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ABSTRACT Francisella tularensis is a highly virulent zoonotic pathogen that causes
tularemia and, because of weaponization efforts in past world wars, is considered a
tier 1 biothreat agent. Detection and surveillance of F. tularensis may be confounded
by the presence of uncharacterized, closely related organisms. Through DNA-based
diagnostics and environmental surveys, novel clinical and environmental Francisella
isolates have been obtained in recent years. Here we present 7 new Francisella ge-
nomes and a comparison of their characteristics to each other and to 24 publicly
available genomes as well as a comparative analysis of 16S rRNA and sdhA genes
from over 90 Francisella strains. Delineation of new species in bacteria is challenging,
especially when isolates having very close genomic characteristics exhibit different
physiological features—for example, when some are virulent pathogens in humans
and animals while others are nonpathogenic or are opportunistic pathogens. Species
resolution within Francisella varies with analyses of single genes, multiple gene or
protein sets, or whole-genome comparisons of nucleic acid and amino acid se-
quences. Analyses focusing on single genes (16S rRNA, sdhA), multiple gene sets (vir-
ulence genes, lipopolysaccharide [LPS] biosynthesis genes, pathogenicity island), and
whole-genome comparisons (nucleotide and protein) gave congruent results, but
with different levels of discrimination confidence. We designate four new species
within the genus; Francisella opportunistica sp. nov. (MA06-7296), Francisella salina
sp. nov. (TX07-7308), Francisella uliginis sp. nov. (TX07-7310), and Francisella frigidi-
turris sp. nov. (CA97-1460). This study provides a robust comparative framework to
discern species and virulence features of newly detected Francisella bacteria.

IMPORTANCE DNA-based detection and sequencing methods have identified thou-
sands of new bacteria in the human body and the environment. In most cases, there
are no cultured isolates that correspond to these sequences. While DNA-based ap-
proaches are highly sensitive, accurately assigning species is difficult without known
near relatives for comparison. This ambiguity poses challenges for clinical cases, dis-
ease epidemics, and environmental surveillance, for which response times must be
short. Many new Francisella isolates have been identified globally. However, their
species designations and potential for causing human disease remain ambiguous.
Through detailed genome comparisons, we identified features that differentiate F.
tularensis from clinical and environmental Francisella isolates and provide a knowl-
edge base for future comparison of Francisella organisms identified in clinical sam-
ples or environmental surveys.
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holarctica, Francisella philomiragia, Francisella opportunistica (MA06-7296), Francisella
salina (TX07-7308), Francisella uliginis (TX07-7310), Francisella frigiditurris (CA97-1460),
Allofrancisella, whole-genome comparisons, nucleic acid sequence identity, amino
acid identity, new Francisella species

he species concept for bacteria remains tenuous despite much recent work to

delineate consistent and stringent molecular criteria for species identification (1, 2).
For decades, a bacterial species was considered to be a collection of isolates having
70% or greater DNA-DNA reassociation values and at least one diagnostic phenotypic
trait (3). In recent years, the relative merits of whole-genome- and core genome-based
criteria (1, 2, 4-6) have been discussed alongside ecological and adaptive assignments
(7-9) and the more traditional criteria. Currently, whole bacterial genomes are readily
sequenced, either from isolated cultures or directly from the environment, and the
numbers of genome sequences representing historical bacterial taxa are increasing
tremendously. The Francisella genus exemplifies this situation, since members of this
genus are associated with various clinical and environmental sources and include
highly virulent human and animal pathogens, opportunistic human pathogens, fish
pathogens, tick endosymbionts, and seemingly free-living organisms inhabiting brack-
ish water. Taxonomic relationships in the Francisella genus have remained ambiguous,
confounding specific detection of pathogenic species in a background of innocuous
environmental species (28), thereby making it difficult to discriminate intentional
outbreaks from natural incidences (11).

Francisella tularensis is a highly virulent risk 3 (biosafety level 3 [BSL-3]) pathogen
that causes the disease tularemia. This pathogen was weaponized during past world
wars and is considered a tier 1 priority pathogen. Within F. tularensis, three subspecies
designations (tularensis, holarctica, mediasiatica) are generally accepted based upon
epidemiology, biochemical and genome characteristics, geographic distribution, and
virulence (reviewed in references 12, 13, and 14). F. tularensis subsp. tularensis (also
called type A) is found in North America and is the most virulent subspecies. F.
tularensis subsp. holarctica (also called type B) is found in Europe, Japan, and North
America and is less virulent. F. tularensis subsp. mediasiatica is found primarily in Central
Asia. While F. tularensis subsp. mediasiatica causes a type B-like illness in rabbits,
documented human cases are lacking from the published literature. In support of these
designations are multiple high-quality genomic sequences (15-23) that have enabled
detailed comparative studies among the F. tularensis subspecies. Indeed, the numerous
F. tularensis genome sequences have provided a valuable public resource in lieu of
sharing cultured isolates, which is often restricted due to the classification of F.
tularensis as a risk 3, tier 1 pathogen, which requires biosafety level 3 containment.

