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Phenotypic, Genotypic, and Antimicrobial Characteristics of
Streptococcus halichoeri Isolates from Humans, Proposal To Rename
Streptococcus halichoeri as Streptococcus halichoeri subsp. halichoeri,
and Description of Streptococcus halichoeri subsp. hominis subsp. nov.,
a Bacterium Associated with Human Clinical Infections
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Phenotypic, genotypic, and antimicrobial characteristics of six phenotypically distinct human clinical isolates that most closely
resembled the type strain of Streptococcus halichoeri isolated from a seal are presented. Sequencing of the 16S rRNA, rpoB, sodA,
and recN genes; comparative whole-genome analysis; conventional biochemical and Rapid ID 32 Strep identification methods;
and antimicrobial susceptibility testing were performed on the human isolates, the type strain of S. halichoeri, and type strains of
closely related species. The six human clinical isolates were biochemically indistinguishable from each other and showed 100%
16S rRNA, rpoB, sodA, and recN gene sequence similarity. Comparative 16S rRNA gene sequencing analysis revealed 98.6% simi-
larity to S. halichoeri CCUG 48324", 97.9% similarity to S. canis ATCC 43496, and 97.8% similarity to S. ictaluri ATCC BAA-
1300". A 3,530-bp fragment of the rpoB gene was 98.8% similar to the S. halichoeri type strain, 84.6% to the S. canis type strain,
and 83.8% to the S. ictaluri type strain. The S. halichoeri type strain and the human clinical isolates were susceptible to the anti-
microbials tested based on CLSI guidelines for Streptococcus species viridans group with the exception of tetracycline and eryth-
romycin. The human isolates were phenotypically distinct from the type strain isolated from a seal; comparative whole-genome
sequence analysis confirmed that the human isolates were S. halichoeri. On the basis of these results, a novel subspecies, Strepto-
coccus halichoeri subsp. hominis, is proposed for the human isolates and Streptococcus halichoeri subsp. halichoeri is proposed
for the gray seal isolates. The type strain of the novel subspecies is $$1844" = CCUG 67100" = LMG 28801".

S treptococcus halichoeri was first described in 2004 by Lawson et
al. (1). The six isolates described were obtained postmortem
from three gray seals in Inverness, Scotland, United Kingdom, and
from three gray seals at a rehabilitation center in Cornwall, United
Kingdom. Over the past 5 years, five human clinical isolates (4
blood and 1 sinus) have been received at CDC that phenotypically
resembled S. halichoeri. An additional human isolate from Sweden
was obtained from the Culture Collection, University of Gothen-
burg, Sweden (CCUG). More recently, in 2014, S. halichoeri was
isolated from a 45-year-old male with empyema (2), and in 2015,
a case study of S. halichoeri from a European badger with pyo-
granulomatous pleuropneumonia was described (3). The goal of
this study was to evaluate the taxonomic status of S. halichoeri
isolates associated with a human clinical source and analyze ge-
netic and phenotypic differences for identification and potential
differences in antimicrobial susceptibility patterns. Isolates with
phenotypic traits resembling S. halichoeri were evaluated by 16S
rRNA, rpoB, sodA, and recN gene sequencing; whole-genome se-
quence comparison; conventional biochemical testing; Rapid ID
32 Strep panels; and antimicrobial susceptibility patterns.

MATERIALS AND METHODS

Bacterial strains. S. halichoeri type strain CCUG 48324 and strain CCUG
61265 were obtained from CCUG. Five human clinical isolates were re-
ceived at CDC for identification. The source and associated clinical infor-
mation for the seven Streptococcus halichoeri isolates used in this study are
listed in Table 1.

Phenotypic characteristics. The S. halichoeri type strain and the six
human clinical isolates were tested for their phenotypic characteristics
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with conventional biochemical methods as previously described (4, 5) and
by the Rapid ID 32 Strep system as described in the manufacturer’s in-
structions (bioMérieux, Inc., Durham, NC). Serogrouping was deter-
mined by the Lancefield method as previously described (5), and reactiv-
ity with group B antiserum was also evaluated using the Remel PathoDx
Strep grouping latex agglutination method (Lenexa, KS) in accordance
with the manufacturer’s package insert.

