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Abstract

Escherichia coli have served as important model organisms for over a century—used to elucidate key aspects of genetics,
evolution, molecular biology, and pathogenesis. However, defining which strains actually belong to this species is erratic
and unstable due to shifts in the characters and criteria used to distinguish bacterial species. Additionally, many iso-
lates designated as E. coli are genetically more closely related to strains of Shigella than to other E. coli, creating a situ-
ation in which the entire genus of Shigella and its four species are encompassed within the single species E. coli. We
evaluated all complete genomes assigned to E. coli and its closest relatives according to the biological species concept
(BSC), using evidence of reproductive isolation and gene flow (i.e.,, homologous recombination in the case of asexual
bacteria) to ascertain species boundaries. The BSC establishes a uniform, consistent, and objective principle that allows
species-level classification across all domains of life and does not rely on either phenotypic or genotypic similarity to a
defined type-specimen for species membership. Analyzing a total of 1,887 sequenced genomes and comparing our re-
sults to other genome-based classification methods, we found few barriers to gene flow among the strains, clades, phy-
logroups, or species within E. coli and Shigella. Due to the utility in recognizing which strains constitute a true biological

species, we designate genomes that form a genetic cohesive group as members of E. coligo.
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Introduction

When initially isolated, Escherichia coli was designated
Bacillus coli communis, a latinization describing its promin-
ent characteristic as a “common colon bacterium” that
could be readily cultured in a variety of substrates. The ori-
ginal specimen, as first described in 1885, was distin-
guished by its colony and cellular morphology, and its
ability to ferment glucose, produce acid, and sour milk
(Escherich 1885). Upon its rechristening in 1,919 to ac-
knowledge its discoverer, and in the decades that ensued,
features used for assignment to this species were expanded
to include a suite of characters that distinguish E. coli from
other enteric species (Koser 1923; Kauffmann 1944). Most
notably, E. coli are lactose, catalase, and indole positive, and
oxidase, urease, and citrate negative, although there is a
low level of polymorphism for many of these properties.
Genetic and genomic features entered into the classifica-
tion of E. coli in the 1960s with the application of DNA-DNA
hybridization (DDH) procedures (Marmur et al. 1963). By this
method, strains were considered as members of E. coli if they
displayed >70% DNA similarity to the reference strains
(Brenner et al. 1972)—noting that although DDH percen-
tages do not match the actual amount of DNA identity be-
tween strains (Rossell6-Mora 2006), this method pioneered a
threshold-based approach for defining bacterial species.
Subsequently, other nucleic-acid-based cutoffs were applied
to the delineation of bacterial species, such as >97%
(Tindall et al. 2010; Yarza et al. 2014) and more recently

>99% (Edgar 2018) 165 RNA sequence identity, or >95%
average nucleotide identity (ANI) (Konstantinidis and
Tiedje 2005) for the core set of genes shared among strains
(Jain et al. 2018). Naturally, there is a certain circularity to
this approach since sequence-identity thresholds were ascer-
tained from strains that were already assigned to E. coli based
on metabolic, morphological, or biochemical features, there-
by constraining the genetic cutoffs to species boundaries that
were already established. And unfortunately, hybridization
and sequence-identity thresholds are convenient rather
than universal, their biological basis remains unclear.

Phylogenetic analysis of E. coli strains that were consid-
ered to span the diversity in the species at large defined six
main clades (A, B1, B2, D, E, and F) and several rarer clades
(Herzer et al. 1990; Chaudhuri and Henderson 2012).
However, expanding the set to include strains from add-
itional animal and environmental sources yielded five
“cryptic” clades (termed Cl to CV) that were all more
closely related to E. coli than to its sister species
Escherichia fergusonii (Walk et al. 2009; Luo et al. 2011).
The taxonomic status of these five unclassified clades re-
mains uncertain: they cannot be differentiated from E.
coli based on phenotypic characters, but they are genetic-
ally divergent, which led to a proposal that a least some of
these clades (e.g, Clades Ill + 1V and Clade V) might re-
present distinct species (Walk 2015).

As additional full genomes were integrated into the ana-
lyses, the phylogenetic structure and evolutionary
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relationships of E. coli became more refined, with recogni-
tion of increased numbers of subspecific groups (Lu et al.
2016; Abram et al. 2021) and suggestions that some might
represent actual or incipient species (Didelot et al. 2012;
Kang et al. 2021). To accommodate the burgeoning num-
bers of sequenced strains in all taxa, the Genome
Taxonomy Database (GTDB; gtdb.ecogenomic.org/) re-
commended the application of a genome-wide identity
threshold (analogous to ANI) to define bacterial species
(Parks et al. 2018). Imposing their metrics, strains currently
classified as E. coli would be split into six species—E. coli, E.
coli_E, Escherichia ruysiae, Escherichia marmotae,
Escherichia sp001660175, and Escherichia sp005843885—
with the majority consigned to E. coli (Parks et al. 2021).

Classification of E. coli has also been confounded by the
intransigence of Shigella as a separate genus. Every strain
assigned to Shigella appears to fall within the variation
spanned by E. coli (Brenner et al. 1973; Ochman et al.
1983), and the four Shigella species originated independ-
ently, and multiple times, from within E. coli (Rolland
et al. 1998; Pupo et al. 2000; Lan and Reeves 2002).
Clearly, the taxonomy of E. coli is idiosyncratic and often
supports conflicting results. To resolve these incongruen-
cies, and to apply consistent and objective criteria to iden-
tifying species boundaries, we analyze and classify a
comprehensive set of Escherichia and Shigella genomes ac-
cording to the biological species concept (BSC) (Mayr
1942), a universally accepted procedure that circumscribes
species based on homologous gene exchange. Although
asexuality is often assumed to render bacteria immune
to classification by the BSC (Donoghue 1985;
Rossell6-Mora and Amann 2001; Costechareyre et al.
2009), the patterns of recombination in E. coli and related
enteric bacteria provide a consistent and robust signal for
species assignment (Brenner and Falkow 1971; Shen and
Huang 1986; Dykhuizen and Green 1991; Lawrence and
Retchless 2009; Didelot et al. 2012) and allow the applica-
tion of a single biological feature to define species across all
branches of the Tree of Life.