Over the past 10 years, the known diversity within the Francisella genus has
expanded significantly, from two major species groups, F. tularensis and F. philomiragia
(24-26), to four species groups, adding F. novicida and F. noatunensis, and additional
potential species and representatives that do not cluster closely with the named
species (26-37). The expansion of diversity in the Francisella genus is derived from four
sources; environmental samples, human clinical samples, fishes, and ticks. First, through
environmental sequencing surveys, novel 165 rRNA and succinate dehydrogenase
flavoprotein subunit gene (sdhA) sequences have been identified and grouped into five
clades that potentially represent new species or genera (26, 28). Environmental isolates
representative of three of these clades were successfully cultured (38), and high-quality,
finished genomes were obtained (32, 33). Additional environmental species have been
isolated from cooling system water in China (Allofrancisella guangzhouensis, originally
described as Francisella guangzhouensis) (30, 39, 40), California (Francisella sp. strain
CA97-1460), and Germany (Francisella sp. strain W12-1067) (41). Human clinical isolates
have been cultured from skin lesions of otherwise healthy individuals (31, 42) or from
compromised patients with variant symptoms, including near-drowning (43), respira-
tory (44), and cerebrospinal and blood (27) infections. These clinical isolates do not
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“type” into the known species groups, although some of them have been designated
F. novicida-like (42, 44). One isolate (LA11-2445 [31]) appears to be most closely related
to F. halioticida, a pathogen from abalone (35). Third, multiple Francisella isolates, some
identified as F. noatunensis, have been obtained from farmed and wild marine fish
(reviewed in references 34, 45, and 46). Finally, Wolbachia persica endosymbionts and
other Francisella-related organisms have been detected in ticks (47-54). The distribu-
tion of these isolates is global, suggesting a worldwide distribution of Francisella
organisms that inhabit fish, tick, and a variety of other environmental sources.

Designations surrounding the species F. novicida have changed since the species
was first described in 1955 (29, 55-58). F. novicida has been proposed as a fourth
subspecies of F. tularensis, but genomic, virulence, transmission, and ecological char-
acteristics justify why F. novicida should be considered a species separate from F.
tularensis (13, 57). Many novel isolates residing outside the F. tularensis, F. novicida, F.
philomiragia, and F. noatunensis species remain uncharacterized or incompletely char-
acterized, with undesignated isolates described as strain code numbers or as Francisella
cf. species (closest to). Recent attempts to conduct comparative genomic studies
among members of the Francisella genus either have been conducted on only a few
representatives (32, 33, 59), have focused on subspecies within F. tularensis (60, 61), or
have been conducted on incomplete, lower-quality draft genomes (62, 63), where
interpretation of relationships may be confounded by missing genetic features in the
incomplete genomes.

DNA- or protein-based detection methods must be able to distinguish pathogenic
F. tularensis from other Francisella species that reside in the environment or in other
animal hosts. This is challenging because of the variety of Francisella species discussed
above and also because their genomes are small (about 2 Mbp) (Table 1) and very
highly conserved. To address this gap, genomic comparisons were performed in this
study and included clinical and environmental Francisella isolates outside the F. tular-
ensis clade (Table 1). We conducted whole-genome comparisons on 31 genomes, 7 of
which were newly sequenced for this study. We then compared the results of the
whole-genome approaches to the ability of the historical single or multigene ap-
proaches to achieve species delineation in the genus. Based on these genomic com-
parisons, we now identify multiple new species and provide a comparative framework
for delineation of species in the Francisella genus.

RESULTS

Species discrimination using single genes and a set of 36 conserved house-
keeping proteins. Table 1 lists the Francisella isolates included in this study and their
sources, original published descriptions, and genome characteristics. To benchmark our
whole-genome comparisons with the prior literature, we constructed 16S rRNA and
sdhA gene phylogenies from 94 and 92 Francisella isolates, respectively (Fig. 1A; see also
the full 16S rRNA gene tree in Fig. S1 in the supplemental material; the full sdhA tree
is shown in Fig. S2 in the supplemental material). The F. tularensis isolates generally
clustered together in the 16S rRNA gene phylogeny, but sequence conservation was
high and bootstrap values were low. Although widely used, the 16S rRNA gene is not
a strong species discriminator in this genus; major clades may be defined, but the
placement of specific isolates is variable. The sdhA gene was a more robust discrimi-
nator between the F. tularensis clade and the other potential species groups (Fig. 1A;
the full tree of 92 representatives is shown in Fig. S2). The F. tularensis and F. novicida
isolates separated from the others (98% bootstrap support), but the support for
differentiation of F. tularensis isolates from F. novicida was only 38% (Fig. S2). The
support values for the minor branches in this group varied (Fig. S2). In the sdhA
phylogeny, four isolates (MA06-7296, TX07-7308, TX07-7310, and CA97-1460) (Table 1)
were well separated from both the F. tularensis and F. novicida isolates (Fig. 1A; Fig. S2).

The AMPHORA approach for species comparisons uses 31 protein markers (64). A
phylogeny was constructed following this approach; five additional Francisella-specific
protein markers were included, and all the markers are listed in Table S1 in the
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TABLE 1 Origin and features of Francisella isolate genomes

Coding sequences
Size (bp) (chromosome; (chromosome;

