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Abstract 

Background The opportunistic bacterium Escherichia coli can invade normally sterile sites in the human body, 
potentially leading to life-threatening organ dysfunction and even death. However, our understanding of the evolu-
tionary processes that shape its genetic diversity in this sterile environment remains limited. Here, we aim to quantify 
the frequency and characteristics of homologous recombination in E. coli from bloodstream infections.

Results Analysis of 557 short-read genome sequences revealed that the propensity to exchange DNA by homologous 
recombination varies within a distinct population (bloodstream) at narrow geographic (Dartmouth Hitchcock Medi-
cal Center, New Hampshire, USA) and temporal (years 2016 – 2022) scope. We identified the four largest monophyletic 
sequence clusters in the core genome phylogeny that are represented by prominent sequence types (ST): BAPS1 
(mainly ST95), BAPS4 (mainly ST73), BAPS10 (mainly ST131), BAPS14 (mainly ST58). We show that the four dominant 
clusters vary in different characteristics of recombination: number of single nucleotide polymorphisms due to recom-
bination, number of recombination blocks, cumulative bases in recombination blocks, ratio of probabilities that a given 
site was altered through recombination and mutation (r/m), and ratio of rates at which recombination and mutation 
occurred (ρ/θ). Each sequence cluster contains a unique set of antimicrobial resistance (AMR) and virulence genes 
that have experienced recombination. Common among the four sequence clusters were the recombined virulence 
genes with functions associated with the Curli secretion channel (csgG) and ferric enterobactin transport (entEF, fepEG). 
We did not identify any one recombined AMR gene that was present in all four sequence clusters. However, AMR genes 
mdtABC, baeSR, emrKY and tolC had experienced recombination in sequence clusters BAPS4, BAPS10, and BAPS14. 
These differences lie in part on the contributions of vertically inherited ancestral recombination and contemporary 
branch-specific recombination, with some genomes having relatively higher proportions of recombined DNA.

Conclusions Our results highlight the variation in the propensity to exchange DNA via homologous recombination 
within a distinct population at narrow geographic and temporal ranges. Understanding the sources of the genetic varia-
tion in invasive E. coli will help inform the implementation of effective strategies to reduce the burden of disease and AMR.
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Background
The commensal and opportunistic bacterium Escherichia 
coli is an ecologically versatile species. It inhabits a wide 
range of eukaryotic hosts as well as non-host environ-
ments such as water, soil and plants [1, 2]. E. coli is an 
important member of the normal intestinal microbiota 
of humans and other vertebrates [3, 4]. However, it also 
causes a plethora of diseases in humans, such as diarrhea, 
urinary tract infections and life-threatening diseases such 
as septicemia, meningitis and renal failure [5–7]. E. coli 
can invade normally sterile sites of the human body, such 
as the bloodstream, when defense barriers are breached, 
potentially leading to life-threatening organ dysfunction 
and even death [8–12]. E. coli transmission and disease 
outbreaks have been reported worldwide, often implicat-
ing contaminated food products and animal reservoirs 
[13–15]. The burden of antimicrobial resistant E. coli 
on the global human population is profound. The World 
Health Organization reported that E. coli is one of the 
six major pathogens causing deaths associated with or 
attributable to antimicrobial resistance (AMR) world-
wide, with 219,000 deaths in 2019 due to E. coli resist-
ant to one or more drugs [16]. The high mortality rates 
caused by cephalosporin-resistant E. coli and fluoroqui-
nolone-resistant E. coli are particularly worrisome [16].

The tremendous diversity in the ecological niches of 
E. coli is reflected in its genetic diversity [17]. E. coli can 
be classified according to sequence types (ST; based on 
seven single-copy housekeeping genes [18]), serotypes 
(based on O/somatic, H/flagellar, and K/capsular surface 
antigens [19, 20]), pathotypes (based on clinical presen-
tation and clinical site of infection [5, 17]), and phylo-
groups (e.g., A, B1, B2, D, E, F [21, 22]). Diversification 
of the genome content of E. coli has been shaped by the 
recurrent ST-specific gene gain and loss [23], the co-
occurrence of genes by function and mobility [24], and 
the specific ecological niches and local geography that 
the bacterium occupies [25]. A recent pan-genome analy-
sis of 1,324 complete genomes of E. coli revealed that 
different ST and phylogroups harbor distinct accessory 
genes [26], which may underlie their unique pathogenic 
and epidemiological characteristics.

