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Isolation and Characterization of a Novel
Alpha-Hemolytic Streptococcus spp. from
the Oral Cavity and Blood of Septicemic
Periparturient Immunodeficient Mice

Amy Funk,"* Qidong Jia,>* Laura Janke,>* Ashley Crawford,® Amy Iverson,? Jason Rosch,? Joseph Emmons,?

Chandra Savage,! Heather Glasgow,® Randall Hayden,® Elisa Margolis,? and Harshan Pisharath’>*

MISTRG is an immunodeficient mouse strain that expresses multiple human cytokines that support hematopoietic stem cell
maintenance and myelopoiesis. While establishing a breeding colony of MISTRG mice in a dedicated barrier room, 6 cases
of death or disease occurred in pregnant or postpartum mice. Clinically, this manifested as hunched posture, dyspnea, and 1
case of emaciation with ataxia. Pathologic analysis of 7 mice revealed multisystemic necrosuppurative inflammation variably
affecting the uterus and placenta, joints, meninges, inner and middle ears, kidneys, and small intestine. Bacteria cultured from
the blood of septic mice were identified with 89% probability by the Vitek 2 identification system as Streptococcus sanguinus
with atypical biochemical parameters; the API 20E/NE system fully differentiated the isolates as a novel Streptococcus
species. MALDI Biotyper-based mass spectrometry also indicated that the phenotype represented a novel Streptococcus
spp. Sequencing revealed that the full-length 16S rRNA gene identity was below 97% with known Streptococcus species,
including the 2 closest species Streptococcus acidominimus and Streptococcus azizii. We propose the name Streptococcus
murisepticum spp. nov to our novel isolates. All male mice in this colony remained healthy despite their association with
diseased female mice. Overall, 19% of the colony carried the novel Streptococcus in their oral cavity, but it could not be detected
in feces. The organism was sensitive to amoxicillin, which was administered via drinking water throughout pregnancy and
weaning to establish a colony of pathogen-negative future breeders. The colony remained disease-free and culture-negative
for Streptococcus murisepticum spp. nov after treatment with amoxicillin. We suspect that oral colonization of MISTRG mice
with the novel Streptococcus species and its associated unique pathology in periparturient mice is potentially the principal
cause of loss of this strain at several institutions. Therefore, screening the oral cavity for a-hemolytic streptococci followed
by targeted antibiotic treatment may be necessary when establishing MISTRG and allied immunodeficient mouse strains.

Abbreviations and Acronyms: MISTRG, M-CSF*" IL-3/GM-CSFh SIRPah/h TPOM" RAG2~/~ IL2Rg~/~; MISTRG-EPO,
M-CSFh [L-3/GM-CSFP SIRPal/h TPOMh RAG2~/~ IL2Rg~/~ EPO; TMS, Trimethoprim Sulfamethoxazole; VGS, Viridans
Group Streptococci
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Introduction

Several immunodeficient mouse strains, including NSG
(NOD.Cg-Prkdcsi® [12rg'™IWil /Sz]), have low engraftment
and differentiation potential for human myeloid cell line-
ages.®® However, the MISTRG (M-CSF"! IL-3/GM-CSFh/h
SIRPa"/h TPO"M RAG27/~ IL2Rg™/~) mouse strain is highly
permissible for engraftment of functional human myeloid
cells (monocytes, basophils, eosinophils, dendritic cells, and
natural killer cells) in the bone marrow and in lymphoid and
nonlymphoid tissues, enabling engraftment of certain acute
myeloid leukemia and myelofibrosis xenografts.!%28 The
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MISTRG strain is characterized by the expression of human
cytokines (macrophage colony-stimulating factor, interleukin-3,
granulocyte-macrophage colony-stimulating factor, and throm-
bopoietin) that replace endogenous mouse cytokines through
gene knock-in and that drive human myeloid development and
differentiation in the mice.'>* Complementarily, the expression
of the human signal regulatory protein o transgene, which blocks
phagocytosis of human cells by mouse macrophages on a highly
immunodeficient background (RAG2 and IL2Rg mutation),
makes such xenotransplantation highly efficient and repro-
ducible.263340 As such, MISTRG and the allied MISTRG-EPO
strain, which harbors human erythropoietin (EPO) as the fifth
knock-in cytokine needed to support the development of human
erythroid lineage, are excellent patient-derived xenograft (PDX)
models for studying leukemia and myelodysplastic syndromes.
Recombination activating gene 2 (RAG2) and interleukin-2
receptor subunit gamma (IL2Rg) mutations impair adaptive
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and innate immunity in MISTRG/MISTRG-EPO strains®.
Furthermore, the lack of murine cytokines may functionally
compromise both neutrophils and macrophages in these strains.
As such, these mice may be highly susceptible to infection, in-
cluding with opportunistic agents like a-hemolytic Streptococcus
spp., and noncoagulase-positive Staphylococcus spp., that may
be viewed as nonpathogenic commensals in routinely used
immunodeficient mouse strains.

Alpha-hemolytic streptococci, also known as viridans group
streptococci (VGS), are gram-positive bacteria found in the
oro-nasopharyngeal, gastrointestinal, and genitourinary tracts
of animals, including humans.® Except for Streptococcus pneu-
moniae, the best-known and most well-studied member of this
group, most of the species in this group are either nonpathogenic
or of low pathogenicity.® Despite their low pathogen potential,
a-hemolytic streptococci can cause septicemia and invasive
infections like meningoencephalitis in children,® weanling
mice,? and patients with chemotherapy-induced oral mucosi-
tis.?? Patients with neutropenic cancer are susceptible to VGS
bacteremia-induced streptococcal toxic shock syndrome, which
canhave mortality rates as high as 40% to 100%, with Streptococcus
mitis as the most frequent isolate.3

Except for a study reporting on a well-characterized
a-hemolytic Streptococcus azizii infection in weanling mice?
and a report on oral colonization in Sprague-Dawley rats by
a novel Streptococcus orisratti spp.,*? rare natural Streptococcus
infections in rats and mice are due to f-hemolytic strepto-
cocci.?23 Also, a-hemolytic streptococci are not included in the
standard microbial test panels for research rodents, possibly
because of the ubiquitous nature of this bacterial group. Even
if identified in culture, the phenotypic similarities between
VGS make species-level identification difficult when testing
relies on standard biochemical and mass spectrometry-based
methods; marker gene-based molecular methods are more reli-
able for species determination.5* As such, novel a-hemolytic
streptococci that colonize or cause disease in research mice are
either not identified at the species level or are misidentified as
a known VGS.

In this article, we use phenotypic testing and whole genome
sequencing to characterize a novel a-hemolytic Streptococcus spp.
that colonized the oropharynx of a recently procured colony of
male and female MISTRG mice. Cultures of mouse oral cavities
and feces can reveal the presence of most VGS species (Strep-
tococcus sanguinus and Streptococcus mitis); however, we were
unable to grow this novel Streptococcus spp. from the feces of our
mice. This novel Streptococcal spp. manifested predominantly as
septicemia and multisystemic necrosuppurative inflammation
and occurred only in pregnant and lactating mice. We eliminated
the bacteria from this colony through the careful use of antibi-
otics. Antibiotic treatment may be necessary for the successful
establishment of MISTRG and related immunodeficient strains
colonized with this novel a-hemolytic Streptococcus species.