Genome Species Origin plasmid[s]) plasmid[s]) NCBI accession number(s) Reference(s)
Schu S4 F. tularensis subsp. tularensis  Human 1,892,819 1,604 NC_006570 21
type Ala
WY96-3418 F. tularensis subsp. tularensis  Human 1,898,476 1,634 NC_009257; 17
type A2a NZ_CP010103;
NZ_CP010447
NE061598 F. tularensis subsp. tularensis ~ Human 1,892,681 1,836 NC_017453 96
type Ala
DPG 3A-IS@ F. novicida (F. tularensis) Environmental: warm spring 1,898,140 1,771 NZ_CP012037 76, 97
LVS F. tularensis subsp. holarctica Vaccine strain 1,895,994 1,754 NC_007880 19
type B1
0osu18 F. tularensis subsp. holarctica Beaver 1,895,727 1,555 NC_008369 22, 98
type B
FSC147 F. tularensis subsp. Gerbil 1,893,886 1,406 NC_010677 20
mediasiatica
Toba04 F. noatunensis subsp. Tilapia 1,847,202 1,595 NC_017909 84
orientalis
FSC774b F. noatunensis subsp. Cod 1,704,705 1,875 PRINA73457 99
noatunensis
U112 F. novicida Water near dead muskrats 1,910,031 1,719 NC_008601 61
Fx1a F. novicida Clinical: blood 1,913,619 1,818 NC_017450 32, 44
PA10-78587  F. novicida Clinical: blood 1,978,958; 41,013 1,921; 57 CP016635; NC_023026 43,59
AZ06-74709  F. novicida Clinical: lymph node 1,890,780; 34,471 1,777; 51 CP009682; CP009683 100, 101
AL97-2214¢ F. novicida Human 1,916,455 1,802 CP009653 100
D98767 F. novicida Clinical: lymph node 1,870,206 1,753 NZ_CP009607 25, 86
F61682 F. novicida Clinical: blood 1,923,262; 3,978 1,792; 6 NZ_CP009353; 25, 86
NZ_CP009352
TX07-66089 F. novicida Environmental: seawater 1,985,304; 2,621; 3,546; 1,980; 1; 3; 91; 102 JRXS00000000 38
82,910; 82,739
FSC454b F. hispaniensis Clinical: blood 1,885,078 1,823 PRINA73391 29
3523a F. novicida-like Clinical: foot wound 1,945,310 1,854 NC_017449 32,42
(F. hispaniensis)
ATCC 250179  F. philomiragia Environmental: water 2,045,775 1911; 4 NC_010336; NC_010331 86, 102
ATCC 250159  F. philomiragia Muskrat 2,017,400 1,815 NZ_CP010019 25, 44, 86
GAO01-27949  F. philomiragia Human 2,148,038; 4,016 1,994; 5 NZ_CP009440; 85, 86
NZ_CP009441
GA01-2801¢  F. philomiragia Human 2,022,507; 2,402; 8,805 1,944; 2; 8 NZ_CP009444; 85, 86

NZ_CP009445;
NZ_CP009446

TX07-73087 New species (F. salina) Environmental: seawater 2,035,931 1,976 NC_015696 33,38
TX07-73109 New species (F. uliginis) Environmental: seawater 2,237,329 2,010 CP016796 38
CA97-14607 New species (F. frigiditurris) Cooling tower: USA 1,855,434; 6,175 1,806; 7 CP009654; CP009655 NAd
MAO06-72969  New species Clinical: CSF,c blood 1,824,527; 3,403 1,747; 5 CP016929; CP016930 27
(F.opportunistica)
FSC845¢L W. persica (F. persica) Tick 1,547,984 1,711 PRINA73171 37,103, 104
FSC1006 F. endociliophora Environmental: seawater 2,015,987 1,606 NZ_CP009574 105
08HL01032 A. guangzhouensis Cooling tower water: China  1,658,482; 3,045 1,480; 3 NZ_CP010427; 30, 39, 40
NZ_CP010428
W12-1067 New, unnamed species Cooling tower water: 1,702,336 1,476 NZ_AWHF00000000 41
Germany

aGenomes sequenced at Los Alamos National Laboratory.

bDraft genomes: FSC454 (85 contigs), FSC774 (194 contigs), FSC845 (70 contigs).
°CSF, cerebrospinal fluid.

9NA, not applicable.

supplemental material. The overall relationships among the different Francisella isolates
were similar to those shown for the sdhA tree, but the bootstrap support for each major
branch was much higher (100%) (Fig. 1B; see the full tree in Fig. S3 in the supplemental
material). F. tularensis, F. philomiragia, and F. noatunensis could readily be discriminated
from other potential species by using the sdhA gene or 36 marker protein phylogenies.
The rest of the clinical and environmental isolates either clustered with named species
or represented an individual branch and were not always consistently placed with high
confidence by these methods. To further define species groups, to more accurately
place the novel isolates, and to identify candidate genome regions for specific detec-
tion, we conducted whole-genome comparisons using protein and DNA sequence-
based assessments.

Whole-genome comparisons consistently discriminate multiple species and
identify new Francisella species. Two whole-genome comparison approaches were
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FIG 1 (A) Phylogenetic tree based on the sdhA gene from 92 Francisella isolates. With the exception of the F.
tularensis subsp. mediasiatica clade, the branches representing the F. tularensis clades showed low bootstrap
support values (much less than 50%) at the tips, so we collapsed some of the branches with low support (generally
less than 10%) for easier viewing of the overall relationships. P. putida, Pseudomonas putida. (B) Phylogenetic tree
based on a set of 36 protein markers (Table S1; Wu and Eisen [64]). Because the focus of this paper is on the F.
novicida-like genomes and the potentially new species, we did not include all the F. tularensis isolates in this tree,
just one representative from each subspecies. The red and green squares denote major branches of the trees. The
minor branches with low bootstrap support values (generally under 10, indicating identical or nearly identical
sequences) were collapsed to make this figure easier to view. The full trees showing all of the branches are
presented in Fig. S2 and S3 in the supplemental material.

100

used to discriminate F. tularensis from other Francisella species and to distinguish new
Francisella species. The first was a bidirectional best BLASTP hits analysis to compare
the protein translations (coding sequences [CDS]) from each genome to each of the
other genomes in a pairwise fashion (see Table S2 in the supplemental material and Fig.
2 for the genomes listed in Table 1). This analysis is based on computing the average
amino acid identity (AAl) between pairs of genomes (65). The original presentation of
this approach used a more inclusive cutoff for species clustering, 30% amino acid
homology across 70% of the translated gene. For the present AAl analysis, we used a
different threshold (BLASTP E value = 107°) to try to better resolve differences among
the various Francisella members.

The genomes from three of the recognized species (F. tularensis, F. novicida [includ-
ing F. novicida-like isolates], and F. philomiragia) generally had the highest AAI values
of all the members of the same group (F. tularensis, 72 to 96%; F. novicida, 70 to 97%;
F. philomiragia, 80 to 91%; see boxes in Table S2). There was some overlap in coding
region conservation among the F. tularensis and F. novicida groups, with some mem-
bers having high AAI values with members of both groups. The four genomes labeled
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FIG 2 Relationships among calculated ANI and AAI percent between each pair of Francisella isolates
listed in Table 1 (n = 31). (A) Relationships among all of the isolates; (B) calculated values for each isolate
compared to the F. tularensis subsp. tularensis Schu4 genome.

with new species names in Table S2 (CA97-1460, MA06-7296, TX07-7308, and TX07-
7310) generally had less than 91% AAI compared to all other genomes and also did not
group closely with the F. tularensis and F. novicida strains in the phylogenetic trees (Fig.
1; see also Fig. S1 to S3 in the supplemental material).

