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Toxic effectors secreted by the type VI secretion system (T6SS) facilitate interbacterial warfare, as well as
pathogenesis toward humans, animals and plants. However, systematically predicting T6SS effectors
remains challenging due to their sequence and functional diversity. In this study, we systematically iden-
tified putative T6SS toxic effectors in prokaryotic genomes on the basis of the observation that genes
encoding adaptor proteins and genes encoding cognate effector proteins are generally adjacent in the
genome. Adaptor proteins are mediators that help to load their cognate effectors onto the T6SS spike
complex. The contextual genes of the known adaptor proteins (DUF1795, DUF2169 or DUF4123) all
exhibited a high proportion of encoding T6SS spike complex protein (VgrG or PAAR) and effector proteins.
On the basis of the genomic context, we found that PRK06147 might be a novel adaptor protein. These
four adaptors are widely distributed among the bacterial genomes. From neighbors of 5297 adaptor
genes, we identified 1356 putative effector genes from 92 different families, and two-thirds were cur-
rently annotated as hypothetical proteins or as having unknown functions. Our results indicate that each
class of adaptors can be used as an effective marker to identify T6SS toxic effectors, moreover, this
approach can promote the discovery of new effectors.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The type VI secretion system (T6SS) is a multicomponent
nanomachine of bacteria that is analogous to the contractile bacte-
riophage tail. This machine mediates killing toward neighboring
prokaryotic or eukaryotic cells in a contact-dependent manner by
delivering toxic effectors [1–3]. T6SS toxin effectors help bacteria
win competitive advantages in intraspecific or interspecific con-
flicts [4–7] and are also a critical factor in the pathogenicity of
many bacterial pathogens that threaten human health [8,9]. Many
T6SS effectors have been identified, and they exhibit diverse activ-
ities on a wide range of targets [10]. The T6SS effectors include
nucleases that cleave DNA and RNA [11–17], pore-forming toxins
and phospholipases that target cell membranes [18,19], glycoside
hydrolases and amidases that function on the cell wall [4,20–24],
NADases that affect the cell energy balance [25,26], and ADP-
ribosyltransferases that target tubulin-like protein to interrupt cell
division [27]. However, the known toxin effectors represent only a
small fraction of the large number of T6SS effectors in bacteria.
Because T6SS effectors exhibit high diversity in sequence and func-
tion, identifying unknown T6SS effectors is challenging.

The T6SS machine is a large complex that consists of 13 compo-
nents. In the T6SS, the VgrG protein (in a trimer form) and the con-
ical PAAR protein form the spike complex, which is located at the
top of the T6SS secretion structure and responsible for creating
an opening in the target cell envelope [3,28,29]. Toxic effectors
can be fused to VgrG or PAAR as an extension domain or as an inde-
pendent protein loaded onto the secretory component through
protein–protein interactions [29,30]. Thus, the VgrG and PAAR pro-
teins, which have an extension domain at the C-terminus, are
promising effector candidates. In addition, the N-terminal domain
of the multidomain effector proteins may have specific motifs,
such as rearrangement hotspots (RHS), YD repeats, MIX motifs
and FIX motifs, which can serve as markers for unknown T6SS
effectors [31–33]. However, many T6SS effectors do not contain
the abovementioned identification characteristics, especially
single-domain proteins. These effectors require additional assis-
tance to load onto the T6SS, and this assistance is provided by pro-
teins known as adaptors or chaperones [34]. The adaptors assist
with loading effectors onto the T6SS spike complex, and they are
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not secreted by the T6SS. In species such as Pseudomonas aerugi-
nosa and Serratia marcescens, the DUF1795 protein is used as an
adaptor to bind to the effector protein and it is delivered with
the effector to the binding site of VgrG during the assembly process
of the T6SS [26,35,36]. In Agrobacterium tumefaciens, adaptors char-
acterized by the conserved DUF2169 domain or DUF4123 domain
have been identified, and they are necessary for T6SS effector
secretion [37]. Moreover, DUF4123 has also been identified as an
adaptor in species such as Vibrio cholerae, P. aeruginosa and Aero-
monas hydrophila [17,18,30,38,39].

