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ABSTRACT Distinct Burkholderia strains were isolated from soil samples collected in
tropical northern Australia (Northern Territory and the Torres Strait Islands, Queensland).
Phylogenetic analysis of 16S rRNA and whole genome sequences revealed these strains
were distinct from previously described Burkholderia species and assigned them to two
novel clades within the B. pseudomallei complex (Bpc). Because average nucleotide iden-
tity and digital DNA-DNA hybridization calculations are consistent with these clades rep-
resenting distinct species, we propose the names Burkholderia mayonis sp. nov. and
Burkholderia savannae sp. nov. Strains assigned to B. mayonis sp. nov. include type strain
BDU6' (=TSD-80; LMG 29941; ASM152374v2) and BDUS. Strains assigned to B. savannae
sp. nov. include type strain MSMB266" (=TSD-82; LMG 29940; ASM152444v2), MSMB852,
BDU18, and BDU19. Comparative genomics revealed unique coding regions for both pu-
tative species, including clusters of orthologous genes associated with phage. Type
strains of both B. mayonis sp. nov. and B. savannae sp. nov. yielded biochemical profiles
distinct from each other and from other species in the Bpc, and profiles also varied
among strains within B. mayonis sp. nov. and B. savannae sp. nov. Matrix-assisted laser
desorption ionization time-of-flight (MLST) analysis revealed a B. savannae sp. nov. clus-
ter separate from other species, whereas B. mayonis sp. nov. strains did not form a dis-
tinct cluster. Neither B. mayonis sp. nov. nor B. savannae sp. nov. caused mortality in
mice when delivered via the subcutaneous route. The addition of B. mayonis sp. nov.
and B. savannae sp. nov. results in a total of eight species currently within the Bpc.

IMPORTANCE Burkholderia species can be important sources of novel natural prod-
ucts, and new species are of interest to diverse scientific disciplines. Although many
Burkholderia species are saprophytic, Burkholderia pseudomallei is the causative agent
of the disease melioidosis. Understanding the genomics and virulence of the closest
relatives to B. pseudomallei, i.e., the other species within the B. pseudomallei complex
(Bpc), is important for identifying robust diagnostic targets specific to B. pseudomallei
and for understanding the evolution of virulence in B. pseudomallei. Two proposed
novel species, B. mayonis sp. nov. and B. savannae sp. nov., were isolated from soil
samples collected from multiple locations in northern Australia. The two proposed
species belong to the Bpc but are phylogenetically distinct from all other members
of this complex. The addition of B. mayonis sp. nov. and B. savannae sp. nov. results
in a total of eight species within this significant complex of bacteria that are avail-
able for future studies.
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he genus Burkholderia was recently divided into Burkholderia sensu stricto,

Paraburkholderia, Caballeronia, Robbsia, and Pararobbsia. Together, these taxo-
nomic groups comprise over 100 described species (https://www.bacterio.net/) that
can have pathogenic, mutualistic, and/or commensal relationships with plants, ani-
mals, and/or humans (1-3). This division resulted in Burkholderia sensu stricto contain-
ing most of the opportunistic pathogens which belonged to one of two species
groups: the Burkholderia pseudomallei complex (Bpc) and the Burkholderia cepacia
complex (Bcc). New species are regularly described in Burkholderia sensu stricto (4-9)
and the majority of species within it are naturally found in the environment, primarily
in soil and water (10).

Members of the Bpc exhibit diverse niche adaptation. B. pseudomallei has adapted
to opportunistic pathogenicity, B. mallei to obligate pathogenicity, and B. thailandensis
(11), B. oklahomensis (12), B. humptydooensis (5), and B. singularis (6) to environmental
saprophytism with (except for B. humptydooensis) occasional pathogenicity. B. pseudo-
mallei is the causative agent of the serious human disease melioidosis and is com-
monly isolated from soil and water in endemic areas (13). B. mallei is a clone within B.
pseudomallei that has undergone host-adapted reductive niche specialization toward
obligate pathogenicity in the form of the disease glanders (14). Given these niche dif-
ferences, the ongoing study of the Bpc can provide insights into the evolutionary
mechanisms driving bacterial virulence and niche adaptation. Moreover, the classifica-
tion of pathogenic members of the Bpc (B. pseudomallei and B. mallei) as U.S. Tier 1
Select Agents due to their potential to be aerosolized and used as biowarfare agents
(13, 15), and the suggestion that global melioidosis cases may be severely underesti-
mated (16), means that closely related species are of great interest, due to their poten-
tial for cross-reactivity in diagnostic/detection technologies used across defense,
health, and environmental applications. In addition, novel Burkholderia species are of
significant interest to multiple scientific fields because previously described members
of this genus, including members of the Bpc, have been shown to be important sour-
ces of new natural products (17, 18).

In this study, we propose the addition of two additional members to the Bpc: B. mayo-
nis sp. nov. and B. savannae sp. nov. We used a polyphasic approach, including bioinfor-
matic and biochemical analyses, to confirm that they are distinct species and to investigate
their unique coding region sequences, as well as those they share with other members of
the Bpc, to better understand diversification and evolution within this group.

RESULTS AND DISCUSSION

Bacterial growth and characteristics. Growth of both type strains, BDU6T (B.
mayonis sp. nov.) and MSMB266" (B. savannae sp. nov.), was observed on all media
types tested in plate format (Ashdown’s, Columbia Blood, MacConkey, and Luria-
Bertani) after 24 h when incubated at 25°C and 37°C, with optimal growth for both
strains observed at 37°C on all media types after at least 48 h of incubation. Incubation
at 25°C for at least 48 h resulted in optimal growth only on Columbia blood agar, and
on all other media types after at least 72 h of incubation. Limited to no growth was
observed at 42°C for all strains on the four media types. Colony morphology varied
depending on media type (Fig. S2 and S3). Unless otherwise noted, Luria-Bertani agar
was the medium used during various analyses, and strains were stored long-term in
cryovials containing Luria-Bertani broth with 20% glycerol at —80°C.