Materials and Methods

Case presentation. During the summer of 2020, we imported
10 male and 20 female MISTRG (strain number 017712) and
MISTRG-EPO strains of mice from Regeneron Pharmaceuticals
(Tarrytown, NY) as part of a material transfer agreement. The
mice were placed on Institutional Animal Care and Use Com-
mittee protocol approved by the St Jude Children’s Research
Hospital Animal Care and Use Committee for breeding, geno-
typing, sample collection, and investigation of hematopoietic
neoplasms in mice. The mice were housed in a facility accred-
ited by the Association for Assessment and Accreditation of
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Laboratory Animal Care International in accordance with the
National Research Council’s Guide for the Care and Use of Labora-
tory Animals. On arrival, animals underwent PCR testing and
were negative for viral, bacterial, and parasitic agents that are
typically excluded in immunodeficient mice colonies, includ-
ing lymphocytic choriomeningitis, mouse adenovirus 1 and 2,
mouse hepatitis virus, murine norovirus, mousepox, mouse
parvovirus/minute virus of mice, mammalian orthoreovirus,
murine chapparvovirus, pneumonia virus of mice, reovirus,
Sendai virus, Theiler’s murine encephalomyelitis virus/GDVII
subgroup, p-hemolytic streptococci Groups A, B, C, and G,
Bordatella bronchiseptica, Bordatella pseudohinzii, Corynebacterium
bovis, cilia-associated respiratory bacillus, Corynebacterium
kutscheri, Citrobacter rodentium, Clostridium piliforme, Klebsiella
oxytoca, Klebsiella pneumoniae, Helicobacter genus, Mycoplasma
pulmonis, Rodentibacter heylii, Rodentibacter pneumotropicus, Pseu-
domonas aeruginosa, Salmonella genus, Staphylococcus aureus,
Streptobacillus moniliformis, S. pneumoniae, Cryptosporidium,
Demodex, Entamoeba, Giardia, mites, pinworms, Pneumocystis,
Proteus mirabilis, Spironucleus muris, and Tritrichomonas genus.
The mice were also negative by bacteriological culture for the
opportunistic bacterial agents Klebsiella spp., Rodentibacter spp.,
Proteus spp., and Staphylococcus aureus.

A dedicated room was used for the breeding and expansion
of these mice and was maintained under strict biosecurity to
avoid fomite, murine, and human pathogen contamination.
Mice were housed in breeding pairs or in groups of 5 after
weaning in autoclaved, individually ventilated cages (Allen-
town Jag cages, Allentown, NJ) with quarter-inch corncobs
(The Andersons, Maumee, OH)as bedding. They received
reverse osmosis, ultraviolet-light-irradiated, and chlorinated
(4ppm) water through an automatic watering system (Avid-
ity Science, Waterford, WI) and a rodent diet that contained
trimethoprim-sulfamethoxazole (TMS; 5TK4, modified LabDiet
5058, 0.025% trimethoprim and 0.124% of sulfamethoxazole).
Cages were changed every 2 wk or were spot-changed as needed.
Sentinel screening was based on multiplex PCR screening of ex-
haust air dust (Charles River Laboratories Inc, Wilmington, MA).
The agents screened for were the same as those tested at arrival.

Over the next 3 to 4mo, we noticed sporadic deaths of breed-
ing females and pups, initially attributed to the advanced age of
breeding females (> 6 mo) and the possible fastidious nutritional
and husbandry needs of these mouse strains. The remaining
cohort of pregnant females delivered small litters that were
successfully raised and were used as next-generation breeders.
One of these female mice was noticeably thin and ataxic at 5 wk
of age and subsequently was euthanized for humane reasons.
Over the next 5mo, 5 breeding females presented with lethargy,
hunched posture, and respiratory distress, and one was found
dead. The signalment and clinical signs from these cases are
presented in Figure 1.

Necropsy, clinical pathology, and histopathology. Oral swabs
and feces were collected for bacteriology and mice were then
euthanized with carbon dioxide. Blood was then collected for
bacteriology and a complete blood count (CBC), followed by
necropsy and tissue collection for histopathologic examination.
For CBC, blood was collected into microfuge tubes containing
a 10% volume of disodium enthylenediaminetetraacetic acid
anticoagulant (10% w /v concentration). CBCs were performed
on a ForCyte Hematology Analyzer (Oxford Science, Inc, Ox-
ford, CT). For each mouse, a full set of tissues was routinely
fixed in 10% neutral-buffered formalin for a period ranging
from 48h to 2 wk. Bone specimens were decalcified in 10%
formic acid. Tissues were embedded in paraffin and sectioned
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Case  Signalment (Strain; Clinical
No. Age; Parity) Sign(s) Pathology findings
1 28 weeks; MISTRG;  Dyspnea Necrosuppurative placentitis with
Post-partum lactating intralesional bacteria (Fig 1A); placental
detachment with prolapse into vagina;
necrosuppurative aortic endocarditis
with intralesional bacteria
2 5 weeks; MISTRG- Thin, Vaginitis with necrosis and rupture of
EPO; Nulliparous hunched, and  the wall (Fig 1B); polysynovitis
ataxic with (temporomandibular, stifle [Fig 1F] and
tachypnea vertebral facet joints); otitis interna and
media; aortitis
3 19 weeks; MISTRG;  Hunched, Necrosuppurative aortic endocarditis
Post-partum lactating  lethargic with  (Fig 1C) and papillary nephritis with
tachypnea intralesional bacteria; polysynovitis
(temporomandibular and knee joints),
otitis interna
4 11 weeks; MISTRG;  Dyspnea Meningitis (Fig 1D inset upper right)
Post-partum lactating and otitis interna (Fig 1D inset lower
right); lumbar radiculoneuritis;
pancreatitis
5 20 weeks; MISTRG;  Lethargic, Necrotizing placentitis with fetal
Post-partum lactating  ataxic resorption; vaginal ulceration with
submucosal vaginitis and intralesional
bacteria; otitis media; aortic
endocarditis; papillary nephritis (Fig 1E)
6 20 weeks; MISTRG;  Scruffy, Neutrophilic meningitis of brain and
Post-partum lactating hunched with  spinal cord; optic neuritis; neutrophilic
tachypnea periostitis of cranium; serositis; mastitis
with focal area of cellulitis
) 20 weeks; MISTRG-  Found dead Necrosuppurative placentitis with

EPO; Post-partum
lactating

intralesional bacteria; placental
detachment; necrotizing Ileo-jejunitis

Figure 1. Case findings from breeding females from different cages that had positive blood cultures for the novel a-hemolytic Streptococcus spp.

at 4-um thickness. Sections were mounted on slides and either
stained with routine hematoxylin and eosin (HE) or used for
immunohistochemistry (IHC) analysis. All assay steps for CD68
IHC analysis were performed on the Bond Max with Bond wash
buffer (#AR9590; Leica Biosystems, Deer Park, IL), with rinses
between steps. Heat-induced epitope retrieval was performed
with Bond Epitope Retrieval Solution 2 (ER2), and the slide
was incubated with the primary antibody (Cell Signaling,
#97778) at 1:900 for 15min and then with Bond Polymer Refine
Detection (DS9800). Labeling was visualized with streptavi-
din conjugated to horse radish peroxidase (ThermoShandon,
#I'S-125-HR, 10min) and substrate containing the chromagen
DAB (ThermoShandon, #TA-125-HDX, 5min).