Adaptor genes are generally adjacent to genes that encode puta-
tive T6SS effectors in the genome, which suggests that adaptor
genes may have the potential to be employed as markers for iden-
tifying and predicting T6SS effectors [34,39]. In this study, we
attempted to identify the homologs of the three known adaptors
DUF1795, DUF2169 and DUF4123 on a large scale in all reference
or representative prokaryotic genomes, determine the characteris-
tics of their upstream and downstream neighboring genes to iden-
tify other unknown kinds of adaptors and comprehensively
identify the unknown T6SS effectors related to all adaptor genes
in the genome.
2. Materials and methods

2.1. Acquisition of adaptor homologs

Taxonomic information and functional annotation information
of the protein domain were acquired from the Conserved Domain
Database (CDD) and PFAM database [40,41]. Three classes of adap-
tor homologs were defined: DUF1795 (DcrB, cl03356), DUF2169
(cl02212) or DUF4123 (cl16292). All proteins with adaptor
domains were identified in the CDD (52,910 position-specific scor-
ing matrices (PSSMs)) by RPS-BLAST, and the retrieval condition
was that the E-value did not exceed 0.01. Taxonomic information
on the species was obtained from the NCBI taxonomic database.

The NCBI database defines at least one reference or representa-
tive genome for each sequenced species, and this forms a collection
of 11,495 prokaryotic genomes [42]. These genomes usually have
high sequencing quality. The genome sequence information of all
reference or representative prokaryotes and the positional infor-
mation of all coding genes in the genome were obtained from
the NCBI reference sequence (RefSeq) database [42]. The identified
adaptor proteins were correlated with the genomic protein prod-
ucts via the accession number, and the adaptor-encoding genes
in each genome were determined.
2.2. Genomic context analyses of adaptor homologs

Ten upstream genes and ten downstream genes of each
adaptor-encoding gene were extracted from all reference or repre-
sentative prokaryotic genomes. CDD domain annotations of the
protein products of all the genes were performed on the 52,910
PSSMs with an E-value threshold of 0.01 [41].

The genes encoding putative spike complex components VgrG
and PAAR proteins were identified based on the domain annota-
tion. The identification of toxic effectors was performed based on
the 114 families with reported toxic effector functions [31].
Because these families might be multifunctional, we defined that
the putative toxic effectors must satisfy the two conditions as fol-
lowed: (1) the homologs belonged to the 114 families with
reported toxic effector functions and (2) the encoding gene was
located within the range of 10 genes upstream and 10 genes
downstream of the adaptor-encoding gene.
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2.3. Recognition of novel adaptors

The 20 gene neighbors of the homologs of the spike complex
component (PAAR or VgrG) and the 114 families with reported
toxin effector functions were extract from the genomes, and
domain annotations were performed on their protein products,
which produced two collections. After removing the function-
known families, the intersections of the two collections were
selected as candidates of new adaptor. The homologs and gene
neighbors of the candidates were identified in the reference or rep-
resentative prokaryotic genomes. The putative novel adaptors met
the following two conditions at the same time: (1) at least one of
PAAR or VgrG homologs was encoded by adjacent genes located
upstream or downstream of the cognate candidate genes and (2)
the T6SS toxic effector homologs were encoded by the first two
downstream genes.

Like the aforementioned three classes of known adaptors, the
homologs of the novel adaptor (PRK06147) were identified in all
reference or representative prokaryotic genomes. Ten upstream
and ten downstream genes of PRK06147 homologs were extracted
from the genome, and domain annotations were performed on
their protein products. The genes encoding putative spike complex
components and toxic effectors were recognized on the basis of the
domain annotation.

2.4. Analysis of adaptor sequence characteristics

All four classes of adaptor homologs were annotated to deter-
mine whether they were fused to additional domains. The domains
were annotated for all the identified putative toxic effectors to
determine whether they were fused to a spike complex component
VgrG or PAAR. The domain annotation was performed on the
52,910 PSSMs by RPS-BLAST, and the retrieval condition was set
at that the E-value did not exceed 0.01.

2.5. Identification of T6SS and eCIS in genome

TssB (IglA, VipA), TssC (IglB, VipB), TssD (Hcp) and TssM (IcmF)
are four conserved components of T6SS [43]. We set that homologs
of at least three of these four T6SS components were encoded by
the genome as a criterion to determine the existence of T6SS in
the genome.

Afp1/5 (Phage_T4_gp19), afp2/3/4 (Phage_sheath_1), afp11
(Baseplate_J) and afp16 (DUF4255) are functionally critical to
extracellular contractile injection systems (eCISs) [44]. Similarly,
the criterion used for determining the existence of T6SS was
applied to determine the existence of eCIS.