Results

To establish the species boundaries of E. coli and determine
which sequenced genomes should be assigned to this spe-
cies, we implemented three genome-based methods, in-
cluding two (ConSpeciFix and PopCOGenT) that adhere
to the precepts of the BSC. We considered 1,635 complete
genomes designated as E. coli in the National Center for
Biotechnology Information (NCBI) database (www.ncbi.
nlm.nih.gov/) as of August 2020. To ensure that the
breadth of variation in the species at large is represented,
we included the genomes of strains classified to the five
Escherichia phylogroups (Clades 1-V) described by Walk
et al. (2009), to the E. coli phylogroups resolved by
Abram et al. (2021), and to the newly designated
Escherichia species proposed by the GTDB (E. albertii,
E. coli, E. coli_E, E. fergusonii, E. marmotae, E. ruysiae,
Escherichia  sp001660175,  Escherichia  sp002965065,
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Escherichia sp004211955, and Escherichia sp005843885)
(gtdb.ecogenomic.org). Additionally, we analyzed all other
fully sequenced genomes assigned to the genus Escherichia
as well as representatives of the four designated species of
Shigella, which are known to have originated from within E.
coli but have mostly maintained their status as a separate
genus for historical reasons.

ConSpeciFix

Using gene flow as a condition for species membership,
this method calculates recombination based on homopla-
sies in genes common to the strains under consideration
(Bobay et al. 2018).

(i) Applying ConSpeciFix to assess species status of
strains designated as E. coli in NCBI. Genomes classi-
fied as E. coli in the NCBI database form more than
one species, with 12 strains that are sexually isolated
from the rest of the E. coli genomes. All remaining
genomes designated as E. coli in the NCBI database
constitute a true biological species (hereafter re-
ferred to as E. colig,o to identify membership as a bio-
logical species) and serve as a reference to evaluate
genomes classified by other means. The numbers
and distribution of strains that are members of this
biological species, and those that are reproductively
isolated and excluded from E. colig,o, are shown in
figures 1 and 2.

(ii) Applying ConSpeciFix to assess species status of phy-
logroups defined by Walk et al. (2009) and Abram
et al. (2021). All the studied strains classified to the
E. coli phylogroups of Abram et al, and to the E.
coli taxonomic group and Clade | specified by Walk
et al, which together include strains classified as E.
coli and Escherichia sp. in NCBI, are members of E.
coligio based on ConSpeciFix. Genomes in their re-
maining clades (Clades I1-V) constitute different spe-
cies by ConSpeciFix, with the exception of one
genome in Clade IV (E. coli B49-2 serovar O157:H7)
and one in Clade V (E. coli strain E620 serovar
ONS5), both of which are members of E. coligo
(supplementary table S1, Supplementary Material
online).

(i) Applying ConSpecFix to assess the status of E. coli
species defined by GTDB. The GTDB recognizes E.
coli and nine additional species (E. ruysiae, E. marmo-
tae, E. coli_E. E. fergusonii, Escherichia albertii,
Escherichia sp001660175, Escherichia sp002965065,
Escherichia  sp004211955,  and  Escherichia
sp005843885). Of these nine additional species,
only Escherichia coli_E, one strain of Escherichia
sp001660175 (based on ANI), three strains of
Escherichia sp005843885 (one of them based on
ANI), and three strains of E. ruysiae (two of them
based on ANI) were classified as E. coli in the NCBI
database (supplementary table S1, Supplementary
Material online). Although listed as differently by
the GTDB, one strain of E. albertii and one strain of
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Included in E. coligo

/\ Designated as:
\
\ E. coli (n=1619)

Eschel/ch/a sp. (n=9)
Shlgella sp. (n=1)

Sh. boydii (n=9)

Sh. dysenteriae (n=5)

Sh. flexneri (n=28)

Sh. sonnei (n=34)
Escherichia Cl (Walk) (n=3)
Escherichia CIV (Walk) (n=1) — p E. fergusoni (n=2)

Escherichia CV (Walk) (n=1) S kﬁchenfh/a Cll (Walk) (
% \Escher/ch/a CIll (Walk) (n=2)
\Es(hench/u CIV (Walk) (n=2)
\Eschenfh/a CV (Walk) (n=2)

E.coli(n=11)

Designated as:

S— Escherichia sp. (n=38)

A. albertii (n=1)

Excluded from E. coligo

Fic. 1. Assignment of sequenced genomes to the biological species E. colig;o. Wedges are labeled according to their taxon designation in the NCBI
database or their assignment to an Escherichia phylogroup by Walk et al., with the number of genomes in each taxon indicated. Note that gen-
omes that are both assigned to an Escherichia phylogroup (CI-CV) and taxonomically defined in the NCBI are excluded from counts of NCBI
genomes. For example, one of the genomes assigned to E. coli by NCBI but excluded from E. colig o belongs to Walk Clade IV and was therefore

excluded from the count of E. coli.