Determining the average nucleotide identity (ANI) is a well-documented method for
comparing genomes and assessing species membership through analysis of entire
genome nucleotide sequences rather than translated coding sequences (1, 2, 4, 66). In
our opinion, because the ANI analysis did not include a functional qualifier (i.e.,
translated sequence), it was generally less discriminating than the AAI comparison that
we performed. All of the F. tularensis, F. novicida, and F. novicida-like genomes had ANI
values greater than 97% (see Table S3 in the supplemental material). It was previously
reported that an ANI percentage of 95% corresponds to a DNA-DNA hybridization
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(DDH) threshold of 69% (66), which would define all these isolates as intraspecific.
However, their vastly different phenotypes and differences at the amino acid level
warrant keeping them separated (13; this study). The other genomes having ANI values
indicating species identity were in the F. philomiragia and F. noatunensis groups. These
genomes had ANI values above 93% compared to each other, but their ANI values
were well under 90% compared to the rest of the genomes in Table S3. The F.
novicida-like 3523 and F. hispaniensis FSC454 genomes were only 90 to 91% similar
to either of the F. tularensis and F. novicida groups, but they were 98% similar to
each other. The Francisella or Allofrancisella species lying outside the major F.
tularensis, F. novicida, F. philomiragia, and F. noatunensis groups (Allofrancisella
guangzhouensis, F. endociliophora FSC1006, Francisella sp. W12-1067), W. persica
FSC845, and four proposed new species (TX07-7308, TX07-7310, CA97-1460, and
MAO06-7296), all had ANI values below 90% compared to the rest of the genomes,
supporting their designation as separate species.

Correspondence between the AAl and ANI values was high when the values were
compared (Fig. 2A). However, Francisella isolates with a similar percent ANI (x axis)
exhibited a wide range of percent AAl values (y axis) (Fig. 2A). Although the calculated
ANI values fell into particular numerical units, the corresponding AAIl values for a
particular ANI value spanned 20 to 30% variation, suggesting a wide range of amino
acid translations that could affect protein composition and function (Fig. 2A).

A comparison of ANI versus AAl among the 31 complete genomes, compared only
to the virulent, tularemia-causing strain, F. tularensis subsp. tularensis Schu4, is shown
in Fig. 2B. This result indicates strong support for the new species designations of the
Francisella spp. MA06-7296, TX07-7308, TX07-7310, and CA97-1460. Other F. tularensis
isolates formed a cluster most closely related to F. tularensis subsp. tularensis Schu4; the
F. novicida isolates formed a separate cluster. The rest of the isolates formed distinct
groups with ANI values from 90 to 80% (Fig. 2B).

Francisella pathogenicity and virulence features. The ability of virulent Francisella
isolates to survive inside host cells and cause disease depends on a set of 16 to 19
genes in the Francisella pathogenicity island (FPI) (67, 68). The highly virulent F.
tularensis strains contain two copies of the FPI, while the less virulent F. novicida strains
have a single copy (Table 2) (69). All of the genomes, except those of A. guangzhouensis
08HL01032 and Francisella sp. W12-1067, had at least one copy of the FPI. The
W12-1067 genome did not have a complete FPI region, but an FPI-like island was
previously identified in the genome (41). As shown in Table 2 and Fig. S4 in the
supplemental material, there were four major patterns of FPI gene content and
organization in the Francisella genomes. Pattern 1 was characteristic of F. tularensis
subsp. tularensis, F. tularensis subsp. mediasiatica, some of the F. novicida and F.
novicida-like isolates, F. hispaniensis, and possibly W. persica FSC845. Although the
FSC845 genome was lacking a pdpD gene, it did have pmcA, which makes the FPI most
similar to patterns 1 and 2. Since this is a draft genome, it is possible that the pdpD gene
is in a gap between contigs. Although comparisons of the FPI gene neighborhoods
support the pattern 1 designation for the FPIs from F. tularensis and F. novicida-like
genomes, there is a 50-amino-acid insert in the pdpD gene in F. novicida and F.
tularensis subsp. mediasiatica that is not present in F. tularensis subsp. tularensis or F.
tularensis subsp. holarctica (68). The pdpC and pdpE genes in MA06-7296 did not align
completely with the Schu S4 query sequences and seemed to be frameshifted (pseu-
dogenes). In keeping with pattern 3, these results suggest that they may not be
functional.

Pattern 2 was previously identified in the F. tularensis subsp. holarctica strains LVS
and OSU18 (68, 69). In addition to the LVS and OSU18 genomes, we looked at the FPI
genes in the F. tularensis subsp. holarctica FSC200 and FTFN002-00 genomes (data not
shown), which also had FPI pattern 2. FPI patterns 3 and 4 were similar except for a
truncated iglG gene and a small open reading frame (ORF) on the reverse strand below
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TABLE 2 Comparisons of specific gene sets among Francisella genomes

F. novicida restriction-modification

Functional genes (loci) system
SpeADE, FTT0794 to FTT1453c, Locus 2, Locus3, Locus4, Locus6,

