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Abstract

A mycoplasma isolated from the liver of a dead Humboldt penguin (Spheniscus humboldti) and designated strain 56A977, was
investigated to determine its taxonomic status. Complete 16S rRNA gene sequence analysis indicated that the organism was
most closely related to Mycoplasma gallisepticum and Mycoplasma imitans (99.7 and 99.9 % similarity, respectively). The
average DNA-DNA hybridization values between strain 56A97" and M. gallisepticum and M. imitans were 39.5 and 30 %,
respectively and the Genome to Genome Distance Calculator gave results of 29.10 and 23.50 %, respectively. The 165-23S
rRNA intergenic spacer was 72-73 % similar to M. gallisepticum strains and 52.2 % to M. imitans. A partial sequence of rpoB
was 91.1-92 % similar to M. gallisepticum strains and 84.7 % to M. imitans. Colonies possessed a typical fried-egg appearance
and electron micrographs revealed the lack of a cell wall and a nearly spherical morphology, with an electron-dense tip-like
structure on some flask-shaped cells. The isolate required sterol for growth, fermented glucose, adsorbed and haemolysed
erythrocytes, but did not hydrolyse arginine or urea. The strain was compared serologically against 110 previously described
Mycoplasma reference strains, showing that, except for M. gallisepticum, strain 56A97" is not related to any of the previously
described species, although weak cross-reactions were evident. Genomic information, serological reactions and phenotypic
properties demonstrate that this organism represents a novel species of the genus Mycoplasma, for which the name

Mycoplasma tullyi sp. nov. is proposed; the type strain is 56A97" (ATCC BAA-14327, DSM 219097, NCTC 11747").

The genus Mycoplasma belongs to the family Mycoplasma-
taceae of the class Mollicutes, the unique class included in
the phylum Tenericutes. Typical characteristics of mollicutes
are the absence of a cell wall, filterability through 450 nm
membranes and the presence of conserved 16S rRNA gene
sequences. To date, the genus Mycoplasma contains more
than 100 species. The genus Mycoplasma is characterized by
aerobic or facultative anaerobic growth in artificial medium,
a growth requirement for sterols, non-spiral cellular mor-
phology, the inability to hydrolyse urea and regular associa-
tion with vertebrates [1]. So far, only one other penguin
Mycoplasma species has been named, Mycoplasma sphenisci
from the choana of an aquarium-reared jackass penguin
(Spheniscus demersus) [2]. Although partially characterised,
this species was not validly described. Mycoplasma gallisep-
ticum has been reported in Magellanic penguins (Spheniscus
magellanicus) [3] and Dewar et al. [4], when studying the

gastrointestinal microbiota of penguins with 16S rRNA
pyrosequencing, detected members of the family Mycoplas-
mataceae in king penguins (Aptenodytes patagonicus).

In this paper we describe the characterisation of Mycoplasma
strain 56A977, isolated post mortem from the liver of a 10-
day-old Humboldt penguin (Spheniscus humboldti) from a
captive breeding colony at Chester Zoo, Cheshire, UK. These
studies were carried out following the guidelines in the
revised minimal standards for the description of new species
of the class Mollicutes [5]; although other guidelines were ini-
tiated when fuller serological characterisations were required
[6]. Further isolates of the proposed new species have been
identified from the tracheae of six Humboldt penguins fol-
lowing 20 routine health checks from three collections in the
UK and Eire. Each isolate was from a different individual
and from different collections to the source of strain 56A97".
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The GenBank accession numbers for the 165 rRNA gene and ISR sequence and partial rpoB gene of strain 56A97" are LN811535 and LN811536,

respectively.

Three supplementary tables and one supplementary figure are available with the online Supplementary Material.
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Strain 56A97" demonstrated a marked level of serological
cross-reaction in indirect immunofluorescence with M. gal-
lisepticum, recognised as an important avian respiratory
pathogen. These cross-reactions were similar to those seen
between M. gallisepticurn and Mycoplasma imitans [7].
Although a distinct species, M. imitans is phenotypically
very similar to M. gallisepticum [8, 9] with its 16S rRNA
gene differing from that of M. gallisepticum by two bases
[10]. Sequencing of the 16S rRNA gene of strain 56A97"
showed that it belonged in the pneumoniae clade, differing
by four bases from M. gallisepticumm A5969 (GenBank
M22441) and by two bases from M. imitans 4229 (GenBank
124103) [11].