Biochemical differentiation of the type strain of B. mayonis sp. nov. (BDU6") from its
closest genetic near neighbor, B. oklahomentsis (Fig. 1), was observed in the inability of
B. mayonis sp. nov. to hydrolyze esculin and assimilate arabinose. Biochemical differen-
tiation of the type strain of B. savannae sp. nov. (MSMB266") from B. oklahomensis was
observed in the inability of B. savannae sp. nov. to hydrolyze esculin and assimilate
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FIG 1 Core genome phylogeny of 66 strains (Table S3) in the B. pseudomallei complex, including two B. mayonis sp. nov. strains and four B. savannae sp.
nov. strains. This maximume-likelihood phylogeny was created using core genome SNPs shared by all strains and rooted on B. ubonensis strain MSMB22 as
an outgroup. Bold numbers at nodes indicate bootstrap support values and non-bolded numbers indicate the number of core SNPs defining that node.
Collapsed nodes are shown in gray. The type strains are reflected with a T superscript in the strain name.

both arabinose and maltose. Type strains of all three of these species were positive for
arginine, adipate, caprate, citrate, gelatin, gluconate, glucose, malate, mannitol, man-
nose, nitrate, N-acetylglucosamine, and phenylacetate. All three type strains were neg-
ative for glucose (acidification), tryptophan, urea, and 4-nitrophenyl-3-p-galactopyra-
noside (PNPG) (Table 1).

Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) of the two B. mayonis sp. nov. and four B. savannae sp. nov. strains revealed that they
cluster with other members of the Bpc and with B. ubonensis. Within the MALDI-TOF MS
cluster which contained the Bpc species and B. ubonensis, the four Burkholderia savannae sp.
nov. strains formed a cluster separate from other species, whereas Burkholderia mayonis sp.
nov. strains did not form a distinct cluster (Fig. S4).

Antimicrobial susceptibility screening. All six B. mayonis sp. nov. and B. savannae
sp. nov. strains were susceptible in vitro to amoxicillin/clavulanate, ceftazidime, doxycy-
cline, imipenem, and trimethoprim-sulfamethoxazole based on CLSI breakpoints for B.
pseudomallei (M45) (19). All of these strains were susceptible in vitro to meropenem
and were susceptible or intermediate to chloramphenicol, with the exception of
BDU6T, which displayed resistance based on the CLSI breakpoints for B. cepacia com-
plex (M100) (20). All MICs are reported in Table 2, including those for other antimicro-
bials for which no breakpoints are established.

Virulence screening. Although none of the examined B. pseudomallei virulence
genes were conserved in any of the B. mayonis sp. nov. or B. savannde sp. nov.
genomes, there was a homolog to the type VI secretion system in the B. savannae sp.
nov. genome (Table S1). B. mayonis sp. nov. strain BDU6T, B. savannae sp. nov. strain
MSMB266T, and B. thailandensis strain E264T did not cause mortality in any mice at any

TABLE 1 Differential phenotypic characteristics of strains of B. mayonis sp. nov. and B. savannae sp. nov., as well as representative strains from
closely related species within the B. pseudomallei complex?

Characteristic (compound present in medium or assimilated by strain)

Bp® Bt Bo Bm Bm Bs Bs Bs Bs
Biochemical reaction K96243 E264 C6786 BDU6" BDU8 MSMB266" MSMB852 BDU18 BDU19
Nitrate +< + + + + + + - 4
Tryptophan + - - - - - R _ _
Arginine + - + + + + + + +
Esculin - + + - 4 - _ _ +
Gelatin + + + + + + - + +
Arabinose assimilation - + + - - - + - -
Maltose assimilation - + + + - - + _ _

“Species: Bp, Burkholderia pseudomallei; Bt, B. thailandensis; Bo, B. oklahomensis; Bm, B. mayonis sp. nov.; Bs, B. savannae sp. nov. All strains were positive for the assimilation
of adipate, caprate, citrate, gluconate, glucose, malate, mannitol, mannose, N-acetylglucosamine, and phenylacetate; and all strains were negative for glucose (acidification),
urea, and PNPG (these data not shown).

®Data obtained from a previous study (34).

¢+, positive reaction; -, negative reaction.
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TABLE 2 Summary of MICs of antimicrobials determined in duplicate by the microdilution method for B. mayonis sp. nov. (Bm) and B.
savannae sp. nov. (Bs)

MIC (mg/liter)