Antimicrobial susceptibility testing. Susceptibility testing was per-
formed by the broth microdilution method (6) using custom-made pan-
els manufactured by Trek Diagnostic Systems, Cleveland, OH. The fol-
lowing antibiotics were reported: ampicillin, cefotaxime, clindamycin,
erythromycin, levofloxacin, penicillin, tetracycline, and vancomycin. The
CLSI guidelines for MIC interpretive standards for Streptococcus species
viridans group were used (6).
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TABLE 1 Sources and associated clinical information for the seven Streptococcus halichoeri isolates used in this study

Strain no. Yr Location Age (yr) Gender” Clinical diagnosis Source

CCUG 48324" 2002 Inverness, Scotland, UK DNP* DNP Postmortem, DNP Gray seal; airway, lung, spleen
SS1844 2006 North Carolina, USA 67 M Sepsis Human blood

SS1845 2008 Rhode Island, USA 78 M DNP Human blood

CCUG 61265 2011 Kalmar, Sweden 66 M Osteitis Human wound

SS1846 2011 Missouri, USA 68 F Septicemia Human blood

SS1939 2014 North Carolina, USA 52 M DNP Human maxillary sinus
S$51940 2014 Georgia, USA 47 F DNP Human blood

“ DNP, data not provided.
M, male; F, female.

Isolation of bacterial DNA for gene sequencing. Bacterial genomic
DNA for PCR was obtained by taking a 1-pl loop of cells from an agar
plate and suspending them in 200 pl dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO). The cell suspension was incubated at room tem-
perature for 30 min. A 2.5-pl portion of the suspension was used in a
50-pl PCR mixture.

16S rRNA gene sequencing. Amplification and sequencing of the 16S
rRNA gene were performed as previously described (7, 8). Sequencing
reaction products were purified with Sephadex G-50 (Sigma-Aldrich, St.
Louis, MO). Reaction mixtures were electrophoresed on an ABI 3730
DNA analyzer using POP-7 polymer (Applied Biosystems). Chromato-
grams were assembled and analyzed in Geneious v7 (9) (Biomatters,
Auckland, New Zealand). The consensus sequences were aligned by using
Clustal W (10) and trimmed to 1,456 bp to create a phylogenetic tree.
Evolutionary analyses were conducted in MEGAG6 (11). The evolutionary
history was inferred using the neighbor-joining method (12). The per-
centage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1,000 replicates) was determined (13). The evolution-
ary distances were computed using the maximum composite likelihood
method (11). Duplicate confirmation of 16S rRNA gene sequences was
derived from whole-genome sequencing of the type strains of S. halichoeri,
S. ictaluri, and S. canis and the six human clinical isolates.

rpoB gene sequencing. A ~1,200-bp portion of the RNA polymerase
beta subunit rpoB gene from each isolate was amplified with HotStarTaq
(Qiagen, Valencia, CA) using primers UnivrpoB3F (5'-ATGGGNDCGN
AAYATGCA) and UnivrpoB23R (5'-GAYATGGAYGTNTGYGC) in a
50-wl PCR mixture (14). The thermal cycling conditions were 95°C for 5
min; 15 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min with
a decrease of the annealing temperature by 1°C at each cycle; 25 cycles of
94°C for 1 min, 50°C for 1 min, and 72°C for 1 min; 72°C for 10 min; and
a final hold at 4°C. The PCR amplicons were purified through a NucleoS-
pin column (Clontech) and eluted in 120 pl PCR-grade water. Cycle se-
quencing was performed as described for the 16S rRNA gene above but
using UnivrpoB3F, UnivrpoB23R, UnivrpoBseql (5'-GGNGAYAARNT
NKSNRR), and UnivrpoBseq2 (5'-YYNSMNANYTTRTCNCC) as se-
quencing primers. Raw sequence data were assembled in Geneious v7.
The full-length rpoB gene sequences from the S. halichoeri, S. ictaluri, and
S. canis type strains and the six clinical isolates were also determined from
the whole-genome sequences. Phylogenetic trees were inferred using both
neighbor-joining and maximum likelihood methods in MEGAG using an
alignment of 3,516 bp.

sodA gene sequencing. PCR targeting the sodA gene was conducted
using primers specified by Poyart et al. (15). The thermal cycler program
was as follows: 94°C for 5 min followed by 10 cycles of 94°C for 15 s, 50°C
for 30 s, and 72°C for 45 s, followed by 20 cycles of 94°C for 15 s, 50°C for
30, and 72°C for 45 s with 10 s of autoextension, and a hold at 72°C for 10
min. Raw sequence data were assembled in Geneious v7. Duplicate con-
firmation of sodA gene sequences was derived from whole-genome se-
quencing of the S. halichoeri, S. ictaluri, and S. canis type strains and the six
human clinical isolates, and phylogenetic trees were inferred using both
neighbor-joining and maximum likelihood methods in MEGA6 using an
alignment of 417 bp.

