bioRxiv preprint doi: https://doi.org/10.1101/2022.01.07.475358; this version posted January 8, 2022. The copyright holder for this preprint

10

11

12

13

14

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Homologous recombination between tandem paralogues drives evolution of Type VII

secretion system immunity genes in firmicute bacteria

Stephen R. Garrett'*, Giuseppina Mariano', and Tracy Palmer'*

' Microbes in Health and Disease Theme, Newcastle University Biosciences Institute,

Newcastle University, Newcastle upon Tyne, NE2 4HH, UK;

*To whom correspondence should be addressed.

e-mail: s.garrett2@newcastle.ac.uk, tracy.palmer@newcastle.ac.uk

Tel +44 191 208 3219

Running title: Expansion of T7 immunity gene families in firmicutes


https://doi.org/10.1101/2022.01.07.475358
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.07.475358; this version posted January 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

made available under aCC-BY 4.0 International license.

ABSTRACT

The Type VIl secretion system (T7SS) is found in many Gram-positive firmicutes and secretes
protein toxins that mediate bacterial antagonism. Two T7SS toxins have been identified in
Staphylococcus aureus, EsaD a nuclease toxin that is counteracted by the EsaG immunity
protein, and TspA, which has membrane depolarising activity and is neutralised by Tsal. Both
toxins are polymorphic, and strings of non-identical esaG and tsal immunity genes are
encoded in all S. aureus strains. During genome sequence analysis of closely related S.
aureus strains we noted that there had been a deletion of six consecutive esaG copies in one
lineage. To investigate this further, we analysed the sequences of the tandem esaG genes
and their encoded proteins. We identified three blocks of high sequence homology shared by
all esaG genes, and identified evidence of extensive recombination events between esaG
paralogues facilitated through these conserved sequence blocks. Recombination between
these blocks accounts for loss of esaG genes from S. aureus genomes. TipC, an immunity
protein for the TelC lipid Il phosphatase toxin secreted by the streptococcal T7SS, is also
encoded by multiple gene paralogues. Two blocks of high sequence homology locate to the
5 and 3’ end of tipC genes, and we found strong evidence for recombination between tipC
paralogues encoded by Streptococcus mitis BCCO08. By contrast, we found only a single block
of homology across tsal genes, and little evidence for intergenic recombination within this
gene family. We conclude that homologous recombination is one of the drivers for the

evolution of T7SS immunity gene clusters.

Key Words: T7SS, homologous recombination, immunity gene families, Staphylococcus

aureus, Streptococcus
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INTRODUCTION

The type VII protein secretion system (T7SS) is found in many Gram-positive bacteria.
Following its discovery in pathogenic Mycobacteria, it has since been described in a range of
other actinobacteria and in firmicutes (1-5). Cryo-electron microscopy studies have shown that
the ESX-5 T7SS from Mycobacteria exists as a 2.3 mDa membrane complex, with a central
ATPase, EccC, forming a hexameric pore (6, 7). The firmicutes T7SS is only distantly related
to the actinobacterial T7SSa system, and has been designated T7SSb. The hexameric
ATPase is the only common component found across all T7SSs, and is designated EssC in

the T7SSb systems (8, 9).

While the T7SSa is heavily linked with Mycobacterial virulence, there is growing evidence that
the T7SSb plays an important role in bacterial antagonism (10, 11). In Streptococcus
intermedius, three T7SSb-secreted antibacterial effectors have been identified, including TelB,
an NADase, and TelC a lipid Il phosphatase (12). The Enterococcus faecalis T7SSb also
mediates contact-dependent inhibition of some firmicute bacteria, and a bioinformatic analysis
in Listeria monocytogenes has identified over 40 potential antibacterial substrates of the T7SS

(13, 14).

A role for the T7SSb in interbacterial competition was first characterised in the opportunistic
pathogen Staphylococcus aureus (15). The T7SS-encoding locus in this organism is highly
variable. Sequence divergence initiates towards the 3’ end of essC, with essC sequences
falling into one of four variants, termed ess?1 — ess4 (16). Downstream of each essC subtype
is a cluster of variant-specific genes. In essC17 variant strains one of these genes, esabD,
encodes a secreted nuclease toxin with antibacterial activity. Protection from the toxic activity
of EsaD is mediated by EsaG, which is encoded immediately adjacent to esaD in essC1
strains. EsaG inactivates EsaD by forming a tight complex with the EsaD nuclease domain
(15). While all essC1 strains encode esaD, the toxin nuclease domain is polymorphic, and

these strains also encode additional copies of esaG genes in a highly variable immunity gene
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island located at the 3’ end of the ess/T7SS locus (10, 15, 16). These additional esaG copies
are genetically diverse, but share some core regions of similarity within the encoded amino
acid sequences (17, 18). Strings of up to nine non-identical esaG genes are also found in a

similar genomic location in essC2, essC3 and essC4 strains (10).

TspA is a second antibacterial toxin secreted by the S. aureus T7SS. TspA has a C-terminal
membrane-depolarising domain, and immunity from intoxication is provided by the membrane-
bound Tsal protein (19). The tspA-tsal locus is encoded distantly from the T7 gene cluster,
and is found across all four essC variant strains. Similar to EsaD, the TspA toxin domain is
polymorphic, and all strains encode clusters of Tsal variants (between two and sixteen copies)

directly downstream of tspA (19).

It is common for bacteria to encode repertoires of immunity proteins for protection against
polymorphic effector proteins. For example, bacteria in the gut accumulate immunity genes in
genomic islands that provide protection against type VI secretion system effectors (20). This
includes orphan immunity genes in strains that do not encode the cognate effector protein, as
we observe for esaG genes in S. aureus essC2, essC3 and essC4 strains that do not contain
esaD. While it is common for immunity islands to carry many predicted immunity genes, it is
less common to see so many homologues of the same immunity gene clustered together. At

present, little is known about the origin of the T7SS immunity repertoires.

The Staphylococcus aureus strain NCTC8325, and its derivatives, are commonly used as a
model strains for laboratory studies (21). NCTC8325 was initially isolated from a corneal ulcer
and has been used extensively for the propagation of the lysogenic bacteriophage
Staphylococcus virus 11 (Previously Phage 47) (22). Since NCTC8325 also carries two other
lysogens in its genome, Staphylococcus viruses 12 and 13 (23) UV-induced curing was used

to rid the strain of prophage, to give strain RN450 (24) (Fig 1a). RN450 has been used to
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93  construct many laboratory strains over the years, including RN6390, which is one of the key

94  strains we have employed for T7SS secretion studies (e.g. (25, 26)).

95

96  During our analysis, we found that there were two separate genome sequences reported for

97 NCTCB8325. When comparing the first sequence, published in 2006 (GenBank accession

98 number CP000253; (27)), with the later sequence (uploaded in 2018 by the Wellcome Trust

99  Sanger Institute to GenBank; accession number LS483365) we noted that there were a
100  number of differences, including in esaG repertoire encoded at the 3’ end of the ess gene
101  cluster (Fig 1b). In this study we used whole genome sequence analysis to identify which of
102  these two genome sequences was most closely related to RN6390. We subsequently used
103 gene phylogeny and cluster analyses to identify the processes that drive the accumulation of
104  T7SS immunity genes. Our findings indicate that intergenic recombination is a major factor in
105  the evolution of esaG genes. We also noted that a similar process drives the evolution of tipC
106  genes, which encode Streptococcal TelC immunity proteins (12). By contrast, while there is
107  some evidence of intergenic recombination within tsal clusters, it does not appear to be the

108  main mechanism of evolution for this gene family.
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109 METHODS

110

111  Strains, genome sequencing and phylogenic analysis of prophage

112 Strain RN6390 was obtained from Professor Jan Maarten van Dijl (University of Groningen,
113 NL). All other strains were obtained from Professor José Penadés (Imperial College, UK). All
114 genome sequencing was carried out by MicrobesNG (Birmingham, UK) with enhanced
115 genome sequencing for RN6390 and standard whole genome service for RN25 and RN450;
116 sequences are available at NCBI under accession numbers CP090001.1,
117  JAJSOX000000000.1 and JAJSOY000000000.1, respectively. Whole genome alignment was
118  executed using progressiveMauve (28). SNP calling was carried out using Snippy v4.6.0 (29).
119  To determine the taxonomy of the phage identified in RN6390 strain, its nucleotide sequence
120  was submitted to VIPTree browser with default parameters (30). From the resulting proteomic
121  tree, phage genomes associated with S. aureus species were selected to generate the tree in
122 Fig 2.

123

124  Gene and protein alignment

125  Nucleotide sequences were obtained from NCBI and aligned with MAFFT v7.489 (31). Amino
126  acid sequences were obtained from NCBI and aligned using MUSCLE v3.8.1551 (32). To
127  construct similarity plots for both nucleotide and amino acid sequences, Plotcon

128  (https://www.bioinformatics.nl/cgi-bin/emboss/plotcon) was executed using aligned

129  sequences, with a window size of 5. For esaG4, the full pseudogene was used for the
130  nucleotide alignment. For the alignment of the EsaG4 amino acid sequence, the two predicted
131  open reading frames (ORFs) were used. For Plotcon analysis on large input sequences,
132 alignments were manually curated to remove partial sequences and pseudogenes.