We also evaluated the proportion of adaptor homologs locating
in the T6SS or eCIS gene cluster in the genome. If at least two of the
TssB, TssC, TssD and TssM homologs were encoded by the 10
upstream genes or 10 downstream genes adjacent to the
adaptor-encoding gene, the adaptor-encoding gene was considered
to be in the T6SS gene cluster. Similarly, if at least two of the
Afp1/5, afp2/3/4, afp11 and afp16 homologues were encoded by
the adjacent 10 genes upstream or 10 genes downstream of
adaptor-encoding gene, the adaptor-encoding gene was considered
to be in the eCIS gene cluster.
3. Results

3.1. Adaptors are adjacent to the T6SS spike complex and effector
genes in the genome

We searched for all adaptor homologs from prokaryotes con-
taining the DUF1795 (DcrB, cl03356), DUF2169 (cl02212) or
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DUF4123 (cl16292) domain in the nonredundant NCBI reference
sequence (RefSeq) database. Under the condition that the E-value
of RPS-BLAST was equal to or less than 0.01, we identified 7475
proteins containing the DUF1795 domain, 4935 proteins contain-
ing the DUF2169 domain, and 11,325 proteins containing the
DUF4123 domain. The NCBI defines a collection of 11,495 genomes
referencing or representing each sequenced prokaryotic species
[42]. Our following analyses were performed on these reference
or representative prokaryotic genomes.

The adaptor protein mediates the interaction between the T6SS
spike complex (PAAR protein or VgrG protein) and the cognate
effector protein. Genes encoding the adaptor, the spike complex
and effector are predicted to be adjacent in the genome. Therefore,
we scanned the adaptor homologs and their gene neighbors
(within the range of 10 genes upstream and 10 genes downstream)
on a large scale in all the 11,495 reference or representative
prokaryotic genomes (Fig. 1). We identified 1826, 1123 and 1941
genes that encoded DUF1795, DUF2169 and DUF4123 domains
from these genomes, respectively (Table S1); 423, 966 and 1424
VgrG homologs that were related to DUF1795, DUF2169 and
DUF4123 homologs, respectively; and 421, 934 and 735 PAAR
homologs that were related to DUF1795, DUF2169 and DUF4123
homologs, respectively. The proportion that the first gene located
upstream of the DUF4123 homologs encoded the spike complex
was as high as 65.7%, whereas the value of any other position
located upstream or downstream (within 10 genes) was not more
than 6.5%. Similarly, the proportion that the first gene upstream of
the DUF1795 homolog encoded the spike complex was at least
15.3%, while that of the first downstream gene was 19.7%, and
Fig. 1. Frequency of occurrence of genes encoding spike complex proteins (VgrG or PAAR
the adaptor protein genes. The position of the gene encoding the adaptor is taken as 0, th
negative value, and the position of the gene downstream is labeled with a positive value.
shown in pink. The analysis was performed on 11,495 reference or representative prokary
DUF1795, DUF2169, DUF4123 and PRK06147, respectively. (For interpretation of the refe
article.)
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any other position was not more than 3.0%. The first upstream gene
of the DUF2169 homolog also had the greatest proportion of
encoding the spike complex (35.5%), and the values of the three
closest genes upstream or downstream all exceeded 10%. There-
fore, the closer a gene is to the adaptor homolog, the greater the
proportion encoding a T6SS spike complex protein. Interestingly,
for the two members of the spike complex, the upstream gene of
the adaptor homolog primarily encoded the VgrG protein, while
the downstream gene primarily encoded the PAAR protein.

Furthermore, we also identified homologs of putative T6SS toxic
effectors in the gene neighbors of adaptor homologs on the basis of
the 114 families with reported toxic effector functions (Fig. 1).
These families might be multifunctional, the putative toxic effec-
tors were thus defined to be the proteins of the 114 families
encoded by the 10 upstream genes or 10 downstream genes of
the adaptor-encoding gene. As a result, we revealed 439, 440 and
494 putative toxic effectors related to the homologs of the
DUF1795, DUF2169 and DUF4123, respectively (Table S2). Several
typical clusters containing toxins are shown in Fig. 2.