Microbiology. Blood, oral, and fecal samples were cultured on
Trypticase Soy Agar (TSA). Morphologically distinct colonies
were biochemically phenotyped by using the Vitek 2 Compact
System (bioMérieux, Durham, NC) and the GP identification
card. Colonies were then cryopreserved as glycerol stocks. To
recover organisms, glycerol stocks were streaked on to Columbia
Agar (CA) with 5% sheep blood under 5% CO, microaero-
philic conditions. Individual colonies from CA were used for
whole- genome sequencing, and biocheminal phenotypes were
revalidated by inoculation onto API20 Strep strips in duplicate
(bioMérieux, Marcy- I'Etoilel’Etoile, France). At the same time,

antibiotic sensitivity testing was performed using MIC and
breakpoint standards listed for VGS using the Clinical and
Laboratory Standards Institute guidelines (version 11.0). We also
analyzed antibiotic sensitivity by using the Kirby-Bauer method
based on inoculation of a TSA plate with the McFarland Stand-
ard of a test organism to provide a uniform lawn of growth. A
disc stamper was used to apply specific antibiotics indicated for
Streptococcus spp. (clindamycin, chloramphenicol, enrofloxacin,
erythromycin, amoxicillin/clavulanic acid, ampicillin, amikacin,
tetracycline, cephalothin, vancomycin, and penicillin) to the CA
plates. For MALDI-TOF mass spectrometry, samples were sent
to IDEXX BioAnalytics (Columbia, MO).

Whole-genome characterization and phylogenetic analysis.
The whole genomes of the novel Streptococcal spp. strains
(isolates BO1 from blood and O1 from the oral cavity of the
ataxic and thin mouse, Figure 1, Case 2) were sequenced at
the St. Jude Children’s Research Hospital Hartwell Center for
Biotechnology with MiSeq (Illumina, Inc, San Diego, CA) and
at St. Jude Children’s Pathology Laboratory with MinION
(Oxford Nanopore Technologies, Littlemore, Oxford, United
Kingdom). DNA was extracted using the Wizard Genomic DNA
Purification Kit (Promega Corp, Madison, WI). For short-read
sequencing, libraries and paired-end reads (2 x 150bp) were gen-
erated using Nextera XT and MiSeq reagent kits and instruments
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(all INlumina). For long-read sequencing, MinION was used
to prepare libraries and generate reads. Illumina paired-end
reads were trimmed by fastp (version 0.20.1; parameters: -de-
tect_adapter_for_pe, -cut_front, -cut_tail, -cut_window_size
4, -qualified_quality_phred 25, -length_required 20)3 and the
nanopore reads were trimmed by porechop (version 0.2.4)
with default parameters. Filtered nanopore reads were then
assembled by Minimap?2 (version 2.17)!8 and miniasm (version
0.3_r179)17 with default parameters. The resulting miniasm
assembly was polished by Racon (version 1.4.13, parameters:
-m 8 -x -6 -g -8 -w 500)*” and Medaka (version 1.2.0, with
r941_min_fast_g303 model). This corrected nanopore long-read
assembly was further corrected and extended with the Illumina
paired-end data using POLCA (built-in MaSuRCA 3.4.2).%3
CheckM (version 1.1.3, taxonomic genus Streptococcus-specific
workflow)* was used to assess the complete assembly of all
scaffolds, including the largest scaffold. The final assembly was
100% complete and, as a result, was designated a complete draft
genome. The draft genome was annotated using the National
Center for Biotechnology Information’s (NCBI) Prokaryotic
Genome Annotation Pipeline (PGAP, version 6.1)% and fur-
ther characterized with the curated virulence factor database,
MEGARes, and PHASTER to identify virulence-associated
genes, antibiotic resistance mechanism genes, and prophages,
respectively. Digital DNA-DNA hybridization estimates were
generated with the Genome-to-Genome Distance Calculator 2.1
(https:/ /ggdc.dsmz.de/ggdc.php/) using Equation 2 (identities /
HSP length). In addition, OrthoANI (Orthologous Average
Nucleotide Identity)!® values were calculated for both complete
and draft genome assemblies by the OrthoANIu tool (version
1.2; https:/ /www.ezbiocloud.net/tools/orthoaniu). Average
amino acid identity was calculated from the following web
server: http:/ /enve-omics.ce.gatech.edu/aai/.

For phylogenetic analysis, 16S rRNA gene sequences of the
closely related taxa of the genus Streptococcus were obtained by
performing a BLAST search against the nucleotide database.
The 165 rRNA gene sequences of strain B01 and closely related
members of the genus Streptococcus were aligned using MAFFT
(version 7.471).13 The 16s rRNA gene phylogenetic tree was
calculated in Mega X' using the maximum likelihood method
and the general time-reversible model with a discrete y distri-
bution and rapid bootstrap (1000 replicates) analysis. Pairwise
sequence similarity was calculated by the needle program in
the EMBOSS Software Suite (version 6.6.0).2

The core phylogeny of 22 Streptococcus genomes (B01 and O1
isolates and 20 representative strains of species of the genus
Streptococcus from the NCBI GenBank) and the Enterococcus
faecalis V583 was constructed using 433 core genes determined
by the roary? pan genome pipeline (version 3.13.0, -1 70 -cd 90).
Nucleotide sequences of these 433 core genes in each genome
were concatenated. Four additional marker genes (rpoB, sodA,
recN, and gyrB) were extracted and concatenated. Multiple
sequence alignments were performed by MAFFT (version
7.471),13 and the maximum-likelihood trees were constructed
by FastTree (version 2.1.10).2

Data analysis. CBC parameters of healthy and affected mice
were analyzed using Excel (Microsoft 350 ProPlus). Welch’s ¢
test was used due to an unequal variance in parameters of the
infected and healthy mice; differences were considered statisti-
cally significant at a P value less than 0.05.

Data availability. The GenBank/ENA /DDBJ accession num-
bers for the Whole Genome Shotgun projects of Streptococcus
isolate BO1 and Streptococcus isolate O1 are JALJAW000000000
and JALJAX000000000, respectively.

Novel Streptococcus spp.-induced septicemia in immunodeficient mice

The GenBank/ENA /DDBJ accession numbers for the
16S rRNA of isolate B01 is OP501805.1 and for isolate O1 is
OP501806.1.