Strain 56A97" was purified by triple filter cloning [12]. Tt
grew readily at 37°C in conventional mycoplasma medium
[13] and in a 5% CO, atmosphere on mycoplasma agar,
with colonies appearing after 2 days. These colonies had a
typical fried-egg morphology (see Fig. S1, available in the
online Supplementary Material), although, after sub-culture
of a broth culture onto agar, colonies often lacked a central
nipple, as can also be seen with M. gallisepticum [1], Myco-
plasma pneumoniae and Mycoplasma amphoriforme [14].

In broth, strain 56A97" reached a concentration of between
107 and 10%c.fu. ml~". It did not grow at 25°C, although it
survived in mycoplasma broth for 4 weeks at 25°C. It grew
only slowly at 30°C but grew well at 34, 37 and 42°C,
although most rapidly at 37 °C, while survival was longest at
34°C. Strain 56A97" showed no reversion to an L-phase
bacterium when grown and passaged 10 times in myco-
plasma broth without antibiotics. Filtration of an overnight
broth culture of strain 56A97" through filters with pores
sizes of 450 and 220 nm led to a reduction in viable counts
of 1 logyo c.fu. ml~" and 4 log;, c.f.u. ml ™", respectively.

DNA was extracted from a broth culture of strain 56A97"
using Chelex, as described by Haraswa et al. [15] and the
entire 16S rRNA gene region amplified in three parts using
novel mollicutes primers (Table 1). The PCR conditions
were as follows: the total reaction volume of 50 ul contained
1x PCR reaction buffer, 1.75 mM MgCl,, the appropriate
primer pairs at a concentration of 1 uM and dNTPs (Invi-
trogen, Paisley, UK) at 0.2 mM. Samples were amplified in a
GeneAmp PCR system 9700 thermocycler (Applied Biosys-
tems, Warrington, UK) with a hot start at 80°C and the
addition of 2.5 U Tag DNA polymerase (Sigma Aldridge,
Poole, UK) and 40 cycles each of 94°C for 30s, 57°C for
30s, 72°C for 1 min 365 followed by a 5min hold at 72°C
and a final 4°C hold. Both strands were sequenced and
sequences were examined using Chromas (version 1.45;
School of Health Science, Griffith University, Australia) and
compared by using Gene Runner (version 3.05; Hastings
Software). A BLAST search using GenBank data [16] con-
firmed the similarity of its 16S DNA sequence to M. gallisep-
ticum and M. imitans and placed it within the pneumoniae
group. Sequences of approximate length of 1500 bp were
aligned automatically using crustarw [17] followed by
manual completion using BioEdit version 7.00 [18]. A

phylogenetic tree comprising the species of the pneumoniae
group (Fig. 1) was constructed using the neighbour-joining
method [19] with the Jukes Cantor adjustment and 1000
bootstrap replicate analyses in MEGA version 4.1 [20]. Such
a degree of homology between different species of myco-
plasma at this rRNA gene level is not unique. It has been
noted before, for example, between M. gallisepticum and
M. imitans [7, 10] and Mycoplasma yeatsii and Mycoplasma
cottewi [21]. It is now generally accepted that 16S rRNA
sequence identity may not always be sufficient to guarantee
species identity [22] and it would appear that very recently
diverged species may not show many differences at this
level.

Electron microscopy studies carried out on ultra-thin sec-
tions [23] of strain 56A97 showed that the organism had no
cell wall, but was bounded by a plasma membrane (Fig. 2), a
characteristic typical of mollicutes. The cells were pleomor-
phic and, although most were nearly spherical in nature
and had an approximate diameter of 400 nm, some were
flask-shaped with an attached organelle.

Growth on agar was inhibited in the presence of 1.5 % digi-
tonin with zones of inhibition of 7 mm. Cholesterol require-
ment was confirmed by the method of Razin and Tully [24]
except that a 4% inoculum was used which had been pre-
pared from a culture containing 2.5 % swine serum. Growth
of strain 56A97" demonstrated a positive response to
increasing levels of added cholesterol yielding 0.98 mg pro-
tein per 100 ml broth medium at 1 pgml ™" cholesterol and
3.68 mg protein per 100 ml at 20 ugml ™" cholesterol. Thus
strain 56A97" is a member of the order Mycoplasmatales
and not Acholeplasmatales.

Strain 56A97" fermented glucose but did not hydrolyse
arginine [25] or urea [26, 27]. Colonies of strain 56A97"
adsorbed sheep, guinea pig and chicken erythrocytes; while
sheep erythrocytes, incorporated into mycoplasma medium
[28], were haemolysed by cells of strain 56A97".