Genome FPI copies:pattern OppABCDF AguAB FTT0796 FTT1188 54c, 58c type | type | type Il type |l
SchuS4 2:1 + + + + + — inc inc —
DPG 3A-IS 2:1 aF aF aF IF aF - inc inc -
WY96-3418 2:1 + + + + + - inc inc -
NEO61598 2:1 aF 4F 4F 4F aF - inc inc -
FSC147 2:1 inc aF aF aF aF = inc inc -
Fth LVS 2:2 inc F F F F — inc inc -
Fth OSU18 2:2 inc 4F 4F 4F 4F - inc inc -
U112 1:1 1F — — — — AF “F aF aF
AZ06-7470 1:1 aln — — — aF — A i —
AL97-2214 1:3 1F aF — = — F — — —
D9876 1:1 1F 4F — — — — — — -
F6168 1:3 4 i - + - + — — —
Fx1 1:1 1F — — - - — aF — —
3523 1:1 aF ar — — - ar ar - -
FSC454¢ 1:1 1F — — — — — inc — -
PA10-7858 1:1 F — — — — 4 inc 4 -
TX07-6608 1:3 — AF — A - — Ir — —
ATCC 25017 13 + - - - - - inc inc -
ATCC 25015 13 1F - — — - — 4F — —
GA01-2794 1:3 aln - — — - inc inc — -
GA01-2801 1:3 4F — — — — — — aF inc
TX07-7308 1:4 - — — — — — — — -
TX07-7310 1:3 - - — - - - - — —
FSC774¢< 1:3 inc - — - - - - - —
Toba04 1:4 inc - - - - - - — —
FSC8450 1:1-2 - — — — — — — — —
MAO06-7296 1:3 — - — — - A Ir — —

CA97-1460 1:3 - - — — — _ _ _ _
08HL01032 None - - — - — - — _ _
FSC1006 1:3 — - — — — + + _ _
W12-1067 inc — — — — — _ _ _ _

aAbbreviations and symbols: FPI, Francisella pathogenicity island (patterns are illustrated in Fig. S4 in the supplemental material); OppABCDF, oligopeptide ABC
transporter locus; SpeADE, spermidine biosynthesis; AQuAB, putrescine biosynthesis; +, presence of the locus in each strain (shaded); —, absence of the locus in each
strain; inc, missing 1 or more genes but not all (includes genes that are frameshifted, likely pseudogenes).

bDraft genome, pdpD missing.

Draft genome, missing genes may be in an unsequenced gap.

iglG in pattern 4. Also, the genes in the regions flanking the FPI were different in some
genomes.

We queried representative complete genomes for features that may be associated
with tularemia virulence or other defining functions to determine if these might
discriminate among Francisella species (Table 2). These functions include the oligopep-
tide transport and spermidine/putrescine biosynthesis (32, 33), seven unique lipopoly-
saccharides (LPSs) that have been previously identified in F. tularensis but not in other
Francisella species (13, 63), and four restriction-modification (R-M) systems found in F.
novicida (13, 70).

Several patterns were apparent in this comparison. The previously described seven
unique LPS genes were present in all the F. tularensis genomes but only sporadically
present among the F. novicida genomes. Only the F. tularensis genomes contained all
three genes previously mentioned (13, 71, 72) to be involved in the formation of a cell
surface capsule-like structure; these genes were FTT0794 (phosphocholine metabo-
lism), FTT0795 (formylmethyltransferase), and FTT0796 (phosphocholine metabolism)
(13, 73). The F. novicida U112 genome had only the OppABCDF locus and the four R-M
systems identified previously (70). None of the F. novicida and F. novicida-like genomes
had the same pattern as U112, although as a group they generally had similar patterns
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of gene content compared to each other. F. philomiragia genomes, the other outlying
Francisella species, and the novel species were notable in their absence of the F.
tularensis- or F. novicida-specific gene sets, although their absence was not complete.
Exceptions included the presence of a complete F. novicida type | R-M system in F.
philomiragia 25015, a complete F. novicida type lll R-M system in F. philomiragia
GA01-2801, and two complete type | R-M systems in MA06-7296 and F. endociliophora
FSC1006 (Table 2).

DISCUSSION

The discovery of novel Francisella organisms from clinical samples, fish, and natural
and man-made environments (e.g., cooling systems) has greatly expanded the docu-
mented diversity within the genus. This has resulted in a collection of related organisms
for which accurate species designations are lacking and has confounded the ability to
specifically detect and identify F. tularensis in clinical and environmental samples.
Although these isolates have highly conserved genomes, they vary in their pathoge-
nicity and host range. To overcome the safety and security challenges that may
preclude sharing of Francisella isolates, 7 Francisella isolates were sequenced to high
quality at Los Alamos National Laboratory and in-depth genomic comparisons were
conducted with other publicly available high-quality sequences of genomes in this
genus. We found that, consistent with prior studies, the 165 rRNA gene was not an
adequate species discriminator in this genus but that other single genes (sdhA and the
genes listed in Table 2) could discriminate the known F. tularensis isolates from F.
novicida and other Francisella species. A multisequence 36-protein-marker approach
provided similar species relationships with higher confidence in the assignments.
Whole-genome comparisons at the expressed-gene (AAl) and nucleotide (ANI) levels
provided robust information to designate at least six, and likely more than six, species
groups within this genus. Lastly, we demonstrate the utility of using genome sequences
for the designation of new Francisella species as well as for providing a resource for
comparative analyses in lieu of isolate sharing.

Bacterial species have historically been defined as organisms with at least 70%
DNA-DNA hybridization to a “type species” organism, plus a common defining pheno-
type. In the Francisella genus, for which biochemical phenotypes that define genomic
clades are difficult to find and organisms having very close genome characteristics may
have very different environmental niches and pathogenesis, it is most robust to use
genomic characteristics as an initial criterion upon which to define species groups. In
agreement with previous reports (74, 75), we found that the highly pathogenic F.
tularensis isolates grouped together in the single or multigene phylogenetic analyses
(Fig. 1) but could not always be discriminated from members of the F. novicida group.
The pairwise AAl and ANI comparisons (Fig. 2) clearly showed that F. tularensis genomes
were most closely related to each other and could be separated from the F. novicida
genomes. The ANI analysis revealed a significant degree of similarity between the F.
tularensis and F. novicida groups (greater than 97%), which satisfies the 95% threshold
for species inclusion (4, 66). However, the ANI and AAI correlations illustrated in Fig. 2
show that, at similar ANI values, the members of these species were separated by their
protein-coding features, as the corresponding AAI values for a particular ANI value
spanned 20 to 30% variation. Based on the whole-genome comparisons, particularly
AAl, and the significant differences (e.g., FPI pattern, FTT0794-96 genes) in the gene set
comparisons of the F. tularensis and F. novicida genomes (Table 2), we are in agreement
with previous reports (13, 57) that these are distinct species.