Resistance breakpoint (mg/liter) Bm Bm Bs Bs Bs Bs
Antimicrobial substance if available BDU6" BDUS8 MSMB266" MSMB852 BDU18 BDU19
Amoxicillin/clavulanic acid® =32/16 (40) 8/4 =4/2 8/4 8/4 8/4 8/4
Azithromycin >64 >64 >64 >64 >64 >64
Carbenicillin 128 64 64 32 64 64
Ceftazidime =32 (40) =4 =4 =4 =4 =4 =4
Ceftazidime-avibactam® 4/4 1/4 =0.5/4 =0.5/4 =0.5/4 =0.5/4
Chloramphenicol =32 (41) 32 16 8 16 8 16
Ciprofloxacin 2 =0.5 =05 =0.5 1 1
Doripenem =0.5 =0.5 =0.5 =0.5 =0.5 =0.5
Doxycycline =16 (40) =1 =1 =1 =1 =1 =1
Gentamicin 32 >64 32 32 64 64
Imipenem =16 (40) =1 =1 =1 =1 =1 =1
Kanamycin 16 32 16 16 16 32
Meropenem =16 (41) =1 =1 =1 =1 =1 =1
Piperacillin =8 =8 =8 =8 =8 =8
Piperacillin-tazobactam =8/4 =8/4 =8/4 =8/4 =8/4 =8/4
Polymyxin B 512 >2048 512 >2048 >2048 >2048
Sulfamethoxazole >512 256 >512 >512 >512 >512
Tigecycline 1 0.5 2 1 1 1
Trimethoprim 4 4 2 =1 4 2
Trimethoprim/sulfamethoxazole =4/76 (40) 2/38 =1/19 =1/19 =1/19 =1/19 =1/19

aFor amoxicillin-clavulanic acid, clavulanic acid was maintained at 4 wg/mlin all wells.
bFor ceftazidime-avibactam, avibactam was maintained at 4 wg/ml in all wells.

of the doses when delivered via the subcutaneous route, nor did any mice show out-
ward signs of illness. In comparison, subcutaneous infections of fully virulent B. pseudo-
mallei results in 50% mortality within 10 days at a dose of 103 CFU (21). It remains
unknown if delivery via the inhalation route might increase the pathogenicity of these
species; B. thailandensis E264T can cause high mortality in mice at doses of 104 to 106
CFU when delivered as an aerosol (22-24). The lack of mortality in mice suggests that
B. mayonis sp. nov. and B. savannae sp. nov. are likely environmental saprophytes, simi-
lar to most other members of the Bpc.

Genetic and genomic comparative analysis. The 165 rRNA phylogeny revealed
two novel clades for B. mayonis sp. nov. and B. savannae sp. nov. that were distinct
from each other and from the other closely related Burkholderia species in the Bpc (Fig.
S5). As in B. pseudomallei, B. thailandensis, B. humptydooensis, B. oklahomensis, and B.
singularis (6), four rRNA operons were present in all examined B. mayonis sp. nov. and
B. savannae sp. nov. strains, with the exception of B. savannae sp. nov. strain BDU19,
which has six rRNA operons. B. mayonis sp. nov. strains BDU6" and BDUS, and B. savan-
nae sp. nov. MSMB266", each had two unique versions among the four copies of 16S
rRNA, whereas the four copies within B. savannae sp. nov. strains MSMB852 and
BDU18, and the six copies within BDU19, were all identical (Fig. S5). A pairwise similar-
ity matrix shows the percent identity and number of single nucleotide polymorphisms
(SNPs) between each of the unique16 rRNA sequences (Table S2). Briefly, within B.
mayonis sp. nov. and B. savannae sp. nov., the percent identity of the 16S rRNA sequen-
ces ranged from 99.1 to 99.9% (1 to 13 SNPs) and from 99.7 to 100% (0 to 4 SNPs),
respectively (Table S2). The species most closely related to B. mayonis sp. nov. in the
16S rRNA phylogeny (Fig. S5) was B. thailandensis (strain E264), with a percent identity
ranging from 99.1 to 99.9% (12 to 14 SNPs; Table S2) depending on the B. mayonis sp.
nov. strain. The species most closely related to B. savannae sp. nov. in the 16S rRNA
phylogeny was B. mayonis sp. nov., with a percent identity ranging from 98.6 to 99.0%
(16 to 21 SNPs; Table S2) depending on the strain (Fig. S5).

Each strain in this study was assigned a distinct sequence type (ST) using the B.
pseudomallei complex MLST system (Table 3), demonstrating the significant genetic
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diversity found within both species. This is especially notable considering that four of
the strains (B. mayonis sp. nov., BDU6" and BDUS; B. savannae sp. nov., BDU18 and
BDU19) were collected from the same soil sample. Although BDU18 and BDU19 appear
closely related on the core genome phylogeny (Fig. 1), there are 4,962 SNPs separating
these two isolates.

Finished assemblies were completed for both B. mayonis sp. nov. strains (BDU6"
and BDU8) and for two of the four B. savannae sp. nov. strains (MSMB266" and
MSMB852) using PacBio sequencing. The assemblies for B. mayonis sp. nov. strains
BDU6™ and BDU8 consist of two contigs, corresponding to the two chromosomes typi-
cal of Burkholderia spp.: chromosomes 1 and 2 of BDU6' are 3,838,800 bp and
2,752,114 bp, respectively, whereas chromosomes 1 and 2 of BDU8 are 4,439,942 bp
and 2,917,588 bp, respectively. The assemblies for B. savannae sp. nov. strains
MSMB266™ and MSMB852 consist of three contigs each, corresponding to two chromo-
somes and one plasmid each: chromosome 1, chromosome 2, and the plasmid of
MSMB266" (pPMSMB0266) are 4,228,278 bp, 2,824,254 bp, and 375,023 bp, respectively,
whereas chromosome 1, chromosome 2, and the plasmid of MSMB852 (pMSMB0852)
are 4077888 bp, 2934072 bp, and 69213 bp, respectively. The PacBio assemblies for
the other two B. savannae sp. nov. strains, BDU18 and BDU19, consist of four contigs
each, with contig sizes of 4,097,543 bp, 249,544 bp, 66,284 bp, and 2,746,170 bp for
BDU18, and 2,833,644 bp; and sizes of 2,161,131 bp, 1,648,896 bp, and 215,161 bp for
BDU19 (Table 3).