High titre antiserum to strain 56A97" was produced in rab-
bits as described by Bradbury et al [29] except that
2.5% ultra low IgG foetal bovine serum (Sigma Aldrich,
UK) was used for antigen preparation. Despite the possibil-
ity that use of this serum might lead to a lack of specificity

Table 1. Primers for in vitro amplification of the 16S rRNA gene

Designation Sequence

16S-start F 5"-GAGAGTTTGATCCTGGCTCAGG-3’
16S-550 R 5"-CCCAATAAATCCGGATAACGCTTGC-3
16S-510 F 5’-GTGACGGCTAACTATGTGCCAGCAG-3’
16S-1050 R 5"-GCTGACGACAACCATGCACC-3’
16S-980 F 5"-CGAAGAACCTTACCCACTCTTGACATC-3’
16S-end R 5’-GGTAATCCATCCCCACGTTCTCG-3’

F, forward; R, reverse.
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Fig. 1. Phylogenetic tree of the 165 rRNA genes of strain 56A97" and M. gallisepticum A5969 and members of the pneumoniae
group. Bootstrap values were derived from 1000 replications, and are shown next to the nodes. M. sphenisci was chosen as the root. The
tree is drawn to scale and evolutionary distances are in numbers of base substitutions per site with the scale bar representing
two substitutions per 100 nucleotides. All gaps were eliminated from the dataset leading to a final usable alignment of 1390 nucleotides.

[30], gel diffusion tests [31] showed no non-specific
reactions.

Strain 56A97" was compared serologically against 110 pre-
viously described Mycoplasma reference strains, plus the
five additional serovars of Mycoplasma iowae using indirect
immunofluoresence (IF) [32] and growth inhibition (GI)
[33]. Tests were usually two-directional. Results from the IF
and GI testing are given in Tables S1 and S2. Most reference
strains gave negative results in both IF and GI tests. Weak
reactions in the IF test were recorded as ‘glows’” or ‘strong
glows’, although seven of the reactors were members of the
pneumoniae clade to which strain 56A97" also belongs. The
only ‘true’ positive reactions occurred in both directions

Fig. 2. Electron micrograph of an ultrathin section of strain 56A97",
showing pleomorphic cells presenting a plasma membrane (grey
arrow) and terminal tip structure (black arrow). Bar, 500 nm.

with M. gallisepticum and one way only with Mycoplasma
meleagridis 17529 (i.e. 56A97" culture and M. meleagridis
reference antiserum). Zones of inhibition were seen in 17 of
the 114 GI tests. Antiserum to strain 56A97", which was
notably haemolysed, appeared to be implicated in a number
of the non-specific reactions, although zones of inhibition
less than 1.5 mm can be considered as equivocal [33]. It was
believed that the growth inhibition of Mycoplasma caviphar-
yngis and Mycoplasma phocirhinis was related to the haemo-
lytic nature of the strain 56A97" antiserum, and it has been
shown that porphyrins, breakdown products of haem, can
have anti-microbial activity [34].

In GI tests, except for in the case of M. gallisepticum, cross
reactions were mostly limited to one direction only and
were not supported by IF testing. The two-way inhibition
reactions between M. gallisepticum PG31T and strain
56A97" were of similar order to those seen between M. galli-
septicum PG31" and M. imitans 4229" [7]. Brown et al. [5]
acknowledged that it is not unusual for mollicute species to
exhibit partial serological cross reactions with other species
but that such detail should be noted when describing a new
species as it is a feature of their uniqueness.

Cross-testing of strain 56A977 with M. gallisepticum, strains
PG31" and S6, and M. imitans 4229" by IF, using limiting
dilutions, showed much higher reciprocal titres (2560 or
more) in the homologous tests than in the heterologous
tests (80-320) (Table 2). Cross-testing with the unrelated
Mycoplasma synoviae WVU1853" produced even lower
titres.

In metabolism inhibition (MI) tests [35], the titre for strain
56A97" was 256 in its homologous test, compared to 8-32
in heterologous tests with M. imitans 4229" and the M. gal-
lisepticum PG317 (Table 3). An MI value of 256 is low for a
specific anti-serum, but still highlights the difference
between the test organisms.
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Table 2. Cross-testing of strain 56A97" with M. gallisepticum and
M. imitans by indirect immunofluorescence using limiting dilutions

Table 3. Cross-testing of strain 56A97", M. gallisepticum and M. imitans
reciprocal metabolism inhibition titres

Antisera Antisera Antisera Antisera
Mpycoplasma Strain M. gallisepticum M. imitans M. synoviae
strain 56A97" PG31" 42297 WvU1853"

Strain 56A97" 2560 320 80 <20

Mgt PG31"
Mg S6

320 >2560 160 40

320 >2560 160 80

Mimi 4229" 160 160 >2560 20

Ms§ WVU1853" <20 20 <20 1280

*Reciprocal titre.
tM. gallisepticum.
M. imitans.

