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Introduction: Integrative and conjugative elements (ICEs) are a category of horizontal mobile genetic elements (MGEs) that play
important roles in mediating the spread of antimicrobial resistance in Streptococci.

Methods: In this study, a novel ICE, namely ICESan26 rplL, was identified from commensal Streptococcus anginosus through
routine silico analyses. The genetic characterization of ICESan26 rplIL was explored based on a comparison with known ICEs. The
cyclization and cross-species transferability (from Streptococcus anginosus to Streptococcus agalactiae) of ICESan26 rplL were
explored using inverse PCR and conjugation transfer experiments.

Results: ICESan26 _rplL is 61.618 kb in length at downstream of 7p/L and carries multiple antibiotic resistance genes, including erm
(B) [for erythromycin, clindamycin, and streptococcin B (MLSg)], tetM-tetL (tetracycline), /nu and Isa(E) (clindamycin), and an#(6)-1
(aminoglycosides). The comparative analysis results showed that ICESan26 rplL was a composite ICE with a mosaic structure
composed of modules in the ICESa2603 and TnGBS families. The inverse PCR results demonstrated that ICESan26_rplL could be
excised from the chromosome to form a circular intermediate. The conjugation transfer experiment and sequencing results confirmed
the cross-species transfer of ICESan26 rpiL to S. agalactiae recipients at a relatively low frequency (2.13 x 10~%). Moreover, core
functional modules were retrieved from GenBank to search for any ICEs related to ICESan26_rplL. Eventually, 53 putative ICEs were
identified, including three composite ICEs with high similarity to ICESan26_rplL, three ICEs in the TnGBS family, and 47 ICEs in the
ICESa2603 family.

Discussion: In this study, a novel mosaic ICE was reported for the first time. In addition, its transfer to the major pathogen
Streptococcus agalactiae was characterized and proved. These findings suggest that this ICE is expected to become a vehicle for the
dissemination of multiple antimicrobial resistance through the wider pathogen Streptococci.
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Introduction
Streptococcus anginosus, is an opportunistic pathogen and along with Streptococcus constellatus and Streptococcus
intermedius belong to the Streptococcus anginosus group (SAG).! The latest research has reported that, in addition to
Helicobacter pylori, S. anginosus infection can also spontaneously induce chronic gastritis, parietal cell atrophy,
mucinous metaplasia and dysplasia, increasing the risk of gastric cancer (GC).>® Streptococcus agalactiae, also
known as group B Streptococcus (GBS), is a major pathogen inducing neonatal meningitis and sepsis.*

The prolonged administration of antibiotics has resulted in rising resistance of the streptococcal group to macrolides,
lincosamides, streptogramin B (MLSg), tetracyclines, and aminoglycosides. Macrolide resistance in the streptococcal
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group can be mainly attributed to ERM methylase-mediated target modification, which is encoded by genes in the erm
family.” These methylases can modify 23S rRNA bacterial ribosomes, thus preventing the specific binding of macrolides,
lincosamides, and streptogramin B antibiotics (MLSg) and rendering related resistance. Lnu transferases, encoded by the
Inu gene, can inactivate lincosamides by modifying their third or fourth hydroxyl groups. This gene can only mediate
lincomycin resistance. Lnu transferases include Lnu(A), Lnu(B), Lnu(C), Lnu(D), Lnu(E), and Lnu(F).%’ Through the
same mechanism, ant(6) can encode aminoglycoside nucleoside transferases to inactivate aminoglycoside antibiotics,
such as streptomycin or gentamicin.® /sa(E) can encode ATP-binding cassette (ABC) transporters, rendering resistance to
lincosamides, plectin, and streptococcin B through efflux.’ The fer family, including tet(M) and tet(O), can encode
ribosomal protection proteins (RPRs) to confer tetracycline resistance.'®!" These antibiotic resistance genes (ARGs) can
be detected in pathogenic microorganisms or normal flora, and it is difficult to eliminate them. Under certain conditions,
ARGs can be transmitted between microorganisms along with mobile genetic elements (MGEs), further leading to the
spread of bacterial resistance.