Homologous recombination, which refers to the non-
reciprocal unidirectional transfer of a highly similar 
segment of DNA, is an important process in shaping 
E. coli evolution and diversity [27–29]. Acquisition of 
homologous tracts of exogenous DNA results to allelic 
substitution within conserved genomic regions and is 
thus more common in closely related organisms [30]. In 
E. coli, it is mediated by DNA repair systems that play 
a role in maintaining genomic integrity and in facilitat-
ing genetic exchanges between host chromosomes and 
foreign DNA during horizontal gene transfer [31]. The 

RecBCD, RecFOR, and RecBFI pathways are major play-
ers in enabling efficient DNA repair and homologous 
recombination in E. coli [32, 33]. Recombination is piv-
otal in the global success and pathogenicity of the E. coli 
sequence types ST131 [34], ST410 [35, 36] and ST1193 
[37], which are well known to be multidrug resistant and 
cause severe diseases [38, 39]. The global dissemination 
of carbapenemase-producing E. coli was associated with 
the recombination of the mutated form of ftsI encod-
ing penicillin-binding protein 3 (PBP3) and of the porin 
ompC gene among multiple lineages [40]. Extraintesti-
nal pathogenic E. coli (ExPEC) has experienced highly 
variable frequencies of recombination but considerably 
higher compared to their commensal counterparts, with 
recombination linked to a higher number of virulence 
genes [41]. Although previous data have been informa-
tive, it is unclear whether such variation in recombina-
tion frequencies exists within a population occupying a 
specific niche (e.g., bloodstream) and if it does, how it 
impacts the genetic diversity of the population. Hence, 
a more detailed quantification of the contributions of 
within-species recombination in pathogenic E. coli will 
be invaluable in understanding the behavior of distinct 
lineages in specific environments. This in turn should 
help us comprehend the genetic basis that governs the 
diversification, host adaptation, and pathogenicity of E. 
coli in causing invasive diseases.

Here, we aim to quantify the frequency and charac-
teristics of homologous recombination to the popula-
tion genetic diversity of E. coli derived from bloodstream 
infections from a medical center in New Hampshire, 
USA. Overall, our findings shed light on the importance 
of distinguishing the impacts of homologous recombina-
tion in shaping the diversification and pathogenicity fea-
tures of individual E. coli lineages.

Results
Four lineages are dominant in the bloodstream E. coli 
population
We collected and sequenced short-read draft genomes 
of 557 E. coli isolates sampled from bloodstream infec-
tions in unique pediatric and adult patients at Dartmouth 
Hitchcock Medical Center (DHMC), New Hampshire, 
USA from November 2016 – May 2022 (Supplementary 
Table  S1). The de novo assemblies resulted in genome 
sizes ranging from 4.59 – 5.54 Mb with an estimated 
21,310 genes present in the entire dataset, or what is 
referred to as the pan-genome [42] (Supplementary 
Table S2). On average, each genome carried 4,694 genes. 
The core and soft-core genes together comprised 16.05% 
of the pan-genome. Across the entire dataset, the num-
ber of accessory genes per genome ranged from 4,221 
to 5,247 and varied within and among the four major 
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clusters (Supplementary Table S1). The number of single-
ton genes in the pangenome was 4,431 genes, compris-
ing 20.79% of the pan-genome, and ranged from 0 to 106 
per genome (mean = 7.95, median = 1). Singleton genes 
are those genes that are present in only one genome and 
not in others. The number of singleton genes per genome 
varied within and among the four major clusters.

We retrieved a total of 480,947 single nucleotide poly-
morphisms (SNP) from the alignment of the combined 
core and soft-core genes (n = 3,422). The core genome 
SNP alignment was then used to construct a maximum 
likelihood phylogenetic tree (Fig. 1). Population structure 
analysis using Bayesian hierarchical clustering [43] iden-
tified 22 sequence clusters (Supplementary Table  S1). 
The four largest sequence clusters were BAPS1 (n = 101 
genomes), BAPS4 (n = 56 genomes), BAPS10 (n = 106 
genomes), and BAPS14 (n = 52 genomes), which alto-
gether represented 56.55% of the entire dataset. The 
remaining BAPS clusters contained 38 or fewer genomes. 
Multi-locus sequence typing (MLST) using seven single-
copy housekeeping genes in E. coli [18, 44] identified 133 
STs. The most prominent STs were ST95 (n = 96 repre-
senting 17.24% of the dataset), ST131(n = 75; 13.46%), 
ST73 (n = 49; 8.79%), ST69 (n = 34; 6.1%), and ST127 

(n = 24; 4.31%). A total of 78 STs were represented by a 
single genome (Supplementary Table S1).

The largest sequence cluster BAPS10 (n = 106 genomes) 
consisted of 14 STs and 11 serotypes, of which ST131 
(n = 75 genomes) and serotype O25:H4 (n = 66 genomes) 
were most frequently detected. The second largest BAPS 
cluster BAPS1 (n = 101) comprised five STs and six sero-
types, of which ST95 (n = 96 genomes) and serotype 
O1:H7 (n = 53 genomes) were the most common. BAPS4 
(n = 56 genomes) consisted of four STs and eight sero-
types, of which ST73 (n = 49) and serotype O6:H1 (n = 25 
genomes) were most frequently detected. BAPS14 (n = 54 
genomes) contained 30 STs, of which ST58 (n = 10) was 
the most common and 41 serotypes were present.