The core genome phylogeny revealed the phylogenetic positions of B. mayonis sp.
nov. and B. savannae sp. nov. in relation to each other and to other species in the Bpc
(Fig. 1). B. savannae sp. nov. forms a distinct clade that is separate from all other spe-
cies in the Bpc. Although B. mayonis sp. nov. is most closely related to B. oklahomensis,
it also forms a distinct and separate clade with >35,000 core genome SNPs separating
it from B. oklahomensis.

The average nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH)
values calculated among the B. mayonis sp. nov. and B. savannae sp. nov. strains, and
between them and strains from other species in the Bpc, supports our proposal that
the B. mayonis sp. nov. and B. savannae sp. nov. strains belong to their corresponding
species and that B. mayonis sp. nov. and B. savannae sp. nov. are distinct from all other
Bpc species. Although the two B. mayonis sp. nov. strains have a dDDH value of
68.5 = 2.9, which is slightly below the similarity threshold defining members of the
same species, the ANI value (95.63%) supports the proposal that these two strains
belong to the same species. The amount of genetic diversity observed between these
two B. mayonis sp. nov. strains is quite intriguing, especially given that both strains
were collected from not only the same location but also from the same soil sample.
Isolating additional B. mayonis sp. nov. strains from soil collected in other locations will
shed important new insights on overall levels of genetic diversity within this novel spe-
cies. The ANI and dDDH values for the four B. savannae sp. nov. strains (ANI: 98.98% to
99.31%, dDDH: 92.6 = 1.8 to 93.5 = 1.7; Table 4) clearly suggest that these strains are
members of the same species. Collectively, ANI values above 95% and/or dDDH values
above 70 indicate that each set of strains belongs to its corresponding single species,
including the proposed B. mayonis sp. nov. type strains BDU6" and the proposed B. sav-
annae sp. nov. type strain MSMB266". As expected, ANI values between B. pseudomallei
and its host-adapted clone, B. mallei, were >95%, as previously shown (4, 14).
However, the remaining ANI values <95% and dDDH values <70% indicate separate
species for B. mayonis sp. nov., B. savannae sp. nov., and for the other Bpc species, with
ANI values ranging from 83.73% to 94.67% and dDDH values ranging from 29.3 + 2.4
to 59.8 = 2.8 (Table 4). This confirms that the B. mayonis sp. nov. strains comprise a dis-
tinct species from B. oklahomensis and the other species in the Bpc, as do the B. savan-
nae sp. nov. strains.

The sizes of the pan-genomes in B. mayonis sp. nov. and B. savannae sp. nov. were
7,460 and 7,804 coding DNA sequences (CDSs), respectively, with core-genome sizes of
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TABLE 4 ANl and dDDH values for whole-genome sequence similarities®

ANIb or dDDH value for comparison with genome of*:

Bma Bp Bt Bo Bh Bm Bm Bs Bs Bs Bs Bsi
ATCC K96243 E264 (C6786 MSMB BDU8 BDU6" MSMB MSMB BDUI8 BDUI9 MSMB

Spe?les and 233447 437 2667 852 175
strain

Bma ATCC 927+ 48+ 42,6+ 502+ 409 41+ 426+ 426+ 426+ 426+ 304+

233447 2.6 2.6 27  £25 25 2.5 2.6 2.5 2.5 2.5
Bp 98.09 472 401+ 486+ 388 395+ 40.1+ 404+ 403+ 405+ 293+
K96243 : +26 25 26 £25 25 2.5 2.5 2.5 2.5 2.4
Bt 9154 9217 429+ 529+ 419 418+ 43.6+ 436+ 435+ 43.6+ 304+
E264" : : 2.6 27 %26 25 2.5 2.6 2.6 2.6 2.5

435+ 598 59.1+ 428+ 431+ 429+ 431+ 30.1+

T
Bo C6786 89.42  89.61 26 +28 28 26 26 26 26 25

T P T
ggus 89.04 8923 89.47 9467 90.17 682'.5; 412'? 412'_75.* 41;; 412'.6; 292"5;
ggu& 89.15 89.47 8977 9450 90.32 412%* 412'_9; 41;; 412'_9; 292'?
f/fSMBZ%T 89.82 89.97 9031 90.88 90.86 90.64 921'_6; 921"8; ?,3;5: 292'_5;
1]\;/ISSMB852 89.94 9020 90.66 91.18 91.06 90.75 90.65 921"8; 92&* 292'_6;
g]S)Ulg 89.81 90.00 9036 91.05 91.03 90.63 90.46 = 99.02 931'.57i 29;;
g]s)Ul9 89.98 9025 9073 9125 9119 90.83 90.67 9925 9931 9931 23‘%*
]1\3/121\/113175 8373 83.84 8413 8432 8464 8425 8434 8413 8423 8422 8422

aAverage nucleotide identity (ANIb) are shown in the bottom left half of the matrix (below the line of identity, i.e., the line formed by blank cells for comparison of strains
with themselves); digital DNA-DNA hybridization (dDDH) (with confidence intervals) are shown in the top right half of the matrix. Values in shaded boxes represent values
above the similarity threshold that defines members of the same species.

bAssemblies used for analyses are listed in Table 3. Species are as follows: Bma, B. mallei; Bp, Burkholderia pseudomallei; Bt, B. thailandensis; Bo, B. oklahomensis; Bh, B.
humptydooensis; Bm, B. mayonis sp. nov.; Bs, B. savannae sp. nov.; Bsi, B. singularis