The proportion of the DUF2169 homologs with a putative toxic
effector detected within 10 genes upstream or 10 genes down-
stream was as high as 32.7%, and the corresponding values for
DUF4123 and DUF1795 also reached 21.2% and 18.6%, respectively.
The proportion that the first gene located downstream of the
DUF1795 homolog encoded a putative toxin was 13.6%, while that
of any other position upstream or downstream (within 10 genes)
was less than 1.6%. The proportion that the first downstream gene
of the DUF2169 homolog encoded a putative toxin was 9.3%, while
the corresponding value of the second downstream gene was
) or effector proteins located within 10 genes upstream or 10 genes downstream of
e position of the gene upstream of the gene encoding the adaptor is labeled with a

VgrG is shown in light green, PAAR is shown in dark green, and the predicted toxin is
otic genomes. These genomes contained 1826, 1123, 1941 and 407 homologs of the
rences to color in this figure legend, the reader is referred to the web version of this



Fig. 2. Graphical depiction of adaptor-containing gene clusters drawn to scale in several representative prokaryotic genomes. The bacterial species encoding the genes are
indicated on the left. These gene clusters all included genes encoding toxic effectors and immunity proteins.
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12.6%. Similarly, the proportions that the first and second down-
stream genes of the DUF4123 homolog encoded a putative toxin
was 7.6% and 7.8%, respectively. Therefore, compared with those
at the other positions, the first two genes located downstream of
the adaptor homologs constituted a greater proportion of those
encoding toxin effectors.

Remarkably, many putative toxic effectors were fused to the
spike complex component PAAR or VgrG (Table S2). The proportion
of the DUF1795-associated putative toxic effectors fused to PAAR
or VgrG domain was 66.3%, and the corresponding value of the
DUF2169 and DUF4123was 55.0% and 14.8%, respectively
(Fig. 3A). The toxic effectors encoded by the first two genes down-
stream of the adaptor homologs were rarely fused to VgrG domain.
However, 96.5% of the putative toxic effectors encoded by the first
two genes located downstream of the DUF1795 homologs were
fused to the PAAR domain (Fig. 3B). The corresponding value of
the DUF2169 reached 73.8%, but none of the toxic effectors related
to DUF4123 was fused to the PAAR domain. In addition, 73.9% of
PAAR associated with DUF1795 were fused to RHS, while for any
other adaptor, the proportion did not exceed 5%. RHS proteins
are a class of giant proteins representing a major group of secreted
polymorphic toxins [45,46].
3.2. The PRK06147 homolog may be a novel adaptor

Based on the high proportion that the gene neighbors located
upstream or downstream of the adaptor homologs encode the
spike complexes and effector homologs, we scanned the gene
neighbors of the spike complexes and effector homologs in all ref-
erence or representative prokaryotic genomes to identify novel and
unknown adaptors (Fig. 4). We found that in addition to the three
Fig. 3. Proportion of adaptor homologs with putative toxic effectors identified
among gene neighbors. (A). Proportions of the DUF1795, DUF2169, DUF4123 and
PRK06147 homologs with toxic effectors detected within the 10 upstream or 10
downstream gene neighbors. (B). Proportions of the adaptor homologs with toxic
effectors detected in the first two downstream genes. The effectors fused to the
VgrG domain, the PAAR domain and not fused to these two domains are shown in
light green, dark green and gray colors, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

"
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known adaptor classes, the closer a gene is to the spike complexes
and the effector homologs, the higher the proportion it encodes
PRK06147 (cl30694) homologs. The PRK06147 homolog was pre-
dicted to be 3-oxoacyl-(acyl carrier protein) synthase. The gene
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of this family has been reported as being associated with T6SS gene
clusters, although the function of this protein in T6SS has not been
determined [15,47,48].

We identified 407 PRK06147 homologs in the reference or rep-
resentative prokaryotic genomes (Table S1). The gene neighbors of
the PRK06147 homologs were analyzed, which revealed 339 VgrG
homologs and 326 PAAR homologs (Fig. 1). The proportion that the
first gene located downstream of these PRK06147 homologs
encoded a component of the spike complex was as high as 52.3%,
and almost all were PAAR. There were 159 putative toxic effectors
related to PRK06147 homologs (Table S2). The proportion of
PRK06147 homologs with a putative toxic effector detected in
the range of 10 upstream genes and 10 downstream genes reached
36.1%, which exceeded that of any of the other three known adap-
tors (Fig. 3A). Particularly, the proportion that the first gene located
downstream of the PRK06147 homologs encoded the T6SS toxic
effector homologs was 24.3%. The proportion of putative toxic
Fig. 4. Schematic diagram of the recognition method of a novel adaptor PRK06147. First
DUF2169 and DUF4123). Second, we defined the recognition criterion based on that the
spike complex protein or putative toxic effector (Fig. 1). Third, we analyzed the gene nei
effector homologs, and determined their intersections. Finally, the novel adaptor PRK061
pink represents the toxic effector. A darker color corresponds to a greater proportion of th
reader is referred to the web version of this article.)
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effectors related to PRK06147 fusing to PAAR or VgrG domain
was 54.1%, which was lower than the corresponding values of
the DUF1795 and DUF2169. However, 64.5% of the putative effec-
tors encoded by the first two genes downstream of the PRK06147
homologs were fused to PAAR domain, but no putative effectors
were fused to VgrG. In conclusion, like the other three classes of
known adaptors, PRK06147 homologs were adjacent to the T6SS
spike complex and effector genes in the genome. Therefore, we
speculated that PRK06147 may be a novel adaptor.