Recombination frequencies vary between E. coli lineages
We calculated the recombination frequencies by exam-
ining regions of elevated SNP density across the core 
genome alignment using the program Gubbins [45]. 
These regions are inferred to have been generated by 
recombination events. Accurate estimation of recom-
bination is strengthened by analysis of a large number 
of genomes being compared; hence, we selected four 
sequence clusters that each have ≥ 50 genomes (BAPS1, 

Fig. 1 Maximum likelihood phylogenetic tree of the 557 bloodstream E. coli isolates. The midpoint-rooted phylogeny is built from the sequence 
alignment of 3,422 core and soft-core genes. Tree scale represents the number of nucleotide substitutions per site. Outer rings show the most 
common serotypes and sequence types (ST). Colored lines extending from the branches show the sequence clusters inferred by BAPS. For visual 
clarity, only the four largest clusters (with at least 50 genomes each) are colored
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BAPS4, BAPS10, BAPS14; Fig. 1). Based on the SNP den-
sities, we calculated seven metrics to describe recom-
bination among the four sequence clusters: number of 
SNPs inside inferred recombination events, number of 
SNPs outside of inferred recombination events, num-
ber of recombination blocks, number of bases detected 
in recombination events, number of bases detected in 
ancestral recombination events, ratio of recombination 
to mutation, and ratio of recombination to mutation of a 
branch (Supplementary Table S3).

We calculated the number of base substitutions recon-
structed onto a branch on the phylogeny that fall within 
and outside a predicted recombination (Fig.  2A). We 
found significant difference in the four sequence clusters, 
with BAPS1, BAPS4, and BAPS10, having more SNPs 
outside of inferred recombination events and BAPS14 
having more SNPs detected inside inferred recombina-
tion (all comparisons with p < 0.05, Wilcoxon test). The 
total number of recombination blocks reconstructed 
onto a branch varied among sequence clusters BAPS 1 
and 4, 1 and 14, 4 and 14, and 10 and 14 (pairwise com-
parisons with p < 0.001, Games-Howell test) (Fig.  2B). 
BAPS14 carried the highest average number of recombi-
nation blocks per genome (92.04) compared to the other 
three sequence clusters.

In terms of the total number of nucleotide bases in 
predicted recombined regions, we found significant dif-
ferences between sequence cluster BAPS14 and the other 
three clusters (pairwise comparisons with p < 0.001, 
Games-Howell test) (Fig.  2C). This metric refers to the 
total length of all recombination events reconstructed 
onto a branch. We also calculated the cumulative bases 
in predicted recombinations, which refers to the total 
number of nucleotide bases in the alignment affected by 
recombination on a branch and its ancestors (Fig.  2D). 
We found significant differences among all pairs of 
sequence clusters (pairwise comparisons with p < 0.001, 
Games-Howell test).

The ratio of the probabilities that a given site was 
altered through recombination and mutation (r/m) gives 
a measure of the relative impact of the two processes 

on the variation accumulated on the branch (Fig.  2E). 
Sequence cluster BAPS14 exhibited the highest r/m val-
ues (5.84), indicating that recombination has contributed 
on average 5X more than mutation to the overall genetic 
diversity of BAPS14 genomes. The r/m of BAPS14 is 
significantly different from those in sequence clusters 
BAPS1, 4, and 10 (pairwise comparisons with p < 0.001, 
Games-Howell test).

The rho/theta ratio refers to the number of recombina-
tion events to point mutations on a branch and provides 
a measure of how often recombination events happen 
relative to mutations (i.e., relative rates) (Fig.  2F). We 
found significant differences in rho/theta values between 
sequence clusters BAPS1 and 10, 4 and 10, and 1 and 
14. The rho/theta ratios of BAPS1, 4, 10, and 14 were 
0.02, 0.03, 0.08, and 0.08, respectively. This means that, 
on average, recombination occurred less frequently 
than point mutations during strain evolution in all four 
sequence clusters.

Recombination in AMR and virulence genes
We sought to identify the genes that have experienced 
recombination in genomes of the four sequence clusters. 
For each of the four sequence clusters, we scanned the 
aligned genome sequences for regions of elevated SNP 
density that indicate the occurrence of recombination 
(Fig. 3). In total, we identified 4,146 genes across the four 
sequence clusters that experienced at least one instance 
of recombination. This was equivalent to 89.37% of the 
4,639 genes annotated in the reference genome strain 
K-12 substrain MG-1655 (Accession NC_000913.3). 
Recombined regions were highly variable among the 
four lineages. Genomes from sequence cluster BAPS14 
contained the highest number of recombined genes 
(n = 3,883), while BAPS10, BAPS4 and BAPS1 contained 
2,432, 1,072, and 507 recombined genes, respectively 
(Supplementary Table  S4). A total of 103 recombined 
genes were common across the four sequence clusters 
and these included genes with functions related to DNA 
and RNA binding, iron transport, starvation response, 