740 jcm.asm.org

Journal of Clinical Microbiology

recN gene sequencing. PCR products were generated using primers
and protocols modified from the work of Glazunova et al. (16), specifi-
cally, recNd (modified) (5'-GGA AAG TCY ATT ATY ATT GAT GC-3')
and recNr (5'-WAA CWC CNG TAT CIA CYT CAT C-3"). The thermal
cycler program was as follows: 95°C for 5 min; 15 cycles of 94°C for 1 min,
55°C for 1 min (with annealing temperature dropping 1°C for each cycle),
and 72°C for 1 min, followed by 25 cycles of 94°C for 1 min, 50°C for 1
min, and 72°C for 1 min, and finally, a hold at 72°C for 10 min. Sequenc-
ing primers recNhalichodfin and recNphocaer were as described in the
work of Glazunova et al. (16). Raw sequence data were assembled in Ge-
neious v7. The full-length recN gene sequence was derived from the whole
genome of the six isolates, and phylogenetic trees were inferred using both
neighbor-joining and maximum likelihood in MEGAG6 using an align-
ment of 1,248 bp.

Bacterial whole-genome DNA library preparation and sequencing.
Genomic DNA was prepared according to the DOE Joint Genome Insti-
tute cetyltrimethylammonium bromide (CTAB) protocol (http://jgi.doe
.gov/wp-content/uploads/2014/02/JGI-Bacterial-DNA-isolation-CTAB
-Protocol-2012.pdf). One microgram of DNA per sample was diluted in
50 pl of PCR-grade water and sheared on a Covaris M220 focused ultra-
sonicator (Covaris, Inc., Woburn, MA) for 32 s at a duty factor of 20% and
200 cycles/burst to generate 500-bp fragments according to the man-
ufacturer’s instructions. Genomic DNA libraries were constructed us-
ing SPRIworks HT fragment library kits (Beckman Coulter, Inc., Brea,
CA) according to the manufacturer’s instructions on a Biomek FX”
laboratory automation workstation (Beckman Coulter). Libraries
were labeled using Illumina indices from a TruSeq DNA sample prep-
aration kit (Illumina, Inc., San Diego, CA) and sequenced on an Illu-
mina MiSeq sequencer using MiSeq v2 500-cycle reagent kits. Se-
quencing data were assembled using CLCbio Genomics Workbench
v7. The G+C content calculation is an output of the assembly pro-
gram.

Analysis of whole-genome sequence. Wet lab DNA-DNA hybridiza-
tion values were estimated using the Genome-to-Genome Distance Cal-
culator with the alignment method GGDC 2.0 BLAST + and Formula 2 as
recommended for incomplete genomes (17). Average nucleotide identity
(ANTI) values (9) were determined by submitting draft genome sequences
to the ANI calculator (http://enve-omics.ce.gatech.edu/ani/) and
EZgenome  (http://www.ezbiocloud.net/ezgenome/ani).  Full-length
genes for 16S rRNA, rpoB, sodA, and recN were determined from whole-
genome assemblies by constructing a database of each genome contig set
and querying the database with the partial sequences derived from PCR as
well as full-length sequences from genomic data of streptococcal species
(Geneious).

Nucleotide sequence accession numbers. The sequences described
here were submitted to GenBank under the accession numbers given in
Table 2.