Notably, among the four classes of adaptors, the proportion of
any two adaptor homologs being adjacent in the genome (within
10 upstream and 10 downstream genes) was normally less than
5%, except that 74.4% of PRK06147 homologs were adjacent to
DUF2169 homologs (Figure S1), of which more than 80% were
encoded by the first upstream gene. PRK06147 and DUF2169 were
determined to be adjacent in the genome, implying that they were
closely related in function. Compared with DUF2169, the
, we analyzed the gene neighbors of the three classes of known adaptors (DUF1795,
closer a gene is to the adaptor homolog, the higher the proportion it encodes a T6SS
ghbors of the genes encoding T6SS spike complex components and the known toxic
47 was recognized. Green represents the spike complex component (PAAR or VgrG),
e related gene. (For interpretation of the references to color in this figure legend, the
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PRK06147 homologs and effector homologs were closer in the gen-
ome. In addition, many gene clusters encoded only PRK06147 and
effector homologs, but did not encode other adaptors (Fig. 2).
3.3. The four classes of adaptors have different sequence characteristics

The four classes of adaptors had no homology in sequence, and
were clearly different in protein size (Fig. 5A). The smallest
DUF1795 proteins exhibited an average size of only approximately
220 aa, and more than 80% had 100–250 residues. The average size
of the DUF4123 proteins was approximately 280 aa, and 90% were
in the range of 150–350 aa. The PRK06147 protein was relatively
large and exhibited an average size of approximately 380 aa, and
90% were in the range of 300–450 aa. The DUF2169 protein was
the largest and exhibited an average size of approximately 545
aa, and large differences between the members were observed,
with approximately 60% including 300–450 residues, and approx-
imately 20% including 800–900 residues. We also determined the
size of the core region of the domain through RPS-BLAST. The
DUF1795 and DUF4123 domains had an average of 132 and 117
residues, respectively, while the DUF2169 and PRK06147 domains
had an average of 293 and 296 residues, respectively.

Most of adaptors were single-domain proteins, and a small por-
tion had additional domains (Fig. 5B). In addition, 33.4% of the
DUF2169-containing proteins were multidomain, and almost all
Fig. 5. Sequence characteristics of adaptors. (A). Protein lengths of the four classes
of adaptors. (B). Proportions of the four classes of adaptors containing additional
domains.
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the additional domains were located at the C-terminus of the pro-
teins. Meanwhile, 15.2%, 8.3% and 2.7% of the DUF1795-,
PRK06147- and DUF4123-containing proteins were multidomain,
and the probabilities that their additional domains were located
at the N-terminus or C-terminus of the protein were relatively
close. There were a wide variety of additional domains detected
in the four classes of adaptors, although the additional domains
fused with each class of adaptor were specific. The most common
additional domains in the DUF2169-containing protein were YjbI
(present in 29.3% of the DUF2169 protein) and pentapeptide
(present in 11.9%), both of which had pentapeptide repeats with
unknown functions (Figure S2). In the DUF1795-, DUF4123- and
PRK06147-containing proteins, the most common additional
domains were PKc-like (5.8%), FHA (1.1%) and TIGR02270 (3.8%),
respectively. These additional domains may be related to the inter-
action between the toxic effector and the T6SS spike complex
mediated by the adaptor, although the specific mechanism has
not been determined. In conclusion, the four classes of adaptors
had different sequence characteristics, which implies that they
might mediate the delivery of toxic effector in different modes.