8M. synoviae.

This extended serological testing shows that, apart from its
acknowledged relationship with M. gallisepticum, strain
56A97" is not related to any of the previously described spe-
cies of Mycoplasma, although weak cross-reactions were
evident. The relationship between strain 56A97" and M. gal-
lisepticum is of a similar order to that between the two dis-
tinct species, M. gallisepticum and M. imitans.

The degree of homology of the total genome of strain
56A97" with that of M. gallisepticum was evaluated using
the DNA-DNA hybridization (DDH) method of Sachse
and Hotzel [36]. The resolution power of DDH is greater
than that of 16S rRNA gene sequence analysis [37, 38] and
is thus particularly important for these closely related spe-
cies. The average DDH values between strain 56A97" and
M. gallisepticum PG31" and M. imitans 4229 were 39.5
and 30 %, respectively. The sequencing of the genome of
strain 56A97" was carried out with Roche 454 such that
98 % of the genome was assembled with Newbler. Informa-
tion is shown in Table S3. The accumulated data show that
strain 56A97" has a genome size of approximately
860 000bp compared to the 980000bp for the complete
genome of M. imitans 4229" and 996 422 bp for M. gallisep-
ticum Ry, [39]. The Genome-to-Genome Distance Calcula-
tor (GGDC) web server (http://ggdc.dsmz.de/) was used to
estimate genetic distances and convert them in percent-wise
similarities analogous to the DDH results [40]. The results
when using formula 2, suggested by Auch et al. [40], were
29.10 (M. gallisepticum) and 23.50 % (M. imitans). Thus, at
the level of the total genome, the similarity of the three dif-
ferent Mycoplasma species is less than that implied by their
16S RNA sequences and is, in fact, more in line with the
serological comparisons of the three mycoplasmas. From
these results, and with reference to Johnson [41] and Stacke-
brandt et al. [42], it can be concluded that strain 56A97"
represents a new species of Mycoplasma distinct from
M. gallisepticum and M. imitans as well as all other recog-
nised species of Mycoplasma.

To further verify this conclusion, the Rif' region of the rpoB
genes [43] of strain 56A97", M. gallisepticum strains S6 and

3695

Antiserum

Final Strain Mgt  Mimi# Ms$
Culture ccu*/ 56A977  PG31T 42297  wvuU1853T

50 ul
Strain 56A97" 5%10° 256 32 <8 <8
Mg PG31" 3% 10? 32 8192 16 <8
Mg S6 15x10°  16-32 1024 16 8
Mim 4229 3x10? 8 16 4096 <8
Ms WVU1853"  1.5x10* 16 8-16 <8 256

*Colour-changing units.
™. gallisepticum.

M. imitans.

&M, synoviae.

6/85 and M. imitans 4229" were amplified using the method
of Ko et al. [44]. The strain 56A97" product was 394 bases
long and 91.1 and 92.0% similar to those of these two
M. gallisepticum strains. Sequence data from GenBank [16]
for other members of the pneumoniae group and the M. gal-
lisepticum strains PG317, R and A5969, were added in an
alignment. By using MEGA 4.1, the alignment was translated
into amino acid sequences and a further phylogenetic tree
was constructed (Fig. 3) with the evolutionary distances
computed using the Dayhoff matrix-based method [45].
The predicted proteins of the five M. gallisepticum strains
appear to be identical but distinct from that of strain
56A97" and M. imitans and a further three members of the
pneumoniae group.

The 165-23S intergenic spacer region (ISR) of strain 56A97"
was amplified along with the M. gallisepticum strains PG31",
S6, A5969, A514, 6/85 using the protocol and primers
described by Ramirez et al. [46]. The ISR of strain 56A97"
was longer, at 660 bp, than that of other Mycoplasma species
in the pneumoniae group except for M. imitans 4229"
(2488 bp) [15]. The ISR of M. gallisepticum strains examined
were 644 and 648 bp long. The similarity, calculated with
BioEdit version 7.0, of strain 56A97" was between 72.4 and
73.8% with the M. gallisepticum strains while the intra-
species ISR similarities of the latter were between
94.9 and 100 % [46]. A phylogenetic tree was created with
M. imitans 4229" as its root (Fig. 4) showing that strain
56A97" was distinct from the M. gallisepticum strains, which
all clustered together and away from it. The ISR is a non-
coding region showing marked inter-species variation [47],
thus tree construction was limited to those mycoplasmas
that appeared to have evolved away from M. gallisepticum
just before M. gallisepticum evolved itself, i.e its closest
relatives.