Integrative and conjugative elements (ICEs) are a category of self-transmitted MGEs that have been shown to reside
in the bacterial genome chromosome.'> They have a typical modular structure, including integrases, relaxases, and
modules in Type IV secretion systems (T4SSs) as well as diverse cargos. Active ICEs can be excised from chromosomes
to form a circular intermediate, and one of the DNA strands is transferred mediated by T4SSs to a new host through
rolling replication. Single-stranded ICEs can synthesize double-stranded genes via relaxases and integrases into specific

1415 Virulence,'® or other niche

sites in the chromosome through the integrase module.'® In this process, ARGs,
adaptation genes harbored by ICEs are transmitted. As the most well-studied ICE group in streptococci,
ICESa2603 has been widely reported in studies on Streptococcus agalactiae, Streptococcus pyogenes, Streptococcus
pneumoniae, and zoonotic Streptococcus suis.'” They share similar tyrosine integrases, which can recognize the 3’ -end
of the 50S ribosomal subunit protein L7/L12 gene (rpIL). Multiple ARGs, such as erm(B) (MLSg), aphA3, aadE, sat,
ant6 (aminoglycoside), fetM, and tetO (tetracycline) have been reported in the ICE group. TnGBS is another broad and
diverse ICE family of streptococci, and it is characterized by a DDE transposon containing an active triad of acidic amino
acids (D.D.E)."® Currently, ARG-related ICEs in S. anginosus are currently underrepresented in existing studies. In
addition, the transfer or cross-species transfer of ARGs mediated by the ICESa2603 or TnGBS family has not been
reported in studies on S. anginosus, and their epidemiology and genetic characterization have not been fully clarified.

In this study, a new ICE from the clinical isolate S. anginosus San26 was identified and characterized, and its transfer
from S. anginosus to the major pathogen S. agalactiae was also proved. The ICE, named ICESan26 rplL, carried
multiple ARGs that conferred host MLSg, tetracycline, and aminoglycoside resistance. Moreover, the ICE had a unique
mosaic structure composed of modules from different ICE families. However, these aspects in streptococci have never
been fully investigated.

Materials and Methods

Bacterial Strains and Antimicrobial Susceptibility Tests

In this study, the next-generation sequencing (NGS) drafts of clinical S. anginosus San26 (JAXIIFO00000000) were
available. The recipient bacterial S. agalactiae SagR331 was the clinical isolate preserved in Huashan Hospital.
ATCC13813 was used as the quality control strain for the antimicrobial susceptibility test, and it was preserved in
The First Affiliated Hospital, Sun Yat-sen University. The breakpoint complied with the standards of Clinical and
Laboratory Standards Institute (CLSI). The clinical sample used in this study was partially collected from routine hospital

laboratory procedures, and no other personal information was involved in this study.

PCR Amplifications

The PCR amplifications were performed to verify the ICE extrachromosomal circular intermediate, which was key
evidence for ICE transferability. Designed primer pairs P1-P4 were used for ICESan26 rplL and PI1-PI4 for internal
TnGBS-like ICE. Primers were listed in Table S1.
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Conjugation Transfer Experiments
Recipient bacterial need to display opposite resistance phenotype to donor and contained at least one unoccupied rp/L
genes site for ICESan26_rplL. Therefore, the S. agalactiae SagR331 (CP138369) which resistant to levofloxacin but
sensitive to erythromycin and clindamycin and the genome contained a 7pl/L gene as a putative target for ICESan26 rplL.
Conjugation transfer experiment was performed as described previously.'>*° Donors and recipients were thawed and
grown to ODgog=0.5, and mixed by 1:10 (donor and recipient). The mixed bacterial solution was uniformly coated on
nitrocellulose membrane and incubated at 37 °C for 4-6 hours. Then, 10 mg/mL DNase was added to eliminate potential
effects of DNA transformation. After the incubation, the mixed bacteria were diluted and cultured in the medium
containing 50 pg/mL erythromycin, 50 pg/mL clindamycin, 20 pg/mL levofloxacin for 2-5 days. Selected clones were
further verified by PCR and sequencing.