Fig. 2 Comparison of the characteristics and frequencies of recombination among the four sequence clusters. A Number of base substitutions 
reconstructed onto the branch that fall within (In) and outside (Out) a predicted recombination for each sequence cluster. B Total number 
of recombination blocks reconstructed onto the branch. C Bases in recombinations refers to the total length of all recombination events 
reconstructed onto a branch. D Cumulative bases in recombinations refers to the total number of bases in the alignment affected by recombination 
on a branch and its ancestors. E The value r/m is the ratio of probabilities that a given site was altered through recombination and mutation. It 
gives a measure of the relative impact of recombination (r) and mutation (m) on the variation accumulated on the branch. F The rho/theta ratio 
refers to the number of recombination events to point mutations on a branch (i.e., relative rates). It is a measure of how often recombination events 
happen relative to mutations. For visual clarity, only comparisons that are statistically significantly different are indicated with asterisk. Wilcoxon 
test was used for all comparisons in panel A and Games-Howell test in panels B-F. For all panels, colored circles represent genomes and the colors 
correspond to colors of the sequence clusters in Fig. 1. Red dot represents the mean. Details of the recombination metrics are presented 
in Supplementary Table S2

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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cell wall organization, and electron transport (Supple-
mentary Table S5).

We next sought to identify genes associated with AMR 
and virulence that have experienced recombination. We 
detected recombination in 41, 9, 26, and 31 virulence 
genes in sequence clusters BAPS 1, 4, 10, and 14, respec-
tively (Fig. 3A-E and Supplementary Table S6). Common 
among the four sequence clusters were the recombined 
virulence genes with functions associated with the Curli 
secretion channel (csgG) and ferric enterobactin trans-
port (entEF, fepEG). E. coli and other enteric bacteria 
produce proteinaceous extracellular fibers called curli 
that are involved in adhesion to surfaces, cell aggrega-
tion, and biofilm formation [46]. Hence, they play a 
major role in mediating adhesion and invasion of host 
cells, and they are potent inducers of the host inflam-
matory response [46]. The siderophore enterobactin is 
a small iron chelator that facilitate cellular transport of 
iron, which is an essential nutrient for bacterial growth 
[47]. Excess of freely available iron is associated with 
enhance virulence in bacterial pathogens [48]. Flagel-
lar genes were also frequently recombined, but the spe-
cific flg genes that showed evidence of recombination 
varied among the four clusters: flgA-O in BAPS1, flgA in 
BAPS4, flgCDEHIJKLNO in BAPS10, flgAFGHIJKLMNO 
in BAPS14. Flagella contribute to the infection of E. coli 
by mediating motility, surface adhesion, and invasion [49, 
50]. Taken as a whole, each sequence cluster contained a 
unique set of virulence genes that had experienced fre-
quent recombination.

We detected evidence of recombination in 1, 13, 
17, and 25 AMR genes in sequence clusters BAPS 1, 4, 
10, and 14, respectively (Fig.  3A-E and Supplemen-
tary Table S6). We did not identify any one recombined 
AMR gene that was common in all four sequence clus-
ters. Nonetheless, we found AMR genes that were shared 
by at least three sequence clusters. The genes mdtABC 
and their regulator encoded by baeSR had experienced 
recombination in sequence clusters BAPS4, BAPS10, 

and BAPS14. MdtABC is a multidrug efflux system of 
the resistance-nodulation-cell division (RND) family and 
confers resistance to novobiocin and deoxycholate [51, 
52]. The gene mdtA encodes a membrane fusion protein, 
while mdtBC encodes a transmembrane drug transporter 
[51]. BaeR is a response regulator, while BaeS is a sensor 
kinase [51, 52]. We also detected recombination in the 
genes emrKY, which encodes a tripartite multidrug efflux 
pump of the major facilitator superfamily (MFS) [53]. In 
Shigella, EmrKY functions in bacterial survival within 
macrophages [54]. We also detected recombination in 
the gene tolC encoding an outer membrane channel, 
which translocates an extremely broad spectrum of anti-
microbial agents and other particles such as detergents, 
dyes, and organic solvents [55]. In addition, we detected 
recombination in acrD in sequence clusters BAPS10 and 
BAPS14. AcrD, along with the gene products of acrB and 
acrF, interact with the outer membrane channel TolC in 
multi-component efflux pumps [56, 57]. TolC partners 
with the transporters MdtABC and EmrKY [55]. TolC 
is also implicated in other functions beyond AMR, such 
as cell division, expression of outer membrane porins, 
acid sensitivity, virulence, aggregation, and cell envelope 
mechanics and integrity, mainly due to its extensive func-
tional interactions with various genes [55, 58, 59]. Similar 
to the recombined virulence genes, each sequence cluster 
also contained a unique set of recombined AMR genes.