3.4. Adaptor homologs are widely distributed among bacterial
genomes

We analyzed the distributions of the four classes of adaptor-
encoding genes in 11,495 reference or representative prokaryotic
genomes (Table S3). In bacterial genomes, we identified 11.1%,
5.7%, 7.5% and 2.6% genomes encoding DUF1795, DUF2169,
DUF4123 and PRK06147 domains, respectively (Fig. 6). A total of
4.3% of the archaeal genomes encoded the DUF1795 domain, but
archaeal genomes encoding the other adaptor domains were not
found. Among several major prokaryote groups, more than 10%
of the Terrabacteria group, Proteobacteria and Spirochaetes gen-
omes encoded DUF1795, more than 10% of the Proteobacteria gen-
omes encoded DUF2169 and DUF4123, and more than 5% of the
Proteobacteria genomes encoded PRK06147. Totally, 32.6% of Pro-
teobacteria encoded at least one adaptor, of which the proportion
in Alphaproteobacteria was 13.9%, in Betaproteobacteria was
44.8%, in Gammaproteobacteria was 45.0%, and in delta/epsilon
subdivisions was 22.8% (Figure S3). Therefore, adaptor-encoding
genes are widely distributed among bacterial genomes, especially
Proteobacteria genomes.

Instances of multiple copies of four classes of adaptor-encoding
genes in the reference or representative prokaryotic genomes were
also counted (Table S4). Up to 57.6% of members in the genomes
encoding DUF4123 encoded two or more copies, while for the gen-
omes encoding DUF1795, DUF2169 and PRK06147, the corre-
sponding values reached 28.3%, 27.1% and 13.0%, respectively.
The proportions of multiple-copy adaptors encoded among differ-
ent taxa varied greatly. For example, up to 45.6% of the 658 Pro-
teobacteria genomes, 9.6% of the 481 Terrabacteria groups, and
none of the 22 Spirochaetes genomes encoding DUF1795 encoded
multiple copies. The maximum copy number of the genes encoding
four classes of adaptors in a single genome reached 70 in Chon-
dromyces apiculatus DSM 436, which is a member of the Proteobac-
teria order Myxococcales. Moreover, all strains with more than 20
copies of the adaptor genes were derived from myxobacteria.

3.5. Most adaptor homologs are related to T6SS

The conserved components of T6SS in the reference or represen-
tative prokaryotic genomes were identified. We used at least three
of the four conserved component homologs of T6SS (TssB, TssC,
TssD and TssM [43]) encoded by the genome as a criterion to deter-
mine the existence of T6SS in the genome. As a result, we identified
a total of 1729 genomes encoding T6SS, of which 96.8% (1674)



Fig. 6. Distribution and copy number of the four classes of adaptors among prokaryotic phyla. A single copy is represented by yellow, and multiple copies are represented by
orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were from the Proteobacteria and none were from Terrabacteria.
Among the 11,495 reference or representative prokaryotic gen-
omes, 2380 genomes were identified to possess no T6SS, but they
encoded PAAR homologs and/or VgrG homologs.

The extracellular contractile injection system (eCIS) central
spike resembles T6SS, although it is mechanistically distinct from
T6SS and the spike complex is also formed by the PAAR and VgrG
protein homologs [49]. We similarly set a criterion that homologs
of at least three of the four critical components of eCISs (Afp1/5,
afp2/3/4, afp11 and afp16 [44]) were encoded by the genome to
determine the existence of eCIS. As a result, a total of 1305 gen-
omes encoding eCIS were identified, of which 617 were from
Terrabacteria, 390 were from Proteobacteria, 247 were from the
FCB group, and 29 were from Euryarchaeota. Notably, among the
2380 genomes possessing no T6SS but encoding the spike complex,
1036 encoded eCIS. However, 1344 genomes, which were from
more than 10 prokaryotic phyla, did not encode the T6SS or the
eCIS, but still encoded the spike complex. We speculated that these
genomes may encode atypical T6SS or eCIS, or have other unknown
secretion mechanisms.

We further analyzed whether the adaptor homologs were
related to T6SS or eCIS (Fig. 7A). We identified 5297 adaptor homo-
logs from 2113 reference or representative genomes, of which
1302 genomes encoded T6SS (Table S4). The genomes with T6SS
encoded 4336 adaptor homologs, which accounted for 81.9% of
the total number of identified adaptor homologs. There were also
487 adaptor homologs from 371 genomes that did not encode
T6SS but encoded VgrG or PAAR, and 275 of these genomes were
predicted to encode eCIS. In addition, there were 474 adaptor
homologs from 440 genomes that had neither T6SS nor spike com-
plexes. Among them, the proportion of the DUF1795 homologs was
as high as 94.5% (448), while the DUF2169, DUF4123 and
PRK06147 homologs numbered only 8, 10 and 8, respectively.
Therefore, we speculated that the DUF1795 homologs might have
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evolved multiple functions, and might not function as adaptors
in many cases. We found that the number of adaptor homologs
in the genome was highly positively correlated with the number
of VgrG genes (r = 0.73, p < 0.01) and PAAR genes (r = 0.67,
p < 0.01), but had a weak correlation with the number of T6SS gene
clusters (r = 0.43, p < 0.01) (Fig. 7B and Table S4). In general, the
functions of the most adaptors might be related to T6SS, although
there might be a small number of adaptors related to the eCIS or
other unknown secretion systems that have spike complex
components.