The 16S rRNA gene of strain 56A97" gave a restriction frag-
ment length polymorphism (RFLP) profile distinct from
two strains of M. gallisepticum (PG31 and S6LP) and
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Fig. 3. Phylogenetic tree derived from predicted amino acid sequences from rpoB target strain 56A97" and members of the pneumoniae
group. Bootstraps were derived from 1000 replications and are shown next to the nodes. Ureaplasma urealyticum was chosen as the root.
The tree is drawn to scale and the evolutionary distances were computed using the Dayhoff matrix-based method [45] and are in units of
number of amino acid substitutions per site. All gaps were eliminated, leading to a final usable alignment of 101 amino acids.

M. imitans 4229", with the critical differentiating recogni-
tion site being that of Mae III at base 175 (according to the
numbering of M22441 in GenBank). This site is absent in
the M. gallisepticum strains [47]. Furthermore, a Vsp I rec-
ognition site is present in strain 56A97" [48] and M. galli-
septicum but not in M. imitans 42297 [49].

All six other isolates were positive with 56A97" antiserum
by IF [32]. All isolates, along with strain 56A97", had the
critical recognition site of Mae III at base 175 of their 16S
rRNA gene (according to the numbering of M22441 in Gen-
Bank) and the ISR similarities were 99-100 %.

A possible role for strain 56A97" as a primary pathogen of
the Humboldt penguin has yet to be established. It was

isolated in apparently pure culture from the liver of a dead
Humboldt chick, although it was also found as a commensal
in mixed flora in the tracheas of healthy Humboldts. In pilot
pathogenicity studies, strain 56A97" was pathogenic for
chick embryo tracheal organ cultures prepared from 19-
day-old specific-pathogen-free chicken embryos, causing
ciliostasis. After inoculation via the yolk sac into 7-day-old
embryonated chicken eggs, it caused mortality and stunting
of embryos by 19days of incubation. It disseminated
through the embryo to the liver and the brain, although was
less pathogenic than the S6 strain of M. gallisepticum.

The characteristics of strain 56A97" described here fulfil the
criteria for the description of a new species in the class

0.05

100

99 M. gallisepticum PG31T (AB098504)
61 M. gallisepticum R (CP001872)
70 M. gallisepticum S6 (JQ770172)

M. gallisepticum 6/85 (JQ770174)

M. gallisepticum A5969 (L08897)

M. tullyi 56A977 (LN811535)

M. imitans 42297 (AB098503)

Fig. 4. Phylogenetic tree derived from ISR sequences of strain 56A97", six M. gallisepticum strains and rooted to M. imitans 4229. Boot-
strap values were derived from 1000 replications and the scale bar represents five substitutions per 100 nucleotides. All positions
containing gaps and missing data were eliminated leading to a final usable alignment of 627 nucleotides. Bootstrap values less than

60 were omitted from the final figure.
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Mollicutes as defined by the standards put forward in 1995
[6] and their re-definition in 2007 [5]. We conclude that
genomic information, serological reactions and its pheno-
typic properties demonstrate that strain 56A97" represents
a novel Mycoplasma species, albeit one closely related to
both M. gallisepticum and M. imitans, and the name Myco-
plasma tullyi sp. nov. is proposed.

DESCRIPTION OF MYCOPLASMA TULLYI
SP. NOV.

Mycoplasma tullyi (tul'ly.i. N.L. masc. gen. n. tullyi of Tully,
named after J. G. Tully, to honour his considerable contri-
bution to mycoplasmology, and particularly to taxonomy).

The cells are pleomorphic. Many are near-spherical in
shape, while others are flask-shaped. There is evidence of a
tip-like structure in some. They lack a rigid cell wall, being
surrounded only by a plasma membrane. They do not revert
to a walled form in the absence of antibiotics. The organism
is resistant to penicillin and has an optimum growth tem-
perature of 37°C. On agar, colonies exhibit fried-egg like
morphology. Cells pass through 450 and 220 nm pore fil-
ters. The organism requires serum or sterol for growth; it
ferments glucose, but does not hydrolyse arginine or urea.
Cells adhere to chicken, guinea pig and sheep erythrocytes
and cause haemolysis of sheep erythrocytes. The genome
size of the organism is approximately 860000 bp.

The type strain is 56A97"7 (ATCC BAA-1432", DSM
21909, NCTC 11747"), which was isolated from liver of a
dead Humboldt penguin. Antiserum, has been deposited in
the Deutsche Sammlung von Mikrooganismen und Zellkul-
turen (DSMZ), DSM 21909.
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