4,448 and 5,435 CDSs, respectively. There were 223 CDSs within B. mayonis sp. nov. and
159 CDSs within B. savannae sp. nov. that shared no close homolog to those within all
other examined public Burkholderia genome assemblies (n = 3,269). An analysis based on
clusters of orthologous genes (COGs) identified the broad functional categories of some of
these unique genes (Fig. 2), although the majority of CDSs could not be classified or else
their function was unknown. Many unique CDSs in both B. mayonis sp. nov. and B. savan-
nae sp. nov. were identified in clusters. For example, a number of unique coding regions in
a contiguous cluster were associated with phage (B. mayonis sp. nov., in strain BDU8
WS71_RS21930 to WS71_RS22315; B. savannae sp. nov., in strain BDU18 WS72_RS13230 to
WS72_RS13570), suggesting that these regions are mobile genetic elements associated
with phage integration into the chromosome. Although other phages have been associ-
ated with virulence in Burkholderia (25), the function of these particular phages is not
known and could be the focus of future study.

The ability to distinguish between B. mayonis sp. nov. or B. savannae sp. nov. and
other commonly isolated species of the Bpc, such as B. pseudomallei and B. thailanden-
sis, in environmental and (less likely) clinical samples is important. Obviously, this could
be achieved via whole genome sequencing of isolates, but often this is not possible,
particularly in developing areas of the world. Different colony morphologies on
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FIG 2 Cluster of orthologous genes (COG) classifications (n = 18) of unique coding DNA sequences
(CDSs) in B. savannae sp. nov. strains (n = 97 unique CDSs) and B. mayonis sp. nov. strains (n = 149
unique CDSs), including some unique CDSs that have no homolog, 31 in B. savannae sp. nov. and 42
in B. mayonis sp. nov., which are assigned to the “unknown” category. The COG categories are as
follows with the number of unique CDSs for B. savannae sp. nov. and B. mayonis sp. nov.,
respectively, listed after each COG category: (C) energy production and conversion (5; 0), (D) cell
cycle control and mitosis (1; 3), (E) amino acid metabolism and transport (6; 2), (F) nucleotide
metabolisms and transport (1; 1), (G) carbohydrate metabolism and transport (4; 9), (H) coenzyme
metabolism (2; 0), () lipid metabolism (1; 5), (J) translation (1; 1), (K) transcription (11; 7), (L)
replication, recombination and repair (6; 12), (M) cell wall/membrane/envelop biogenesis (2; 11), (P)
inorganic ion transport and metabolism (2; 3), (Q) secondary structure (4; 13), (S) function unknown
(16; 34), (T) signal transduction (0; 1), (U) intracellular trafficking and secretion (2; 2), (V) defense
mechanisms (2; 3). All classifications were performed with the eggNOG-mapper.

Ashdown’s agar should provide a clear distinction between these two novel species
and B. pseudomallei and B. thailandensis; however, there could be morphological differ-
ences within species based on differences among strains, across geographic locations,
and among different laboratories. Fortunately, distinguishing B. mayonis sp. nov. or B.
savannae sp. nov. from other Burkholderia spp. can be achieved with biochemical tests.
B. mayonis sp. nov. and B. savannae sp. nov. can be distinguished from B. pseudomallei
with tryptophan and from B. thailandensis with arginine. Of course, the most definitive
way to distinguish among any of the Bpc species would be to use whole genome
sequencing (4) or species-specific PCR assays, if available.

There are several reasons why members of the Bpc, including B. mayonis sp. nov.
and B. savannae sp. nov., are of interest to the wider scientific community. The Bpc
includes the U.S. Tier 1 Select Agents B. pseudomallei and B. mallei. Previously, we dem-
onstrated the importance of including near-neighbor genomes when designing sensi-
tive and specific diagnostics for B. pseudomallei (4, 26). B. mayonis sp. nov. and B. sav-
annae sp. nov. share 7 and 23 CDSs, respectively, with the B. pseudomallei core
genome that are not shared by other species in the Bpc (Fig. 3). Thus, the addition
of genomes from these novel species further constrains CDSs in the B. pseudomallei
core genome that can be used as diagnostic targets for that species. As such, the B.
mayonis sp. nov. and B. savannae sp. nov. whole genome sequences provided here
should be utilized when designing DNA-based assays specific for B. pseudomallei.
Members of the Bpc, and Burkholderia species in general, also can be sources of novel
natural products (17, 18). Indeed, Burkholderia species have been demonstrated to be
useful for bioremediation (27, 28), biocontrol (29), and as potential sources of novel
antibiotics (30). The detailed genomic data generated in this study, and the deposition
of the type strains in public strain collections, will hopefully facilitate detailed biopro-
specting studies of B. mayonis sp. nov. and B. savannae sp. nov.

Description of Burkholderia mayonis sp. nov. Burkholderia mayonis sp. nov.
(ma.yo'nis. N.L. gen. n. mayonis, pertaining to Mark Mayo, an experienced and highly
respected Burkholderia scientist in Australia whose family is linked culturally to Badu
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B. singularis 1

B. mayonis 7

B. oklahomensis 19

B. savannae 23

B. humptydooensis 127

B. thailandensis 181

B. pseudomallei

0 500 1000 1500 2000 2500 3000 3500 4000 4500
B. pseudomallei core genome shared

FIG 3 Overlap of the B. pseudomallei core genome (n = 4,452 CDSs) with pan-genomes from other
species in the B. pseudomallei complex (Bpc). The included B. pseudomallei CDSs have a blast score
ratio (BSR) value of >0.8 in at least one genome from the near-neighbor species. Gray regions for
each bar represent CDSs that are uniquely covered by at least one genome from that species; the
number at the end of the bar corresponds to these CDSs. Black bars represent B. pseudomallei core
CDSs found in the indicated species and other species in the Bpc.

