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Abstract

The contribution of N-acetylneuraminate scavenging to the nutrition of Mycoplasma alligatoris was examined. The wild-type
grew substantially faster (P<0.01) than the mutant strains that were unable either to liberate (extracellular Nanl™ mutants)
or to catabolize (NanA™ mutants) N-acetylneuraminate from glycoconjugates in minimal SP-4 medium supplemented only
with serum, but the growth of sialidase-negative mutants could not be restored to wild-type rate simply by adding
unconjugated sialic acid to the culture medium. In 1:1 growth competition assays the wild-type was recovered in >99-fold
excess of a sialidase-negative mutant after co-culture on pulmonary fibroblasts in serum-free RPMI 1640 medium, even with
supplemental glucose. The advantage of nutrient scavenging via this mechanism in a complex glycan-rich environment may
help to balance the expected selective disadvantage conferred by the pathogenic effects of mycoplasmal sialidase in an

infected host.

N-acetylneuraminate scavenging is presumed to contribute
to the nutrition of many pathogenic and commensal bacter-
ia [1-3], but this has been directly measured in surprisingly
few species besides Escherichia coli and never in one so met-
abolically minimalist as a mycoplasma [2-9]. In contrast to
the usually subtle mycoplasmosis, Mycoplasma alligatoris
causes acute lethal primary infection of susceptible hosts. A
comparative genomics approach to explaining the evolu-
tionary origin and mechanisms of that unusual virulence
revealed that, amid a clade of harmless or comparatively
much lower-virulence species, M. alligatoris alone encodes a
full suite of ‘spreading factors’, including sialidase, galactosi-
dase, hexosaminidase, hyaluronidase and glucuronidase,
which could fuel its metabolism while simultaneously pro-
moting fulminant necrotizing disease [10, 11]. Having first
demonstrated a role for sialidase in its virulence [12, 13],
through the present work we sought to assess one potential
link between virulence and pathogen fitness by document-
ing the contribution of sialic acid scavenging to the nutri-
tion of this species.

The genome of fast-growing M. alligatoris encodes two
paralogues of sialidase Nanl that exhibit 39 % aa identity
and 55 % aa similarity to each other: MALL_0755, which is
predicted to have a 34-aa secretory signal peptide, and

MALL_0641, which lacks evident means of being secreted
[14]. A complete pathway for unconjugated N-acetylneura-
minate uptake and catabolism is also annotated. Contiguous
genes encoding an SSS-family N-acetylneuraminate trans-
porter (MALL_0642) [15, 16], N-acetylneuraminate lyase
NanA (MALL_0639), N-acetylmannosamine kinase NagC
(MALL_0640), N-acetylmannosamine-6-phosphate epimer-
ase NanE (MALL_0637), the putative sugar isomerase
YhcH (MALL_0638) [17] and the cytosolic allele of sialidase
(MALL_0641) occur adjacent to a predicted RpiR-family
transcriptional regulator of phosphosugar metabolism
(MALL_0636). At a second locus, the N-acetylglucosamine-
6-phosphate deacetylase nagA and glucosamine-6-phos-
phate deaminase nagB genes are contiguous with murQ, an
N-acetylmuramic acid-6-phosphate lyase involved in amino
sugar scavenging from peptidoglycan acquired from the
environment [18]. The predicted extracellular sialidase gene
of M. alligatoris is unlinked from other elements of the
pathway. Collectively, those enzymes could liberate N-ace-
tylneuraminate from sialoconjugates of the host or other
microbes and funnel it as a nutrient to glycolysis (Fig. 1)
[19, 20]. To test the prediction that extracellular sialidase
contributes to the rapid growth rate of this species, we
examined the growth of M. alligatoris knockout mutants
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Fig. 1. Predicted capacity for N-acetylneuraminate scavenging by

Mycoplasma alligatoris. (a) The horizontal line represents the interface
between extracellular and intracellular processes (modified from [28]).
(b) A cytosolic paralogue of sialidase Nanl (MALL_0641) plus the
N-acetylneuraminate transporter MALL_0642 and catabolic enzymes
are encoded in two separate loci, while the gene encoding an extracel-
lular sialidase Nanl paralogue (MALL_0755) is unlinked from other ele-
ments of the pathway. Transposon insertion sites in independent
mutants of the cytosolic sialidase gene nan/ and the N-acetylneurami-
nate gene nanA are indicated by an X. The nucleotide numbering
refers to GenBank assembly ASM17837v1.

that are unable either to liberate (NanI™ mutants) or to
catabolize (NanA™ mutants) sialic acid in free saccharide-
poor, complex glycan-rich environments.