RESULTS

Gene sequence analysis. The six human clinical isolates shared
100% similarity to each other by 16S rRNA gene sequence and
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TABLE 2 Nucleotide sequence accession numbers

Streptococcus halichoeri Human Clinical Isolates

Accession no. for sequence:

Organism Strain 16S rRNA sod A rpo B rec N
Streptococcus halichoeri subsp. hominis $S1844™" KP851845 KP890273 KP890278 KP890288
S51845 KP851846 KP890272 KP890280 KP890286
S51846 KP851847 KP890271 KP890281 KP890290
CCUG 61265 KP851848 KP890270 KP890282 KP890287
SS1939 KP851849 KP890268 KP890279 KP890289
§51940 KP851850 KP890269 KP890277 KP890291
Streptococcus halichoeri subsp. halichoeri CCUG 48324" KP851851 KP890274 KP890283 KP890292
Streptococcus canis ATCC 43496" KP851852 KP890275 KP890284 KP890294
Streptococcus ictaluri ATCC BAA-1300" KP851853 KP890276 KP890285 KP890293

98.6% similarity to S. halichoeri CCUG 483247 (seal isolate),
97.9% similarity to S. canis ATCC 43496, and 97.8% similarity to
S. ictaluri ATCC BAA-1300". The S. halichoeri type strain se-
quence was 96.8% similar to S. canis and 96.6% similar to S. icta-

16S

S. halichoeri subsp. hominis SS18447 168 (KP851845)
S. halichoeri subsp. hominis SS1845 16S (KP851846)
S. halichoeri subsp. hominis SS1846 16S (KP851847)
S. halichoeri subsp. hominis SS1939 16S (KP851849)
S. halichoeri subsp. hominis SS1940 16S (KP851850)
S. halichoeri subsp. hominis CCUG 61265 16S (KP851848)
S. halichoeri CCUG 48324716S (KP851451)
S. pyogenes ATCC 196157 16S (CP008926)
S. canis ATCC 434967 16S (KP851852)
S. urinalis 2285-977 16S (AEUZ02000001)
S. ictaluri ATCC BAA13007 16S (KP851853)
S. uberis JCM 57097 16S (NR_040820)
S. iniae ATCC 291787 16S (NR_025148)
S. parauberis NCDO 2020716S (AEUT02000001)
'S. equi subsp. equi 16SATCC 333987 (EF406032 )
S. didelphis DSM 156167 16S (ARCB01000014)
S. porcinus Jelinkova 1767 16S (AEUU02000001)
S. castoreus DSM 175367 16S (AEKZ01000000)
S. pseudoporcinus LQ 940-04T 16S (AEUY02000005)
S. dysgalactiae subsp. dysgalactiae ATCC 430787 16S (NR_115275)
S. dysgalactiae subsp. equisimilis CIP 1051207 16S (NR_043661)
S. agalactiae ATCC 138137 168 (AEQQ01000116)
ff 5. phocae subsp. salmonis C-4T168 (ISAP01000000)
10C°S. phocae subsp. phocae CCUG 35103716S (AJ621053)

s faecalis ATCC 19433716S (AB012212)

60

S. halichoeri subsp. hominis SS1846 recN (KP890290)
S. halichoeri subsp. hominis SS1939 recN (KP890289)
100|S. halichoeri subsp. hominis SS18447 recN (KP890288)
recN . halichoeri subsp. hominis SS1940 recN (KP890291)
2AS. halichoeri subsp. hominis CCUG 61265 recN (KP890287)
S. halichoeri subsp. hominis SS1845 recN (KP890286)
S. halichoeri strain CIP108195T recN (EU917277)
S. phocae strain CIP104665T recN (EU917237)
S. ictaluri 707-05T recN (AEUX02000008)
100 S. equi subsp. zooepidemicus strain CIP103228T recN (EU917230)
LS. equi subsp. equi strain CIP1029107 recN (EU917229)
S. castoreus strain DSM 175367 recN (EU917312)
. canis ATCC 43496 recN (KP890294)
5 S. dysgalactiae subsp. dysgalactiae strain CIP102914T recN (EU917262)
1 LS. pyogenes strain CIP 56.417 recN (EU917297)
10 S, dysgalactiae subsp. equisimilis strain CIP 1051207 recN (EU917227)
S. iniae strain CIP 1025087 recN (EU917281)
_:S. uberis strain CIP 1032197 recN (EU917309)
S. urinalis CIP 1064637 recN (EU917240)
S. didelphis DSM 15616 recN (ARCB01000006)

'S. parauberis NCFB 20207 recN (AEUT02000001)
ES. porcinus strain CIP1032187 recN (EU917296)
o0l

seudoporcinus LQ 940-04T recN (AEUY02000005)
igalactiae ATCC 138137 recN (EU917247)

Enterococcus faecalis ATCC 194337 recN (ASDA01000005)