We next examined the distribution of synonymous and 
non-synonymous mutations on genes associated with 
AMR and virulence within each of the four sequence 
clusters (Supplementary Table  S6). For each sequence 
cluster, we note that there is a far higher proportion 
of synonymous SNPs than non-synonymous SNPs in 
recombined AMR genes: BAPS1 (total = 102, 0, 1, 0 SNPs 
for synonymous, frameshift, missense, nonsense muta-
tions, respectively), BAPS4 (total = 100, 0, 46, 0), BAPS10 
(total = 859, 24, 193, 5), BAPS14 (total = 2566, 0, 510, 
17). Similar results were observed for the recombined 
virulence-associated genes: BAPS1 (total = 1589, 6, 594, 

(See figure on next page.)
Fig. 3 Recombination hotspots among the four E. coli sequence clusters. Panels A – D show the recombination hotspots in sequence clusters 
BAPS1, BAPS4, BAPS10, and BAPS14, respectively. The tree was built from non-recombinant regions in the core genome alignment. The reference 
genome is shown as an orange line with predicted coding sequences in the forward and reverse frames shown in light blue above and below this 
line. The length of the reference genome is 4.64 Mb. For visual clarity, only antimicrobial resistance (AMR) and virulence genes that were inferred 
to have experienced recombination are labeled. Each row represents an isolate and the columns relate to bases in the reference genome. Below 
the reference genome coordinates is a matrix showing all inferred recombination in each genome. The red columns are recombinations shared 
by multiple isolates and occuring in the internal branches, while the blue columns are recombinations in the terminal branch and represented 
by individual isolates. SNP density at each site of the sequence alignment is shown below the matrix. E Venn diagram showing the number 
of recombined AMR and virulence genes that are shared between sequence clusters or unique to each cluster. The percentage values 
in parentheses indicate the number of recombined AMR and virulence genes shared by the clusters or unique to the individual cluster divided 
by the total number of genes inferred to have recombined across all 4 BAPS clusters. Zoom-in view of each matrix is presented in Supplementary 
Figures S1-S4. Details of recombined genes in each sequence cluster are presented in Supplementary Tables S4-S6
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Fig. 3 (See legend on previous page.)
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25), BAPS4 (total = 57, 0, 29, 1), BAPS10 (total = 1204, 42, 
275, 8), BAPS14 (total = 1782, 0, 521, 20). These results 
demonstrate that the dominant selective force acting on 
the SNPs within the recombined genes associated with 
AMR and virulence has been purifying selection.

Contemporary and vertically inherited ancestral 
recombination
We sought to determine to what extent the genome of 
each E. coli isolate has been affected by recombination. 
We built recombination-free core genome phylogenies 
of each of the four sequence clusters (Fig.  4A-D). Two 
metrics were calculated for every genome: (a) Bases in 
recombinations, which refers to the total length of all 
recombination events reconstructed onto a branch; and 
(b) Cumulative bases in recombinations, which refers to 
the total number of bases in the alignment affected by 
recombination on a branch and its ancestors. The first 
value pertains only to contemporary recombination 
events and that are unique to a genome, while the second 
value also includes vertically inherited recombination 
events.

Results reveal that all or nearly all genomes from the 
four sequence clusters have inherited recombined DNA 
from ancestral lineages. However, we found that the con-
tributions of vertically inherited ancestral recombina-
tion varied among the genomes of a sequence cluster as 
well as between clusters (Fig. 4A-D). Among members of 
sequence cluster BAPS1, the proportion of the genome 
with ancestral recombined DNA ranged from zero to 
6.28%. In BAPS4 genomes, the proportion of the genome 
sequence with ancestral recombined DNA ranged from 
0.04 to 10.28%. Among BAPS10 genomes, the proportion 
of the genome sequence with ancestral recombined DNA 
ranged from 2.45 to 22.07%. In BAPS14, the proportion 
of the genome sequence with ancestral recombined DNA 
ranged from 1.59 to 38.03%.

In terms of contemporary branch-specific recombina-
tion, we also found variation among members of each 
sequence cluster (Fig. 4A-D). In sequence cluster BAPS1, 
only 18 out of 101 isolates experienced recent recombi-
nation and the proportion of each genome acquired from 
recent recombination ranged from 0.0001 to 1.5%. In 
BAPS4, 51 out of 56 isolates experienced recent recom-
bination and the proportion of each genome acquired 
from recent recombination ranged from 0.025 to 2.97%. 
In BAPS10, 93 out of 106 isolates experienced recent 
recombination and the proportion of each genome 
acquired from recent recombination ranged from 
0.00027 to 7.37%. In BAPS14, 46 out of 52 isolates expe-
rienced recent recombination and the proportion of each 
genome acquired from recent recombination ranged 
from 0.1 to 12.09%. Notably, a few genomes within 

each cluster harbor relatively larger segments of recom-
bined DNA acquired from contemporary recombina-
tion events. This is certainly evident in sequence clusters 
BAPS10 and BAPS14.