Stock cultures of wild-type M. alligatoris strain A21JP2"
were maintained in complete SP-4 broth medium including

0.3 mM glucose and 20 % v/v foetal bovine serum (FBS), pH
7.6-7.8. Site-specific gene knockout methods were ineffec-
tive in M. alligatoris, so a library of random knockout
mutants was created by transposon insertion using the
mini-Tn4001tetM plasmid pTF20 [21]. Briefly, the cell pel-
let from a 15ml broth culture in the mid-log growth phase
was washed 2% and resuspended in 60 pl of electroporation
buffer (8 mM HEPES, 0.27 M sucrose) before being trans-
formed with 20 ug of pTF20 DNA. After incubation on ice
for 15 min, the suspension was pulsed in a pre-chilled elec-
troporation cuvette (2.5kV, 100 €2, 25 uF). The suspension
was then combined with 1 ml of chilled SP-4 broth and
incubated at 25 “C for 10 min, and then at 30 °C for 3h,
before inoculation onto SP-4 agar including 10 ug ml ™" tet-
racycline. The precise point of transposon insertion was
mapped for ~1600 random tet®-selected clones using direct
genomic DNA sequencing via extension from primers com-
plementary to the IS256 arms (pTF20LH_out 5-GCT GAA
ACT AAG CCC TAA AAG TAC CC-3" and pTF20RH_out
5-TGA GCG AGG AAG CGG AAG AG-3") and BLAST
comparisons of those sequences to the M. alligatoris
genome. The mutant strains examined in the present study
are listed in Table 1.

The sialidase-negative phenotype of transformed clones
TNP1C23 and TNP1C556 was first recognized from their
inability to hydrolyze the fluorogenic substrate 2’-(4-meth-
ylumbelliferyl)-a-D-N-acetylneuraminic acid during the ini-
tial high-throughput phenotypic screening of intact cells
[22]. It was subsequently shown that an isogenic tetM inser-
tion occurred following nt 1530 of the 1764-nt allele of the
extracellular sialidase in clone TNP1C23, whereas spontane-
ous substitution mutations SKDGGKTW to PKDDRKTW
at aa residues 320-327 contributing to the Nanl catalytic
site were responsible for the phenotype of clone TNP1C556.
In that clone the tetM insertion was in the DNA cytosine-5-
methyltransferase gene dem (MALL_0186), the modifica-
tion partner of a predicted NgoBV type II restriction
endonuclease (MALL_0185), so the insert was unlikely to
have any polar effects on N-acetylneuraminate catabolism,
the cell cycle, or growth in vitro [23]. The cytosolic sialidase
activity of the clones TNP1C23 and TNP1C556 remained
detectable when using the same fluorogenic substrate, but
only after cell lysis by three cycles of rapid freeze for 30 s in

Table 1. Transposon insertion mapping of the strains examined in this study

Clone Mutated gene Enzyme tetM insertion point Phenotype
TNP1C23 MALL_0755 Extracellular sialidase nt 1530 of 1764 Extracellular NanI™
TNP1C556 MALL_0755 Extracellular sialidase In dem® Extracellular NanI™
TNP1C121 MALL_0641 Cytosolic sialidase nt 609 of 1536 Extracellular NanI*
TNP1C420 MALL_0641 Cytosolic sialidase nt 1209 of 1536 Extracellular NanI*
TP2C209 MALL_0639 N-acetylneuraminate lyase nt 11 of 885 Cytosolic NanA™
TP2C325 MALL_0639 N-acetylneuraminate lyase nt 596 of 885 Cytosolic NanA™

a, isogenic tetM insertion mapped to cytosine-5-methyltransferase gene dcm (MALL_0186) while extracellular sialidase-negative phenotype was con-

ferred by spontaneous substitution mutations in MALL_0755.
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a dry ice/70 % v/v ethanol bath followed by thaw for 1 min
at 60 °C. Insertions in the cytosolic allele did not affect the
extracellular sialidase activity of intact cells during pheno-
typic screening of the representative clones TNP1C121 and
TNP1C420, which resolved prior ambiguity regarding gene
copy number and the cellular compartmentalization of the
two Nanl paralogues in M. alligatoris [10].