Island, an island located in the Torres Strait archipelago of Queensland, Australia,
where the first group of members of this species was isolated). Mark Mayo was present
on Badu Island when the strain was collected, and he serves as a mentor for local indig-
enous and non-indigenous scientists in northern Australia and elsewhere.

The organism is Gram-negative, rod-shaped, and non-spore forming. Growth is
observed at 25°C and 37°C within 24 h on Ashdown’s selective agar, Columbia blood
agar, MacConkey agar, and Luria-Bertani agar. Optimal growth at 37°C for 48 to 72 h
and at 25°C for 72 to 96 h aerobically. No hemolysis on Columbia blood agar.

Assimilation (APl 20NE) was found for arginine, adipate, caprate, citrate, gluconate,
glucose, malate, mannitol, mannose, nitrate, N-acetylglucosamine, and phenylacetate,
whereas it is negative for arabinose, glucose (acidification), urea, 4-nitrophenyl- 3-p-gal-
actopyranoside (PNPG), and tryptophan. Gelatin is hydrolyzed. Assimilation of maltose
and esculin hydrolysis is strain-dependent (Table 1).

The organism is positive (APl ZYM) for acidic phosphatase, alkaline phosphatase, ester-
ase, esterase lipase, lipase, leucine arylamidase, and naphthol-AS-Bl-phosphohydrolase.
Enzymes absent on APl ZYM are trypsin, a-chymotrypsin, a- and 3-galactosidase, B-glucu-
ronidase, a- and B-glucosidase, a-mannosidase, and a-frucosidase, with inconsistent
results for cystin arylamidase, N-acetyl-3-glucosaminidase, and valine arylamidase. This
species is aerobic, oxidase-positive, and catalase-negative with no immediate bubbling.

B. mayonis sp. nov. strains are resistant to gentamicin and polymyxin B, and have re-
sistance or immediate resistance to chloramphenicol, but are susceptible to amoxicil-
lin-clavulanic acid, ceftazidime, doxycycline, imipenem, meropenem, and trimetho-
prim-sulfamethoxazole.

The type strain is BDU6', which has been deposited to the American Type Culture Collection
as TSD-80 and to the Belgian Coordinated Collections of Microorganisms as LMG 29941.

Description of Burkholderia savannae sp. nov. Burkholderia savannae sp. nov.
(sa.van’nae. N.L. gen. n. savannae, of a savanna pertaining to grassy plains with scat-
tered trees in tropical regions with distinct wet and dry seasons where the first group
of members of this species was isolated).

The organism is Gram-negative, rod-shaped, and non-spore forming. Growth is
observed at 25°C and 37°C within 24 h on Ashdown'’s selective agar, Columbia blood agar,
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MacConkey agar, and Luria-Bertani agar. Optimal growth at 37°C for 48 to 72 h aerobically.
No hemolysis on Columbia blood agar. Colony morphology varied between strains.

Assimilation (APl 20NE) was found for arginine, adipate, caprate, citrate, gluconate,
glucose, malate, mannitol, mannose, N-acetylglucosamine, and phenylacetate, whereas
it is negative for glucose (acidification), urea, 4-nitrophenyl-3-p-galactopyranoside
(PNPG), and tryptophan. Hydrolysis of gelatin and esculin and the assimilation of arabi-
nose, maltose, and nitrate are strain-dependent (Table 1).

The organism is positive (APl ZYM) for acidic phosphatase, alkaline phosphatase, cystin
arylamidase, esterase, esterase lipase, lipase, leucine arylamidase, naphthol-AS-Bl-phospho-
hydrolase, and valine arylamidase. Enzymes absent on APl ZYM are trypsin, a-chymotryp-
sin, a- and B-galactosidase, B-glucuronidase, a- and B-glucosidase, a-mannosidase, and
a-frucosidase, with inconsistent results for N-acetyl- 3-glucosaminidase. This species is aer-
obic, oxidase positive, and catalase-negative with no immediate bubbling.

B. savannae sp. nov. strains are resistant to gentamicin and polymyxin B, but are
susceptible to amoxicillin-clavulanic acid, ceftazidime, doxycycline, imipenem, merope-
nem, and trimethoprim-sulfamethoxazole; immediate resistance or susceptibility to
chloramphenicol is strain-dependent.

The type strain is MSMB266", which was deposited to the American Type Culture
Collection as TSD-82 and to the Belgian Coordinated Collections of Microorganisms as
LMG 29940.

MATERIALS AND METHODS

Strain isolation. The two B. mayonis sp. nov. strains (BDU6', BDU8) and the four B. savannae sp. nov.
strains (MSMB266', MSMB852, BDU18, BDU19) were all isolated from soil collected in tropical northern
Australia (Table 3; Fig. S1). A subset of the strains (BDU6T, BDU8, BDU18, BDU19) was collected by James
Cook University from a single soil sample collected at a depth of approximately 30 cm on Badu Island, in
the Torres Strait Islands (Queensland, Australia) in late October 2011, near the end of the dry season.
The soil sample was moist, sandy, and collected less than a meter from stagnant water within an
exposed root system of trees. Strains MSMB266" and MSMB852 were collected by investigators from the
Menzies School of Health Research from two different locations in the tropical “Top End” of the
Northern Territory, Australia in 2006 and 2010, respectively. The BDU strains were recovered using a
two-stage culture technique (31), and the MSMB strains were cultured from soil using standard
Burkholderia culturing techniques (32); all strains were presumptively identified as Burkholderia based
upon colony morphology but confirmed to not be B. pseudomallei via PCR (33). The proposed novel spe-
cies, B. mayonis sp. nov. and B. savannae sp. nov., were previously reported as putative species 2 and pu-
tative species 3, respectively, by Sahl et al. (4) based upon a whole genome analysis.