Results

Clinical and histopathologic findings. Compared with healthy
controls of the same strain, the 7 affected breeding females, of
which 6 were periparturient, had statistically significant neu-
trophilic leukocytosis, lower red blood cell count, hematocrit,
hemoglobin, and platelets, and an absence of reticulocytes
(Table 1). Histopathologic examination of the affected female mice
revealed multisystemic necrosuppurative inflammation from
bacterial septicemia (Figure 2). The most affected system was the
reproductive tract, with 3 of the mice having placentitis and one
with infection and rupture of the vaginal wall. Septicemia mani-
fested in a combination of tissues: 4 mice with otitis, 3 with aortic
valve endocarditis, 2 each with renal papillary nephritis, men-
ingitis, serositis, and arthritis, and one with jejunitis (Figure 2).
Varying degrees of alveolar proteinosis and histiocytosis
(Figure 3), splenic white pulp hypoplasia, and thymic hypocel-
lularity were seen in the affected mice and were considered to
be strain-related background findings because identical changes
were also present in healthy MISTRG/MISTRG EPO mice.

Microbiologic characterization. Bacterial cultures of the blood
and oral cavity of affected females revealed an a-hemolytic pat-
tern on trypticase soy broth, identified by Vitek 2 automated
system using GP cards to be S. sanguinis with an 89% probability
but with contraindicating biopatterns of salicin and d-mannose
fermentation and p-galactosidase expression. API20 Strep strips
revealed positive p-glucuronidase activity and sorbitol fermenta-
tion, negative a-glucuronidase activity, and a lack of fermentation
of raffinose and pullulane sugars, allowing differentiation
from S. azizii 12.5202, Streptococcus acidominus CCUG 27296,
and Streptococcus cuniculi CCUG 65085 (Table 2). MALDI-TOF
mass spectra of the blood and oral cavity isolates against the
MaldiBiotyperCompass-BDAL-8.0 database provided logarith-
mic identification scores of 1.7 and 1.8, respectively; scores of >
1.7 and 2.0 indicate reliable genus- and species-level identifica-
tion, respectively. Based on the above phenotypic characteristics,
the isolates were deemed to be a novel species of Streptococcuss.

Genomic characterization. Genomic features of the blood
and oral isolates of the novel Streptococcus spp. involved 2119
to 2447 predicted genes and 2048 to 2376 coding sequences,
including 4almost identical 16S rRNA and 55 tRNA sequences
(Table 3). These 4almost identical 165 rRNA sequences from the
blood isolate were phylogenically closely related to a cluster of
undescribed Streptococcus spp., including 99.6% identity with
2 of the sequences (KM609123.1 (Streptococcus spp. AHSI00047
and AB969442.1, an uncultured bacterium, clone: DE1) in the
NCBI nucleotide database (Figure 4). Matches to established
Streptococcus spp. were less than 97%, which is below the

Table 1. Statistically and clinically significant blood parameters
(Mean + SEM) from clinically healthy and septic MISTRG mice

Blood Parameter

Healthy mice Septic mice

WBC (103/uL) 1.8+0.3 42+08
Neutrophils x 103/uL 1.3+0.2 3.8+0.7
RBC x 106/uL 9.1+0.1 7.5+0.6
Hematocrit % 52+1 40+3
Hemoglobin g/dL 13.3+0.2 10.8+0.6
Platelets x 103/uL 536 +417 320+21
Reticulocytes / uL 343+32 0
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Figure 2. Histopathology of lesions associated with novel Streptococcus spp. infection. (A) Case 1. Mouse uterus with necrosuppurative placen-
titis and bacteria (inset, arrows indicate bacterial colonies within the necrotic placental trophoblasts, accompanied by degenerate neutrophils).
Scale bar in large image is 500 um, in inset is 20um. (B) Case 2. Rupture of vaginal wall with necrosis, fibrinosuppurative inflammation, and
bacteria. The vaginal lumen contains fibrin, necrotic debris, and degenerate neutrophils (scale bar 500 um). Inset shows site of rupture (scale
bar 20um). (C) Case 3. Heart, aortic valve endocarditis with large mass of bacteria surrounded by fibrinosuppurative inflammation (scale bar
200um). Inset shows valve overlain with degenerate neutrophils, bacteria, and fibrin (scale bar 20 um). (D) Case 4. Cross section of whole head
(scale bar 200 um) with suppurative meningitis (inset, upper right, scale bar 20um) and otitis interna (inset, lower right, scale bar 50 um). (E)
Case 5. Necrosuppurative papillary nephritis with bacteria (scale bar 100 um). A large portion of the renal papilla is necrotic and infiltrated by
degenerate neutrophils and large colonies of bacteria (inset, scale bar 20um). (F) Case 1. Cross section of stifle joint with suppurative arthritis
(scale bar 200 um). Inset shows degenerate neutrophils in joint space (scale bar 20 um).
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Figure 3. Background hlstopathology of prote1n051s and hlstlocyt051s
in MISTRG mice. (A) Mouse lung alveoli filled with eosinophilic pro-
tein (scale bar 20 pm). (B) Mouse lung alveoli containing both protein
and histiocytes with engulfed cytoplasmic protein (scale bar 50 um).
(C) Histiocytes are positive for mouse CD68 (scale bar 50 um).
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threshold of 98.7% for species-level matching.* The isolate BO1
16S rRNA sequences shared 94.4% to 96.4% similarity and aver-
age nucleotide identity (ANI) and amino acid identity values
of < 85% and < 87%, respectively, with closely related species
S. acidominimus strain CCUG 27296, S. azizii strain 12-5202, S.
cuniculi strain CCUG 65085, and Streptococcus respiraculi strain
HTS25 (Table 4). These values were well below the ANI spe-
cies delineation boundary of 95% to 96%.1%14 Pairwise digital
DNA-DNA hybridization (dDDH) estimates of the previously
mentioned, closely related Streptococcus strains were well be-
low the species boundary of 70%,?? ranging from 27.2 to 29.6
(Table 4). Further, core genome phylogenetic analysis, based
on 433 core genes of the Streptococcus BO1 and O1 isolates
against closely related 20 Streptococcus spp., confirmed their
unique identity (Figure 5). In this analysis, S. acidominimus
strain CCUG 27296 and S. azizii strain 12 to 5202 were the
next 2 closely related species. Finally, phylogenetic analysis of
4 marker genes (rpoB, sodA, recN, and gyrB), which are more
discriminative for the genus Streptococcus,®® confirmed the
distinctive placement of these isolates from other Streptococcus
species (Figure 6). Overall, genomic analysis established the
unique species-level identity of the isolates from septicemic
MISTRG and MISTRG-EPO mouse strains.

Colony screening and treatment. Using bacterial culture, a
colony-wide screening of 42 mice, comprising breeding pairs
and offspring, revealed a 19% prevalence of the novel Streptococ-
cus species in the oral cavity; however, the organism was not
found in fecal cultures. The organism was sensitive to amoxicil-
lin/clavulanic acid, ampicillin, benzylpenicillin, cephalothin,
chloramphenicol, clindamycin, enrofloxacin, and erythromycin,
and was resistant to trimethoprim-sulfamethoxazole.