Isogenic tetM insertions in the 885-nt N-acetylneuraminate
lyase gene nanA (MALL_0639) occurred following nt 11 in
clone TP2C209 and nt 596 in clone TP2C325. The lyase-
negative phenotype of those mutants was confirmed using
an assay for the N-acetylmannosamine liberated following
the incubation of N-acetylneuraminic acid with lysed
M. alligatoris cells [24]. The reaction mixture contained
16 ug of cytosolic protein and 32 mM N-acetylneuraminic
acid (cat. no. 855650, Sigma-Aldrich) in 200 mM potassium
phosphate buffer, pH 7.4. After 5h of incubation at 30°C,
the wild-type and irrelevant knockout controls produced an
intense chromogenic reaction at 540 nm when combined
with p-dimethyl-aminobenzaldehyde, while the M. alligato-
ris lyase knockout mutants and control Mycoplasma croco-
dyli MP145" cells lacking the N-acetylneuraminate lyase
gene [10] never produced any colour.

The glycosidic linkage preference of the extracellular siali-
dase [25] was determined using digoxigenin-labelled
Maackia amurensis and Sambucus nigra lectins in a West-
ern blot format (cat. no. 11210238001, Roche) following the
incubation of fetuin and transferrin serum glycoprotein
standards (5 ug per reaction) with ~2.5x10°® washed wild-
type M. alligatoris cells for 48h at 30 °C in glucose-free
RPMI 1640 tissue culture medium. In contrast to the siali-
dase allele encoded by Mycoplasma gallisepticum and Myco-
plasma synoviae [26-28], the extracellular M. alligatoris
sialidase depleted terminal «-2,3-linked sialic acid from
subterminal galactose more efficiently than it depleted a-
2,6-linked residues (Fig. 2).

The growth of the extracellular sialidase-negative and lyase-
negative mutants was measured individually in SP-4 myco-
plasma broth with FBS only (minimal medium), complete
SP-4 broth including 0.3 mM glucose, or minimal medium
plus 0.3 mM unconjugated N-acetylneuraminic acid. The
serum provided ~1 mM conjugated sialic acid, >90 % in the
form of N-acetylneuraminic acid (~75% as glycoprotein
and ~25% as glycolipid) [29]. Starting with duplicate 5 ml
cultures of each strain [initial density=1x10° colony-form-
ing units (c.fu.) ml™"), 100 ul aliquots were withdrawn over
a time course from 0 to 24 h, and their serial 10-fold dilu-
tions were inoculated onto complete SP-4 agar for colony
counting after 4 days of incubation to determine changes in
culture density. Separate aliquots were withdrawn at each
time point to determine changes in pH. A repeated-meas-
ures ANOVA including the main effects of phenotype and
timepoint, with Dunnett’s post hoc comparisons to wild-
type controls when the main effects were significant
(P<0.05), was performed using JMP v7.02 (SAS).
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Fig. 2. Glycosidic linkage specificity of Mycoplasma alligatoris extracel-
lular sialidase. Western blots of transferrin (T) and fetuin (F) glycopro-
tein substrates probed with Mackia amurensis (MAA) or Sambucus
nigra (SNA) lectin, showing preferential depletion of terminal a-2,3-
linked versus a-2,6-linked sialic acid by washed wild-type M. alligatoris
cells. Transferrin has exclusively 2,6-linked sialogalactosyl residues,
while fetuin has both 2,3- and 2,6-linked residues. MAA recognizes
terminal 2,3-linked sialic acid, while SNA recognizes terminal 2,6-
linked sialic acid.