E. marmotae are classified as E. coli in the NCBI. Of
the 12 genomes assigned to E. coli in the NCBI but
excluded from E. coligio, nine were also excluded
from E. coli by the GTDB (supplementary table S1,
Supplementary Material online). ConSpeciFix as-
signed the GTDB species Escherichia sp001660175
(n=1), sp004211955 (n=2), and sp005843885
(n = 38) to a separate biological species. No members
of these three GTDB species belong to E. colig,o when
used as test lineages, but they form a biological species
distinct from E. coligio when Escherichia sp005843885
is used as a reference lineage. None of the other GTDB
species is a member of either E. coligio or this new
species.

(iv) Other enteric species. All tested genomes of the four
Shigella species are members of E. coligio. In contrast,
none of the genomes currently classified to any of
the other Escherichia species [E. albertii (n=1),
E. fergusonii (n=2), E. marmotae (n=1)] or to any
of the other enteric genera considered [Proteus
(n =2), Citrobacter (n=2), Cronobacter (n=2),
Salmonella (n=111), Enterobacter (n=6), and
Klebsiella (n=4)] is a member of E coligo.
Genomes from genera other than Escherichia were
included as controls.

PopCOGenT

PopCOGenT is an alternate method for grouping genomes
based on gene flow (Arevalo et al. 2019). For the represen-
tative set of genomes evaluated by this method (n = 128),
there were a total of 21 species-groups, of which 10 con-
tained strains designated as E. coli in the NCBI database
(supplementary table S1, Supplementary Material on-
line). The phylogenetic relationships of a dereplicated
subset of these genomes, along with their nomenclature,

strain and species designations in different databases, and
species-groupings based on several metrics, are presented
in figure 2.

(i) Applying PopCOGenT to assess species status of
clades defined by Walk et al. (2009) and Abram
et al. (2021). Genomes from the E. coli taxonomic
group specified by Walk are assigned to
PopCOGenT species-groups 0 and 1 (fig. 2;
supplementary table S1, Supplementary Material on-
line), and Clades |, II, and Il of Walk are each classi-
fied as different PopCOGenT species-groups (4, 5,
and 6, respectively). Genomes from Walk Clade IV as-
sort into two species-groups: one of which contains
only Clade IV genomes, and another that contains
genomes from both Clade V and the canonical E.
coli and Shigella flexneri taxonomic groups specified
by Walk. Similarly, genomes from Clade V of Walk
segregate into two species-groups—the aforemen-
tioned one that contains genomes from Clade IV
and the canonical E. coli and S. flexneri taxonomic
groups, and a unique species-group (19) that con-
tains only Clade V genomes. Several of the E. coli phy-
logroups defined by Abram et al. were distinguished
as different species-groups by PopCOGenT.

(ii) Applying PopCOGenT to assess the status of E. coli
species  defined by GTDB. The five
GTDB-recognized species within E. coli (E. coli,
E. coli_E, E. ruysiae, Escherichia sp001660175, and
Escherichia sp005843885) and the five other
Escherichia species (E. albertii, E. fergusonii,
E. marmotae, E. sp002965065, and E. sp004211955)
were classified to multiple species-groups by
PopCOGenT (supplementary table S,
Supplementary Material online). Each of the
Escherichia species recognized by the GTDB forms
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GCA_002950055.1 Sh. dysenteriae
GCA_902810335.1 E. coli SC418
GCA_000351065.1 E. coli KTE204
GCA_902825185.1 E. coli SC457
GCA_002949815.1 Sh. dysenteriae
GCA_000462725.1 E. coli O157:H7 B49-2
GCA_000008865.2 E. coli 0157:H7 Sakai
GCA_002949455.1 Sh. boydii
GCA_000013585.1 Sh. flexneri 58401
GCA_000007405.1 Sh. flexneri 2a2457T
GCA_000017765.1 E. coli HS
GCA_000482265.1 E. coli K-12 MG1655
m GCA_001596115.1 Shigella PAMC28760
GCA_002207325.1 E. coli E620 sv. ON5
GCA_013146725.1 Sh. sonnei
GCA_016726285.1 Sh. boydii
GCA_008042015.2 E. coli 042
GCA_003028715.1 E. coli 0157:H7 EDL933
GCA_000026265.1 E. coli 1AI1
GCA_902810375.1 E. coli SC492
GCA_902810365.1 E. coli SC487
GCA_902810405.1 E. coli SC480
GCA_902825205.1 E. coli SC467
GCA_902810325.1 E. coli SC423
GCA_902810295.1 E. coli SC407
GCA_013374815.1 Sh. sonnei SE6-1

GCA_001513655.1 E. coli JJ1897
GCA_002528925.1 E. coli ST131:E060
GCA_003203415.1 E. coli TUM17750

GCA 9028103151 E. coli SC434
GCA_902825195.1 E. coli SC468
GCA_002544725.1 E. coli MOD1-EC5939

GCA_002895325.1 E. coli Ec38
ﬂemonuasogoﬁw E. coli KTE178

GCA_002456425.1 E. coli MOD1-EC725
GCA_0024653551 E. coli MOD1-EC707
GCA_002973015.1 E. coli HT2012061
GCA_900635985.1 E. coli NCTC10430
GCA_000777415.1 E. coli UPEC-289
GCA_000007445.1 E. coli CFT073
GCA_000488315.1 E. coli 907391
[ Gca_001865185.1 E. coli FEC 67
GCA_002244335.1 E. coli 6-121
GCA_003697165.2 E. coli ATCC 11775
‘{ GCA_000459455.1 E. coli HVH 222
GCA_002911335.1 E. coli A369
GCA_002268385.1 E. coli EC117-4-1
‘t GCA_003491265.1 E. coli ATCC 700415
GCA_000714345.1 E. coli 6-175-07 S3C1
L—GcA_000779635.1 E. coli UPEC-188