Breeding pairs continuously received drinking water that
contained amoxicillin doses of 0.57 mg/mL; pups had access
to amoxicillin only before weaning. Weaned mice did not
receive amoxicillin. The entire colony, including the breed-
ers, was screened for the presence of the novel Streptococcus
species in the oral cavity every 2 wk for 22 wk by using
bacterial culture. Weaned mice that tested positive were
culled or placed on amoxicillin if selected for breeding. The
entire colony was negative by week 16 of this regimen of
treatment and screening. No cases of septicemia or death oc-
curred in the breeders or weanlings during this period. This
colony remained free of septicemia and colonization with
the novel Streptococcus spp. 15 mo after cessation of antibiotic
treatment.

Discussion

In the current study, we identified a novel a-hemolytic
Streptococcus spp. that was present in the oral cavity and blood
of septicemic MISTRG/MISTRG-EPO female mice that were
either pregnant or lactating. Clinical signs of disease or death
from bacterial septicemia were not evident in weaned male or
female mice or in breeding males cohoused with the females
exhibiting clinical signs of sepsis. Affected periparturient mice

Table 2. Biochemical characteristics useful in differentiating novel Streptococcus spp. from the closest related species of the genus Streptococcus

Streptococcus S. azizii S. acidominimus S. cuniculi
Characteristics isolate BO1 12-5202 CCUG 27296 CCUG 65085
p-glucuronidase + + + -
a-Galactosidase - - - +
Sorbitol + - + +
Raffinose - + + -
Pullulan - + +
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Table 3. Genome features of the novel Streptococcus isolates

Item Description

Bo1 01

minimap2 + miniasm +
racon + Medaka + POLCA

[llumina + Nanopore MinION

Genome Assembly Data
Assembly Method

Sequencing Technology

No. of contigs 2 5
Genome Coverage 523.0x 300.0x
Genome features

Size (Mbp) 2.449 2.703
Max contig length (Mbp) 2.415 2.206
Number of scaffolds > 50 KB 1 4
GC content (%) 41.1 41
No. of total predicted genes 2119 2447
No. of CDSs (total) 2048 2376
No. of Genes (coding) 1976 2223
rRNA (23S, 16S, 5S) 12 (4, 4, 4) 12 (4, 4, 4)
tRNA 55 55
ncRNAs 4 4
Pseudo Genes (total) 72 153
Repeat_region 1 1

showed systemic necrotizing infection involving multiple joints,
aortic and cardiac tissues, middle and inner ears, meninges,
abdominal organs (kidney and pancreas), and the reproductive
tract (vaginitis and placentitis).

27

We have no documented information regarding death or
disease in these 2 related strains of mice at other institutions,
but we have heard anecdotes about the loss of colonies of this
strain with recommendations for continuous use of antibiotics
(enrofloxacin or TMS) in water in order to minimize opportunis-
tic systemic, pulmonary, and reproductive tract infections.®® As
such, these strains of mice received TMS-medicated feed while
in our facility based on husbandry and veterinary care informa-
tion from the source institution. Given the broad antibacterial
and antipneumocystis effects of TMS, we continued to provide
this medicated diet to the MISTRG colony to suppress oppor-
tunistic infections. However, the reported minimum inhibitory
concentration 90 (MIC90) for TMS against VGSis 4mg/L.3° This,
in conjunction with a report of poor plasma bioavailability of
TMS when delivered in drinking water (< 7.1ng/mL),?’ makes
the medicated feed, even with 55% more drug, ineffective
against Streptococcus spp. This ineffectiveness was evident in
our study, given the systemic infections and resistance to TMS.
Antibiotic sensitivity assessment, however, indicated a pattern
of sensitivity to p-lactam antibiotics, which is expected for VGS.
We chose amoxicillin because it is the antibiotic of choice for
Streptococcus, and is easy to administer through drinking water.
Subsequently, within a few weeks, we successfully bred and
weaned mice from this colony. Within 16 wk, the colony mice
were culture-negative for the novel isolate. Like TMS, amoxicil-
lin has poor systemic bioavailability in mice after oral dosing.?’
We therefore do not know whether the clearance of oral bacterial
colonization is due to a localized effect of amoxicillin in the oral
cavity while drinking or to systemic exposure.

15LA8969442.1 Uncultured bacterium clone DE1
GU213113.1 Streptococcus sp. B1
= AY538685.1 Streptococcus sp. Smarlab 3301444

i KM609123.1 Streptococcus sp. AHSI00047

MU446_03415 (OP501805.1) novel Streptococcus isolate B01
rMU446_01205 novel Streptococcus isolate B01

MU446_01650 novel Streptococcus isolate B01

MU446_03790 novel Streptococcus isolate B01

BU200_RS09875 Streptococcus acidominimus strain CCUG 27296
BVE84_RS10155 Streptococcus azizii strain 12-5202

BU202_RS10315 Streptococcus cuniculi strain CCUG 65085

CHF41_RS02160 Streptococcus respiraculi strain HTS25

5 _DKX679400A1 Streptococcus himalayensis strain HTS2
66

KU992301.1 Streptococcus marmotae strain HTS5

21

AJ409287.1 Streptococcus entericus strain CECT 5353

AJ307888.1 Streptococcus gallinaceus strain CCUG42692T

o

AM396401.1 Streptococcus merionis strain WUE3771

I: ABO071336.1 Streptococcus suis strain DAT1
%0 AB002525.1 Streptococcus suis strain ATCC 43765, NCTC 10234

AM941160.1 Streptococcus porci strain 2923-03T

NR_026471.1 Streptococcus ovis strain S369-98-1

| .
6 AY281090.1 Streptococcus cristatus ATCC 49999

LC144933.1 Streptococcus parasuis strain SUT458

AB012212.1 Enterococcus faecalis

Figure 4. Phylogenetic tree inferred from comparison of 16S rRNA gene sequences of Streptococcus isolate B01 and closely related members of
the genus Streptococcus. The 16S rRNA gene sequence of Enterococcus faecalis was used as an outgroup. Bar, 0.1 substitutions per site.
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Table 4. Species delineation methods/gene comparisons for differen

Novel Streptococcus spp.-induced septicemia in immunodeficient mice

tiating novel Streptococcus isolate BO1 from related Streptococcus spp.