133

134 Recombination Prediction
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135  Aligned nucleotide sequences were opened in the RDP4 software (33) and Run All selected.
136 TrimAl v1.2 (34) was used to remove the unaligned 5’ region of tsal genes before RDP4
137  analysis was carried out.

138

139  Gene phylogeny

140  Maximum likelihood trees for nucleotide sequences were built with IQTREE v 2.1.4 (35), with
141 1000 ultrafast bootstraps. Trees were visualised and annotated using iTOL (36).

142

143  Comparison of genetic loci and gene cluster analysis

144  T7SS-encoding loci from each variant were subjected to pairwise comparisons with the
145 RN6390 T7SS locus using BLAST (37). A similar approach was used to compare
146  Staphylococcus phage RN6390 with Staphylococcus phage SAP40 genomes. The report
147  produced by BLAST was used as a comparison file in genoPIotR package (38) within RStudio
148  (39) to plot regions of similarities between the two loci. FlaGs (40) was used to assess the
149  variation in number of tsal repeats across S. aureus strains. Examples were selected to
150  represent diversity at this locus.

151

152  Construction and analysis of a plasmid database

153 A database containing all available plasmid sequences was built from PLSDB (https://ccb-

154  microbe.cs.uni-saarland.de/plsdb/plasmids/) (41). Subsequently, Hmmsearch from the

155 HMMER suite (v 3.3.2) (42) was used to identify esaG or tsal genes encoded within the
156  database. For each esaG or tsal copy identified, efetch from the entrez-utilities (43) was used
157  to retrieve the specific assembly ID where the genes were encoded. EsaG and Tsal proteins
158 identified as encoded on plasmids together with their corresponding assembly ID, were then
159 analysed using FlaGs to define the specific gene neighbourhood of esaG and tsal on these

160  assemblies.
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161 RESULTS

162

163  Analysis of the RN6390 genome.

164  Two genome sequences are available for NCTC8325, here designated NCTC8325-Oklahoma
165 (GenBank accession number CP000253) and NCTC8325-Sanger (GenBank accession
166  number LS483365). The genomes of NCTC8325-Oklahoma and NCTC8325-Sanger were
167  aligned to identify differences between the strains (Table S1). Following SNP calling and
168  manual curation we identified a total of 78 SNPs and other small polymorphisms between
169  these two strains. We also identified a duplication of 16S and 23S ribosomal RNA genes in
170  NCTC8325-Oklahoma relative to NCTC8325-Sanger (Table S1). A further notable difference
171 is that NCTC8325-Sanger carries six additional esaG genes, relative to NCTC8325-
172  Oklahoma, at the ess cluster (Table S1, Fig 1b).

173

174  In order to identify which NCTC8325 strain is the likely precursor strain of RN6390, we carried
175  out whole genome sequencing of RN6390 (GenBank accession number CP090001.1) and
176  aligned it with the genomes of NCTC8325-Oklahoma and NCTC8325-Sanger, respectively.
177  Differences between RN6390 and each NCTC8325 strain are recorded in SNP tables (Tables
178  S2 and S3). As expected, a major difference found between both NCTC8325 genomes and
179 RN6390 is the presence of three prophages in the NCTC8325 genomes which were
180  successively cured out during the construction of the RN6390 progenitor, RN450 (Fig 1a). A
181  prophage, Staphylococcus phage 6390 (¢6390) has been identified previously in the genome
182  of RN6390, integrated in the romF gene (44, 45). This is at a different locus from the three
183  prophage loci found in the two NCTC8325 genome sequences. To determine whether ¢6390
184 is related to any of the prophages cured from NCTC8325, the genome sequence was
185  extracted and used to determine its taxonomy. As shown in Fig 2, 96390 is a distinct prophage
186  to those cured from NCTC8325. Analysis of ¢6390 using blastn gave an almost identical

187  match to Staphylococcus phage SAP40 (GenBank accession number: MK801683.1, 99%
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188  coverage and 99.98% identity). As 96390 is not present in RN4220, this suggests that it was
189 introduced during genetic manipulation steps performed following generation of RN450.

190

191  Further analysis of the RN6390 genome sequence revealed that it aligned more closely to
192  NCTCB8325-Sanger than NCTC8325-Oklahoma, and also carries the six additional esaG
193 genes found in NCTC8325-Sanger. This suggests that NCTC8325-Sanger is the likely
194  progenitor of the 8325 lineage. To confirm this, we sequenced the genomes of the
195 intermediate strains RN25 and RN450 (Genbank accession numbers JAJSOX000000000.1
196 and JAJSOY000000000.1, respectively), as they are directly on the lineage of RN6390. Both
197  of these strains share the additional copies of esaG and other genomic features of NCTC8325-
198  Sanger, confirming that this strain is likely to be the true parent of RN6390.

199

200  The origin of the NCTC8325-Oklahoma strain from GenBank accession CP000253 is
201  described as the ‘University of Oklahoma Health Sciences Center’. This strain is clearly closely
202  related to NCTC8325-Sanger, but may potentially have accumulated mutations through serial
203  passaging within a laboratory setting. Strikingly, the biggest difference between the two strains
204  apart from the ribosomal RNA gene duplication is the loss of the six esaG homologues.

205

206 Intergenic recombination is a driving force in the evolution of esaG genes.

207  To determine how the six esaG copies may have been lost in NCTC8325-Oklahoma, we
208  examined this region of the chromosome in more detail. RN6390 encodes 12 homologues of
209  esagG, all of them at the ess gene cluster. The first copy is found directly downstream of esaD
210  and encodes the cognate immunity protein for the nuclease toxin (Fig 3a)(15). We have named
211  thisesaG1. This is followed by three genes encoding hypothetical proteins (SAOUHSC_00270
212 00271 and _00272), before a stretch of four further esaG homologues (esaG2 - esaG5). This
213  is followed by a further homologue of SAOUHSC 00270 (annotated as SAOUHSC_00270b
214  onFig 3a, sharing 96.49% identity with SAOUHSC_00270) and then an additional seven esaG
215 homologues (esaG6 — esaG12; Fig 3a). Note that while esaG4 is annotated as a pseudogene,

9
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216  due to a short additional stretch of nucleotides close to the centre of the gene introducing a
217  premature stop and subsequent start codon, it actually encodes two smaller ORFs (Fig 3a). A
218 genome alignment using progressiveMauve predicts that the genomic deletion in NCTC8325-
219  Oklahoma spans esaG2 — esaG?7.

220

221  To assess variation between the 12 homologues of EsaG, the amino acid sequences were
222 aligned (Fig 3b), and regions of homology between the proteins were analysed using Plotcon
223 (Fig 4a). Numerous regions of sequence homology were observed, including two major blocks
224 of high sequence homology at amino acids 13-31 and 84-119. To assess whether these were
225  general features of S. aureus EsaG proteins, we downloaded approximately 4,000 S. aureus
226  EsaG sequences from RefSeq and collectively analysed them using Plotcon. Fig S1a indicates
227  that a similar profile of homology is seen across all EsaG proteins.

228

229  We next examined the intergenic regions between the RN6390 esaG homologues. Strikingly,
230  we noted that most of the intergenic regions were of a very similar length, other than when
231  they directly preceded a non-esaG gene (for example SAOUHSC_00270b). They also share
232 a high degree of homology (Fig S2a). When we undertook Plotcon analysis on the esaG
233 genes, including the 3’ intergenic regions (Fig 2a, Fig S2b), we noted the same two major
234 blocks of homology that we had seen from the amino acid analysis, but in addition a third block
235  encompassing the end of the gene and the downstream intergenic region (Fig 3a, Fig S2b,
236  Fig S3).

237

238  Given the substantial levels of homology between the esaG genes, we used the recombination
239  prediction software, RDP4, to determine whether there had been recombination events
240  between the genes. The RDP4 output, shown in Table S4 and summarised Fig 4b, predicts
241  with high significance that there have been extensive recombination events within most (but
242  not all) of these genes. As shown in Fig 4b, recombination appears to occur at the three points

243 within the genes that correspond to the regions of high nucleotide sequence homology (Fig

10
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244  4b, Table S4). To support these findings, we constructed a maximum-likelihood tree for the
245 12 esaG genes (Fig 4c). No recombination is predicted within esaG3, which is genetically
246  distant from other esaG homologues. Conversely, esaG2 and esaG5 appear to vary only in
247  their central regions, and these cluster closely on the tree (Fig 4c), consistent with the RDP4
248  output.

249

250 Based on the RDP4 results, we built a schematic representation showing the homologous
251 regions of the esaG genes that are likely involved in the recombination events (Fig 4d).
252  Specific regions of the genes seem to share high homology with others, for example, the mid-
253  section of many of the homologues share high homology to equivalent sections of esaG1
254  (coloured teal). Conversely, genes such as esaG3 and esaG6 appear to be much more
255 diverse. Based on our observations, it is probable that a recombination event between the first
256  conserved regions of esaG2 and esaG8 was responsible for the loss of the seven genes at
257  this locus in NCTC8325-Oklahoma. This is corroborated by an alignment of the nucleotide
258  sequences of esaG2 and esaG8 with SAOUHSC 00274 (Fig S2c). The alignment indicates
259  that SAOUHSC _00274 is mosaic comprising the 5’ region of esaG2 with the middle and 3’
260  sections of esaG8, consistent with recombination at homology block 1 (Fig S2d).