GCA_000687125.1 E. coli 2-011-08 S1C1
GCA_009931435 E. coli EC42405
GCA_000190955.1 E. coli M863
GCA_000208545.2 Escherichia TW10509

|: GCA_000190495.1 E. fergusonii B253
11 GCA_000026225.1 E. fergusonii 35469

GCA_002109845.1 E. albertii

GCA_002965065 MOD1-EC7003
GCA_011881725.1 E. coli SCPM-O-B-8794
GCA _013894235.1 E. coli RHB17-C14
GCA_004211955.1 Escherichia E1v33
GCA_001660175.1 Escherichia B1147
GCA_005843885.1 Escherichia E4742
GCA_0138940351 E. coli RHB17-C17
GCA_002110245.1 E. coli H605

GCA_013898955.1 E. coli RHB14-C20
GCA_000208445.2 Escherichia Tw09276
GCA_000208465.2 Escherichia TW09231

—

GCA_000208565.3 Escherichia TW09308
GCA_002109985.1 E. coli E1118

PopCOGenT GTDB

P group  Cl
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli

Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia coli
Escherichia fergusonii
Escherichia fergusonii
20 Escherichia 002965065

17 Escherichia coli_E

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
[
[
o
0
0 Escherichia coli
[
0
[
0
0
0
0
0
o
(]
[
(]
0
(]
0
0
(]
4
4
4
4
4
4

17 Escherichia coli_E
21 Escherichia 004211955
5 001660175

Walk
Phylogroup

Escherichia coli

Escherichia CIV
Escherichia coli

Shigella flexneri
Escherichia coli
Escherichia coli

Escherichia CV

Escherichia coli
Escherichia coli
Escherichia coli

Escherichia CI
Escherichia CI
Escherichia fergusonii
Escherichia fergusonii

ia Cll

16 Escherichia 005843885
16 Escherichia 005843885
15 Escherichia ruysiae
6 Escherichia ruysiae
6 Escherichia ruysiae
6 Escherichia ruysiae
19 Escherichia marmotae
19 Escherichia marmotae
1 Escherichia alberti

Escherichia CIV

Escherichia CIlI
Escherichia Clll
Escherichia CV
Escherichia CV
Escherichia albertii

Abram ANI %
Phylogroup | .95 >95 97

B2-1
B2-1
B2-1
B2-1
B2-1

B2-2
B2-2

B2-2
B2-2

B2-2
B2-2
D2

D1

E. colisio

E.colizio
E.colisio
E.coligio
E.colisio
E.coliso
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.coligio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colizio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
E.colisio
NO
E.colisio
E.colisio
NO
NO
NO
NO
NO
2Msp.
2Msp,
2" sp.
2" sp,
NO
NO
NO
NO
NO
NO
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Fic. 2. Maximum-likelihood phylogenetic tree of selected Escherichia genomes. Genomes were selected to represent the extent of diversity pre-
sent in the genus and have <99.8% ANI to their nearest relative. For each genome, strain accession number and designation in the NCBI database
is followed, from left to right, by PopCOGenT species-group, GTDB v207 classification, Walk et al. phylogroup (Clades I-V) and Abram et al.
phylogroups wherever possible, ANI to E. coli ATCC 11775, and membership status in E. colig;o. (Note that GCA_002109985_1, E. marmotae
E1118, is labeled as E. coli in the PATRIC database). PopCOGenT species-groups are distinguished by number, and ANI % denotes extent of se-
quence identity to the reference genome (marked with asterisk): the first 24 genomes in the tree present an ANI > 97%; the following 30 an ANI
between 95 and 97%, and the last 16 an ANI <95%. All branches have bootstrap support values >90% except for the strains GCA_000007445.1,
GCA_000488315.1, GCA_000459455.1 and GCA_002911335.1, which are <60%. Seven of the 12 NCBI-classified E. coli strains that were excluded
from E. coligic are NCBI pathogen detection assemblies (i.e., surveillance genomes) and were not classified by the GTDB classification: those
genomes lacking taxonomic assignation in GTDB were classified to the same species as their closest relative having an ANI >95%.

a unique PopCOGent species-group, except 1) E. ruy-
siae, whose members were distributed into two

PopCOGent species-groups (
members were distributed

6, 15), 2) E. coli, whose
into four PopCOGent

species-groups (0, 1, 2, 4), and 3) E. coli_E, whose

members were distributed

into two PopCOGent

species-groups (8, 17) (fig. 2; supplementary table
S1, Supplementary Material online).
(iif) Other enteric species. Whereas PopCOGenT sepa-

rated the NCBI-designated strains of E. coli into 10
species-groups, all Shigella genomes considered by
PopCOGenT, except Sh. dysenteriae (accession
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GCA_002950055.1), were classified as members of
species-group 0. Most strains that were assigned
to Escherichia species other than E. coli (or whose
species status went unassigned) were deemed sep-
arate species by PopCOGenT, although many parti-
tioned in species-groups that also contained
members of E. coli. Though not included in figure 2,
PopCOGenT distinguished Salmonella enterica,
Salmonella  bongori,  Enterobacter  cloacae,
Enterobacter carcerogenus, and Proteus mirabilis as
distinct species.

FastANI

This metric is based on sequence-identity thresholds (typ-
ically 95%) to delineate strains that constitute a species
(Jain et al. 2018).

(i) Applying ANI to assess species status of clades de-
fined by Walk et al. (2009) and Abram et al. (2021).
Genomes from S. flexneri and the E. coli taxonomic
group specified as Clade | by Walk, and one genome
each from Clades IV and V, are all classified as mem-
bers of the same species based on 95% ANI to the ref-
erence genome, E. coli ATCC 11775. Applying this
95% ANI threshold, the studied phylogroups distin-
guished by Abram et al. are also included in this spe-
cies (supplementary table S1, Supplementary
Material online). All genomes in this ANI species
were originally designated as E. coli or S. flexneri in
NCBI, except in the case of one genome classified
as Escherichia sp. All remaining members of Clades
IV and V, and all other members of the other clades
defined by Walk et al,, are sufficiently distant from E.
coli ATCC 11775 and are not considered members of
the species at this ANI threshold.