Assembly accession Strains 16S rRNA orthoANI AAI DDH rpoB soda recN gyrB
GCF_001921825.1 S. acidominimus strain CCUG 27296, BU200 96.2 84.4 8612 29.6 901 891 857 889
GCF_001921845.1 S. cuniculi strain CCUG 65085, BU202 96.4 83.1 86.72 272 903 893 822 86.1
GCF_001984715.1 S. azizii strain 12-5202, BVE 94.4 82.4 84.55 272 882 865 844 864
GCF_003595525.1 S. respiraculi strain HTS25, CHF 96.4 83.1 8547 278 903 875 826 881

The novel Streptococcus species characterized in this study is
closely related to S. acidominimus strain CCUG 27296, S. cuniculi
strain CCUG 65085, and S. respiraculi strain HTS25, with 96.2%,
96.4%, and 96.4%, respectively, of sequence similarity. This
similarity is below the established species-level cutoff of 98.7% for
prokaryotes.* The Streptococcus spp. Smarlab 3301444 is a partial
16S sequence nearly identical to our isolates and closely related
to S. azizii.>®! However, partial 16S sequences are inadequate for
establishing species-level identity. Evaluation of marker genes
and core genome phylogeny of 433 genes established the unique
species-level identity of the BO1/O1 isolates and the close identity
to the above-listed 4 known species of Streptococcus. B01/01 iso-
lates are identical species based on marker gene and core genome
phylogenetic analysis. Based on clinical and pathologic findings,
we name this organism Streptococcus murisepticum spp. nov. Inad-
dition, as elaborated in Table 4, the ANI of < 85%, with a species
delineation boundary requirement of 95% to 96%, and pairwise

100

100

100

100

S

dDDH estimates of 27.2 to 29.6, with species delineation cutoff at
70%, also confirmed the unique species-level identity of Streptococ-
cus murisepticum spp. nov. We hope the biochemical characteristics
of sugar alcohol sorbitol fermentation and lack of activity against
raffinose and pullulane sugars will help to differentiate this novel
isolate from S. azizii, a recently described organism that caused
meningoencephalitis in weanling C57BL/6 mice.>3!

In this report, septicemia and associated pathology were
restricted to pregnant and lactating mice, despite an oral
prevalence of 19% for the novel Streptococcus spp. in a colony
comprised of both sexes and weanlings. In humans, pregnancy
and an associated elevation in hormones are associated with
gingivitis and an alteration of the oral microenvironment that
promotes bacterial growth and changes to the composition of
microbial flora.”#! We have attempted to identify similar changes
in the affected female mice. We saw a pronounced neutrophilic
response to the infection at a systemic level in the affected

Streptococcus oralis strain=S.MIT/ORALIS-351
Streptococcus mitis strain=SK637
Streptococcus pneumoniae strain=GPSC33 substr. ST4088
treptococcus gordonii strain=FDAARGOS_257

Streptococcus sanguinis strain=FDAARGOS_770

100

Streptococcus suis SC84 strain=SC84

Streptococcus himalayensis strain=HTS2

100

Streptococcus marmotae strain=HTS5

100

Streptococcus respiraculi strain=HTS25

108

Streptococcus cuniculi strain=CCUG 65085

100

100

100

0.06

100 Streptococcus acidominimus strain=CCUG 27296

M— Streptococcus azizii strain=12-5202

100

—

novel Streptococus isolate BO1
100
novel Streptococus isolate O1

Streptococcus ratti strain=ATCC 31377

Streptococcus mutans strain=S4

Streptococcus pyogenes strain=NGAS638
Streptococcus dysgalactiae strain=NCTC6403
Streptococcus vestibularis strain=NCTC12167

Streptococcus thermophilus isolate=STH_CIRM_1048

Streptococcus infantarius strain=NCTC13760
Streptococcus equinus strain=NCTC10389

Enterococcus faecalis V583 strain=V583

Figure 5. Core-genome phylogenetic tree based on 433 core genes from 22 representative genomes of members of the genus Streptococcus, in-

cluding the 2 Streptococcus isolate genomes and 20 genomes from NCBI

. The sequences of Enterococcus faecalis V583 were used as an outgroup.
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— Streptococcus ratti strain=ATCC 31377

84

78

76
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Streptococcus infantarius strain=NCTC13760
Streptococcus vestibularis strain=NCTC12167
Streptococcus thermophilus isolate=STH_CIRM_1048
— Streptococcus mutans strain=54
— Streptococcus pyogenes strain=NGAS638
Streptococcus dysgalactiae strain=NCTC6403
8y Streptococcus equinus strain=NCTC10389

— Streptococcus suis SC84 strain=SC84

— Streptococcus azizii strain=12-5202

Streptococcus acidominimus strain=CCUG 27296

Streptococcus cuniculi strain=CCUG 65085

95

Enterococcus faecalis V583 strain=V583

0.02

9% 7

2 Streptococcus marmotae strain=HTS5
81

Streptococcus himalayensis strain=HTS2

novel Streptococcus isolate O1
91

novel Streptococcus isolate B01

Streptococcus respiraculi strain=HTS25

Streptococcus mitis strain=SK637

Streptococcus pneumoniae strain=GPSC33 substr. ST4088
8

Streptococcus gordonii strain=FDAARGOS_257
92

Streptococcus sanguinis strain=FDAARGOS_770

Streptococcus oralis strain=S.MIT/ORALIS-351

Figure 6. Phylogenetic tree for the novel Streptococcus isolates BO1 and O1 based on 4 marker genes gyrB, recN, rpoB, and sodA. Genes in each
genome were concatenated. The sequences of Enterococcus faecalis V583 were used as an outgroup.

periparturient females. This type of response is not surprising
because the murine granulocyte colony-stimulating factor is
not altered in MISTRG/MISTRG-EPO strains and potentially
drives neutrophil growth, survival, differentiation, and terminal
functions such as chemotaxis, respiratory burst, and degranula-
tion.?! The absence of other critical endogenous murine-specific
cytokines in these strains (for example, granulocyte-macrophage
colony-stimulating factor) may cause neutrophil dysfunc-
tion and ineffective clearance of bacteria. Similarly, mice that
were deficient in granulocyte colony-stimulating factor and
granulocyte-macrophage colony-stimulating factor developed
absolute neutrophilia in response to Candida albicans infection
but failed to clear the organism from the body.! Alternatively, the
knock-in human cytokines, especially granulocyte-macrophage
colony-stimulating factor, may effectively support mouse
neutrophil maturation and function, albeit secondary to en-
dogenous mouse granulocyte colony-stimulating factor, and
the vulnerability to septicemia in the MISTRG/MISTRG-EPO
strain may stem from its dysfunctional monocyte /macrophage
system. The lack of endogenous granulocyte-macrophage
colony-stimulating factor in these strains of mice that can
effectively drive monocyte/macrophage development and
differentiation may be critical to clearance of bacteria from
peripheral tissues, including joints, the reproductive tract, and

the placenta. This impairment is indicated by the background
pathology of pulmonary alveolar proteinosis and histiocytosis
made up of CD68-positive macrophages in infected and unin-
fected MISTRG /MISTRG-EPO adult mice (Figure 3). Pulmonary
alveolar proteinosis stems from failure of alveolar macrophages
to terminally differentiate and effectively clear lung surfactant.3
This macrophage defect may increase the susceptibility of these
mice to bacterial infection.