261

262  esaG recombination in an epidemic strain of S. aureus

263 USA300 is a methicillin-resistant S. aureus essC1 strain, and a dominant cause of community-
264  acquired S. aureus infection in the USA (46). A recent study analysed the community spread
265 and evolution of a USA300 variant during a New York outbreak (47). Comparing the whole-
266  genome sequences of the epidemic lineage showed that these strains carry only seven esaG
267  genes in comparison to the ten copies in the closely related USA300 FPR3757. Using strain
268  BKV_2 as a representative of the outbreak lineage, we aligned the region spanning from esakE
269 to SAUSA300_0303 with USA300 FPR3757. The alignment showed almost complete
270  sequence identity, other than in a region spanning from the middle of SAUSA300 0295 to the
271  middle of SAUSA300_0299 (Fig S4a) which was absent from BKV_2. When the nucleotide

11
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272  sequences of SAUSA300_0295 and SAUSA300_0299 were aligned with esaG4 of BKV_2,
273 esaG4 was again seen to be mosaic, with most of the gene being identical to
274  SAUSA300_0295 but the 3’ end showing 100% identity to SAUSA300_0299 (Fig S4b). This
275 is consistent with recombination between homology block 2 of SAUSA300 0295 and
276  SAUSA300_0299, with loss of the intervening DNA.

277

278 esaG diversity across S. aureus essC2, essC3 and essC4 variants.

279  Although S. aureus essC2, essC3 and essC4 variants do not encode EsaD, these strains all
280 accumulate esaG genes at the 3’ end of their T7SS-encoding loci. To ascertain whether the
281 homologues of esaG encoded in these strains are close relatives of those found in RN6390,
282  we analysed the esaG genes encoded in strains ST398, MRSA252 and HO 5096 0412, as
283  representatives of essC2, essC3 and essC4 variants, respectively. The sequence of the T7SS
284  loci for each of these strains was subjected to pairwise comparison, using BLAST, with the
285  RN6390 locus, and further analysed using genoPIotR (48) to produce a graphic representation
286  of the alignment of these regions (Fig 5). In this output, regions of homology are highlighted
287 by red-connecting blocks, and the colour intensity of these blocks reflects the percentage
288 identity found between the two compared regions.

289

290  As shown in Fig 5a, the essC2 strain, ST398, shares higher homology with the RN6390 T7SS
291  cluster than either MRSA252 or HO 5096 0412. This strain harbours two intact copies of esaG
292 (SAPIG_0310and _0311), and one pseudogene (covering the two small genes SAPIG_0314-
293 0315, and herein referred to as a single SAPIG_0314 pseudogene). We used RDP4 analysis
294 with esaG171-12 from RN6390, and phylogenetic tree construction, to determine whether there
295  were any regions of shared homology. The analysis showed that SAPIG_0314-0315 has the
296  highest homology to esaG12 (Fig 5a) and appears to cluster in the same branch of the
297  phylogenetic tree (Fig 5d). No recombination events are predicted for this pseudogene,
298  suggesting this is most likely a copy of esaG712 that has accrued mutations (Fig S5a).
299  Conversely, SAPIG_0310 and SAPIG_0311 have much lower homology to the esaG

12
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300  homologues in RN6390 (Fig 5a), although recombination events are predicted with esaG4 for

301 SAPIG_0310 and with SAPIG_0314-315 for SAPIG_0311 (Fig S5a).

302

303 The essC3 strain, MRSA252, has four tandem esaG homologues at its ess locus, SAR_0293

304 - SAR 0296 (Fig 5b). These are predicted by BLAST to share the highest homology with

305 RN6390 esaG9-esaG712. However, these homologues do not cluster together in the

306 phylogenetic tree (Fig 5d), and for example SAR_0295, predicted by genoPlotR to be a

307 homologue of esaG11, clusters with esaG3. Recombination events are also detected for all of

308 the esaG genes in MRSA252 (Fig S5b).

309

310 The essC4 strain, HO 5096 0412, harbours two esaG copies, SAEMRSA15 02570 and

311 SAEMRSA15_ 02580, which are predicted by BLAST to share highest homology with esaG711

312 and esaG712, respectively (Fig 5c). However, phylogenetic analysis indicates that

313 SAEMRSA15 02580 clusters with esaG11 as opposed to esaG12, and SAEMRSA15 02570

314  does not cluster closely with any of the RN6390 esaG genes (Fig 5d). RDP4 analysis also

315  predicts recombination events for both genes in HO 5096 0412 (Fig S5c).

316

317  In summary, whilst SAPIG_0314-0315 is a copy of esaG12, the remaining esaG homologues

318 found in the three representative strains of essC variants 2, 3 and 4 all appear to be

319 recombinants. Some of the recombination events are between homologues present in these

320 strains (Tables S5 - S7), suggestive of common ancestry. However, for other recombination

321 events, the parent esaG gene is unknown and is not present in any of these representative

322  strains.

323

324  Accumulation of tsal genes in the RN6390 genome.

325 TspAis a T7SS-secreted antibacterial toxin that is highly conserved across all essC variant

326  strains (19). In all of these strains it is encoded away from the T7SS gene cluster, at a genomic

327  location bounded by SAOUHSC_00583 and iolS (SAOUHSC_00603). The toxic activity of
13
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328  TspA is neutralised by Tsal, a membrane protein of the DUF443 family (19). Multiple copies
329  of tsal genes are encoded downstream of tspA (Fig 6, Fig S6), and in RN6390 there are 11
330 copies, tsal1 — tsal11 (Fig 6a). A small pseudogene, encoded by SAOUHSC 00600 shares
331  homology to part of the toxin region of TspA and is also found at this locus.

332

333  We wondered whether recombination events, similar to those we have observed for esaG
334  genes, also contributed to the evolution of tsal genes. An alignment of the amino acid
335 sequences for RN6390 Tsal proteins (Fig 6b), shows that there is much greater sequence
336 variability between these proteins than the EsaG homologues. This is particularly apparent in
337  the C-terminal region of the protein, with only limited sequence identity observed between Tsal
338 homologues. Similar variability was observed in a representative alignment of around 3000
339  Tsal sequences (Fig S1b). Much greater variability was also observed in the tsal intergenic
340  regions, in both length and DNA sequence compared with esaG (Fig 6c).

341

342  To identify the regions of highest homology at both the protein and DNA level, we ran Plotcon
343  analysis of the 11 tsal genes and their encoded ORFs. Unlike EsaG, Tsal homologues have
344  only a single region of high similarly, covering approximately the first 75 amino acids, which is
345  also mirrored at the DNA level (Fig 7a, Fig S7). As only one block of high homology is detected
346  and there is a high degree of sequence variability in the tsal intergenic regions, recombination
347  within individual genes is unlikely. To analyse this, we used RDP4 to predict recombination
348  events within the 11 homologues of tsal genes (Fig 7b). Far fewer potential recombination
349  events were predicted than for esaD genes, and with lower probability, which could arise from
350  evolutionary processes other than recombination (Table S8).

351

352  tsal genes are found on Staphylococcal plasmids

353  Horizontal gene transfer (HGT) is a major mechanism for the movement of genomic material
354  between bacteria (49). Plasmids are one of the key drivers of HGT and help to mediate the
355  spread of resistance genes among bacterial populations (e.g. 50, 51). To investigate whether
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356 the esaG and/or tsal toxin resistance genes may also be disseminated by plasmids, we
357 constructed a database of bacterial plasmids as described in the methods section and
358 interrogated this for the presence of tsal and esaG genes. We identified a single
359  Staphylococcal plasmid carrying an esaG gene and five Staphylococcal plasmids that encode
360 one or more Tsal homologues (Fig 8). Two of the five plasmids encoding Tsal (pbCAPBN21
361 and an unnamed plasmid from Staphylococcus caprae 26D) also encode a full-length TspA
362  along with the two WXG100-like proteins (DUF5344 and DUF3958 family proteins) that have
363  been proposed to serve as TspA-specific T7SS targeting factors (10). A further two plasmids
364 (pSB1-57-a and an unnamed plasmid from Staphylococcus warneri SWO) code for a fragment
365 of TspA alongside Tsal, with the SWO plasmid also encoding two further tsal genes. An
366 unnamed plasmid from Staphylococcus simulans MR1 encodes an orphan tsal with no
367 detectable tspA remnant. The SWO plasmid is particularly interesting as this carries further
368  T7-related genes including the esaG we identified along with a portion of esaD, and a fragment
369 of an HNH-nuclease gene along with a SM1/KNR4 protein encoding gene (a family implicated
370  as anuclease immunity protein (52) and found in Staphylococcal T7SS immunity gene islands
371  (10)). For three of the plasmids, the immunity genes are close to recombinase genes, which
372  may provide a mechanism for their accumulation, and four of them carry nearby /S elements
373  that could facilitate their transfer to the chromosome without the need for homologous
374  recombination.

375

376 Intergenic recombination between tipC immunity genes in Streptococcus.

377  Three T7SS-secreted antibacterial toxins have been identified in Streptococcus intermedius.
378  TelA and TelB are both cytoplasmic-acting toxins neutralised by the TipA and TipB immunity
379  proteins, respectively (12). Our genome analysis indicates that strains generally encode only
380 a single tipA gene, while tipB is found in up to five copies. The third S. intermedius toxin is
381 TelC, a lipid Il phosphatase. Protection from TelC toxicity is provided by TipC, a membrane-
382  bound immunity protein that faces the extracellular space (12, 53). Klein et al. reported that
383  the number of tipC genes encoded at the te/C locus was highly variable between strains (53).
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384 We used gene neighbourhood analysis across Streptococcal genomes to compare the
385 number of tipC genes present at the telC gene cluster, identifying 15 of them in a strain of
386  Streptococcus mitis BCCO8 (Fig 9a).