(i) Applying ANI to assess the status of E. coli species de-
fined by GTDB. Because the GTDB circumscribes spe-
cies based on sequence-identity thresholds, the
majority of the genomes assigned to E. coli have an
ANI>95% to the E. coli ATCC 11775 reference
genome; however, there are a few exceptions due
to the normalization applied by this database
(supplementary table S1, Supplementary Material
online).

(iif) Other enteric species. applying a sequence-identity
threshold of 95% to E. coli ATCC 11775, all tested
genomes of the four Shigella spp. are members of
E. coli. None of the genomes classified to other
Escherichia species (E. albertii and E. fergusonii) or
to any of the other enteric genera (Proteus,
Citrobacter, Cronobacter, Salmonella, Enterobacter,
and Klebsiella) is a member of E. coli at this
sequence-identity threshold.

Applying the many-to-many option in ANI returned re-
sults that were virtually identical to those recovered with
the one-to-many comparisons to the single reference gen-
ome. For example, all other enteric species yielded ANI va-
lues <95% to members of both E. coli and Shigella. With

regard to the biological species (E. coligio) defined
ConSpeciFix, most genomes displayed ANI values <95%
using the many-to-many option; however, the minimum
ANI of 93.90% occurred between two strains having 97%
and 98% ANI with the reference genome.

Maximum-Likelihood (ML) Phylogeny

To examine the evolutionary relationships among strains,
we constructed a phylogeny on the dereplicated set of
70 genomes having <99.8% ANI to one another.

(i) Applying an ML phylogeny to assess species status of
clades defined by Walk et al. (2009) and Abram et al.
(2021). Our results broadly confirm the phylogroups
distinguished by Walk et al. (2009), which is not sur-
prising given that their phylogroups represent phylo-
genetically resolved clades. All E. coli and Shigella
genomes that they defined were monophyletic,
and Clades |, II, ll, IV, and V each formed monophy-
letic groups, with the exception of one strain from
each of Clade IV and Clade V, which grouped with
E. coli and Shigella. In our tree, the clade containing
E. coli and Shigella is most closely related to Walk
Clade |, which is a sister group to E. fergusonii, and
Walk Clades Ill, 1V, and V together form a separate
clade. In addition, each of the phylogroups resolved
Abram et al. (2021) is monophyletic (fig. 2).

(ii) Applying an ML phylogeny to assess the status of E.
coli species defined by GTDB. The clades defined in
the ML phylogeny are consistent with the species
distinguished by GTDB, and each is monophyletic.
The only exceptions are the two strains classified as
E. fergusonii, which reside on a very long branch,
have low ANI (<95%) to the E. coli reference strain,
and are not members of E. coligo based on
ConSpecifix (fig. 2; supplementary table ST,
Supplementary Material online). The high bootstrap
support of this branch suggests an ancient separ-
ation followed by limited recombination with diver-
gent members of E. coli, as exemplified by the
inclusion of E. fergusonii genomes in PopCoGenet
species-group 4.

(iif) Other enteric species. Based on the ML phylogeny,
the only members of other Escherichia species
that occur in the monophyletic group that contains
E. coli and Shigella are the two aforementioned
strains of E. fergusonii.

Discussion

Bacterial strains were originally typed as E. coli based on
their growth characteristics and possession of specific
metabolic properties, and, more recently, based on their
sequence similarity to one another or to a canonical strain.
In addition, there are sufficiently high levels of recombin-
ation among strains, despite their asexual mode of repro-
duction, to warrant the classification of strains to this
species based on the BSC. Using homologous exchange
as the sole criterion for species assignment, we found
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that the vast majority of strains currently designated as E.
coli, or as any of the species of Shigella, are all members of a
single biological species, which we term E coligo.
Species-level definitions for the genus Escherichia have al-
ready been described by Walk (2015) and by Denamur
et al. (2021), who have recently proposed a dichotomy be-
tween E. coli sensu stricto and E. coli sensu lato. However,
such a classification scheme is inadequate because it does
not have a biological basis and it can be universally applied
(and, moreover, the new species, E. coli sensu lato, does not
include Shigella, which belongs to the same species based
on all genetic-based methods).

The species boundaries of E. coligio, which are based
solely on homologous recombination within the set of
core genes shared by all strains, largely agree with the clas-
sifications proposed by other schemes. For example, all
methodologies, except PopCOGenT, consider the E. coli
phylogroups of Abram et al. (2021) as comprising a single
species, whereas PopCOGenT separates them into multiple
species. That PopCOGenT, which also uses gene flow to de-
lineate species, distinguishes more species than
ConSpeciFix is due to the fact that PopCOGenT considers
entire genomes when assigning species membership and
can include horizontally transferred regions that are con-
fined to subsets (or even pairs) of strains. Given that events
of horizontal gene transfer occur over broad phylogenetic
distances (and even between organisms classified to differ-
ent domains or kingdoms), we chose exclude regions that
are sporadically distributed among genomes and to con-
fine analyses to core genes present in all genomes
considered.