DNA Sequencing and Comparison Analysis

Conjugation transfer of ICE was confirmed through NGS sequencing of recipients and relative transconjugants. DNA was
extracted using QIAGEN Midi Kit (Qiagen, Hilden, Germany). The whole-genome sequencing was performed at BGI
Genomics (HiSeq X; Illumina, San Diego, CA, USA). High-quality reads were assembled by Spades v3.9.034*' and
uploaded to the online annotation tool RAST?? (rast.nmpdr.org).

To visualize the obtained ICE and excluded potential influences of other elements, the sequences of recipient and
transconjugant were aligned using Mauve v2.4.0.% Firstly, NGS sequences of recipient and relative transconjugant were
arranged using the function of order-contig of Mauve v2.4.0 basing on a reference complete genome S. agalactiae
NGBS128 (CP012480).>* Then, the rearranged genome of transconjugant was aligned with recipient, and difference
regions were location of ICESan26_rplL.

Bioinformatics ldentification of ICE Similar with ICESan26_rplL

Although ICEs vary in genetic organization and sequence, many share similar core functional genes including, integrases,
relaxases and T4SSs. As previously described,?®*>* the core functional genes (integrase|cgsunz6-1, INCErase|CESw26-E>
relaxase;cgsanae.1, relaxaseicesanae-g, and T4SSs) of ICESan26 rplL were used as query terms for blastN to identify
similar ICEs. More specifically, ICEs could be classified into the same family, namely the ICESan26 rpIL family, if all
their core function genes showed >60% sequence identity to ICESan26 rpIL; ICEs could be classified as
ICESan26 rplL-related ICEs, if their integrases showed >60% sequence identity and at least one of the other core
function genes showed >60% sequence identity to ICESan26 rpIL. The boundaries were manually delimited, and the
ARGs carried by ICEs were predicted using ResFinder.?’

Results
Identification and Characterization of ICESan26_rplL

The clinical isolate S. anginosus San26 exhibited high resistance to erythromycin, clindamycin, tetracycline, and
gentamycin. The sequence analysis results of San26 revealed multiple ARGs, including erm(B), tetM, tetL, ant(6)-1,
Inu, and Isa(E), within a small genetic range. Through the prediction using the online tool ICEFinder (bioinfo-mml.sjtu.
edu.cn/ICEfinder/index.php), it was found that these ARGs were carried by a putative ICE at the downstream segment of

rplL, an integrating hotspot of the ICES2603 family in the Streptococcal group.'” The newly discovered ICE was named
ICESan26_rplL according to its host number, abbreviation, and integration site.

ICESan26_rpIL (JAXIIF010000002, 92,631-154249) was found to be 61.618 kb in length and had 64 open reading
frames (ORFs) with a direct repeat sequence 5'-TTATTTAAGAGTAAC-3'. The backbones of ICESan26 rplL were
highly related to five reported ICEs, including ICESa2603 in the Streptococcus agalactiae strain 2603 V/R;'
ICESsuYS388, an ICE carrying erm(B) and fetO from zoonotic Streptococcus suis;*® ICESpy009, an ICE carrying mef
(E) and mel originally identified in S. pyogenes;*® ICESp1116, a genetic element responsible for erm(B)-mediated ICEs
in S. pyogenes;*® TnGBS2.6, an ARGs-free ICE from S. agalactiae'® (Figure la). ICESa2603, ICESsuYS388, and
ICESpy009 shared related backbones and could be classified into the streptococcal ICESa2603 family, whereas
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Figure | Comparison analysis of ICESan26_rplL with known ICEs. (a) comparison of ICESan26é_rplL with ICESa2603, ICESsuYS388, ICESpy009, ICESp| | 16 and TnGBS2.6.
(b) comparison of resistance genes cluster of ICESan26_rplL with plasmid pNUITMV6_2. Integrase genes are showed by blue arrows, relaxase by purple arrows, T4SSs genes

by yellow arrows, antibiotics resistance genes by red arrows, putative ISs sequence by green arrows and others by white arrows. Areas shaded French grey represent
regions of >60% identity.