387

388  Alignment of the S. mitis BCCO08 TipC sequences and their encoding DNA (Fig 9b, Fig S8)
389  showed two regions of high sequence conservation close to the start and end, with a central
390 region of much higher sequence variability (Fig 10a). Using RDP4 to screen for recombination,
391 at least five recombination events were predicted between these genes (Fig 10b, Table S9),
392 in each case almost certainly through the blocks of high homology we identified. To analyse
393  this further we constructed a maximum likelihood tree to compare tipC homology. Genes
394 D8786_RS05910 and D8786_RS0585 cluster closely in this tree, which corresponds to the
395 recombination event predicted between these two genes (Fig 10b, Table S9). Likewise
396 D8786_RS05920, which is predicted to be the major parent to D8786_RS05865 (Table S9)
397 also clusters phylogenetically with this gene. We conclude that similar to esaG, intergenic

398 recombination drives the evolution of tipC immunity gene repertoires.
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399 DISCUSSION

400 Through comparative genome analysis we noted that the esaG copy number is distinctly
401  different in closely related strains of S. aureus, a finding that had also been previously
402  described within the NCTC8235 lineage (17). To investigate how copy number variability may
403  arise, we undertook sequence analysis of EsaG proteins and their encoding DNA, including
404  their 3’ flanking regions. We found three blocks of highly conserved nucleotide sequence, a
405 large central one of approximately 100 nucleotides in length, and a 5’ and 3’ block both of
406  around 55 nucleotides each. Homologous recombination occurs at regions of high homology
407  within nucleotide sequences (Reviewed in 54). The minimum length requirement for efficient
408 recombination in S. aureus is unclear, but stretches of 40-70 nucleotides have been reported
409 for other bacteria (e.g. 55 - 57). Using RDP4 to predict recombination within esaG genes, we
410 found strong evidence for recombination, corresponding to events within each of the three
411  homology blocks we identified. Furthermore, our analysis revealed that the loss of six esaG
412  genes in NCTC8325-Oklahoma arose from recombination across homology block 1, whereas
413  three esaG genes have been lost in an outbreak strain of USA300 through recombination
414  across homology block 2.

415

416  Previous work has reported that the S. aureus tandem-like lipoproteins, encoded on the vSaa
417  island, also show extensive copy number variation across strains (58, 59). Similar analysis to
418 that reported here showed that each Ip/ gene shares a stretch of approximately 130
419  nucleotides of high homology in its central region. Recombination was demonstrated to occur
420  between the central conserved region of one gene and the same region of the neighbouring
421  gene (57), thus spanning the 3’ portion of gene 1, the intergenic region and the 5’ region of
422  gene 2.

423

424  Toinvestigate whether intergenic recombination might represent a general mechanism for the
425  evolution of T7SS immunity gene families, we examined the organisation of the tipA, tipB and

426  tipC immunity genes in Streptococci. It has previously been noted that tipC copy number is
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427  highly variable in Streptococcal genomes (53), and our analysis identified that up to 15 copies
428  of tipC could be present. Examination of recombination events within tipC revealed that
429  intergenic recombination is also a feature, and that it primarily occurs between homologous
430  blocks of sequence identity at the start and end of the genes. The structure of TipC reveals
431 thatit has seven beta strands forming a concave face, with three alpha helices made up from
432  the N- and C-terminal regions of the protein (53, Fig 10d). Analysis of colicin DNase toxins
433  and their immunity proteins has shown that sequence divergence between related toxins and
434  immunities tends to concentrate at the binding interface (60). In agreement with this, site-
435  directed mutagenesis has strongly implicated the concave face as the region that binds to
436  TelC, and this region of TipC shows the highest level of sequence divergence (Fig 10d; 53).
437  We speculate that for EsaG the regions of high homology are not directly involved in toxin
438  binding, but may provide a structural framework on which amino acid substitutions in the
439  variable regions accumulate to alter the toxin binding specificity. Mechanisms to allow rapid
440  evolution of immunity proteins are likely to be essential to allow strains to rapidly acquire
441  resistance to novel toxin variants.

442

443  TspA is a second polymorphic toxin encoded by S. aureus. Protection from its membrane-
444  depolarising activity is provided by the immunity protein Tsal (19). Tsal is a polytopic
445  membrane protein predicted to have five transmembrane domains. As with esaG, multiple tsal
446  genes are found in S. aureus genomes, however, our analysis has indicated that there is little
447  evidence of recombination between them. We found only a single block of high nucleotide
448  sequence homology at the 5’ end of tsal genes. This encodes approximately the first 75 amino
449  acids of Tsal, which would encompass the first two transmembrane domains. At present it is
450 not known whether Tsal neutralises TspA though direct interaction, or through the
451  sequestering of a membrane-bound partner protein with which TspA must interact to facilitate
452  its insertion or folding (or a combination of both of these). In this context, membrane
453  permeabilising peptide bacteriocins produced by some Gram-positive bacteria require a

454  membrane-bound receptor, such as the membrane components of the mannose
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455  phosphotransferase system, for their activity. In the case of the Lactococcus lactis lactococcin
456 A bacteriocin, the immunity protein LciA acts through formation a complex with both the
457  receptor protein and the bacteriocin (61). By analogy it is possible that the first two
458  transmembrane domains of Tsal interact with a candidate receptor, constraining their
459  sequence, whereas the remainder of the immunity protein binds to the toxin and is therefore
460  under diversifying selection. At present it is unclear how tsal gene clusters evolve, although
461  we did note that there was evidence for carriage of tsal genes on Staphylococcal plasmids,
462  which may facilitate gene movement within and between strains. Further work would be

463  required to clarify the mechanisms that drive tsal diversity.
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473  FIGURE LEGENDS

474

475  Figure 1. Lineage of NCTC8325 daughter strains. a. A selection of daughter strains of the
476  NCTC8325 lineage and how they were generated. RN25 (also called 8325-3) was generated
477  from NCTC8325 following UV curing of prophages 11 and 12 (23). RN450 (also called 8325-
478  4) was generated from RN25 by a second round of UV exposure, to cure prophage 13 (23).
479  Methylnitronitrosoguanidine (MNNG)-mediated mutagenesis of RN450 was used to generate
480  RN4220, which is restriction deficient and capable of accepting foreign DNA (62). RN450 was
481  separately transduced with pRN3032, a Tn551 donor plasmid to generate RN1478 (63)
482  I1SP479 is a cadmium-resistant revertant of RN1478 (64). RN6390 was generated from ISP479
483 by curing of pRN3032 (24). b. The genetic layout of the ess locus in NCTC8325- Oklahoma
484  and NCTC8325-Sanger. The dashed lines and bar represent the region that is missing from
485 NCTC8325-Oklahoma, as identified in this study.

486

487  Figure 2. Analysis of Staphylococcal phage 6390. A phylogenetic tree of ¢6390 against a
488  database of Staphylococcal phages generated using VIPtree (29). The positions of 96390 and
489  Staphylococcal phages 11, 12 and 13 (excised from the NCTC8325 parent strain during

490  construction of RN6390) on the tree are indicated with red stars.
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491

492  Figure 3. Homologues of esaG encoded at the ess locus in RN6390. a. lllustration of the
493 3’ of the RN6390 ess locus which encodes the T7SS nuclease toxin, EsaD, its cognate
494  immunity protein, EsaG and 11 further homologues of EsaG (numbered esaG2 — esaG12).
495 Genes esaG2 to esaG7 are indicated by a black bar, and are absent from NCTC8325-
496  Oklahoma, while the dotted line indicates the actual region lost by recombination. Note that
497  esaG4 is shown in hatched shading because it is annotated as a pseudogene. However, it
498  does encode two predicted ORFs, EsaG4i and EsaG4ii. b. Sequence alignment of EsaG
499  homologues encoded by RN6390. The black boxes represent regions of high homology based
500 in this alignment.

501

502  Figure 4. Recombination within the RN6390 esaG homologues. a. Regions of high
503  homology across the RN6390 EsaG protein sequences (middle panel) and the corresponding
504  nucleotide sequences (bottom panel). The positions of blocks of high homology are shown in
505 grey shading and along with their relative positions along the gene sequence (top panel). The
506  basepair positions that define the conserved regions are taken from the nucleotide sequences
507 of esaG1. b. RDP4 was used to predict recombination events within the esaG homologues
508  encoded by RN6390. The identity of each gene is given in black at the left, with regions of
509  recombination labelled directly below, in the colour of the gene from which the recombinant
510  section originated. c. A maximum likelihood tree was generated for RN6390 esaG homologues
511 in IQTREE and visualised and annotated in iTOL. d. lllustration of regions of homology in the
512  esaG homologues in RN6390. Black bars represent conserved regions of the gene and the
513  variable regions have been assigned a colour and corresponding number. Homologous
514  regions are coloured with the same colour. Numbers were assigned based on the first gene
515 in the series that had the unique variable region. White hatched shading indicate a
516  pseudogene.