Strains typed to Shigella have been viewed as distinct
from E. coli because they exhibited certain defining charac-
teristics, including the absence of motility (due to a dele-
tion in the fliF operon or insertion in the flhD operon)
(Al Mamun et al. 1997) and an inability to ferment lactose
(due to the lack of one or more lac fermentation or per-
mease genes) (Luria and Burrous 1957; Khot and Fisher
2013). Moreover, the four species of Shigella are conven-
tionally distinguished from one another by their O sero-
types (Wheeler and Stuart 1946; Lan and Reeves 2002)
because many of the other diagnostic properties, such as
the utilization of mannitol and decarboxylation of orni-
thine, can be shared among species. However, the traits
used to discriminate species of Shigella, and Shigella from
E. coli, are often observed in enteroinvasive E. coli, which
blurs the distinction between these species and genera.

In actuality, E. coli and Shigella were initially assigned to
the same genus due to their similarities but to different
species to distinguish pathogenic and nonpathogenic
forms (Bacillus dysenteriae and B. coli, respectively)
(Shiga 1898). But as chronicled in figure 3, due to their
medical significance, pathogenic strains were elevated to
a separate genus in the following decades despite their re-
semblance to enteroinvasive E. coli (Ewing et al. 1952). The
close genetic relationship between E. coli and Shigella was
initially recognized in the 1950s based on their ability to
reciprocally recombine (Luria and Burrous 1957), but
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because Shigella recombined with E. coli at lower frequen-
cies than observed among strains of E. coli, each taxon
maintained its status as a separate genus. However, subse-
quent analyses of genetic and genomic characters by DNA
hybridization (Brenner et al. 1969, 1972), multilocus en-
zyme electrophoresis (Ochman et al. 1983), and chromo-
somal and plasmid gene phylogenies (Pupo et al. 2000;
Lan and Reeves 2002) all indicated that strains typed as
Shigella fall within the variation observed in E. coli.

The fact that Shigella remains classified as a distinct
genus, despite its genetic and phenotypic overlap with E.
coli, is further complicated by the fact that other named
species within the genus Escherichia (e.g, E. albertii or E. fer-
gusonii) do not recombine with E. coli, and can be differen-
tiated based on such metabolic characters as 1) the lack of
acid production from p-xylose, melibiose, .-rhamnose, and
dulcitol for E. albertii (Hinenoya et al. 2019) and (2) an in-
capacity to ferment sorbitol and lactose, coupled with the
ability to ferment adonitol, amygdalin, and cellobiose for E.
fergusonii (Farmer et al. 1985). Taken together, this creates
a situation in which the genus Escherichia contains mul-
tiple distinguishable species, whereas the four named spe-
cies of Shigella should be subsumed within E. coli.

To mitigate confusion that might stem from abolishing
the genus Shigella, Brenner et al. (1973) proposed the use
of two separate nomenclatures—one for diagnostic pur-
poses and one for genetic purposes—though it is difficult
to see how this serves as an improvement. Lan and Reeves
(2002) regarded the species of Shigella as serotypes within
E. coli and removed the generic name, referring to them
simply as Boydii, Sonnei, Flexneri, and Dystenteriae.
Meier-Kolthoff et al. (2014) proposed including the four
Shigella species as subspecies of E. coli, with nomenclature
following guidelines of the Bacteriological Code (Lapage
et al. 1992): In this system, for example, Shigella dysenteriae
would be renamed as E. coli subsp. dysenteriae, and current
members of E. coli as E. coli subsp. coli. Along similar lines,
Parks et al. (2020) suggested including the four species of
Shigella within the genus Escherichia, creating E. sonnei,
E. boydii, E flexneri, and E. dysenteriae. However, based on
DNA similarity threshold that they routinely use to define
species, these newly named Escherichia species should re-
main within E. coli (Parks et al. 2021).

To circumvent issues surrounding the elimination or
amendment of species names, we propose that conspeci-
fics defined by the BSC be classified under the heading
of a single biological species, as denoted by a subscripted
suffix “BIO” adjoined to the latin biome. This procedure
would place strains of E. coli and Shigella under the um-
brella of a single biological species, in this case, E. colig o,
but would retain their full names to maintain clinically
and historically relevant information. As such, S. dysenter-
iae would be labeled Ecoligo S. dysenteriae, and current
members of E. coli as E. colig,o followed by their strain des-
ignation. This resolution mimics the nomenclature devel-
oped for serovars of S. enterica and does not impose a
taxonomic revision but is nevertheless useful in indicating
which strains are members of the same biological species.
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1949 Shigella nomenclature developed
1950 and formally accepted
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Fic. 3. Chronological changes in the S. dysenteriae and E. coli nomenclature. References used to produce this figure are listed in Supplementary

Material online.

The retention of strain appellations in the proposed
scheme maintains consistency with the traditional nomen-
clature and avoids conflict with clinical identification and
applications.

Despite the ability of E. coli and other bacteria to acquire
genes from distant sources, recombination between
shared homologs occurs primarily among sequences with
high levels of similarity (Shen and Huang 1986;
Rayssiguier et al. 1989; Roberts and Cohan 1993; Matic
et al. 1995; Zawadzki et al. 1995; Majewski and Cohan
1999). This feature enables a natural classification of bac-
teria into species based on their propensity for homolo-
gous exchange, a biological criterion that can be applied
to all lifeforms. To assure the universality of species defin-
ition, it is, therefore, necessary to confine analyses of re-
combination to the core set of genes shared among
genomes. Those sequences with rare or sporadic distribu-
tions, as might originate from infrequent or independent
events of horizontal gene transfer between taxa, occur in
eukaryotes as well as bacteria (Akanni et al. 2015; Husnik
and McCutcheon 2018; Wu et al. 2022), and can involve