The proportion of adaptor homologs located in the T6SS or eCIS
gene cluster was also evaluated. If at least two of the TssB, TssC,
TssD and TssM homologs were encoded by the adjacent 10 genes
upstream or 10 genes downstream of an adaptor-encoding gene,
the adaptor-encoding gene was considered to be in the T6SS gene
cluster. Similarly, if at least two of the Afp1/5, afp2/3/4, afp11 and
afp16 homologues were encoded by the adjacent 10 genes
upstream or 10 genes downstream of an adaptor-encoding gene,
the adaptor-encoding gene was considered to be in the eCIS gene
cluster. Our results showed that, among the 5297 identified adap-
tor homologs, at least 397 adaptor-encoding genes were located in
the T6SS gene cluster, and none were located in the eCIS gene clus-
ter. Proportionally, the proportion of the DUF1795 homologs
located in the T6SS gene clusters was only 3.9%, while the corre-
sponding values of the DUF2169, DUF4123 and PRK06147 homo-
logs were 16.7%, 5.5% and 8.1%, respectively. Therefore, in most
instances, the adaptor-encoding gene was not directly located in
the T6SS or eCIS gene cluster.

3.6. Effectors adjacent to the adaptor are diverse

We identified a total of 1356 putative toxin genes in the 20
upstream or downstream genes of the four classes of adaptors
(5297 in total) (Table S2). Among these genes, 830 toxins were



Fig. 7. Four classes of adaptors co-occurrence with T6SS in the reference or
representative prokaryotic genomes. (A) Number of four classes of adaptor
homologs co-occurred with T6SS, eCIS, or spike complex components in the
genome. Dark red: the adaptor homologs are located in the T6SS gene clusters. Light
red: the adaptor homologs are not located in the T6SS gene clusters, but the
genomes encode the T6SS gene clusters. Dark blue: T6SS is not found in the
genomes encoding the adaptor homologs, but the eCIS gene clusters and the spike
complex component (VgrG or PAAR) are present. Light blue: T6SS and eCIS are not
found in the genome encoding the adaptor homologs, but the spike complex
component is present. Gray: T6SS, eCIS and spike complex components are not
detected in the genomes encoding the adaptor homolog. (B) Correlation between
the total number of four classes of adaptor homologs and number of VgrG (light
green), PAAR (dark green) or putative toxic effectors (pink) in the reference or
representative prokaryotic genomes. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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encoded by the first or second gene downstream of the adaptor
gene, accounting for 61.2%. Two-thirds of the protein products of
the 1356 genes were currently annotated as hypothetical proteins
or proteins of unknown function in public databases. We found
that the number of putative toxic effectors in the genome was
highly positively correlated with the number of adaptor homologs
(r = 0.70, p < 0.01) (Fig. 7B). The putative toxic effector genes were
from 653 prokaryotic genomes, of which 621 genomes were
thought to also encode the T6SS gene clusters at the same time
(Table S4). These 621 genomes included 1319 putative toxic effec-
tor genes, accounting for 97.3% of the total. Because the genomes
possessed T6SS, we speculated that these genes were putative
T6SS effectors. In addition, there were 31 putative toxic effector
genes from 28 genomes with no T6SS gene cluster but with spike
complex genes.

The identified toxins were from as many as 92 protein families,
of which 62 families had identified at least 3 members (Table S2).
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The majority of these protein toxins were predicted to have enzy-
matic activity, and most of these acted on nucleic acids. Moreover,
23 families accounted for more than 1% of the putative toxin genes,
and 16 were related to nucleic acids (Fig. 8A). The three toxin fam-
ilies with the greatest abundance were Tox-REase-5, AHH and Tox-
GHH2, which all had more than 100 homologs and predicted
DNase activity. In addition to nucleases, the activities of these tox-
ins also included acting on lipids (such as Abhydrolase), amidases
(such as Tae4), and protein-modifying toxins (such as VIP2 and
Tox-ART-HYD1).