ICESp1116 and TnGBS2.6 could be classified into the TnGBS family. The in silico comparison results indicated
ICESan26 rplL had a typical mosaic structure, and it was composed of three regions. The first region included the
integrase;cesanne-E> relaxase|cesanze-g, and virB1 of T4SSs at both ends of ICESan26_rplL, which were closely related to
the corresponding modules of the ICESa2603 family. The second region, ~28 kb in length, included the
relaxasecgsanze-1, most T4SS genes, and other backbones, and it showed high identity with TnGBS. The third region
was a resistance gene cluster comprising up to six ARGs and other uncharacterized ORFs. However, the internal element
of ICESan26_rplL was not an ICE in the TnGBS family, because the integrase;cgsame.1 differed from the characteristic
DDE transposase of TnGBS, which may have been altered during module exchanges. Hence, it was designated a TnGBS-
like ICE in this study. These results suggested that ICESan26_rplL was a mosaic ICE with module combinations of ICEs
in the ICESa2603 family and TnGBS-like ICEs.

ICESan26_rplL carried resistance genes for multiple antibiotics that were clustered within a ~19 kb genetic region. A similar
region was also observed in the multi-resistance plasmid pNUITMV6_2 (AP031235) from Enterococcus faecium, indicating that
this resistance region of ICESan26 rplL may be derived from the same ancestor as that of this plasmid (Figure 1b).
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Excision/Circular form of ICESan26_rplIL and Internal TnGBS-Like ICEs

Reverse pair primers (P1-P4 and PI1-PI4) were used to detect the presence of the intermediate circularization form of
ICESan26_rplL as well as internal TnGBS-like ICEs (Figure 2). The results showed that the PCR bands of the integration
(P1/P2 and P3/P4), excision (P1/P4), and circulation (P2/P3) of ICESan26 rplL were positive, whereas the internal
TnGBS-like ICE was positive for integration (P11/PI2 and PI3/PI4), but negative for excision (PI11/PI4) and circulation
(PI2/P13). This indicated that a significant proportion of ICESan26 rplL could be excised from the chromosome and
circularized. However, the TnGBS-like ICE only acted as a part of ICESan26_rplL rather than being excised independently.

Integration L — m——

TnGBS-like
Circulation
ICESan26_rpIL
1
| —
—_— P12 PI3
P2 P3
P1 P4 _PI; m

Excision 00— ~— [ -
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of ICESan26_rpiL of TnGBS-like ICE

P2/P3 P1/P4 P1/P2 P3/P4 PI2/P13 PI1/P14 PI1/PI2 PI3/PI4
- - —-q —

Figure 2 Diagram and PCR detection of integration and excision/circularization of ICESan26_rplL. Black rectangles represent TnGBS-like ICE within ICESan26_rplL, the
white combinate black rectangles represent composite ICESan26_rplL, Primers used are indicated by black arrows. The bottom panel shows the PCR results and PCR

marker is Vazyme DL2000 DNA.
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Table | Characteristics of the Donor, Recipient and Transconjugant

Strain Application Conjugation MIC (mg/L)
Frequency
ERY CLI TET LvX GEN
S. anginosus San26 Donor 2.13x 1078 >256 128 64 <0.5 32
S. agalactiae SagR331 Recipient <0.5 <0.5 32 64 64
S. agalactiae SagR331_TC Conjugant >256 256 64 64 64

Notes: data showed the minimum and max frequency of 5 independent assays of three duplicates in each assay. The bold values
indicated antibiotics resistance screening by conjugation transfer experiment.
Abbreviations: ERY, Erythromycin; CLI, Clindamycin; TET, Tetracycline; LEV, Levofloxacin; GEN, gentamicin.