Bacterial growth and characteristics. All strains were cultivated at temperatures of 25°C, 37°C, and
42°C for 24, 48, 72, and 96 h on Ashdown'’s selective agar, Columbia blood agar, MacConkey agar, and
Luria-Bertani agar. Biochemical data were obtained for the two strains of B. mayonis sp. nov. (BDU6"
and BDUS) and the four strains of B. savannae sp. nov. (MSMB266", MSMB852, BDU18, BDU19) using the
APl 20NE and APl ZYM (bioMérieux) systems according to the manufacturer’s instructions. These data
were compared to data generated for B. thailandensis strain E264" and B. oklahomensis strain C6786, as
well as previous data generated for B. pseudomallei strain K96243 (34). MALDI-TOF MS analysis was also
performed for all B. mayonis sp. nov. and B. savannae sp. nov. strains listed above (see the text in the
supplemental material for a detailed description of the methods).

Antimicrobial susceptibility screening. The MIC was determined using the broth microdilution
method in biological duplicate using 96-well microtiter custom Micronaut-S plates (Merlin, Bornheim-
Hersel, Germany) following manufacturer instructions. In total, 20 antimicrobials were tested with a
2-fold serial dilution at the following concentrations: amoxicillin-clavulanic acid (4/2-128/64 mg/liter),
azithromycin (4 to 64 mg/liter), carbenicillin (4 to 512 mg/liter), ceftazidime (4 to 128 mg/liter), ceftazi-
dime-avibactam (0.5/4-256/4 mg/liter), chloramphenicol (4 to 128 mg/liter), ciprofloxacin (0.5 to 16 mg/
liter), doripenem (0.5 to 16 mg/liter), doxycycline (1 to 32 mg/liter), gentamicin (2 to 64 mg/liter), imipe-
nem (1 to 32 mg/liter), kanamycin (8 to 256 mg/liter), meropenem (1 to 64 mg/liter), piperacillin (8 to
256 mg/liter), piperacillin-tazobactam (8-256/4 mg/liter), polymyxin B (1 to 2048 mg/liter), sulfamethoxa-
zole (1 to 512 mg/liter), tigecycline (0.25 to 32 mg/liter), trimethoprim (1 to 32 mg/liter), and trimetho-
prim-sulfamethoxazole (1/19-16/304 mg/liter). Two broth and growth controls containing no antimicro-
bials were included on each plate, and each strain was screened twice using biological duplicates on
separate days. Briefly, for each strain, individual colonies were mixed in 3 ml of sterile saline solution
(0.85% NaCl) to achieve a 0.5 McFarland Standard. The suspension (0.2 ml) was added to 20 ml of cat-
ion-adjusted Mueller-Hinton Il broth (catalog number B12322; Fisher Scientific). Following this, 100 ul
was added into each well for a particular strain, excluding the growth control wells. Plates were incu-
bated at 37°C for 20 h and then measured using an accuSkan FC plate spectrophotometer (Fisher
Scientific) at a wavelength of 620 nm.
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Virulence gene screening. Peptide sequences for genes associated with bimA (BPSS1492), the type
Il secretion system (BPSS1390-BPSS1410), and the type VI secretion system 5 (BPSS0091-BPSS0117)
were screened against all B. mayonis sp. nov. and B. savannae sp. nov. genomes (Table 3), using LS-BSR
v1.2.3 (35) in conjunction with tblastn v2.9.0 (36). The blast score ratio (BSR) (37) was calculated for each
gene across each genome assembly.

Virulence testing in mouse models. The pathogenic potential of B. mayonis sp. nov. and B. savan-
nae sp. nov. was investigated in silico by looking for the presence of three key virulence factors in B.
pseudomallei: the type 5 secretion system autotransporter (BimA), the type 3 secretion system (Bsa), and
the type 6 secretion system 5 (Hcp-1). B. mayonis sp. nov. strain BDU6" and B. savannae sp. nov. strain
MSMB266" were investigated in a BALB/c mouse model using methods previously reported (5); B. thai-
landensis strain E264" also was included as a comparison. Briefly, live culture was cultivated to the loga-
rithmic phase (ODg,, ~ 1.0) in Luria-Bertani (LB) broth as previously described (22). Sterile 1x phos-
phate-buffered saline was used to wash cells twice before making dilutions for injecting mice. Viability
counts of the final inocula were made on LB agar plates. BALB/c mice 6 to 8 weeks old were utilized, in
treatment groups of 5 mice per cage; food and water were provided ad libitum. All mice in a single cage
received the same infectious dose (B. mayonis sp. nov.: 3.82 x 10% 105, or 10° CFU; B. savannae sp. nov.:
0.92 x 10% 10%, or 10° CFU; B. thailandensis: 3.4 x 10% 10°, or 10° CFU) via a single subcutaneous injec-
tion in the scruff of the neck. Mice were monitored daily for health status. All mice were euthanized on
day 21 postinjection. This work was conducted under approved protocols from the Northern Arizona
University’s Institutional Animal Care and Use Committee (Protocol 14-011) and the US Department of
Defense’s Animal Care and Use Review Office (HDTRA1-12-C-0066_Wagner).