An advantage of whole-genome comparisons is the removal of ambiguities from
NCBI. One example of this is the F. novicida DPG 3A-IS “warm spring” isolate, which was
described as an F. novicida isolate in the literature (76). All of the comparisons
presented here show that, as of November 2016, the DPG 3A-IS genome sequence
accessed at NCBI and used for comparison in this study originated from an F. tularensis
isolate. The original DPG 3A-IS isolate was characterized as F. novicida by multiple
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methods (97). Independent DNA purification and genome sequencing will be impor-
tant in order to verify whether the original DPG 3A-IS can be confirmed as F. novicida.

In this study, ambiguity was also removed for two genomes from clinical and
environmental isolates previously designated “F. novicida-like” based on their 16S rRNA
gene sequence and various phenotypic methods. Based on single-gene comparisons,
as well as the AAl and ANI data sets (Fig. 1; Tables S2 and S3), these genomes (Fx1 and
TX07-6608) indeed clustered together with F. novicida genomes and generally shared
a higher percentage of CDS, and we propose that they should be classified as F.
novicida. Of the F. novicida and F. novicida-like isolates included in our comparisons,
two were isolated from seawater (PA10-7858 and TX07-6608). Both genomes clustered
with the other F. novicida genomes in the single-gene and multigene phylogenies and
in the AAI comparison. Both isolates have large plasmids. However, unlike the other F.
novicida genomes, TX07-6608 was missing the OppABCDF operon and had FPI pattern
3 (Table 2). Results from the two protein-based comparison approaches (36 protein
markers and AAl whole-genome comparison) showed that one of the isolates originally
thought to be F. novicida-like (3523) was not closely related to F. novicida (Fig. 1B and
2B). In all the genome comparisons presented here, F. novicida-like 3523 was found to
share most traits with F. hispaniensis FSC454. These two isolates shared the highest AAI
percentage with each other (89%, 90.5%) and had a bidirectional ANI value of 97.97%,
which was the highest that either of these genomes had in any comparison (Fig. 2B;
Tables S2 and S3). They also shared the same pattern and gene content in their single
FPI. Sjodin et al. (63) suggested that both of these isolates should be designated
members of the species F. hispaniensis based on whole-genome comparisons. Previous
studies reported phenotypic differences between F. hispaniensis FSC454 and strain
3523 and concluded that these two strains were different (77). Indeed, these two
isolates gave different patterns in the gene set comparisons (Table 2). This situation
illustrates a continuing challenge for taxonomic binning of bacterial species in Franci-
sella: the lack of a sufficiently large number of isolates and sequenced genomes to
make robust designations.

The F. philomiragia strains included in our analysis came from a variety of sources.
The F. philomiragia 25017 isolate was obtained from salt water collected from the Bear
River Refuge in Utah, while strain 25015 came from a muskrat at the same location (78);
F. philomiragia GA01-2794 and GA01-2801 were isolated from humans (79). F. philomi-
ragia can cause opportunistic infections in humans with chronic granulomatous disease
and in near-drowning patients (25, 80). Despite their various sources or origins, the F.
philomiragia representatives grouped together in all the phylogenetic trees in the same
major branch with the F. noatunensis clades. However, the F. noatunensis species do
have several genetic, phenotypic, and physiological characteristics that discriminate
them from F. philomiragia (45). The two subspecies of F. noatunensis, subsp. noatunensis
(81) and subsp. orientalis (82, 83), were separated in all the trees, reflecting their fish
host specificity. The pairwise AAl and ANI values of the F. philomiragia and F. noatunen-
sis genomes showed the highest similarities to the other members of these groups, and
their FPI regions and patterns of other gene sets were very similar. These results
support the currently accepted species relationships among the F. philomiragia isolates
and their similarity to F. noatunensis (84).

Our genome comparisons clearly demonstrate that four of the novel clinical and
environmental isolates are new species, in addition to the W12-1067 isolate that was
previously described as a new species (41). In all the phylogenies, the TX07-7308,
TX07-7310, CA97-1460, and MA06-7296 genomes each clustered outside the major F.
tularensis, F. novicida, F. philomiragia, and F. noatunensis groups. The AAl and ANI (Fig.
2B; Tables S2 and S3) values for these genomes were low compared to those of the
other groups. Another similarity among these genomes was the FPI region, which was
present in all the genomes as one copy in pattern 3 or 4. The presence/absence
patterns of the gene sets in Table 2 was the same in TX07-7308, TX07-7310, F.
noatunensis FSC774, Toba04, W. persica FSC845, the CA97-1460 isolate, and W12-1067.
The MA06-7296 and FSC1006 genomes shared the same general features, which set
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them apart from F. tularensis and the F. novicida groups. Collectively, this evidence
supports the designation of each of these isolates as a separate species. We formally
name them below. Using the genomic framework presented here, the rigor with which
these species boundaries are being defined may change as additional isolates are
discovered from clinical and environmental sources.