517
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518 Figure 5. Recombination events within the esaG genes encoded in representative
519 essC2, essC3 and essC4 variant strains. a-c. The genes downstream of essC are different
520  between each of the four essC variants. The regions spanning essC to the conserved gene
521 SAOUHSC _ 00279 were aligned between RN6390, and a. ST398 (essC2 variant), b.
522 MRSA252 (essC3 variant) and c. HO 5096 0412 (essC4 variant). Alignments were visualised
523  using genoPlotR. d. A maximum likelihood tree constructed with IQTREE and annotated in
524 iTOL for all esaG homologues found across the four representative essC variant strains
525 RN6390, ST398, MRSA252 and HO 5096 0412.

526

527 Figure 6. Homologues of tsal encoded at the tspA locus of RN6390. a. Genetic
528 arrangement of tsal genes in RN6390. rclA and iolS are a conserved gene found flanking the
529  TspA locus in S. aureus strains, encoding a pyridine nucleotide-disulfide oxidoreductase and
530  an aldo-keto reductase, respectively. b. An alignment of the encoded Tsal homologues. The
531  black boxes represent regions of high homology based in this alignment. c. Alignment of the
532  intergenic region downstream of each tsal gene.

533

534  Figure 7. Assessing recombination events within tsal homologues. a. A single region of
535 high homology across the RN6390 Tsal protein sequences (middle panel) and the
536  corresponding nucleotide sequences (bottom panel). The numbers which dictate the limits of
537  the conserved region are taken form the nucleotide sequence of tsal7. b. RDP4 was used to
538  predict recombination events within the tsal homologues encoded in RN6390. Each gene is
539 labelled in black, with regions of recombination labelled directly below in the colour of the gene
540  from which the recombinant section originated.

541

542  Figure 8. tsal genes are carried on Staphylococcal plasmids. The tsal-encoding regions
543  of unnamed plasmids from S. simulans MR1 (accession NZ_CP015643), S. caprae 26D
544  (accession NZ_CP031272), S. warneri SWO (accession NZ_CP033101), along with plasmids
545  pCAPBN21 (accession NZ_CP042342) and pSB1-57-a (accession CP070965) are shown.

22


https://doi.org/10.1101/2022.01.07.475358
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.07.475358; this version posted January 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

546

547  Figure 9. Homologues of tipC encoded at the telC locus of Streptococcus mitis BCC08.
548  a. Genetic arrangement of tipC genes in S. mitis BCCO08. B. An alignment of the encoded TipC
549  homologues. The blue boxes represent regions of high sequence homology, and the dashed
550 line at the N-terminus of the aligned sequences indicates a probable lipoprotein signal peptide.
551

552  Figure 10. Recombination within the S. mitis BCCO08 tipC homologues. a. Regions of high
553 homology across the S. mitis BCCO08 TipC protein sequences (middle panel) and the
554  corresponding nucleotide sequences (bottom panel). The positions of blocks of high homology
555 are shown in grey shading, with their relative positions along the gene sequence (top). The
556  first 18 amino acids of TipC form a predicted lipoprotein signal sequence which is indicated by
557  pale grey shading. The basepair positions that define the conserved regions are taken from
558 the nucleotide sequences of D8786_RS05940. b. RDP4 was used to predict recombination
559  events within the tipC homologues. The identity of each gene is given in black at the left, with
560 regions of recombination labelled directly below, in the colour of the gene from which the
561  recombinant section originated. c. A maximum likelihood tree was generated for tipC
562  homologues in IQTREE and visualised and annotated in iTOL. d. The conserved (cyan) and
563  variable (orange) regions of TipC were mapped to the crystal structure of S. intermedius TipC2
564  (pdb:6DHX; 53).

565

566  Figure S1. Similarity plots for representative EsaG and Tsal amino acid sequences. All
567 available amino acid sequences for EsaG and Tsal were obtained from RefSeq. Sequences
568  were aligned and a similarity plot produced using plotcon for a. EsaG and b. Tsal.

569

570  Figure S2. Homology in the intergenic regions downstream of esaGgenes in RN6390. a.
571  The intergenic regions found directly downstream of each esaG gene were aligned and
572  visualised using boxshade. b. Plotcon analysis of RN6390 esaG genes and their 3’ intergenic

573  regions. Alignment of esaG nucleotide sequences including the downstream IGR for esaG
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574  genes from RN6390. esaG1, esaG5 and esaG12 were excluded due to having a longer
575 intergenic region (as seen in Fig S2a). c.Nucleotide sequence alignment
576  for esaG2 (NCTC8325 00242) and esaG8 (NCTC8325 00250) from NCTC8325-Sanger
577  with SAOUHSC _00274 from NCTC8325-Oklahoma. d. Schematic representation of the
578  mosaic nature of SAOUHSC _00274.

579

580 Figure S3. Alignment of the nucleotide sequences of esD7-esaD12. The blocks of high
581  sequence homology corresponding to Fig 4a are outlined in blue.

582

583  Figure S4. A recombination event in an epidemic lineage of USA300 results in loss of
584  part of an esaG cluster and generation of a novel esaG gene. a. The esaD locus of
585 USAS300 FPR3757 and USA300 BKV_2. The dashed lines represent the region that is missing
586  from the epidemic strain, USA300 BKV_2, when compared to the USA300 FPR3757 type
587  strain. b. Nucleotide sequence alignment for SAUSA300_0295 and SAUSA300_0299 from
588 USA300 FPR3757 and esaG4 from USA300 BKV_2. Coloured blocks indicated homology
589  between BKV_2 esaG4 and the genes with which it is aligned.

590

591  Figure S5. Assessing recombination events in esaG homologues from a representative
592  essC2, essC3 and essC4 strain. Alignments of esaG homologues from RN6390 with a.
593  ST398 (essC2 variant), b. MRSA252 (essC3 variant) and ¢c. HO 5096 0412 (essC4 variant)
594  were analysed using RDP4 to analyse recombination events. Each gene is labelled in black,
595  with regions of recombination labelled directly below in the colour of the gene from which the
596  recombinant section originated.

597

598 Figure S6. Representation of the variability in the numbers of tsal homologues encoded
599 by S. aureus strains. Homologues of Tsal1l were obtained from RefSeq and genes
600 neighbouring the fsal genes were identified - a selection of strains were used to visualise the

601  variability in number of tsal genes encoded at this locus.
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602

603  Figure S7. Alignment of the nucleotide sequences of tsal1-tsal11 from RN6390. The
604  block of high sequence homology corresponding to Fig 7a is outlined in blue.

605

606 Figure S8. Alignment of the nucleotide sequences of tipC homologues from S. mitis
607 BCCO08. The blocks of high sequence homology corresponding to Fig 9a are outlined in blue.
608  The region encoding the predicted lipoprotein signal peptide is indicated with a dashed line.
609

610 Table S1. SNP table for NCTC_8325-Oklahoma compared to NCTC8325-Sanger. Large
611 deletions and insertions are included below.

612

613  Table S2. SNP table for NCTC_8325-Oklahoma compared to RN6390.

614

615 Table S3. SNP table for NCTC_8325-Sanger compared to RN6390.

616

617 Table S4. RDP4 output for recombination within the esaG genes from RN6390. Predicted
618 recombination events are highlighted in blue. Events that may have occurred due to an
619  evolutionary process other than recombination are highlighted in yellow.

620

621 Table S5. RDP4 output for recombination within the esaG genes from RN6390 and
622  ST398. Predicted recombination events are highlighted in blue.

623

624 Table S6. RDP4 output for recombination within the esaG genes from RN6390 and
625 MRSA252. Predicted recombination events are highlighted in blue. Events that may have
626  occurred due to an evolutionary process other than recombination are highlighted in yellow.

627
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628  Table S7. RDP4 output for recombination within the esaG genes from RN6390 and HO
629 5096 0412. Predicted recombination events are highlighted in blue. Events that may have
630  occurred due to an evolutionary process other than recombination are highlighted in yellow.
631

632  Table S8. RDP4 output for recombination within the tsal genes from RN6390. Events that
633  may have occurred due to an evolutionary process other than recombination are highlighted
634  inyellow.