Discussion
The emergence of new lineages of E. coli with unique 
genetic and phenotypic features is a constant public 
health threat. Its propensity to acquire, exchange, and 
maintain alleles and genes through homologous recom-
bination underlies the ever-growing challenge of control-
ling multidrug resistance, virulence, host colonization 
and adaptation, transmission, and other clinically rel-
evant genetic traits [34, 40, 60]. In our study, we sought 
to quantify the frequency, characteristics, and impacts 
of homologous recombination on the population genetic 
diversity of bloodstream E. coli. Our primary findings 
were that (a) major phylogenetic lineages exhibit variable 
frequencies in genome-wide homologous recombination, 
(b) the suite of recombined AMR and virulence genes dif-
fer among lineages, and (c) these differences lie in part 
on vertically inherited ancestral recombination and con-
temporary branch-specific recombination. These results 
demonstrate that the impact of recombination is highly 
variable even among clonally related individuals, contrib-
uting to the remarkable genetic diversity and pathogenic 
potential that exists throughout the entire species. Our 
findings are consistent with previous studies that show 
within-species heterogeneity in recombination in other 
bacterial pathogens such as Klebsiella pneumoniae [61], 
Neisseria meningitidis [62], Staphylococcus aureus [63], 
and Streptococcus pneumoniae [64].

A notable feature of E. coli is its infinitely open acces-
sory genome [65, 66] that have been subjected to fre-
quent acquisition of exogenous DNA, creating genetically 
hybrid strains with novel features that blur the lines of 
existing classification designation [67, 68]. New combina-
tions of virulence determinants and allelic variants that 
are horizontally acquired may manifest in altered patho-
genic and drug resistant characteristics of the recipi-
ent strain, as in the case of sequence types ST131 [34], 
ST141 [69], ST410 [35, 36], and ST1193 [37]. The global 
success of these four lineages as a cause of many dis-
ease outbreaks may be attributed partly to their mosaic 
genomes. Our results revealed that each of the four 
major lineages of bloodstream E. coli differed in the 
composition of recombining AMR and virulence genes, 
suggesting unique lineage-specific patterns of conver-
gence and evolutionary trajectories. Mosaic genomes 
with distinct combinations of genetic features can there-
fore arise from any clonal background. The flexibility of 
a genome to incorporate exogenous DNA via recombi-
nation is important in understanding lineage-specific 
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Fig. 4 Comparison of the total length of recombination events among members of each sequence cluster. Maximum likelihood phylogenetic trees 
of each sequence cluster were built from the core genome alignment and midpoint-rooted. Next to each phylogenetic tree are two sets of bar plots 
showing the bases in recombinations referring to the total length of all recombination events reconstructed onto a branch (dark-colored bar plots 
on the left), while cumulative bases in recombinations refers to the total number of bases in the alignment affected by recombination on a branch 
and its ancestors (light-colored bar plots on the right). For each genome, the two values were calculated as a proportion of the genome length
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evolutionary trajectories and adaptive consequences. The 
frequent shuffling of AMR and virulence genes through 
recombination amplifies within-species diversity. This 
has important consequences for our ability to both fore-
see the outcomes of public health intervention programs 
and predict which lineages of invasive E. coli are likely 
to become a high-risk concern (i.e., more virulent, more 
transmissible, multidrug resistant). Continuous long-
term surveillance of the different lineages of bloodstream 
E. coli is therefore critical.

We observed lineage-specific patterns of homologous 
recombination, characterized by numerous contempo-
rary branch-specific recombination events and relatively 
fewer vertically inherited ancestral events shared by mul-
tiple genomes. We also observed higher proportion of 
synonymous than non-synonymous SNPs in recombined 
AMR and virulence-associated genes in all four major 
lineages, similar to reports in the recombination regions 
of the marine pathogen Vibrio anguillarum [70]. While 
we were unable to trace the origins of every recombina-
tion event in our data, the contributions of both pro-
cesses vary even among very closely related isolates that 
are members of the same lineage. Similar results have 
been reported in an ecologically diverse but geographi-
cally restricted population of the pathogen Burkholderia 
pseudomallei that inhabits tropical soils [71]. Our results 
provide evidence of ongoing recombination in invasive E. 
coli that is shaped mainly by the genetic background (lin-
eage). Differences in recombination patterns and in the 
pool of recombining genes among lineages may suggest 
differences in DNA repair systems and defense systems 
(e.g., restriction modification, CRISPR-Cas) against exog-
enous DNA entering the cell [72], although the presence 
of cryptic microscale niches may also be a possibility [73].

Differences in recombination among members of a 
species have important implications in understanding 
the evolution of evolvability, i.e., how biological systems 
generate heritable adaptive variation [74, 75]. Environ-
mental variability can modify rates of recombination (as 
well as mutation and migration) by increasing the genetic 
diversity on which selection can act on [76]. This occurs 
because recombination combines beneficial alleles or 
eliminates deleterious mutations [77]. It also reinforces 
advantageous phenotypes in the population [77]. Hence, 
elucidating the frequency and characteristics of recom-
bination is critical when considering the adaptive poten-
tial of a species to environmental variability. Variation in 
the rates of genetic exchange within a species suggests 
that lineages respond to selective pressures in different 
ways and has implications in how rapidly they can adapt 
to new environments [64], including the shift from the 
gut to the blood and exposure to clinical interventions 
such as vaccines and antibiotic therapy. Lineage-specific 

genetic components that can alter the frequencies of 
recombination include saturation and variable efficien-
cies of the mismatch repair system [78] and bacterial 
immune systems against foreign DNA [79]. Future work 
should focus on within-species distribution and diversity 
of these repair and defense mechanisms against exog-
enous DNA.