=T

01

luri. The finding of greater than 97% 16S rRNA gene sequence
relatedness of the human S. halichoeri isolates with S. canis and S.
ictaluri indicated that further testing was warranted to confirm
the taxonomic status of the human isolates. Full-length gene

sodA

S. halichoeri subsp. hominis SS18447 sod4 (KP890273)

S. halichoeri subsp. hominis SS1939 sodA (KP890268)

92|$. halichoeri subsp. hominis SS1940 sodA (KP890269)

S. halichoeri subsp. hominis SS1845 sodA (KP890272)

1004 S halichoeri subsp. hominis SS1846 sodA (KP890271)

S. halichoeri subsp. hominis CCUG 61265 sodA (KP890270)
S. halichoeri CIP 1081957 sodA (DQ232571)

S. porcinus CIP 103218 sodA (299177)

S. pseudoporcinus LQ 940-04T sodA (AEUY02000005)

S. didelphis strain CIP 1069807 sodA (DQ232545)
S.ictaluri ATCC BAA1300T sodA (KP890276)

uberis NCDO 2038" sodA (AJ544590)

S. iniae CIP 102508 sodA (299176)

S. parauberis NCDO 20207 sod4 (AJ544723)

S.phocae NCTC 127197 sodA (AJ547799)

S. equi CIP 1029107 sodA4 (Z95901)

S. dysgalactiae subsp. dysgalactiae CIP 1029147 sodA (Z95900)
S. canis CIP 1032237 sodA4 (Z99175)

S. pyogenes CIP 56.417 sodA (Z95915)

100.S. dysgalactiae subsp. equisimilis CIP 1051207 sodA (DQ232546)
S. agalactiae CIP 103227 sodA (295893)

CIP 103217 T sodA (295920)

train CIP 1064637 sod4 (DQ232561)

Enterococcus faecalis CIP 103015 T sodA (AJ387912)

S. halichoeri subsp. hominis SS1844T rpoB (KP890278)
S. halichoeri subsp. hominis SS1939 rpoB (KP890279)
104S. halichoeri subsp. hominis SS1940 rpoB (KP890277)

rpoB

S. halichoeri subsp. hominis SS1845 rpoB (KP890280)
1004|S. halichoeri subsp. hominis SS1846 rpoB (KP890281)
S. halichoeri subsp. hominis CCUG 61265 rpoB (KP890282)
S. halichoeri CCUG 483247 rpoB (KP890283)
S. canis ATCC 43496TrpoB (KP890284)
S. pyogenes DSM 20565 rpoB (ATXR01000008)
S. dysgalactiae subsp. dysgalactiae ATCC 43078 "rpoB (IN580238 )
9 99— dysgalactiae subsp. equisimilis CCUG 36637" rpoB (IN580239)
31| |=————>=. castoreus DSM 17536" rpoB (AUKZ01000003)

S. iniae ATCC 291787 rpoB (IN580243)
S. ictaluri ATCC BAA1300 " rpoB (KP890285)
34— parauberis NCFB 20207 rpoB (AEUT02000001)
LS. pseudoporcinus LQ 940-04T rpoB (AEUY02000005)
68— porcinus Jelinkova 1767 rpoB (AEUU02000001)

S.didelphis DSM 156167 rpoB (ARCB01000008)

-Enterococcus faecalis ATCC 19433 "rpoB (ASDA01000010)

68

—
0.02

FIG 1 Phylogenetic trees inferred from comparison of a 1,456-bp portion of the 16S rRNA gene, a 3,516-bp portion of the rpoB gene, a 417-bp portion of the sodA

gene, and a 1,248-bp portion of the recN gene from Streptococcus species. The

evolutionary history was inferred using the neighbor-joining method (12).