635

636 Table S9. RDP4 output for recombination within the tipC genes from S. mitis BCCO08.
637  Predicted recombination events are highlighted in blue. Events that may have occurred due

638  to an evolutionary process other than recombination are highlighted in yellow.
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esaGll (A TGACTTTCGAAGAAAAAMTARGT[MAAATGTACAAWGALIATTGCEIAATGARAT[HA G T[H{GEY
esas? (A TGACTTTCGAAGA[JAAAMTARGT[MAAATGTACAAWAAATTGCLAA[TGA GAT[HA G T[d{GES
esaics (A TGACTTTCGAAGEAAAAMTARGT[MAAATGTACAAMGAIATTGCGAATGAGATTAG TG
esaG2 A TGACTTTCGAAGAARAARWTAARGT[AAATGTARAFMGALATTGCGAATIAGAT T A GEEGH
esaGh QA TGACTTTCGAAGAARAAAWTARGT[JARATGTANA[IMGAATTGCGAATLIAGATTARTE G
esafIl2 ISATGACTTTCGAAGAARAAMTAAGT[MAARATGTACAAMNGALIATTGCEIAATGARA THA G T[{GLS
esasE3 A TGARIT T TCGAAGAAAAAWTAAGT[HAAATGTACAANFIAKNATTGCIVAATGA GA T(HART [-FV-
esaGl [BYNATGATACCHGTAGA[HTGGGAAARARAGTATATACARTHGCRTATEITAGATGAT G[A G GEIG GEY
esaGd [BARR TGATACCLIGTAGALNTGGGAARAFGTATATACAATI[|GCHTATIATAGATGA T G[SJA G GEIG Gy
esaiG9 [BYNATGATACC[|GTAGA[HTGGGAARRAGTATATACARI[HGCHTATEITAGATGA T G[|A G GEIG GEY
egaGll [BYRATGATACC[GTAGA[HTGGGAAARRAGTATATACARTI[HGCRTATEITAGATGATG[A G GEIG GEY
esaGe [PYRRTGATACCLIGTAGAINTGGGARHAAGTATHTA CHATEG CRYTA T(HT AEVA T G A TEY:A G GRYG G
esaG1l [BYRATGATACCLIG THGAINTGGGAAAARITATATACARTHGCHTATHT ALYYT G A T{H:1A G GEYG G
esaiG7 61 AAGTATHTACAATINGCHTA TETAYET G A T[S VA GG G
egaGl 61 AAGTATRTACAATINGCHTA TEHT ALYYTG A T[¥ A [ G GFY
esaG2 [BARR TGATACC[HGTAGATGGGAARAFGTATATECAATI[|GCE\TATIATAGA T GAMG[A GGEIGGEY
esaEs [BYPATGATACC[GTAGATGGGAARAAGTATATCARAT[GCENTATIAT[HGA TGALIGE\ARGHIG G
asaGl2 [ BYRATGATACCL\GTAGALNTGGGAARRAGTATATACARTHWGCHTAMHTAGATGA T GLIA G GRYG G
egaG3 [BYRATGATACCLNGTAGAHTGGGAAAAFGTATATERHAATHGCE\TATEHTEHGAMGA T GL|A G GEYG G[]
asaiGl PG ARG TERITHT TTAART TATACTAAACCAGGHAGTGATGA[MTTGAAT TATTA[MAC[SFYATA TEY
esacd IR ENG AAGTERITHT TTAAT TATACTAAA C RIS AGEGATGALITTGAATTATTAMAC[HATATEY
esasy B ENG A A GTERdTMT TTART TATACTAAACCAGGHAGTGATGAMT TGAAT TATTAMA CHATA TES
esaElo S BENGAAGTEMTMT TTAAT TATACTAAACCAGGAAGTGAEIGANT TGART TATTApYA C[HcIATA TS
asasGé 121 T e T T TTAAT TATACTAAACCAGGHAGHGATGANT TGART TAT TAMACERIA T AT
esacll 121 GT[N T T TTAAT TATACTAAACCAGGHAGHGATGARNT TGAAT TAT TAMACERYA T A T[Y
esaG7? PG ARG T[T T TTAAT TATACTAAACCAGGHAGTGATGANT TRIAAT TAT T AEICEYHIAHA TFA
esags P EG ARG T[T T TTAART TATACTAAACCAGERJAGTGATGANT THIAAT TATT ApRqCENIA[HA TFY
asasg2 121 [FEWAEIG TRICEH ATTAMACEYHaACcclGGEIAGTEIA T G ALNT TEJART ART AbYA ChENE T TEN
esach S BUNGAAGTEMTHTEYMAAT TATACT[ARCCAEIGHAGTGAT GALNT T| T TA[MT AbyA CE¥NE T[T [
esaGl2 S BUNGA[G THE TWT TTAAT TATACTAAACCAGGAAGTGARIGANT TGART TATT ApEICEYIA T A T
esaiE3 S-SR A GTEFNTIAT T TEHA T TATACHAARC CEEGEVARNTGAT GANT GEA T TAT T ApgdCleFYF T A T
e@saGl 181 AT T T{ARGAT TRiA T G GEVT [IG AfY

esatd 176 EAT T T(HANGAT TRA TG GEVT (£1G Afy

esaiGg 181 EAT T T(HANGAT TRA T G GEVT (£1G Afy

ega@l0 181 EAT T T|ARNG AT ThiA T G GEAT (G A by

asasGh 181 EAT T TRdANG AT TR T G GEYHLEIG A by

esaGll 181 EAT T TRdARG AT Tt T G GEY<IG Ajy

esaG7? 181 BYT T TENA[SFAA T T(&A T G Gy T ALY

esaE8 181 BYT T TENA[SFAA T T(8A T G Gy T ALY

asaG2 181 AN GV T CGGAAPREIAT G[EEREICEGTHT ATEEIG

esaGs 181 AT GAEVAT CEIAGCRR A T G[EER EICEAGTA T A TEENG

esaGl2 181 (4T CEVNAA[ARFATET T TEVA[FA T T[HA T G GEY T iy ALYT

esaiE3 SRS Tl G ARTATAR T THTERNGAAHA AR T[ET T T[HaGA T Thia T G GEVT[dG ALY

esaGl FE SO TEYT T TejAl Al TTAAGA AR EIATTTARAGAAGAAGLREITHIGAACCATGGACATCAT G[Y
esacd FELRT G TT TAlHAL TTAAGAL AR EIAT T TARAGAAGAAGGEIC TE\GAACCATGGACATCAT G[Y
egaB? RSO T G TT TAl AL TTAAGAHASEIAT T TARAGAAGAAGGEICTTGAACCATGGACAT CAT GEY
esaclo FEY TG T T TEVALE AN TTAAGALN AR EIAT T TARAGAAGAAGGEICTTGAACCATGGACAT CAT GEY
esaGtb PSR T GTT TIVAF\Alc TTAAGANAMAUAT TTARAGAAGAAGERETRIGAACCATGGACAT CATGEY
esaGll FE ST GT T TIVA P Alc TTAAGA[ALY AT TTAARAGAAGAAGGCTTGAACCATGGACATCALGEH
esaG? XSO TG T T Tl Al TTAAGAHALYYRITTTARAGAARGAAGEC TTGAACCATGGACATCATG[Y
esacs XSO TG T T Tl |AdlAls TTAAGAHALWYSITTTARAGAAGAAGGCTTGAACCATGGACATCATG[Y
esaG2 FEP VAT T THALYAANTTAAGENASSIAT TTARAGAARGAAGGEICEATGAACCATGGACATCATGY
esaGs FESONF VAT T TlAl Al AT AAG A AN R AT T TAfJAGAAGAAGGHCTTGAACCATGGACATCAT G[Y
esaGl2 FESE T GT T T(HaHAlr TTAAGAALY AT TTAAANIAAGAAGERTRIGAACCEHTGGACAT CAT GEY
asai3 RSO T T T ALY AL TTAAGAL AL RIA T T TARAGARGAARNGEC TTGAACCATGGACATCAT GEY
esaCl EL MY JGAATT TGANT TTACAAGAGALNGGTART TAARAGT TTCAT TTGATTATATTGATTGGAT
asaid 296 L
esai&9 301 L
esaGlo 301 AAGITTCATTTGATTATATTGATTGGEE

esaGe 301 ARPGT T[EATTTGATTATHT TGATTGGAT

esaGll ELPRIGAATT TGACT TTACAAGEHGANNGGTARATTAAAAGT TTCATTTGAT TATAT TGATTGGAT
asaG7? ELPRIGAATTTGACT TTACAAGAGANGGEAAATTEHAARGTIRTCHT TTGATTATATTGAT TGGET

esaGe L PRIGAATT TGACT TTACAAGAGANGGMARATT[AARGTENT CRyTTTGAT TATATIGATTGGAT
esal? E PR IGAATT TGACT TTACAAGAGALNGGTEJAATTAAAAGT TTCATTTGAT TATAT TGATTGGAT
agaG5 ELPRAGAATT TGART T TACAARAGANGEITARATTAAAAGT TTCATTTGAT TATAT TGATTGGAT
asaGl2 EL Y IGAATTI TGACT TTACAAGARAGGEAARTTAAAAGTHITCAT TTGAT TATATEIGATTGGAT
esaG3 LY NGAATTITGACT TTACAARNAGAINGITAAATTAAAAGT TTCATTTGATTATATTGATTGGAE