Our study is not without limitations. First, we do not 
have clinical data about the source patients of these iso-
lates, and as such, we are not able to examine if the dif-
ferences in recombination frequencies have an impact 
on patient outcomes and treatment options. We also 
lacked data on the geographical location and social his-
tory of patients, as proximity may promote more oppor-
tunities for genetic exchange between bacteria. Second, 
we focused our estimation of recombination only on the 
four largest phylogenetic clusters. It is possible that less 
prevalent lineages have significantly different recombina-
tion frequencies and characteristics, but this information 
could not be reliably assessed with the current density 
of sampling. Future work investigating a broader range 
of E. coli lineages, including among the different STs, 
serotypes, pathotypes, and phylogroups, will be particu-
larly informative. Third, we did not consider recombina-
tion from outside the population or from other species, 
even though E. coli can gain DNA from other members 
of Enterobacterales [80]. The microbial community that 
E. coli inhabits will likely influence the composition of 
potential recombination donors. The DNA sequences 
of E. coli strains will therefore carry a history of recom-
bination events and recombination partners, and this 
information will be retained as E. coli invades the blood-
stream. Lastly, recombination can occur between nearly 
identical DNA sequences and the same sequence may 
experience recombination multiple times throughout 
its evolution, and thus will remain invisible to current 
recombination detection methods. Missing strains due 
to incomplete sampling will also influence inference of 
recombination frequencies. These can lead to lower esti-
mates of predicted recombination rates than the actual 
rates that occur in nature. Reconstruction and simula-
tions of ancestral recombination events on each branch 
of a phylogeny may partly overcome such limitations. 
Nonetheless, our results provide important baseline 
estimates of lineage-specific recombination that can be 
extended to other phylogenetic groups, diseases, and 
environments of E. coli.

Conclusions
Our results highlight the variation in the propensity to 
exchange DNA via homologous recombination within a 
distinct population (bloodstream) at narrow geographic 
(DHMC, New Hampshire) and temporal (years 2016 
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– 2022) ranges. Understanding the sources of the genetic 
variation in invasive E. coli will help inform the imple-
mentation of effective strategies to reduce the burden of 
disease and AMR.

Materials and methods
Bacterial collection
We collected a total of 565 E. coli isolates from blood-
stream infections in unique pediatric and adult patients. 
The archived isolates were grown from clinical blood 
culture specimens submitted to the Department of 
Pathology and Laboratory Medicine at DHMC, New 
Hampshire, USA from November 2016 to May 2022. The 
first significant blood culture isolate is routinely obtained 
from each patient and archived (freezer space permit-
ting) in the event of future need for patient care, and epi-
demiologic, public health or laboratory quality studies. 
Ethical approval was granted by the Committee for the 
Protection of Human Subjects of DHMC and Dartmouth 
College. The study protocol was deemed not to be human 
subjects research. Samples used in the study were subcul-
tured bacterial isolates that had been archived in the rou-
tine course of clinical laboratory operations. No patient 
specimens were used and patient protected health infor-
mation was not collected. Therefore, informed consent 
was not required. Isolates were sub-cultured and assigned 
a study number with all patient identifiers removed. Only 
the date of collection was linked to the study number. All 
isolates were stored in DMSO solution at −80 °C degrees.

Genomic DNA extraction and whole genome sequencing
Isolates were sub-cultured from dimethyl sulfoxide 
(DMSO) stocks in brain heart infusion broth (BD Difco, 
Franklin Lakes, New Jersey) and incubated at 37 °C for 24 
h. DNA was extracted and purified using the QuickDNA 
Fungal/Bacterial Miniprep Kit (Zymo Research, Irvine, 
California) following manufacturer’s protocol. We used 
the Qubit fluorometer (Invitrogen, Grand Island, New 
York) to measure DNA concentrations. DNA libraries of 
each sample were prepared using the Illumina DNA prep 
tagmentation kit and unique dual indexes in accordance 
with manufacturer’s protocols. Sequencing was carried 
out as multiplexed libraries on the Illumina NextSeq2000 
platform using a 300-cycle flow cell kit to produce 2 × 150 
bp paired reads. To support optimal base calling, 1 – 2% 
PhiX Control was spiked into the run. Sequencing was 
performed at the SeqCoast Genomics (Portsmouth, New 
Hampshire). Read demultiplexing, trimming, and run 
analytics were carried out using the DRAGEN v.3.10.12 
on-board analysis software installed in NextSeq2000 
(https:// help. dragen. illum ina. com/).