There were no statistically significant differences in the
growth curves (Acfu. ml™") or acid excretion (ApH)
among the phenotypes measured in complete SP-4
medium, confirming that all stocks were viable and that
the mutant strains had no defect in growth relative to
their wild-type parent strain. All grew more slowly
(P<0.01) and excreted less acid (P<0.01) in unsupple-
mented minimal medium than in complete SP-4, but
wild-type M. alligatoris grew significantly faster (P<0.01 by
8h) in minimal medium than the strains that were unable
to liberate (TNP1C23 and TNP1C556) or catabolize
(TP2C209 and TP2C325) N-acetylneuraminate from
serum glycans (Fig. 3a). The wild-type exponential growth
rate constant (k) was 0.47h™', and the doubling time (g)
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Fig. 3. Contribution of N-acetylneuraminate scavenging to the growth of Mycoplasma alligatoris. The smoothed curves represent the
mean number of colony-forming units (c.f.u.) of two independent clones of each mutant phenotype. (a) Knockouts that were unable to
liberate (extracellular Nanl™) or catabolize (NanA™) N-acetylneuraminate grew more slowly than the wild-type in minimal SP-4
medium supplemented only with serum (Dunnett's P<0.01 by 8h). (b) All genotypes grew ~twofold more slowly in 0.3 mM N-acetyl-
neuraminate-supplemented SP-4 medium with serum than in unsupplemented medium with serum (P<0.05). Presumptive toxicity was
evident by 16 h in the NanA™ knockouts. (c) In direct growth competition assays, the fraction of Nanl™ colonies recovered after co-cul-
ture on fibroblast monolayers in glucose-free medium (solid line) inoculated with mutant TNP1C23 mixed 1:1, 10%:1 or 107:1 with
the wild-type was 0.5, 4.0 and 55.6 %, respectively; inoculation in those ratios yielded only 0.5, 3.5 and 42.6 % Nanl~ colonies even in
glucose-supplemented medium (dashed line).

665



Michaels et al., Microbiology 2019;165:662-667

was 1.5h between 4 and 8 h timepoints, while the mutants
grew exponentially between 8 and 16h (mean k=0.32h",
g=22h for extracellular sialidase-negative strains and
k=0.34h~', g=2.0h for lyase-negative strains). The cleav-
age of terminal sialic acid from antennary serum glycans
likely exposed subterminal galactose and glucosamine for
subsequent liberation as additional nutrients by the
sequential action of M. alligatoris galactosidase LacZ
(MALL_0716) and hexosaminidase NagH (MALL_0841)
[10, 30], a second-order effect of sialidase that is consis-
tent with the slight differences in the k and g of the
mutants. However, their similarly reduced growth rate ver-
sus the wild-type was evidence that the primary nutri-
tional benefit was acquiring N-acetylneuraminate rather
than galactose or glucosamine when glucose availability
was restricted.

All of the genotypes grew ~twofold more slowly (P<0.05) in
minimal medium supplemented with unconjugated N-ace-
tylneuraminate versus serum alone (Fig. 3b). This unex-
plained effect, also observed with E. coli, Streptococcus
pneumoniae and Capnocytophaga canimorsus, but not with
Vibrio spp. [1, 7, 24], may be related to differential kinetics
of free saccharide uptake or to an intracellular overload of
N-acetylneuraminate, which by 16 h became toxic to lyase-
negative mutants (Fig. 3b) [4, 9, 24, 30, 31].

In direct growth competition assays, clone TNP1C23 dupli-
cates were mixed in ratios of 1:1, 10*:1, or 10”:1 c.fu. of
wild-type M. alligatoris and co-cultured for 24 h on pulmo-
nary fibroblast monolayers [27] as the sole source of com-
plex nutrients in serum-free RPMI 1640 medium either
with or without 11 mM glucose. Serial dilutions of culture
supernatant were then inoculated onto complete SP-4 agar
for mycoplasma colony counting. All colonies were individ-
ually expanded in broth, and then their sialidase phenotype
was determined by fluorometry as described above [22].
Inoculation in those ratios yielded only 0.5, 4.0 and 55.6 %
sialidase-negative colonies, respectively, from glucose-free
medium, and 0.5, 3.5 and 42.6 % sialidase-negative colonies
even in glucose-supplemented medium (Fig. 3c), which is
evidence that extracellular sialidase may also play an
important non-nutritional role in the natural ecology of
M. alligatoris, as it does in M. synoviae [28]. From these
findings we conclude that the advantageous capacity to
scavenge nutrients via extracellular sialidase in a complex
glycan-rich environment may help to balance the potential
selective disadvantage conferred by the cytopathic effects of
sialidase in an infected host [3, 11-13].
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