esaGl EX PO A THCAGARNT T TG TCARNTAGGRHCGELYSARAAAT TAMTATAINGTATAARAATTT GGERIT T
esaGd ERE A A THCAGARNT T TG TCARHTAGGHCGLYSARAATTAMTATALNGTATALARAATTTGGEEITT
asaG? EX A AT ACAGA T TTGL\TCARWTAGGC G GARAAT TAWTATATGTATAARAARAATTTGGLLITT
esaGll EXPRNA A THCAGAHT TTGHEACAANTEGGLYNGE\GAAMATTANTAMATGTATAARAAAATTT G GLYAT T
esaGh EX P A A THCAGART T TG TCEALNT A G YV \GARAAT TAWTATATGTAHAAARAFTT T GGRY:TT
esaEll EE PRAATINCAGAT T TGEATCAANTAGGHCGHGAAAABTANTATATGTATAAAAATTT GGEYHT T
&saG7? EX-PWNA A THCAGALT T T GEACHANTEG GLYNGE\GAABATTANTATATGTATAAAAAATTT G GLYAT T
esaGs EX PR A TIACAGALT T TGEIT CAANT[GGHMC GEIEAAAATTANTATATGTAMAAAAAATTT GGLLT T
esac2 EXPRNA A THCAGALT TTGETCAAMTAGGHCGLYMAAAATTAMTATAQGTATAAAAATTTGGLYAT T
agaGs EX P AT ACAGAL T TTGL\TCARWTAGGC G GARAAT TAWTATATGTAMAAARAATTTGGEYTT
asaGi2 EXPRA AR A GERYT T T G ECHANEA G GLEF Y GAAAANTAMTATATGTAMAAAAAATTT G GRAT T
esaG3d EXPRNAATENCAGALT T TGEITCAAWTA GGCEY\GAAAAMTAMTATAPHTATAFAAAAT THG GEYAT T
esail [T TACCAGAAAMGGAATATGAAARTIFAARAGT TAAAGAARATCGAECAATATINITAAAGAG
esaGd [T TACCAGAAAMGGAATATGAARTIS A IAAGT TAAAGARATCGAECAATATIN\TITARAGAG
asass [¥PWT TACCAGAAANGGAATATGAAATIHALNAARIT TAAAGAAATCGARCAATATINTTARAGAG
esaGll LY P T ICcCHGAAALNIGAATA T GEEA TEYAA S ITAG TEAA A ARIAA A TEEVAL EARTATHTTAAAGAG
esaté [ T TACCAGAAANGGAATATGAAATEI A AAAGT TAAAGARATCGARCAATATHTTAAAGAG
esaGil [¥PET TACCAGAAAWGGAATAMGAAATIHAINAAGT TAAAGARATCGAE CAATATINTTAAAGAG
esa&E7 [ PN T cchHGAAAENIGAATAT GEEA TEY ARG T T[HAANAAA TEEIAL FATATHTTAAAGAG
esaG8 [ PN\ TACCAGAAANGGAATATGAAAT AN ARGT TAAAGAARATCGAL'CAATATINITAAAGAG
esas2 [F 3T TACCAGAAAMGGAATATGAARTPS A IAAGT TAAAGARATCGAECAATATHITTARAGAG
esaGs [¥PWT TACCAGAAAMGGAATATGAARATIIA[AFGT TAAAGAARATCGA[C CAATATINTTARAGAG
esaGl2 [¥PWTTACCAGARANWGGAATATGAARATEIHALY A AT THEA GEARTRAGA L AAETATHTTAAAGAG
esac? 421

esaGl 481

asacd 476

asaG? 481

ezaGlo 481

esale 481

esaG1l 481

asaG7? 481

ezaiG8 481

esaG2 481

asaGEs 481

azaGlz2 481

esat3 [SPWCAAGALIGAAGCTGAACE\ATAG
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SAUSA300_0295 A TGATT TTCGAAGAAAAACTAAATGAAATGTACAACGAGAT TGCGAATARAAT TAGTAGC
BKV_2 esaG4 (MIATGATTTTCGAAGAARAACTAAATGAAATGTACAACGAGATTGCGAATAAAATTAGTAGC
SAUSA300_0299 1

SAUSA300_0295 WA TGATACCAGTAGAAT GGGAAARGGTATATACAATGGCTTATATAGATGATGGAGGAGGT
BKV_2esaG4 Z QA TGATACCAGTAGAATGGGAAAAGGTATATACAATGGCTTATATAGATGATGGAGGAGGT
SAUSA300_0299 61

SAUSA300_0295 121

BKV_2 esaG4 121

SAUSA300_0299 121

SAUSA300_0295 176

BKV_2 esaG4 176

SAUSA300_0299 181

SAUSA300_0295 236

BKV_2 esaG4 236

SAUSA300 0299 241

SAUSA300_0295 FE Y MGAATT TGATT T TACAAGAGAAGGTAAAT TARARGTT/TCA TTTGATTATATTGATT GGLIT
BKV 2 esaG4 3L NGAATTTIGATT T TACAAGAGAAGGTAAATTAAAAGTITCATITGATTATATTGATTGGGTG
SAUSA300 0299 301 ATTGGGTG
SAUSA300 0295 356

BKV 2 esaG4 356 AARTTTGGACCAATGGGAAGAGAACATTAT TATATGTATAAAARAAAT TTGGAATT
SAUSA300 0299 361 AARTTTGGACCAATGGGAAGAGAACATTAT TATATGTATAAAARAAATTTGGAATT
SAUSA300_0295 418

BKV_2esaG4 PP TGGCCTGAAAAAGAATATGCCATAAATTGGGTTGAAAAAATAAARGATTATGT TAAAGAG
SAUSA300_0299 Y S| T GGCCTGAARAAGARATATGCCATARATTGGGTTGAARAAAATARARGATTATGTTAARGAG
SAUSA300 0295 SN CAAGATGAAGCTGAACTATAG

BKV 2 esaG4 N MICAAGATGAAGC TGAACTATAG

SAUSA300_0299 LY - PEICAAGATGAAGCTGAACTATAG

Sup Fig4


https://doi.org/10.1101/2022.01.07.475358
http://creativecommons.org/licenses/by/4.0/

esaG1 ‘SSBGT
I
I_ esaG2 [ I c5aG2 |
osaG4 ‘85394
| e ——
esaG4 I o55G2 ]
I .| esaiG9y
I Unknown | [
esaG10 Il SAR 0293 |
I esaG10
I Unknown | I
esaG6 esaG12 ]
. ____ | SAR 0294
I SAFPIG 0314 | = . _ ]
esaG11 I 520G 12 ]
| esaG6

esaG7 I
] . __ | esaG11
I 5o G712 - |
esaG8 Hl e52G5 |
] . ] SAR 0295
I 56 G 12 ]
esaG12 I SAR 0293
| . __ | esaG3
[ [rEler] ] I ——
SAPIG 0314 ‘esaGF
. |
esaG2 I SAR 0294 ]
I | esaG8
I 5o G4 ] . __ |
SAPIG_0310 I osaG 12
| I esaG?2
Xl | | |
esaG5 I L/nknown
] ] SAR 0293
I <52 G 71 |
SAPIG 0311 . /nknown
I esaG5
W SAPIG_0314 I
csaG3 W esaG3 I
] esaG12
SAR 0296
I SAR 0294
esaG1
_________________________________________|
lesaG4
.|
I /nknown |
esaG9
| ]
I csa G5
Iesa'G 10
.|
W Unknown |
esaG6
___________________________________________|
esaG11
| . ___ | |

I SAEMRSA15 02570 |
| [CEE
SAEMRSA15 02580

SAEMRSA15_02570

o
8
©
2
|

esaG7
]
I 5o G 12
esaG8
L
. nknown
esaG2
I csa2G4 |
esaG5
I (/nknown
esaG12
| |
I o5aG 5
osaG3

Sup Fig 5


https://doi.org/10.1101/2022.01.07.475358
http://creativecommons.org/licenses/by/4.0/

sustoprasa [ ssepnvmicwyopy [l res [T Rep——— @ e I
w014 Apwey uxoporeld [ uerosd jeonourodiy [ was ] soseinboy revonduosuess zuw [T @@ @ < I0< 1< | < K e
dl el
d @l K < i <] | | ] L
dl @l < | KL
@ dlll KO MO <K< <
@l EE (KK
ddElll [ ZC K <] <K<K IK e
d dElll )<<
<
<

ad | <] | 1] <
adelm < ] |1 K I | | | | I < XK

=
=
=
=
0=
0=
0=
=
0=
=
J=

Sup Fig 6

9¢ZIOvsd

ETENSNW

M/£1/691/0v8/Sd

SET92ION

ETVHD

6BL1I1

TS2vOl

PEETEZ

LPE-VD

90

SOETC

snaine
snaoo2ojAydels


https://doi.org/10.1101/2022.01.07.475358
http://creativecommons.org/licenses/by/4.0/