16S rRNA gene analysis. 165 rRNA genes were extracted from genome assemblies for the two B.
mayonis sp. nov. strains (BDU6", BDU8) and the four B. savannae sp. nov. strains (MSMB266', MSMB852,
BDU18, BDU19) as previously described (11). We investigated the number of 16S rRNA operons present
in the B. mayonis sp. nov. and B. savannae sp. nov. genomes using the publicly available rapid rRNA pre-
diction tool barrnap v0.9 (https://github.com/tseemann/barrnap). A maximum likelihood phylogeny was
inferred with IQ-TREE v2.0.3 (38), using the HKY+F+1 substitution model (39) with 16S rRNA sequences,
and was rooted with B. ubonensis. The number of pairwise SNPs between unique 16S rRNA gene copies
was calculated with snp-dists v0.7.0 (https://github.com/tseemann/snp-dists).

Genome assembly and core genome phylogeny. Genomes for the two B. mayonis sp. nov. (BDU6',
BDUS8) and four B. savannae sp. nov. (MSMB266", MSMB852, BDU18, BDU19) strains were previously
sequenced on the PacBio platform (4). To construct the core genome phylogeny, assemblies were
aligned against the genome of B. pseudomallei strain K96243 (GCA_000011545.1) (40) using NUCmer
(41). The reference K96243 genome was also aligned against itself using NUCmer to identify duplicated
regions, which were masked from subsequent analyses; these methods were wrapped by NASP v1.1.2
(42). A maximum-likelihood phylogeny was inferred from an alignment of 434,216 SNPs with IQ-TREE
v1.6.10, using the TVM+F+ASC+R3 substitution model and 1,000 bootstrap replicates.

Multilocus sequence typing (MLST). Genes for the seven MSLT loci in the B. pseudomallei pubMLST
typing scheme (14) were extracted in silico from the genomes of the two B. mayonis sp. nov. strains
(BDU6", BDUS) and the four B. savannae sp. nov. strains (MSMB266", MSMB852, BDU18, BDU19) using
blastn v2.5.0 (36). The seven genes in this MLST typing scheme are ace, gltB, gmhD, lepA, lipA, narK, and
ndh. As of 21 June 2021, a total of 1,934 sequence types (STs) had been identified in B. pseudomallei and
in closely related species by MLST (http://pubmist.org).

Average nucleotide identity values and digital DNA-DNA hybridization. Average nucleotide
identity (ANI) and digital DNA-DNA hybridization (dDDH) were calculated using complete genome
assemblies for B. mayonis sp. nov. strains BDU6" and BDU8, complete genome assemblies for B. savan-
nae sp. nov strains MSMB266" and MSMB852, and genome assemblies with four contigs for B. savannae
sp. nov. strains BDU18 and BDU19 (NCBI accession numbers listed in Table 3). These assemblies were
compared to genome assemblies (using complete genome assemblies when available) of the following
Bpc strains: B. humptydooensis MSMB43T, B. mallei ATCC 233447, B. oklahomensis C6786", B. pseudomallei
K96243, B. singularis MSMB175, and B. thailandensis E264T (NCBI accession numbers listed in Table 3).

For ANI, all assemblies were uploaded to JSpecies WS and analyzed using the ANIb algorithm (43);
the authors of JSpecies suggested that ANI values <95% suggest separate species. The digital DNA-DNA
hybridization (dDDH) values were produced by the genome-to-genome distance calculator (GGDC),
which correlates with values obtained by conventional DDH and also provides a confidence-interval esti-
mation (44). In brief, with this approach, two strains are considered as belonging to different species if
the DNA-DNA relatedness between them is less than 70%. The dDDH values were calculated using for-
mula 2 in the GGDC, which summed the identities found in high-scoring segment pairs (HSP) and then
divided the sums by the overall HSP length (44).

Comparative genomics. To better understand the composition of the genomes of the putative new
species, annotated locus tags for each genome were obtained from GenBank. For both putative species,
combined locus tags were dereplicated with cd-hit v4.8.1 (45) at an ID of 0.8, and the pan genome for
each species was defined by the total number of cluster representatives. Unique locus tags were
screened with LS-BSR v1.2.2 (35) against a set of 3,273 Burkholderia genome assemblies downloaded
with the NCBI-genome-download tool (https://github.com/kblin/ncbi-genome-download). Any locus
with a blast score ratio value (37) of <0.4 in all non-target genomes was identified to be unique to that
species. The functional profile of each unique region was identified with eggNOG mapper v2.0.1 (46),
and regions suspected to contain phage sequence were further classified using PHAST (47). The core ge-
nome for each putative species was distinguished by identifying coding regions with a BSR value of
=0.8 across all target genomes.
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whole-genome assembly NCBI accession numbers for all strains are listed in Table 3.
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To understand the overlap of the B. pseudomallei core genome with other species in the Bpc, includ-
ing B. mayonis sp. nov. and B. savannae sp. nov., a set of 1,744 B. pseudomallei genomes were annotated
with Prokka v1.14.6 (48) and the pan-genome was calculated with Panaroo v1.2.3 (49). The amount of
overlap was determined for a coding region if it had a BSR value of =0.8 in any genome from another
species in the Bpc.
Data availability. The PacBio whole genome sequence NCBI accession numbers for BDU6™ are
CP013386.1 for chromosome 1 and CP013387.1 for chromosome 2; the accession numbers for MSMB266 are
CP013417.1 for chromosome 1, CP013418.1 for chromosome 2, and CP013419.1 for pMSMB0266. The PacBio
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