Bootstrap percentage values of =50 from 1,000 replicates are shown at nodes (13). The evolutionary distances were computed using the maximum composite
likelihood method (20) and are in units of the number of base substitutions per site. Evolutionary analyses were conducted in MEGA®6 (11). No significant
differences were noted in the tree topologies when maximum likelihood statistical methods were used with either Kimura 2-parameter or general-time-reversible

nucleotide substitution models.
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TABLE 3 isDDH and ANI results for Streptococcus halichoeri and closely
related species

GGDC"
Probability

Query Estimated of isDDH

genome Reference genome isDDH of =70%  ANI”

SS1844" S, halichoeri subsp. 84.6 94.4 98.2/98.4
halichoeri CCUG 48324

SS1844" S. halichoeri subsp. hominis 100 98.3 100/100
$51844"

SS1844" S. halichoeri subsp. hominis 100 98.2 100/100
SS1845

SS1844" S, halichoeri subsp. hominis 100 98.3 98.1/100
551846

SS1844" S. halichoeri subsp. hominis ~ 98.7 98.0 99.9/99.8
SS1939

SS1844" S. halichoeri subsp. hominis 100 98.2 100/100
§S1940

SS1844™ S, halichoeri subsp. hominis ~ 98.9 98.1 97.8/99.8
CCUG 61265

$51844" 8. canis ATCC 43496" 21.2 0.00 72.3/79.1

SS1844" S, ictaluri ATCC BAA-1300" 21.4 0.00 72.1/78.8

“ Genome-to-genome distance calculator with the alignment method GGDC 2.0
BLAST+ and Formula 2.

b Average nucleotide identity values (9) were determined by submitting draft genome
sequences to the ANT calculator (http://enve-omics.ce.gatech.edu/ani/) and EZgenome
(http://www.ezbiocloud.net/ezgenome/ani), respectively, and are given as value by ANI
calculator/value by EZgenome.

sequences were determined from whole-genome sequence
data. The 3,530-bp rpoB gene was identical between all six hu-
man isolates. A 3,516-bp alignment was created for phyloge-
netic analysis, and the rpoB sequence from the clinical isolates
was 98.8% similar to the S. halichoeri type strain, 84.6% similar to
the S. canis type strain, and 83.8% similar to the S. ictaluri type
strain (Fig. 1). The 417-bp sodA gene fragment was identical for
the 6 human clinical isolates and 98.2% similar to the S. halichoeri
type strain, 77.2% similar to S. canis, and 76.7% similar to S.
ictaluri. All six human isolates were identical based on recN gene
sequence comparison and were 99.3% similar to the S. halichoeri
CCUG 48324" seal isolate and 68.0 and 68.1% similar to S. ictaluri
and S. canis, respectively. Of the four loci analyzed, the recN
gene fragment of the S. halichoeri-like clinical isolates showed the
greatest similarity to the type strain sequence (99.3%) (Fig. 1),
while overall, the recN gene exhibited the greatest interspecies di-
versity (99.3 to 40.7%).

Comparative whole-genome analysis. The comparative se-
quencing results for the 16S rRNA, rpoB, sodA, and recN genes
showed the six human isolates to be identical. In an in silico pair-
wise analysis for estimation of DNA-DNA hybridization (isDDH)
using the Genome-to-Genome Distance Calculator (GGDC 2.0)
(17), all six clinical isolates were predicted to give an isDDH rela-
tive binding ratio of >70% to one another and to S. halichoeri
CCUG 48324" (Table 3), indicating that they belong to the same
species. The predicted isDDH values between the six clinical iso-
lates and the S. canisand S. ictaluri type strains were <<22. Average
nucleotide identity (ANI) values were also calculated based on
the assembled whole genomes. Two whole-genome sequences
represent the same species if their ANI value is =95 to 96% (18,
19); the six clinical isolates and the S. halichoeri type strain ex-
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TABLE 4 Whole-genome-sequence characteristics

Assembly No. of G+C
Genome size (bp) contigs mol%
S. halichoeri subsp. hominis
SS1844" 1,911,133 66 42
551845 1,977,140 68 42
SS1846 1,938,850 92 42
CCUG 61265 2,017,305 89 42
S§§1939 1,919,301 68 42
SS1940 1,962,910 65 42
S. halichoeri subsp. halichoeri 1,875,405 85 42
CCUG 48324"
S. canis ATCC 43496 2,022,062 51 40
S. ictaluri ATCC BAA-1300" 2,074,900 164 38

hibited >98% ANI. The data in Table 2 clearly demonstrate that
the human isolates are not S. canis or S. ictaluri and confirm their
identification as S. halichoeri. Metrics for the whole-genome se-
quence data are presented in Table 4.