Cross-Species Transfer of ICESan26_rplL to S. agalactiae

In the conjugation transfer experiments, S. anginosus San26 (ERYR, CLIY, TET®, and LEV®) was used as the donor, and
S. agalactiae SagR331 (ERY®, CLI®, TETR, and LEV®) was used as the recipient. The results showed that a transconjugant
(S. agalactiae SagR331_TC) was obtained at a frequency of 2.13x10"%. The drug susceptibility test results showed that the
transconjugant exhibited high-level resistance (>128 pug-mL™") to erythromycin and clindamycin, indicating ARGs had been
transferred to MLSg-sensitive recipients (Table 1). The whole-genome sequencing of the recipient and transconjugant confirmed
that the ICESan26_rplL (61.618 kb) was integrated at the downstream of rp/L (JBKOIP010000001, 35,600-96,868) (Figure 3).

Identification of ICESan26-Like ICEs in NCBI

To retrieve ICESan26-like ICEs from the available sequences in GenBank, the core functional genes of ICESan26 rplL
were used as query terms for BLASTN. At the time of writing this manuscript, 53 putative ICEs related to
ICESan26_rplL were identified in the available complete genome. Their host accession numbers, positions, and ARGs
are listed in Table S2.

a
Donor
S. anginosus
San26 X
Recipient Transconjugant
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Figure 3 (a) Schematic of ICE conjugation transfer from donor to recipient and obtained transconjugant in cell perspective. (b) Alignment of genome drafts of recipient
S. agalactiae SagR331 and transconjugant SagR331_TC. The different regions between transconjugant and recipient represents transferred ICESan26_rplL.
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Among these 53 putative ICEs, three ICEs were highly consistent with ICESan26 _rplL, and these ICEs were classified
into the same ICE family. They had the same mosaic structures and identical ARG regions, and they were integrated at the
downstream segment of 7p/L. They were found in the genomes of the anaerobic bacteria Streptococcus gallolyticus and
Streptococcus pasteurianus (Figure S1). The other 50 ICEs were classified as ICESan26-related ICEs. Among the 50 ICEs,
three ICEs were almost identical to TnGBS-like ICEs. These ICEs appeared to have randomly inserted sites, and they were
identified in two S. pyogenes genomes and one S. anginosus genome. The remaining 47 putative ICEs were classified as the
ICEs in the ICESa2603 family with various genetic characteristics and cargos. In addition to the above-mentioned ARGs,
catQ (for chloramphenicol resistance), mel and mef(A) (macrolides), and aac(6")-aph(2") (aminoglycosides) were classified
into the newly identified ICESa2603 family.

Discussion

According to a recent report, S. anginosus can transmit ARGs to major streptococcal and enterococcal pathogens through
ICEs.”° Hence, S. anginosus is considered an important ARG reservoir. In general, there are fewer reports on the drug
resistance and transmission of ARGs in S. anginosus, despite that S. anginosus has garnered significant attention owing
to its increasing risk for gastric cancer.” In this study, a novel ICE (ICESan26 rpiL) carrying up to six ARGs was
identified, and it conferred a host multi-resistance phenotype, including erm(B) for MLSg, tetM-tetL for tetracycline, /nu
and /sa(E) for lincomycin, and ant(6)-1 for aminoglycosides. ICESan26 rplL was integrated at the downstream segment
of rplL by a tyrosine integrase, consistent with ICEs in the ICESa2603 family. However, different from ICEs in the
ICESa2603 family, most backbones of ICESan26 rplL, especially T4SSs, are highly similar to those of the TnGBS
family. In other words, ICESan26 rplL is a composite ICE with a mosaic structure, and the tyrosine integrase of the
ICESa2603 family determines the position of ICESan26 rplL in the genome, whereas T4SS, consistent with the TnGBS
family, enables the horizontal transfer of ICESan26_rpl.