In summary, our results support the following conclusions about Francisella species
designations. (i) U112, Fx1, PA10-7858, TX07-6608, AZ06-7470, AL97-2214, D9876, and
F6168 are members of the F. novicida species group. We propose that the F. novicida-
like isolates in this group be termed F. novicida instead of F. novicida-like. (i) The
MAO06-7296 isolate (and the similar isolate PA05-1188) (27), the two isolates cultured
from Galveston, TX, seawater (TX07-7308, TX06-7310), and the water cooling tower
isolate, CA97-1460, are distinct enough from all other known Francisella species to be
designated as separate species. (iii) The 3523 isolate and F. hispaniensis FSC454 are
clearly members of the same phylogenetic group. Although the two isolates are not
identical, the 3523 isolate is more closely related to F. hispaniensis FSC454 than it is to
F. novicida, and we propose that they both be given the same species name.

The lack of clarity and consistency in phylogenetic analyses of Francisella species is
due to the incredible ecological diversity of the Francisella genus. In an effort to
overcome this significant barrier, we used comparative genomics methods to identify
characteristic features in Francisella genomes and further distinguish related clades and
species groups. Whole-genome comparisons significantly complemented the phyloge-
netic analyses and enabled us to compile a list of genomic features that discriminate F.
tularensis from the other species and further refine the relationships among non-F.
tularensis isolates. These features included seven previously mentioned genes encoding
outer surface components of F. tularensis (13, 63), genes involved in oligopeptide
transport, polyamine biosynthesis, restriction-modification systems (70), and character-
istics of the FPI. In the future, the more sequenced representatives that we can obtain
from all branches of the phylogeny, the better enabled we will be to accurately classify
Francisella species using the framework provided here.

Bacteria in the Francisella genus are pathogens of animals and fish, and some appear
to be free-living in the environment. Sharing Francisella isolates can be difficult; some
members of the genus require special containment and classification. For example, F.
tularensis is classified as a risk 3, tier 1 pathogen, requiring biosafety level 3 contain-
ment. In lieu of sharing cultured isolates, increased effort on high-throughput sequenc-
ing of F. tularensis and other Francisella bacteria is providing a valuable public resource
for comparative genomics and trait identification. The specific genomic features that
govern pathogenicity and virulence in different hosts remain uncertain. By sequencing
and comparing whole genomes of Francisella isolates from different sources, we are
beginning to tease apart the relationships among the different species and also to
define new species. The four new Francisella species described below have not yet been
deposited in public culture collections, but we are working toward that end. The
annotated whole genomes of these four new species are now publicly available (see
Materials and Methods).

Description of Francisella opportunistica sp. nov. F. opportunistica (op.por.tu.
nis'ti.ca N.L. fem. adj. opportunistica, opportunistic, referring to the pathogen'’s ability to
opportunistically infect immunocompromised or immune-suppressed humans). The
type strain, PA05-1188, was isolated in 2005 from a patient with hemophagocytic
syndrome and juvenile rheumatoid arthritis; the MA06-7296 strain was isolated from a
patient with end-stage renal disease (27). Sequences of portions of the 16S rRNA and
sdhA genes are identical for the two isolates (27). Cells are Gram-negative coccobacilli.
Phenotypic characterization is as indicated in Table 3. F. opportunistica MA06-7296
showed an ANI of <87% compared to whole genomes of F. tularensis, F. novicida, F.
philomiragia, and F. noatunensis (Fig. 2B; see Tables S2 and S3 in the supplemental
material).
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TABLE 3 Phenotypic characteristics of new Francisella spp.2

Result of biochemical reactivity assay

for: Growth characteristics (48 h) in:
Agglutination using
6.5% SBA CHAB anti-F. tularensis Antimicrobial
New species Indole Urease Oxidase Catalase NaCl 25°C 35°C 25°C 35°C  serum® susceptibility<
F. opportunistica  — W/— + - - NG NG + ++ - Susceptible to
MAO06-7296 all
F. salina - — - + +W + ++ + ++ - Susceptible to
TX07-7308 all
F. uliginis - - - + + NG NG + ++ - Susceptible to
TX07-7310 all
F. frigiditurris - - - + +W NG NG + ++ - ND

CA97-1460¢

aAbbreviations and symbols: ND, not determined; W, weak reaction; NG, no growth; —, negative; +, positive; ++, strong positive; SBA, sheep blood agar; CHAB,
cysteine heart agar with 9% chocolatized sheep blood.

bPolyclonal rabbit serum to whole-killed (formalin-fixed) F. tularensis.

Testing performed using Etest strips as described previously (27). Antimicrobials tested were ciprofloxacin, doxycycline, streptomycin, gentamicin, erythromycin, and
tetracycline.

dResults for MA06-7296 were compiled from reference 27.

Description of Francisella salina sp. nov. F. salina (sa.li'na, L. fem. adj. saling, salty,
referring to the original isolation of the type strain, TX07-7308, from brackish seawater
and seaweed off the Gulf coast of Galveston, TX, USA, in 2007) (38). Cells are Gram-
negative coccobacilli. Phenotypic characterization is as indicated in Table 3. By whole-
genome ANI comparisons, F. salina TX07-7308 shows an ANI of <90% to F. tularensis,
F. novicida, F. philomiragia, and F. noatunensis and is most closely related to F.
philomiragia (Fig. 2B; Tables S2 and S3).

Description of Francisella uliginis sp. nov. F. uliginis (u.li'gi.nis. L. n. uligo -inis,
brackish, marshy quality of the Earth; L. gen. n. uliginis, of moisture). The type strain,
TX07-7310, was isolated from brackish seawater and seaweed off the Gulf coast of
Galveston, TX, USA, in 2007 (38). A modified CHAB medium (CHAB-PACCV), containing
polymyxin B, amphotericin B, cefepime, cycloheximide, and vancomycin, was used for
isolation. Cells are Gram-negative coccobacilli. Phenotypic characterization is as indi-
cated in Table 3. By whole-genome comparisons, F. uliginis TX07-7310 shows an ANI of
<81% to F. tularensis, F. novicida, F. philomiragia, and F. noatunensis (Fig. 2B; Tables S2
and S3).