De novo genome assembly and sequence quality check
Sequence reads were assembled into contigs using 
Shovill v.1.1.0 (https:// github. com/ tseem ann/ shovi ll) 
with the setting -trim. The quality of the genomes was 
assessed using Quast [81] and CheckM [82]. We excluded 
those genomes with < 90% completeness and > 5% con-
tamination. These thresholds were recommended by 
CheckM [82]. To ensure that we only include high qual-
ity sequences and minimize the inclusion of fragmented 
sequences in our analyses, we also excluded assemblies 
with > 350 contigs and an N50 < 40,000 bp.  In all, we 
used 557 genomes that passed our filtering criteria for 
all downstream analyses. All genomes were compared to 
two E. coli reference genomes K-12 substrain MG-1655 
(Accession NC_000913.3) and O157:H7 strain Sakai 
(Accession NC_002695.2) from the National Center for 
Biotechnology Information (NCBI) using fastANI v.1.32 
[83].

Phylogenetic tree reconstruction and population 
clustering
The genomes were annotated using Prokka v.1.14.6 with 
default parameters [84]. The annotated genomes were 
used as input into Panaroo v.1.3.3 for pan-genome analy-
sis [85]. Sequences of individual genes were aligned using 
MAFFT [86]. Aligned sequences of the core and soft core 
genes (n = 3,422 genes) were concatenated and used as 
input to construct a core genome phylogenetic tree. We 
used SNP-sites v.2.5.1 [87] to extract single nucleotide 
polymorphisms (480,947 SNPs) from the aligned core 
and soft core genes. We used RAxML v.8.2.12 to gener-
ate a maximum likelihood phylogenetic tree [88] with a 
generalized time reversible model of nucleotide substitu-
tion [89] with gamma distribution rate of heterogeneity 
(GTR + G) based on the results of ModelFinder [90]. The 
core genome phylogenetic tree was visualized using the 
Interactive Tree of Life (IToL) [91]. We used the Bayesian 
hierarchical clustering algorithm fastBAPS v.1.0.8 (fast 
Bayesian Analysis of Population Structure) to partition 
the genomes into sequence clusters consisting of geneti-
cally similar individuals [43].

In silico determination of ST and serotypes
ST designation was determined using MLST v.2.19.0 
(https:// github. com/ tseem ann/ mlst) based on allelic 
variation in seven single copy housekeeping genes (adk, 
fumC, gyrB, icd, mdh, purA, recA; [18]) and compared 
against previously characterized STs in the E. coli data-
base in PubMLST [44]. Novel ST designations were 
assigned by the MLST sequence archive at EnteroBase. 
Serotypes were determined based on antigenic variation 
in flagellar (H) and polysaccharide (O) groups, which 

https://help.dragen.illumina.com/
https://github.com/tseemann/shovill
https://github.com/tseemann/mlst
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were compared to sequences in the EcOH database [19] 
using ABRicate v.1.0.1 (https:// github. com/ tseem ann/ 
abric ate). The EnteroBASE module EBEis was used to 
assigned serotypes to genomes that could not be assigned 
above [92].

Recombination detection
We used Gubbins v.3.2.1 [45] to identify regions of 
recombination in the genome alignments. Gubbins uses 
a sliding window approach to identify regions in the 
genome containing elevated densities of SNPs. We ran 
Gubbins separately on each of the largest sequence clus-
ters. Because inference of recombination is made difficult 
with small sample sizes, we selected those clusters with 
at least 50 genomes (BAPS1, BAPS4, BAPS10, BAPS14; 
Fig.  1) regardless of the phylogenetic distances within 
each cluster. Hence, recombination is inferred only on 
the core genes of each sequence cluster. To identify the 
specific genes that were inferred to have recombined, 
we used snippy v.4.6.0 (https:// github. com/ tseem ann/ 
snippy) to align our genomes to the reference genome 
K-12 substrain MG-1655 (Accession NC_000913.3). We 
used the default options in Gubbins: minimum num-
ber of SNPs to identify a recombination block = 3; mini-
mum window size = 100 bp; and maximum window 
size = 10,000 bp. Recombination events were visualized 
using Phandango [93]. Using SnpEff v.5.2e with default 
parameters [94], we identified the types of SNPs identi-
fied in recombined AMR and virulence genes in each of 
the four sequence clusters: synonymous (no change in 
amino acid), frameshift (change in reading frame), mis-
sense (amino acid replacement), nonsense (variant caus-
ing a stop codon). We ran SnpEff on the vcf output file 
generated by Gubbins containing all the SNPs detected 
in a BAPS sequence cluster with the K-12 substrain 
MG-1655 as the reference genome.

Statistical analysis
All statistical analyses were carried out using the ggstat-
splot v.0.12.1 [95] package in R v.4.3.1 [96]. To measure 
homoscedasticity, we used the Breusch-pagan test from 
the ncvTest() function in R. Low p-value (below 0.05) 
means not homoscedastic. To measure normality, we 
used the Shapiro–Wilk’s test in the shapiro.test() function 
in R. Low p-value (below 0.05) indicates that it is not nor-
mally distributed. We used a Wilcoxon test to compare 
the number of SNPs inside recombined sequences and 
the number of SNPS outside of recombined sequences 
(Fig. 2A) and a Games-Howell test to compare the num-
ber of base pairs in recombined sequences, the number 
of cumulative bases in recombined sequences, the r/m 
ratio, and tho/theta (Fig. 2B-F). Results were considered 
significant when p < 0.05.
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