Mosaic ICEs are known to be generated by a series of interaction events of mobile elements, such as accretion,
imprecise excision, tandem array, and recombination.'**'** Therefore, ICESan26_rplL may originate from two accretion
events and one recombination event. TnGBS and the plasmid pNUITMV6_ 2 were embedded and accreted within the
ICEs in the ICESa2603 family, respectively, at the downstream segment of rp/L. However, it is difficult for ICEs with
a long sequence to maintain stabilization for a long time in the chromosome. Some similar sequences may become
recombined, thus resulting in the deletion of some fragments during the accretion of ICEs to form the current relatively
stable ICESan26_rplL. In this study, the circular intermediate forms of ICESan26 rplL and the internal TnGBS-like ICE
were examined. However, the excision and circulation of the internal TnGBS-like ICE were not detected, suggesting that
the TnGBS-like ICE lost its transfer activity and became a new conservative structure in ICESan26_rplL.

Most previous reports on ICEs have focused on three major streptococcal species, including S. agalactiae,
S. pyogenes and S. pneumoniae, and the zoonotic S. suis.'>** To our knowledge, this may be the first scientific attempt
to demonstrate the transferability of ICESan26_rplL from S. anginosus to other species. Further, this may also be the first
report on the ICE associated with ICESa2603 or TnGBS in S. anginosus. However, the conjugative transfer frequency of
ICESan26_rplL. (2.13x10®) was much lower than that of previously reported ICEs, such as ICESpy009
(4.0x1077~4.0x107°),%° ICESsuYZDHI (1.19x107%~1.90x10"%),** and ICESan95 hsdM (6.32x10 '~1.19x107%).2° In
contrast to other composite ICEs with significant mosaic structures, such as ICESagTR7 (3x10°°)** in S agalactiae
and ICESsu32457/ICESa2603 (1.5x107°)*" in S. suis, ICESan26_rplL was relatively more efficient, which may be
attributed to its more complex structure and longer length, which affected its activity. The in silico analysis results
revealed ICESan26-like ICEs in the anaerobic Streptococcus gallolyticus and Streptococcus pasteurianus. These results
indicated that the presence of ICEs, similar to ICESan26_rplL, could benefit the dissemination of ARGs, thus increasing
the risk of drug resistance in S. anginosus and displaying the potential to spread throughout the streptococcal groups.
Given the cross-species transfer of ICEs, S. anginosus indirectly may serve as a reservoir and transit station for resistance
genes of other streptococcal groups.

As revealed in previous studies, S. anginosus is often co-infected with other streptococci in the pleural cavity, vagina,
and respiratory tract, but its role as a normal flora is often ignored.*> >’ Our findings suggest that the cross-species transfer
of ICESan26 rplL might be a new way for genes to undergo horizontal transfer between normal to major pathogenic
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bacteria. This may contribute to the resistance of susceptible pathogenic S. agalactiae during co-infection, thereby avoiding
killing by antibiotics. According to a recent study, S. anginosus, similar to Helicobacter pylori, can also induce gastro-
intestinal cancer, which has attracted extensive concern.” As a native ICE of S. anginosus, ICESan26_rpIL may be an
obstacle to the prevention and control of S. anginosus in the future due to its potential ability to transmit drug resistance.

However, ICESan26 rp/L and highly similar ICEs appear to be less common in the genome compared with
conventional ICEs, despite the fact that they confer more resistant phenotypes to the host. Moreover, the modules
from different mobile elements are prone to inappropriate fitting, resulting in a decrease in the transfer frequency and
limiting their further dissemination. Other reasons, such as multiple resistance genes or longer ICE fragments, may
impose a heavy fitness cost, leading to a growth disadvantage for new host bacteria that cannot be excluded. Therefore,
these considerations still need to be further investigated.

Conclusion

ICESan26_rplL, a composite ICE composed of modules in the ICESa2603 and TnGBS families, could mediate the dissemination
of multiple ARGs from the commensal S. anginosus to the main pathogen S. agalactiae. The transfer of this ICE may represent
a new method for the transmission of antimicrobial resistance among species. The unique structure of ICESan26_rplL implies
potential interactions between different genetic elements, leading to the diverse evolution of ICEs.
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