Description of Francisella frigiditurris sp. nov. F. frigiditurris (fri.gi.di.tur'ris. L. adj.
frigidus cold; L. fem. n. turris tower: N.L. gen. n. frigiditurris, of a cooling tower), referring
to the original isolation of this organism from a cooling tower in California, USA. The
type strain is F. fridigiturris CA97-1460. Cells are Gram-negative coccobacilli. Phenotypic
characterization is as indicated in Table 3. By whole-genome ANI comparisons, F.
fridigiturris CA97-1460 shows an ANI of <80% to F. tularensis, F. novicida, F. philomiragia,
and F. noatunensis (Fig. 2B; Tables S2 and S3).

MATERIALS AND METHODS

All the Francisella isolates were cultured and maintained, and DNA was extracted by the U.S. Centers
for Disease Control and Prevention (CDC), in BSL-3 containment (38, 85). Genomic library construction,
sequencing, and finishing of Francisella genomes were performed at Los Alamos National Laboratory as
described previously (32, 76, 86). Genomes sequenced at Los Alamos were of finished quality (less than
one error for every megabase of sequence). Genomes were annotated by the Rapid Annotation using
Subsystems Technology (RAST) system (87), by NCBI (TX07-7310), or using an Ergatis-based workflow as
described previously (86). All other genome sequences were obtained from GenBank.

16S rRNA and sdhA nucleotide sequences were obtained from public databases, primarily GenBank,
or from our sequenced genomes, and for the genomes not yet sequenced, the 16S rRNA and sdhA
sequences were obtained as follows. Samples were amplified with the Fr153F0.1 and Fr.1281.R0.1
primers, targeting the 16S rRNA. Each 25-ul reaction mixture consisted of 1X Taq LD buffer, 0.2 mM
deoxynucleoside triphosphate (dNTP), 0.1 uM each primer, 1.25 U of AmpliTaq LD (Thermo Fisher
Scientific), 5 ug bovine serum albumin (Roche), and 1 ul of 1 ng/ul DNA. The same protocol was used
for the sdhA genes, using the SdhF/SdhR primers. See reference 26 for cycling conditions. Sanger
paired-end reads were assembled using CLC Bio Genomics Workbench. All 16S rRNA nucleotide se-
quences were aligned using ClustalX (88) and trimmed to the same length. The same process was used
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for sdhA nucleotide sequences. The total number of sequences was 94 for the 16S rRNA gene and 92 for
the sdhA gene.

Using MEGA 6.06 (89), the sdhA nucleotide sequences were aligned by MUSCLE (90) (within MEGA)
using default parameters. Maximum likelihood is well suited to the analysis of distantly related se-
quences, which is the case here. Maximum likelihood trees were constructed in MEGA using 500
bootstrap replicates (91), the Tamura-Nei substitution model with nucleotide substitutions and assuming
uniform substitution rates among all sites. The maximum likelihood heuristic method was nearest-
neighbor interchange, the initial tree was neighbor joining, and the branch swap filter was set to “very
weak” to perform more exhaustive optimization and explore a larger search space (to take into account
the larger phylogenetic distances between some of the isolates). All codons were included in the analysis.
The same process was followed to construct both the 16S rRNA gene and the sdhA trees. Both 16S rRNA
gene and sdhA trees were annotated in MEGA, collapsing branches with low/zero support.

Phylogenetic analysis of 36 protein markers (obtained from AMPHORA [64], plus additional Francisella
protein markers), listed in Table S1 in the supplemental material, was performed as follows. For each
genome, the protein translations for each gene listed in Table 1 were aligned using ClustalX (88) and
trimmed to the same length, and the protein translations of all 36 genes from each genome were
concatenated together in the same order. The concatenated sequences were aligned using MUSCLE (90)
(within MEGA) using default parameters. Maximum likelihood trees were constructed in MEGA using 500
bootstrap replicates (91) and the Jones-Taylor-Thornton (JTT) substitution model with amino acid
substitutions and assuming uniform substitution rates among all sites. The maximum likelihood heuristic
method was nearest-neighbor interchange, the initial tree was neighbor-joining, and the branch swap
filter was set to “very weak” to perform more exhaustive optimization and explore a larger search space
(to take into account the larger phylogenetic distances between some of the isolates).

Protein coding sequences (CDS) from the sequenced genomes in Table 1 were compared using a
bidirectional best BLAST hits (Basic Local Alignment Search Tool [92]) analysis as described previously
(93). We used an E value cutoff of 10~5. Briefly, the protein translations from each genome were
compared to those of each other genome, and only the homologous sequences that were bidirectional
best hits in each pairwise comparison were considered to be common to both genomes. While this
approach is analogous to the AAI method described in reference 65, the percentages that we obtained
were lower than the corresponding AAl values obtained using a threshold of 30% identity and 70% query
alignment in the AAI calculator (http://enve-omics.ce.gatech.edu/aai/index). By comparison, the AAI
values that we obtained from the AAI calculator were very similar to the ANI values from the ANI
calculator (http://enve-omics.ce.gatech.edu/ani/), which uses the method described in reference 66 (data
not shown). Because some of the available Francisella genomes were of draft quality (63), only repre-
sentative genomes from this set, containing the fewest contigs and hopefully close to a full set of CDS,
were included in our analyses. These genomes included FSC454, which had 85 contigs, FSC774 with 194
contigs, and FSC845 with 70 contigs.

Metabolic pathways were identified and compared among the genomes using BLAST analysis and
the Pathway Tools (94). Comparison of Francisella pathogenicity islands (FPIs) was performed using the
IMG system (95) to compare gene neighborhoods in the publicly available genomes and BLAST (92)
analysis to identify and compare FPI genes in newly sequenced genomes. Culture phenotypes of the four
new species were conducted using methods described in reference 27.

Accession number(s). The annotated whole genomes of the four new species sequenced in this
study are now publicly available through NCBI (GenBank), and their accession numbers are listed in
Table 1.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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