Alpha-hemolytic Streptococcus spp. are common commensal
organisms in humans and animals, colonizing gastrointestinal
and reproductive tracts and the oral mucosa. These species are
considered to have low pathogenic potential in immunocompe-
tent hosts. However, the VGS group of a-hemolytic Streptococcus
spp. is gaining importance in humans as opportunistic agents
capable of causing endocarditis, intraabdominal infection, and
shock, especially after oral mucositis from chemotherapy and
irradiation in cancer patients.®?’ MISTRG strain mice colonized
with the novel Streptococcus spp. may be a valid in vivo model for
oral mucositis and systemic bacterial translocation. Currently, we
have not compared the pathogenicity of this novel Streptococcus
spp. to that of other immunodeficient mice, such as NSG mice.
The novel Streptococcus sp was not identified when we tested
other immunodeficient mice in our colony, and we assume that
it was present only in the MISTRG colony. The current report
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and the previously published study on S. azizii,>?! examined
the 2 known a-hemolytic Streptococcus spp. with the potential to

cause clinical disease in immature and immunocompetent mice.

2

However, given the challenge of identification and characteriza-
tion of VGS, novel Streptococcus species may be more prevalent
than expected in research mice, highlighting the need to carefully
isolate and characterize infectious agents causing disease in ani-
mals, especially in newly characterized immunodeficient mice.

Acknowledgments

We thank Madoka Inoue, RLATG with breeding and colony manage-
ment, ARC Veterinary Services for help with sample collection, SJCRH
Hartwell Center for MiSeq sequencing, and Drs Ilaria lacobucci and
Charles Mullighan for supporting this study on the MISTRG colony.

10.

11.

12.

13.

References

. Basu S, Hodgson G, Zhang HH, Katz M, Quilici C, Dunn AR.

2000. “Emergency” granulopoiesis in G-CSF-deficient mice in re-
sponse to Candida albicans infection. Blood 95:3725-3733. https:/ /
doi.org/10.1182/blood.V95.12.3725.012k06_3725_3733.

. Braden GC, Arbona RR, Lepherd M, Monette S, Toma A, Fox

JG, Dewhirst FE, Lipman NS. 2015. A novel alpha-hemolytic
Streptococcus species (Streptococcus azizii spp. nov.) associated with
meningoencephalitis in naive weanling C57BL /6 mice. Comp Med
65:186-195.

. Chen S, Zhou Y, Chen Y, GuJ. 2018. Fastp: An ultra-fast all-in-one

FASTQ preprocessor. Bioinformatics 34:1884-i890. https:/ /doi.
org/10.1093 /bioinformatics /bty560.

. Chun]J, Oren A, Ventosa A, Christensen H, Arahal DR, da Costa

MS, Rooney AP, Yi H, Xu XW, De Meyer S, Trujillo ME. 2018.
Proposed minimal standards for the use of genome data for the
taxonomy of prokaryotes. Int J Syst Evol Microbiol 68:461-466.
https:/ /doi.org/10.1099/ijsem.0.002516.

. Davies AP, Reid M, Hadfield SJ, Johnston S, Mikhail J, Harris

LG, Jenkinson HE, Berry N, Lewis AM, El-Bouri K, Mack D. 2012.
Identification of clinical isolates of alpha-hemolytic streptococci
by 16S rRNA gene sequencing, matrix-assisted laser desorption
ionization-time of flight mass spectrometry using MALDI Biotyper,
and conventional phenotypic methods: A comparison. ] Clin Mi-
crobiol 50:4087-4090. https://doi.org/10.1128 /JCM.02387-12.

. Doern CD, Burnham CA. 2010. It's not easy being green: The

viridans group streptococci, with a focus on pediatric clinical mani-
festations. ] Clin Microbiol 48:3829-3835. https:/ /doi.org/10.1128/
JCM.01563-10.

. Gil-Montoya JA, Rivero-Blanco T, Leon-Rios X, Exposito-Ruiz

M, Perez-Castillo I, Aguilar-Cordero MJ. 2022. Oral and general
health conditions involved in periodontal status during pregnancy:
A prospective cohort study. Arch Gynecol Obstet. https://doi.
org/10.1007 /s00404-022-06843-3.

. Glazunova OO, Raoult D, Roux V. 2009. Partial sequence com-

parison of the rpoB, sodA, groEL and gyrB genes within the genus
Streptococcus. Int ] Syst Evol Microbiol 59:2317-2322. https:/ /doi.
org/10.1099/ijs.0.005488-0.

. Glazunova OO, Raoult D, Roux V. 2010. Partial recN gene

sequencing: A new tool for identification and phylogeny within
the genus Streptococcus. Int ] Syst Evol Microbiol 60:2140-2148.
https:/ /doi.org/10.1099/ijs.0.018176-0.

Goris J, Konstantinidis KT, Klappenbach JA, Coenye T,
Vandamme P, Tiedje JM. 2007. DNA-DNA hybridization values
and their relationship to whole-genome sequence similarities. Int J
Syst Evol Microbiol 57:81-91. https:/ /doi.org/10.1099/ijs.0.64483-0.
Haanperid M, Jalava J, Huovinen P, Meurman O, Rantakokko-
Jalava K. 2007. Identification of alpha-hemolytic streptococci by
pyrosequencing the 165 rRNA gene and by use of VITEK 2. ] Clin
Microbiol 45:762-770. https:/ /doi.org/10.1128 /JCM.01342-06.
Jardine L, Haniffa M. 2021. Human lung macrophages: Roll
up for the MISTRG tour. Immunity 54:194-196. https://doi.
org/10.1016/j.immuni.2021.01.006.

Katoh K, Standley DM. 2013. MAFFT multiple sequence align-
ment software version 7: Improvements in performance and

Novel Streptococcus spp.-induced septicemia in immunodeficient mice

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

usability. Mol Biol Evol 30:772-780. https://doi.org/10.1093/
molbev/mst010.

Konstantinidis KT, Tiedje JM. 2005. Genomic insights that
advance the species definition for prokaryotes. Proc Natl Acad Sci
USA 102:2567-2572. https:/ /doi.org/10.1073 /pnas.0409727102.

. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA

X: Molecular evolutionary genetics analysis across computing
platforms. Mol Biol Evol 35:1547-1549. https:/ /doi.org/10.1093/
molbev/msy096.

Lee I, Ouk Kim Y, Park SC, Chun J. 2016. OrthoANI: An improved
algorithm and software for calculating average nucleotide identity.
Int J Syst Evol Microbiol 66:1100-1103. https:/ /doi.org/10.1099/
ijsem.0.000760.

Li H. 2016. Minimap and miniasm: Tast mapping and de novo
assembly for noisy long sequences. Bioinformatics 32:2103-2110.
https://doi.org/10.1093 /bioinformatics /btw152.

Li H. 2018. Minimap2: Pairwise alignment for nucleotide
sequences. Bioinformatics 34:3094-3100. https:/ /doi.org/10.1093/
bioinformatics/bty191.

Lysenko V, Wildner-Verhey van Wijk N, Zimmermann K, Weller
MC, Buhler M, Wildschut MHE, Schurch P, Fritz C, Wagner U,
Calabresi L, Psaila B, Flavell RA, Vannucchi AM, Mead AJ, Wild
PJ, Dirnhofer S, Manz MG, Theocharides APA. 2020. Enhanced
engraftment of human myelofibrosis stem and progenitor cells in
MISTRG mice. Blood Adv 4:2477-2488. https:/ /doi.org/10.1182/
bloodadvances.2019001364.

