
http://dx.doi.org/10.1016/j.tim.2014.06.004
http://dx.doi.org/10.1016/j.chom.2014.07.007
http://dx.doi.org/10.1016/j.chom.2014.07.007
http://dx.doi.org/10.1371/journal.pone.0117732
http://dx.doi.org/10.1371/journal.pone.0117732
http://dx.doi.org/10.1186/1471-2164-10-104
http://dx.doi.org/10.1098/rstb.2011.0209
http://dx.doi.org/10.1098/rstb.2011.0209
http://dx.doi.org/10.1016/j.chom.2013.11.008
http://dx.doi.org/10.1016/j.chom.2013.11.008
http://dx.doi.org/10.1042/BJ20131426
http://dx.doi.org/10.1186/1471-2164-10-354
http://dx.doi.org/10.1016/j.cellsig.2013.04.003
http://dx.doi.org/10.1016/j.cellsig.2013.04.003
http://dx.doi.org/10.1093/nar/gkr691
http://dx.doi.org/10.1093/nar/gks1195
http://dx.doi.org/10.1093/nar/gks1195
http://dx.doi.org/10.1093/nar/gkr1079
http://dx.doi.org/10.1093/nar/gkt1244
http://dx.doi.org/10.1186/1471-2105-10-421
http://dx.doi.org/10.1093/nar/gks1234
http://dx.doi.org/10.1093/nar/gks1243
http://dx.doi.org/10.1093/nar/gks1243
http://dx.doi.org/10.1038/nmeth.1818
http://dx.doi.org/10.1006/jmbi.1999.3091
http://dx.doi.org/10.1093/bioinformatics/bti125
http://dx.doi.org/10.1186/1471-2105-4-41
http://dx.doi.org/10.1093/nar/gkr1065
http://dx.doi.org/10.1186/1471-2105-11-119
http://dx.doi.org/10.1038/msb.2011.75
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1101/gr.074492.107
http://dx.doi.org/10.1016/j.mib.2008.01.006
http://dx.doi.org/10.1038/embor.2008.131
http://dx.doi.org/10.1016/j.resmic.2013.03.017
http://dx.doi.org/10.1016/j.resmic.2013.03.017
http://dx.doi.org/10.1073/pnas.1300627110
http://dx.doi.org/10.1073/pnas.1300627110

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Identification of T6SS loci in human gut Bacteroidales strains
	Bacteroides and Parabacteroides T6SS loci segregate into three major genetic architectures
	Conserved Bacteroidales Tss proteins not present in Proteobacterial T6SSs
	Multiple Hcp encoding genes
	Transcriptional regulators of the TetR/AcrR family
	Effector and Immunity proteins
	Bacteroidales T6SS loci and ICE
	Analysis of T6SS loci from natural human gut Bacteroidales communities
	Evidence of intraecosystem transfer of GA1 T6SS loci

	Discussion
	Conclusions
	Methods
	The curated genome collection
	Detection of T6SS regions
	Protein clustering and cluster identification using profile-profile comparisons
	Detection of tra genes
	DNA relatedness among ICE
	Generation of profile HMMs
	Identification of putative toxin and immunity encoding genes described by Zhang et al. (21)
	PCR analyses for evidence of intra-ecosystem transfer of ICE
	Sequencing and assembly of additional Bacteroides genomes from the CL09 ecosystem

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References