Phenotypic testing. S. halichoeri CCUG 48324" and the hu-
man isolates tested catalase negative when grown on blood-free
medium, and all tested positive for Lancefield serological group B
and pyroglutamic acid arylamidase (PYR). Strains tested catalase
negative when selection was performed correctly from non-
blood-containing medium; however, a falsely catalase-positive
test was observed with both the S. halichoeri type strain and the
human isolates when isolates were selected from medium con-
taining sheep blood, which may explain the discrepancy in the
literature and why several isolates were initially referred to the
CDC as suspected Staphylococcus species. Five human clinical iso-
lates (four blood culture and 1 sinus) received from four different
states (North Carolina [two], Rhode Island, Missouri, and Geor-
gia) and one human wound isolate from Sweden isolated over the
last 5 years were biochemically indistinguishable. Table 5 shows
phenotypic characteristics that may be used to distinguish the six
S. halichoeri human clinical isolates from S. halichoeri CCUG
48324" and other genetically closely related Streptococcus species
based on comparative 16S rRNA sequences and Streptococcus spe-
cies that may possess the group B Lancefield antigen. The six hu-
man clinical S. halichoeri isolates were phenotypically identical to
one another but could be distinguished from the S. halichoeri type
strain seal isolate based on a positive test for bile-esculin and es-
culin hydrolysis and a positive test for acid production from su-
crose in conventional phenotypic tests. In the Rapid ID 32 Strep
test system, the six human clinical isolates tested positive for
B-glucosidase, B-glucuronidase activity, and acid production
from saccharose/sucrose and for methyl-f-p-glucopyranoside, as
shown in Table 5. The original species description of S. halichoeri
confirms that these Rapid ID 32 Strep test reactions were negative
for the six seal isolates (1).

Antibiotic susceptibility testing. The CLSI guidelines for per-
forming broth microdilution panels and MIC interpretive stan-
dards for Streptococcus species viridans group (6) were used to test
ampicillin, cefotaxime, clindamycin, erythromycin, levofloxacin,
penicillin, tetracycline, and vancomycin. The S. halichoeri CCUG
48324" gray seal isolate showed susceptibility to all these antimi-
crobials. The human clinical isolates were susceptible to all anti-
biotics with the exception of two isolates demonstrating resistance
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TABLE 5 Phenotypic characteristics for six S. halichoeri human clinical isolates, S. halichoeri type strain (gray seal isolate), and related Streptococcus
species based on comparative 16S rRNA sequence identity or possession of the group B Lancefield antigen

Result for species and strain’:

S. canis  S. ictaluri
S. halichoeri (human  S. halichoeri ATCC ATCC S. agalactiae S. porcinus ~ S. pseudoporcinus ~ S. phocae
Characteristic isolates, n = 6) CCUG 48324"  43496" BAA-1300" ATCC 138137 (n=19) (n=72) ATCC 51973"
16S rRNA gene identity (%)” 100 98.6 97.9 97.8 95.5 95.7 95.7 93.7
Conventional tests
Hemolysis v v B v B B B B
Lancefield group B B G None B B (79%) B (83%) F
PYRase® + + + — \ \4 _
LAPase” + + + + + + + i
Bile-esculin + — — — — _ v _
6.5% NaCl + + wWHe — + + + +
Esculin + - + - — + + —
Arginine + + — — + + + _
Hippurate — — — — + — + _
Acid from
Lactose - — + — + v — _
Maltose + + + + + + + +
Mannitol + + — — — + + _
Sorbitol — — — — _ + + _
Sucrose + — + - + + + —
Trehalose — — — — + + + _
Methyl-a-d-glucopyranoside  — \Y% + — — \% + _
Pullulan + + + — + v v +
Tagatose \% wt + - + + + _
Rapid ID 32
Arginine dihydrolase + + + - + + + _
B-Glucosidase + - - — - + + _
B-Galactosidase — — + — — _ _ _
B-Glucuronidase + - - — + + + _
a-Galactosidase — — + — _ v Y _
Mannitol + + - - + + _
Sorbitol - — — — _ n + _
Lactose - — (V) + — + v _
Trehalose — — — _ + + + _
Saccharose/sucrose + - + — + + + _
Cyclodextrin + + — — — — _ _
B-Galactosidase — — + — — _ _ _
Pyroglutamic acid arylamidase ~ + + - + - vV - _
Glycyl-tryptophan arylamidase ~ V - + — — — _ v
Hydrolysis of hippurate - - - - + \4 + —
Pullulan + + + — + v + _
Maltose + + + - + + + +
Methyl-B-d-glucopyranoside + - + - - \ - _

@ 16S rRNA gene sequence percent identity of S. halichoeri human clinical isolates to S. halichoeri gray seal and related species.
b +,100% of strains positive; —, 100% of strains negative; V, variable reaction within species or repeated testing; (V), variable reaction in species description.