very distant taxa. Thus, such genes are best excluded
from consideration when delineating species boundaries
Species, when defined by their capacity for gene flow,
constitutes the only taxonomic rank based on a biological
process rather than an arbitrary or subjective criterion
(Bapteste and Boucher 2009; Lawrence and Retchless
2009). The recent availability of genome sequence data
now allows the application of the same parameters for de-
lineating species boundaries to asexual lifeforms (bacteria,
archaea, viruses), all of which were previously considered
as not amenable to classification based on the BSC
(Donoghue 1985; Rossello-Mora and Amann 2007;
Costechareyre et al. 2009). This uniformity in defining spe-
cies has implications beyond taxonomic classification in
that the formation of equivalently defined species allows
comparisons of evolutionary processes across all lifeforms
(Staley 2009) and more accurate inferences about the rates
and patterns of speciation in different groups of organisms.
The ANI divergence between strains in E. coligo can be
as much as 6.1%. This relatively high level of divergence be-
tween members of the same species is evident at other
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taxonomic ranks: for example, between E. colig,o and other
species of Escherichia (E. albertii, E. fergusonii, and Clades I,
11, 1V, and V), sequence divergence ranges from 8% to 12%,
and between Escherichia and its sister genus, Salmonella,
the divergence among shared genes averages 15%. This de-
gree of variation within and among species sharply con-
trasts the situation in, say, humans, in which the
sequence divergence between homologs from two indivi-
duals is a mere 0.1% (Lek et al. 2016), and there is only a
0.5% difference to our sister species Homo neanderthalen-
sis (Noonan et al. 2006) and 1.2% difference to our sister
genus Pan (Carroll 2003).

The genetic approach to bacterial identification and
classification, which began in the 1960s (Marmur et al.
1963), is more instructive than metabolic typing, which re-
lies on a subjective set of diagnostic features (which them-
selves can originate by different means within and across
species, and are often not discrete) (Priest et al. 1993).
Moreover, a genetic delineation of biological species di-
vulges the actual extent of phenotypic variation that is
present in a species. For example, E. coli is traditionally dis-
tinguished from S. enterica as being Lac-positive and
Citrate-negative; however, many members of E. coli, in-
cluding most Shigella and many pathogenic strains, are lac-
tose nonfermenters, and citrate-positive strains of E. coli
have been reported (Ishiguro et al. 1978) and evolved
(Blount et al. 2012). All of the classification methods
that we evaluated indicate that the majority of E. coli
and Shigella represent a single species; however, our ana-
lyses, based on the propensity for homologous exchange,
provide the genetic basis for this conclusion.

Reports that strains within some phylogenetic clades of
E. coli recombine at higher frequencies within one another
than with members of other clades—as might be expected
if homologous exchange relied wholly on the degree of se-
quence similarity—has been interpreted as evidence of in-
cipient speciation (Didelot et al. 2012; Kang et al. 2021).
However, applying the principles of the BSC, we estab-
lished the genetic boundaries of E. coli, termed E. coligo,
which was found to include all members of the genus
Shigella, exclude only 12 genomes currently classified as
E. coli in the NCBI database, and to be distinct from the
other named species within the genus. Aside from its util-
ity in classification and systematics, applying a universal
species concept and identifying populations that readily
engage in gene flow is valuable for studying novelty and di-
versity within species, and the mechanisms by which bac-
terial species form.

Materials and Methods

Genomes Analyzed

We downloaded a total of 1,635 genome sequences classi-
fied as E. coli by the NCBI database (www.ncbi.nlm.nih.gov/),
which included representatives of the species within E. coli
recognized by the GTDB v207 (April 8, 2022; gtdb.ecogen-
omic.org/) (Parks et al. 2018) and the E. coli phylogroups
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of Abram et al. (2021). To maximize core-genome size,
we restricted our analyses to all complete, ungapped gen-
omes available at the time of analysis. Additionally, we re-
trieved complete genome sequences for Escherichia
species other than E. coli (E. albertii, n=1; E. fergusonii,
n =2; and 53 Escherichia strains not assigned to species),
the five Escherichia phylogroups (CI-CV) described by
Walk et al. (2009) (n=12), the four named species of
Shigella (S. flexneri, n=28; S. boydii, n=29; S. dysenteriae,
n =5; S. sonnei, n = 34), one unassigned strain of Shigella,
S. enterica (n=106), S. bongori (n=5), E. cloacae (n=3),
Klebsiella pneumoniae (n=3), P. mirabilis (n=2), and
one strain each of Citrobacter koseri, Citrobacter rodentium,
Cronobacter sakazakii, Cronobacter turicensis, Enterobacter
cancerogenus, Enterobacter lignolyticus, Enterobacter sp.,
and Klebsiella variicola. Accession numbers, strain, and spe-
cies assignments and nomenclature in the NCBl and GTDB
databases (and Walk et al. and Abram et al. phylogroups,
where applicable), and taxonomic classification based on
the schemes implemented in this study, are presented in
supplementary table S1, Supplementary Material online.

Initial assignment of genomes to a named species fol-
lowed the nomenclature designated in the NCBI database.
Currently, the NCBI database uses an ANI metric to assign
genomes to species, with species-level assignments repre-
senting strains having >95% ANI for at least 90% of the
shared portions of their genomes (Ciufo et al. 2018).
Assignments to bacterial genera do not rely on fixed ANI
cutoffs, and accommodations are made for certain genera,
such as Shigella, which is known to be polyphyletic and
contained within E. coli. The GTDB also defines species
based on >95% ANI to a representative strain, except in
cases in which representatives from different species, as
obtained from cross-referencing the LPSN, BacDive,
Straininfo, and NCBI databases, are very closely related
and a higher threshold must be applied.