Marx JO, Vudathala D, Murphy L, Rankin S, Hankenson FC.
2014. Antibiotic administration in the drinking water of mice.
J Am Assoc Lab Anim Sci 53:301-306.

Mehta HM, Corey SJ. 2021. G-CSF, the guardian of granu-
lopoiesis. Semin Immunol 54:101515. https://doi.org/10.1016/
j-smim.2021.101515.

Meier-Kolthoff JP, Auch AF, Klenk HP, Goker M. 2013. Genome
sequence-based species delimitation with confidence intervals and
improved distance functions. BMC Bioinformatics 14:60. https://
doi.org/10.1186/1471-2105-14-60.

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden
MT, Fookes M, Falush D, Keane JA, Parkhill J. 2015. Roary:
rapid large-scale prokaryote pan genome analysis. Bioinfor-
matics 31:3691-3693. https://doi.org/10.1093 /bioinformatics/
btv421.

Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson
GW. 2015. CheckM: Assessing the quality of microbial genomes
recovered from isolates, single cells, and metagenomes. Genome
Res 25:1043-1055. https:/ /doi.org/10.1101/gr.186072.114.

Price MN, Dehal PS, Arkin AP. 2010. FastTree 2-approximately
maximum-likelihood trees for large alignments. PLoS One 5:€9490.
https:/ /doi.org/10.1371/journal.pone.0009490.

Radtke S, Chan YY, Sippel TR, Kiem HP, Rongvaux A. 2019.
MISTRG mice support engraftment and assessment of nonhuman
primate hematopoietic stem and progenitor cells. Exp Hematol
70:31-41. https:/ /doi.org/10.1016/j.exphem.2018.12.003.

Rice P, Longden I, Bleasby A. 2000. EMBOSS: the European
Molecular Biology Open Software Suite. Trends Genet 16:276—
277. https:/ /doi.org/10.1016/50168-9525(00)02024-2.

Rongvaux A, Willinger T, Martinek J, Strowig T, Gearty SV,
Teichmann LL, Saito Y, Marches F, Halene S, Palucka AK, Manz
MG, Flavell RA. 2014. Development and function of human in-
nate immune cells in a humanized mouse model. Nat Biotechnol
32:364-372. https:/ /doi.org/10.1038 /nbt.2858.

Ruescher TJ, Sodeifi A, Scrivani SJ, Kaban LB, Sonis ST.
1998. The impact of mucositis on alpha-hemolytic streptococcal
infection in patients undergoing autologous bone marrow trans-
plantation for hematologic malignancies. Cancer 82:2275-2281.
https:/ /doi.org/10.1002/(SICI)1097-0142(19980601)82:11<2275::
AID-CNCR25>3.0.CO;2-Q.

Sadowy E, Hryniewicz W. 2020. Identification of Streptococcus
pneumoniae and other Mitis streptococci: Importance of molecular
methods. Eur J Clin Microbiol Infect Dis 39:2247-2256. https://
doi.org/10.1007 /s10096-020-03991-9.

Shewmaker PL, Whitney AM, Gulvik CA, Lipman NS. 2017.
Streptococcus azizii spp. nov., isolated from naive weanling mice.

http://prime-pdf-watermark.prime-prod.pubfactory.coﬁﬁﬁ 2025-02-25



Vol 73, No 5
Comparative Medicine
October 2023

32.

33.

34.

35.

36.

37.

Int ] Syst Evol Microbiol 67:5032-5037. https:/ /doi.org/10.1099/
ijsem.0.002407.

Shuster KA, Hish GA, Selles LA, Chowdhury MA, Wiggins
RC, Dysko RC, Bergin IL. 2013. Naturally occurring dissemi-
nated group B Streptococcus infections in postnatal rats. Comp Med
63:55-61.

Spits H. 2014. New models of human immunity. Nat Biotechnol
32:335-336. https://doi.org/10.1038/nbt.2871.

Stewart DD, Buck GE, McConnell EE, Amster RL. 1975. An epizo-
otic of necrotic dermatitis in laboratory mice caused by Lancefield
group G streptococci. Lab Anim Sci 25:296-302.

Tatusova T, DiCuccio M, Badretdin A, Chetvernin V,
Nawrocki EP, Zaslavsky L, Lomsadze A, Pruitt KD, Borodovsky
M, Ostell J. 2016. NCBI prokaryotic genome annotation pipeline.
Nucleic Acids Res 44:6614-6624. https://doi.org/10.1093 /nar/
gkw569.

The Jackson Laboratory. [Internet]. 2023. Technical sheet on
C;12954-Rag2tm1.1Flv Csf1tm1(CSF1)Flv Csf2 /113tm1.1(CSF2,IL3)
Flv Thpotm1.1(TPO)Flv I12rgtm1.1Flv Tg(SIRPA)1Flv/
J. [Cited 15 March 2023]. Available at: https://www.jax.org/
strain/017711.

Vaser R, Sovic I, Nagarajan N, Sikic M. 2017. Fast and accurate
de novo genome assembly from long uncorrected reads. Genome
Res 27:737-746. https:/ /doi.org/10.1101/gr.214270.116.

38.

39.

40.

41.

42.

43.

Willinger T, Rongvaux A, Takizawa H, Yancopoulos GD,
Valenzuela DM, Murphy AJ, Auerbach W, Eynon EE, Stevens
S, Manz MG, Flavell RA. 2011. Human IL-3/GM-CSF knock-in
mice support human alveolar macrophage development and
human immune responses in the lung. Proc Natl Acad Sci USA
108:2390-2395. https:/ /doi.org/10.1073 /pnas.1019682108.
Wisplinghoff H, Reinert RR, Cornely O, Seifert H. 1999.
Molecular relationships and antimicrobial susceptibilities of viri-
dans group streptococci isolated from blood of neutropenic cancer
patients. ] Clin Microbiol 37:1876-1880. https:/ /doi.org/10.1128 /
JCM.37.6.1876-1880.1999.

Wunderlich M, Mulloy JC. 2016. MISTRG extends PDX modeling
to favorable AMLs. Blood 128:2111-2112. https:/ /doi.org/10.1182/
blood-2016-09-738757.

Zachariasen RD. 1993. The effect of elevated ovarian hormones
on periodontal health: Oral contraceptives and pregnancy. Women
Health 20:21-30. https:/ /doi.org/10.1300/]J013v20n02_02.

Zhu H, Willcox MD, Knox KW. 2000. A new species of oral
Streptococcus isolated from Sprague-Dawley rats, Streptococcus
orisratti spp. nov. Int J Syst Evol Microbiol 50:55-61. https://doi.
org/10.1099/00207713-50-1-55.

Zimin AV, Marcais G, Puiu D, Roberts M, Salzberg SL, Yorke
JA. 2013. The MaSuRCA genome assembler. Bioinformatics
29:2669-2677. https:/ /doi.org/10.1093 /bioinformatics /btt476.

356

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