¢ PYRase, pyrrolidonyl arylamidase.
4 LAPase, leucine aminopeptidase.
¢W™, weakly positive result.

to tetracycline, and one of these two isolates also was resistant to
erythromycin.

TAXONOMY
Emended description of Streptococcus halichoeri. Streptococcus
halichoeri (ha.lich.o’e.ri. N.L. gen. n. halichoeri, of a seal of the
genus Halichoerus, systematic genus name of the gray seal). The
description is essentially as proposed by Lawson et al. in 2004 (1).
An additional feature is that strains grow in 6.5% sodium chloride
broth.

Description of Streptococcus halichoeri subsp. halichoeri
subsp. nov. Streptococcus halichoeri (halich.o’e.ri. N.L. gen. n.
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halichoeri, of a seal of the genus Halichoerus, systematic genus
name of the gray seal). Demonstrates the characteristics previ-
ously described by Lawson et al. (1) for Streptococcus halichoeri.
The type strain is M512/02/17 = CCUG 48325" = CIP
108195".

Description of Streptococcus halichoeri subsp. hominis
subsp. nov. (ho'mi.nis. L. gen. n. hominis, of a human being or
from human being). Strains conform to the species description
with the following exceptions. Using the Rapid ID 32 Strep test,
activity is detected for B-glucosidase and B-glucuronidase, and
acid is produced from saccharose/sucrose and methyl-B-D-gluco-
pyranoside. Activity is variable for glycyl-tryptophan arylamidase.
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Using the Rapid ID 32 Strep test, acid may or may not be produced
from ribose, although acid is consistently produced for ribose in
the longer-incubation conventional biochemical tube test. Acid is
not produced from lactose in either test system. Bile-esculin and
esculin are hydrolyzed. The original species description for S.
halichoeri reports acid production from mannose and activity in
a-glucosidase, and these tests were not performed and compared
in this study. The type strain is SS1844" = CCUG 67100" = LMG
288017 isolated from human blood in 2006 in North Carolina,
USA, from a 67-year-old man with sepsis. The 16S rRNA sequence
accession number is KP851845.

DISCUSSION

The S. halichoeri human clinical isolates were associated with older
patients whose age ranged from 47 to 78 with an average age of 63
years. Gender does not appear to be a significant clinical factor, as
four isolates were from male patients and 2 were from females.
The patients were from six different geographic locations. Patient
contact with gray seals or ocean water was unknown. The sources
of blood and wound indicate that this organism can cause serious
infections in humans. Antibiotic resistance to tetracycline and/or
erythromycin was observed in two isolates. Phenotypic and DNA
sequence analysis of four individual loci (16S rRNA, rpoB, sodA,
and recN) indicated that the six human clinical isolates were iden-
tical to each other and different from, but most closely related to,
S. halichoeri. Glazunova et al. found that recN gave the most stable
phylogenetic tree (16). In their study, the closest similarity be-
tween a pair of subspecies was 98% (S. gallolyticus subspecies).
Our clinical isolates were 99% similar by recN to S. halichoeri
CCUG 48324". Therefore, the human clinical isolates appeared to
be a subspecies or perhaps a sequence variant of S. halichoeri and
not a new species. Whole-genome sequence comparison con-
firmed that the 6 human isolates clearly belonged to the species S.
halichoeri but were genetically distinct. In addition, the six human
clinical isolates were phenotypically distinct from the six S.
halichoeri isolates from marine mammals. We propose the sub-
species names Streptococcus halichoeri subsp. halichoeri for the
marine isolates and Streptococcus halichoeri subsp. hominis for the
human isolates. During the preparation of the manuscript, an
additional human clinical isolate from a 45-year-old male with
empyema was described in Singapore (2). That study did not pro-
vide all the biochemical data or 16S rRNA gene sequence in order
to make a determination of which subspecies the isolate repre-
sented. In addition, a recently described isolate from a badger was
more closely related to the gray seal isolates than to the human
isolates based on comparative 16S rRNA and rpoB gene sequence
analysis (3).
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