Classification Methods and Detecting Gene Flow
Among Strains

Complete genomes were partitioned into sets according to
their nomenclature, phylogenetic groupings, or degree of
DNA similarity. For each selected set, we evaluated the ex-
tent of recombination among genomes and the consist-
ency among the taxonomic assignments based on
different methods and criteria. We applied and compared
the following methodologies for species-level classification:

(i) Average Nucleotide Identity (ANI). We calculated
AN, a whole-genome metric for evaluating the de-
gree of DNA sequence identity, using FastANI (Jain
et al. 2018). When assigning strains to E. coli by this
approach, we applied the “one-to-many” option
and used the type strain E. coli ATCC 11775
(https://Ipsn.dsmz.de/species/escherichia-coli),
which was fully sequenced in 2019 (Wadley et al.
2019), as the species representative to which all other
genomes were compared. As such, all genomes with
an ANI>95% to ATCC 11775 would be designated
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members of E coli We also applied the
“many-to-many” option in FastANI employing the
same DNA identity threshold.

(ii) ConSpeciFix. To identify species boundaries accord-
ing to the precepts of the BSC, we used the
ConSpeciFix v1.3.0 pipeline (Bobay et al. 2018), which
recognizes genomes as belonging to the same species
based on their capacity for gene flow. In ConSpeciFix,
gene flow is estimated by assessing the extent of
homologous recombination among genes in the
core genome. The core genome is built with single-
copy orthologs that occur in at least 85% of all strains
considered, with single-copy orthologs aligned in
MAFFT v7 (Katoh and Standley 2013) and merged
into a single concatenate. Based on the core-genome
phylogeny, ConSpeciFix calculates the number of
homoplastic alleles (h, recombinant sites, i.e,, those
not related by vertical ancestry) relative to the num-
ber of nonhomoplastic alleles (m, vertically transmit-
ted mutations), using a distance-based approach,
with higher h/m ratios indicative of more recombin-
ation (Bobay et al. 2018).

To calculate h/m ratios, which estimates the limits of re-
combination among genomes, a representative of a differ-
ent species or phylogenetic clade (the “test lineage”) is
included in a set of genomes previously determined by
ConSpeciFix to recombine with one another (the “refer-
ence lineages”). Disruptions or reductions in h/m values
caused by the inclusion of the test lineage indicate that
the test lineage does not recombine with the reference
lineages and, thus, belongs to a different species based
on the BSC. Analyses were extended to include different
combinations of reference genomes and test lineages in or-
der to define species boundaries.

To define the set of E. coli genomes that constitute the
reference lineages, we initially examined the 1,635 com-
plete genomes available in the NCBI database. Because it
was computationally infeasible to run the entire set of gen-
omes through the ConSpeciFix pipeline as a single group, we
randomly subdivided those strains designated as E. coli into
subgroups of 150 genomes and analyzed each subgroup
separately. These analyses identified 12 genomes that
were reproductively isolated from the rest of the E. coli gen-
omes and, therefore, removed from the set of
NCBI-designated E. coli strains that were randomly sampled
to produce new sets of reference lineages for assessing re-
combination with test lineages. Within the ConSpeciFix
pipeline, we also tested the extent of gene flow between
E. coli and representative genomes of other species of
Escherichia, the four species of the genus Shigella, and sev-
eral non-Escherichia species of Enterobacteriaceae
(supplementary table S1, Supplementary Material online).

(iif) PopCOGenT. Another approach for defining bacter-
ial species based on gene exchange, PopCOGenT
(Arevalo et al. 2019), uses the presence of anomal-
ously similar regions to infer events of gene transfer

between genomes. Unlike ConSpeciFix, which de-
duces the source and ancestry of each polymorphic
site, PopCOGenT is based on the premise that SNPs
occur more frequently in vertically inherited genes
than in recently transferred regions, and that gen-
omes engaging in gene exchange will have longer
and more frequent stretches of identical regions.
In both ConSpeciFix and PopCOGenT, genomes con-
nected through gene exchange are considered
members of the same species, but the methods dif-
fer in criteria for identifying recombination, and
possibly, species boundaries.

We applied PopCOGenT to a total of 128 genomes, in-
cluding many that were originally assigned to E. coli but
whose species status has been questioned or changed. In
addition to strains consistently classified as E. coli, this
set included strains labeled as E. ruysiae and E. marmotae
by the GTDB, the 12 E. coli genomes from the NCBI data-
base recognized by ConSpeciFix as being reproductively iso-
lated from the rest of the species, representatives of the
CI-CV phylogroups (Walk et al. 2009) as well as represen-
tatives of other species (E. albertii, E. fergusonii, Shigella sp.
PAMC 28760, Shigella sonnei, S. flexneri, S. dysenteriae,
Shigella boydii, S. enterica, and S. bongori) and the phy-
logroups of Abram et al. (2021) (supplementary table S1,
Supplementary Material online).

To compare the species assignments and nomenclature
of Escherichia and Shigella strains across different classifica-
tion schemes, we first dereplicated the dataset, retaining
only a single representative strain for cases in which mul-
tiple genomes averaged >99.8% nucleotide identity. This
dereplication yielded a reduced, but otherwise identical,
phylogeny that was used for ConSpeciFix. The maximum-
likelihood phylogeny of the 70 genomes remaining after
dereplication was generated with RaxML (Stamatakis,
2014) using the analysis tool PhaME (Shakya et al. 2020).
To generate this phylogeny, PhaME uses nucmer2
(Delcher et al., 2002) to first aligns each genome against it-
self in order to identify and eliminate the repeated regions
within a genome, and then aligns the repeat-free genomes
against the selected reference genome. The RaxML phyl-
ogeny of the aligned genomes with associated bootstrap
branch-support values was built using the evolutionary
model GTR and the rate heterogeneity model GAMMA
with an estimation of invariable sites (GTRGAMMAL).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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