Interestingly, all four classes of adaptors can be associated with
a variety of effectors (Fig. 8B). We identified 260 toxins from 39
families encoded by the first or second downstream gene of the
genes encoding DUF1795 homologs; for DUF2169, 247 toxins from
38 families were identified; for DUF4123, 298 toxins from 38 fam-
ilies were identified; and for PRK06147, 210 toxins from 12 fami-
lies were also identified. Significantly, the four classes of
adaptors had different preferences for toxins. The two families
with the greatest abundance of the DUF1795-related toxins were
AHH (18.1%) and Ntox47 (12.3%), the two most abundant families
for DUF2169 were Tox-GHH2 (38.1%) and Ntox15 (10.5%), the two
most abundant families for DUF4123 were Tox-REase-5 (37.6%)
and DUF2235 (19.1%), and the two most abundant families for
PRK06147 were Tox-GHH2 (54.5%) and AHH (23.6%). In short,
adaptors can be used as effective markers to identify T6SS toxic
effectors in their neighboring genomic sequences.
4. Discussion

The adaptor protein mediates the binding of the effector to the
T6SS spike complex, and it is necessary for the delivery of many
T6SS toxic effectors [13,26,34,36,37]. In this study, we comprehen-
sively scanned the adaptor-coding genes on a large scale in all ref-
erence or representative prokaryotic genomes and determined that
the gene neighbors of the adaptors had a high proportion of puta-
tively encoding T6SS spike complexes and toxic effectors. These
adjacent positional relationships in genomes may be related to
the interaction among the adaptor, spike complex, and effector
[38,39]. In the mechanism of the DUF4123 adaptor-dependent
secretion by the T6SS, the interactions of the effector with PAAR,
the adaptor and other chaperone proteins were characterized as
a complex, multilayered competitive process, and the operon gene
order is important for effector delivery [30]. In all known
chaperone-containing T6SS effector modules, chaperone genes
were located upstream of effector genes. Only the correctly formed
effector-PAAR-chaperone complex can be delivered to the cognate
VgrG complex [30]. Different adaptors had disparate sequence
characteristics, which implies that they mediated the delivery of
toxic effector in various modes.

We examined the gene neighbors of the spike complexes and
effector homologs and identified a novel adaptor protein class
(PRK06147) based on the feature of the gene order of the adaptor
protein and the T6SS effector-related operon. The gene neighbors
of PRK06147-encoding genes also had a high proportion of encod-
ing T6SS spike complexes and effector homologs. PRK06147 and
DUF2169 were determined to be adjacent in many genomes,
implying that they were closely related in function. On various
occasions, PRK06147 and DUF2169 might combine to mediate
the interaction of the T6SS spike complex with the cognate effec-
tor, and compared with DUF2169, PRK06147 homologs and effec-
tor homologs were closer in the genome. In addition, many gene
clusters encoded only PRK06147 and effector homologs but did
not encode other adaptors. Therefore, we speculate that
PRK06147 may represent a novel adaptor.



Fig. 8. Families of toxic effectors recognized by the adaptor. (A). The families of toxins that accounted for more than 1% of the genetic neighbors of all adaptors. The nucleic
acid-related toxins are represented in blue. (B). The effector compositions and relative abundances of the four classes of adaptors. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Our analysis showed that the proportion of PRK06147 homo-
logs with a putative toxic effector in the range of proximate 10
genes upstream or 10 genes downstream was 36.1%, and the corre-
sponding values of the DUF2169, DUF4123 and DUF1795 also
reached 32.7%, 21.2% and 18.6%, respectively. The identification
of toxic effectors was performed based on 114 families with
reported toxic effector functions. Obviously, the identified toxic
effectors represented only a small number of the toxic effectors
encoded by the gene neighbors upstream and downstream of the
3731
adaptors, and a large number of toxic effector families have not
been reported. We suggest that among the gene neighbors of the
adaptors, especially the first two downstream genes, the propor-
tion of the genes encoding toxic effectors after excluding the
T6SS component genes and other definite nontoxin genes was
actually very high. Notably, the four classes of adaptors had differ-
ent preferences for toxic effectors. Therefore, the four classes of
adaptors can be used as an effective marker to identify toxic
effectors.
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Based on the characteristics of the adaptor gene neighbors,
instead of relying solely on diverse effector sequences, we demon-
strate an effective approach of using adaptor-encoding genes as
markers to identify the associated downstream effectors. In this
way, we identified 1356 putative toxin genes related to adaptors
from 92 protein families, and two-thirds of these protein products
were still annotated as hypothetical proteins or proteins with
unknown functions. These toxic effectors enrich our understanding
of the prokaryotic arsenal and help to elucidate how T6SS spike
proteins and adaptor proteins mediate effector translocation.
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