tsaIl 1

tsaIg 1

tsaIz 1

tsaIi3 1

tsal4 1

tsario 1

tsals 1

tsaril 1

tsaIl?7 1

tsaIlg 1

tsalé 1

tsaTll 52 [IGATTTAGTAAGMACTTGG[Y

tsald 55 MGATTTAGTAAGMACTTGGEY

tsarz 61 WGATTTAGTAAGMA C[HTGGEY

tsa13 52 HGATEHTANTAAGLIACT TG G[S

tsard 52 JIGATTTAGTAAGRACTTGGLY

tsaTi0 52 WGATTTAGTAAGHA C[HTGGEY

tsars 52 MGATRTARTAAGMACTTGGLY

tsaTil 55 McaTE\TAl\TAAGHACTTGGLY

tsar? 52 MGATTTAGTAAGRACTTGGLY

£saTo 52 GATTTAGTAAGKA CEIT G GEY

tsaIé 52 GATT T[GEHAAGHART TG GLY

tsari 112 ERITHATTAATTGGT T[8A TR{C C[aA A AL T AR

tsaIs 115 bRTMATTAATTGG T T(MA TRC CEYA AR ALY T Al

tsaI2 121 [BiTiATTAATTGGTTE\A TENC CEYA A A ALWAT A kY

tsar3 112 ESJTIATTAATTGGT T{dA ThiC CEYA A A Al [

tsard 112 (BArfaTTAATTGG T TRYA TRC C[Ha AR ALY T Al

tsallo 112 pT[HATTAATTGG T TE\A Thic CEYA A A ALWAT A kY

tSaI5 112 bRITHATTAATTGGTTMATMC CHaAAA[FAT AL

tsarill 115 ERYTHHATTAATTGG T TSAT(HC CEAA A A[F AT Alsd

tsal7 112 prfaTTAATTGG T TR T[HC c[Ha A A ALYAT ALY

tSaI9 112 ¥rfaTTaAATTGGET{dA TR C ClYA A A ALY T Al

LsaIé 112 ESdTiiA T T AA[T G G[MT{MA TINC clda A A AT AkY

tsaTi IS A AT TAART[HT TGEEJAAACEYEE\TAAAAATAREEET T TR T G GCCLIGT T,

tsar8 IR A AT TAAAT[HT TG TIjAAACCLYNATAAA AR TARRRIT T TR T G GECLIG T T,

tsar2 I B A AT TAAATATTGT(MAAACCLNGETAAAAATARLY ST T TEREINT G G C CLIGHT

tsal3 S A AL TEAAMAETG TRAACCENGRTAAAARTARLYEAT T TEEER T G G CCPYG T T ¢

tsald NP AT TAAATATTGTMAAACC(HGMTAAARATARINUT T TERMT GG CCRYGT T

tsaIlo 172 BTTRBAEATTGTRBACC JTAAARAAATAAERIST T TERERTGGCCENAGT T

£2aIb AN FAIA AT TAAATATTGT(JAAACCEY

tsariz 175

f2al7 G FA A dr TAAATA TR G THAARC cky

£2al9 G FAIalbiTr TAAARA T TG T{]AA[FICEY

£2al6 IR FA A AR T TAAATATTGT[MAAAC CLY

tsarl 229 T A TEET T|

tsaIg 232 aftTpdNc T

tsar2 238 c A CpdAT G|

tsaT3 229 TECcEgICT

tsard 229

tsaTi0 229 AETHRC G|

tsars 229 CAldTpdNC A

tsaTil 232 AftTRGCA

tsar? 229 EYRIT AT T(dA G A A AL T AR SN[ T TLEYT TENAN T T C AT TidG ALY
£saTo 229 TETTG Kacaaffdr ApSTdduda T T TRRYT TLEYH T TEYA A TERJG ALY
tsal6 232 beldTaMIgTIA G A A[EVIANAMEA T T TERYT T(JaFEdT T CAA T TENG ALY
tsaTl 289 (ALBNA TC T TEyApeRE T T AL GGEREIT Apg N e TEREYG CEVG C Apdeg sy A C
tsaI8 292 ALYIGATATHGHIRIG C T chdc G e TREIA AT THT GRENATINGE Thdb i F4A
tsar2 298 A TS IR ThNT G T T[T SIA T TERIT ALNGRYA T T(MT Al T[dT T T TL)
tsaI3 289 TERA T T TRRARECINT C GRIT G TER N T AT TR S ThENA P R IR T
tsard 289 TRdA T TARNC AR CiG TARNGA TEYCE T R NElE T GREY THIC G C ARENGET
tsaTio 289 GLRT G T AREIARIRNG T GC AR TENENT C G T GREI THIVAT]A CRERs T
tsaI5 289 pdn TR A TIAT G T TR FNT WA T TRIAT A G G[HA T ThYT ALNGEAT T T T
tsaril 292 bdn TR IR TIAT G T T[fW AT W Wl T TRAT A G G[HA T THYT ALY

tsar? 289 CALMICACTGHANTIENT TANCA T GRgia Apd NG LR IG ThNA|

tsar9 289 ALYYT T T ARRN TR E4G C Adc A TEIARA cpdNdET R g TINT C

tsaié 292 TTGGAGCLAGCEY P TCAPT GGG T Ty YA GEW AT

tsari 349 TACTHERENAAREYNG CTEIA A CERYARYGEY]A

tsaIg 352 AARCTREVENIA GLEVAG clTI A GEEFNALIA GldG

tsaI2 358 TATTREVESICAGLYAA GRFEVAA GREINT C TERYC

tsaId 349 crrcpch¥¥ic GELVAA TEENAA AbEIGARYA GRYT

tsard 349 TATAREVENIA CLENAA TRIGENA GREINCEYTERYT

tsaTi0 349 trTcpGEYNIc G TLVAG cEFVNG GhEGGLIALEYT

tsaIs 349 caccpEVATHAARRNAA T CEIT c TREFNAL IR T

tsaTil 352 coccpfVATiA ARYENAA T clA T c TRESNAL TIN T

tsaI? 349 TATCREVWRA ARYVAA TPV C AR A R A PR T

tsaro 349 TATTREVESICALEVAG TEENAA GREFNCE ALY C

tsalé 352 TATCRVRNAAGLYNA TEENNc AREPNALNTERYT

tsari 409 g TR GGG A AT A TRGE THEcAC AR CHAREATTA
tsar8 412 g TRV C ThiG G CREb N T T TRVG I TESC G G AR AT C G C
tsar2 415 A (Ma AR TIT T GET TELRIAMTI T T TRIENT A TR TR T T
tsal3 406 A ALYV R UG CpyG TR CEY T A TEYT YA RIARG G Cp R T GG A T
tsard 409 A WARAAATESIT T GTT TER IR TENT T Tk T A TENTEN T TLESN
tsaIlo 406 A I\AAAAARREIT T GT T T[FNGARNTI T T TR RNT A TRITHT TEESN
tsaIs 406 A AanaaaThllT T 6T T TESNSARTHT T TEYENT A T oSN T TEEEN
tsaTll 409 A I\AAAAATRITTGTT T[FNEATENT T TJFNT  TENTRT TEES
tsaI7 409 g o A [ e e ey
tsaI9 409 A abVAGERIGEHCcT ATCEAEAGEETT A ARTEHATTTA
tsalé 412 T bAAAAATERY CACLIART TATECEA&T.\CE
tsari 469 TARATEHATTTTAATATGGCAARGAMT AFAAAA c cHEEYY Y cER cHe
tsaIg 472 AAWATHTTCATHAATTGCCCRNTANGA[MAANC GAA CCR{EVYN dn b &Y
tsaI2 475 AANCANGT TCTIAGATGT T TRGAWTAGT TRHATC TAT CLEVYEN A TER &Y
tsaIi3 466 AGEHCATG ARATHAGC TTPSAAGCATG TPHGCpyG A(EA T CAEAATTABTA
tsaId 469 TGHATTGRMAACAANGGCTCHGAGTATG TRAGHAAMT TCATCCCCMEVYEE A SV J:Y
tsaIio 466 cGlrcT TR MAARAANGGCTCHARGTAT G TRATIAAMT T

tsaIs 466 ATTTTATGGAMAGHGANTTTCTCATATGCTCRATIAT[HAR

tsaTil 469 [EHcGEHATTGAMTANGCEATTCCEHAGATGCACKATEAT[MAR

tsarl? L L B AAGGATTGHTEWATEIG TRYT Thy-
tsaTg 469 ETGETGGTEATECTETRCTR TTATATGTHATHGAMGART GA A G TRV VWA FWYL &)
tsaIé 472 TTTCATGEYMTTATGGGGCATITTACTTGTRGGEATTTGAAAAT GT GLEELYERITER]{C
tsaIl ARHA T cHEEAREAT TARTRCcAART T T TR CEET cgA AQARG cEYJG6 6 G cjc AR T
tsaId (AT GAPJGEIC A A CTTPRICHYT TEeG TRHALY- W SIG A CTPyC GERIA
tsaIz ATTARGEICAARNEC T AR TG C T T ANALYE S EIG T CTRiC AERIA
tsaI3 ATGGGGT TAANT T GRENThEIC TIGANGLYE XA A CACT CERIT
tsard GGCARGEICTGCATGCREICREIT ChdA CpdGLY NP EIG T CAIC G GRIT
tsaTio GGTAARGIICTGCAGGTRENCIEIT ChG TRIALNACIRNG T AR C GERYT
tsaIs ACAGCARTAARIEGG TRENTREIT ChdA GIGLY P XA G C TRiT AERIT
tsaIil GcAGHTEITAANG G TRESTREIT ChyA GRYTLV NV BA G c TRy T AERYT
tsaI7 454 mmmmm e e e mmmmmme—a- GCHTACHRI TN T TAG - =~ === == === == == ===
tsaTg 529 TTETEA%J\CMTEGTAA ATTTTHYT T ThdiCchdia THT THACESEY]G TGClcACHA
tsaIé 532 TTERYANGHHTC CRNT T CARYGEIC T A cmarnsmETaHnacamEcn T
tsaTi 589 AGTAQTLEREWNGG

tsaIs8 592 GGTALITGLVNVAAG

tsaI2 595 ATAGLICERVEV\GA

tsar3 586 GTCALITLEVNACAG

tsaId 589 CTAGLITEVVRNYA ALEIC RS T ARNT - - - ALV IAA CARITAAGTAG - -

tsaIlo 586 ATTGLICLEVRVAAALEIT NI RIA TP - - - CTEVAAACTINICACGGTGGAAAAA- - -TGA
tsaIs 586 ATAGLITLEVEVAcA R T TEVA ALREEda A LEE

tsaIll 589 ATAGLITLEVEVNcabdiciNihic apdic - -pidal¥laaccilrac---

ESAI7 TN e e e e e e e o o smm o m e o

tsaIo 589 TATGRCcPETERAGHHC ATEA- - -ETEATCAPEITGGAATTGAAAAGTTTTAA
tsaIé 592 ATAGLITLVVRNNAGH{A cLNARA TRC - - -pgdalYNcTcTiEiTAAATAG -~
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