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1. Introduction

Mycoplasma ovipneumoniae is an important pathogen that con-
tributes to pneumonia, a costly disease of domestic sheep (Ovis aries)
worldwide.(Nicholas et al., 2008) M. ovipneumoniae causes variable
morbidity with generally low mortality primarily in lambs, and clinical
signs include lethargy, chronic coughing, rectal prolapse, and poor
weight gain.(Nicholas et al., 2008) M. ovipneumoniae also initiates
polymicrobial pneumonia in bighorn sheep (Ovis canadensis);(Besser
et al., 2008) its key role in early pathogenesis of bighorn sheep pneu-
monia has only recently been clarified.(Besser et al., 2013) Morbidity is
typically high with highly variable mortality (5-100%),(Cassirer et al.,
2018) but subsequent recurrent lamb pneumonia epizootics can limit
population growth in affected herds.(Cassirer et al., 2013; Cassirer and
Sinclair, 2007; Butler et al., 2018) M. ovipneumoniae may also be an
important wildlife pathogen, as recently it has been reported in other
wild ungulates.(Highland et al., 2018; Rovani et al., 2019; Wolff et al.,
2019; Handeland et al., 2014)

M. ovipneumoniae studies have focused on identifying virulence
factors, mechanisms of damage to host cells, and effects related to host
immune response.(Niang et al., 1998a; Niang et al., 1998b; Jiang et al.,
2017; Li et al., 2016; Niang et al., 1997; Shahzad et al., 2010; Xue et al.,
2015) Studies characterizing strain types and their relationship to
virulence, pathogenicity, and transmission have also been conducted.
(Besser et al., 2013; Wolff et al., 2019; Cassirer et al., 2017; Besser et al.,
2017; Besser et al., 2012) Accurate enumeration of M. ovipneumoniae is
important in such studies and any others where a standardized dose or
inoculum is necessary, and where minimal dose required to induce
disease is a consideration.(Marois et al., 2010) Because pathogen in-
fective dose is widely variable, even by strain, quantifying M. ovip-
neumoniae is important for investigations exploring questions about
virulence, infectivity potential, and diseases status.(Schmid-Hempel
and Frank, 2007)

Obtaining accurate counts of mycoplasmas is generally difficult due
to several factors. Methods relying on bacterial growth are time-con-
suming due to the slow growth of mycoplasmas. Colony forming units

(CFU) is a common method of enumeration, but underestimates the
number of viable cells, which is compounded by their small size
(0.3-0.8 um diameter) and takes weeks to complete.(Calus et al., 2010;
Razin and Hayflick, 2010) In the authors' experience, colonies of M.
ovipneumoniae are small and indistinctive, making accurate counts dif-
ficult, likely due to the small size and centerless appearance.(Nicholas
et al., 2008) Color changing unit (CCU) assays rely on cellular meta-
bolism and acid production to estimate bacterial numbers using lim-
iting dilutions, and are commonly employed for enumeration of some
mycoplasma species, and may be considered the gold standard.(Calus
et al., 2010; Poveda and Nicholas, 1998) The CCU technique is time-
consuming, relying on growth to reach final titers and underestimates
cell numbers, since one color changing unit may comprise more than
one cell. A modified CCU method that determines the 50% endpoint,
expressed as CCUso, suggested greater accuracy than CCU by de-
termining that one CCUs, contained 1-3 genome equivalents as com-
pared to a single CFU, which contained 4-7 genome equivalents for two
species of mycoplasmas.(Stemke and Robertson, 1982) Flow cytometry
(FC) has recently been used to quantify mycoplasmas in broth media.
(Assuncao et al., 2006) This method uses a nucleic acid fluorescent stain
which allows for rapid quantification (under 1 h), and results correlate
well with CCU and CFU.(Assuncao et al., 2006) Adenosine triphosphate
(ATP) luminometry is a quantitative method using an enzymatic (lu-
ciferase) reaction to produce a light signal quantified by a luminometer.
This signal is proportional to the amount of ATP, and thus estimates
metabolizing cells in the reaction. This method has been used to
quantify at least two mycoplasmas and correlates well with CCU.(Calus
et al., 2010; Stemke and Robertson, 1990) In the authors' experience,
accurate counts were difficult. Preliminary measurements displayed
inconsistencies between replicates, and similar readings with negative
control (media) samples and M. ovipneumoniae inoculated samples. Fi-
nally, quantitative polymerase chain reaction (qQPCR) tests have re-
cently been developed to quantify several mycoplasmas, including M.
ovipneumoniae, and may produce results in < 1day, given a suitable
deoxyribonucleic acid (DNA) extraction method and thermocycler set-
tings(Jiang et al., 2017; Yang et al., 2014; Ziegler et al., 2014).

Abbreviations: CFU, colony forming units; CCU, color changing unit; FC, flow cytometry; qPCR, quantitative polymerase chain reaction; DNA, deoxyribonucleic

acid; SSC, side scatter; gDNA, genomic DNA; Cr, cycle threshold
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The objective of this study was to compare M. ovipneumoniae growth
as determined by qPCR, flow cytometry, and CCUs, in order to evaluate
the relative accuracy, advantages, and limitations of each method
compared to the gold standard, CCUs.

2. Materials and methods
2.1. Mycoplasma ovipneumoniae propagation in broth culture

M. ovipneumoniae reference strain (American Type Culture
Collection NCTC 10151 [Y98] ATCC 29419) was propagated according
to manufacturer's directions and stored in buffered glycerol at —80 °C.
M. ovipneumoniae was propagated for each experiment by scraping a
pinhead size amount from a frozen aliquot and adding it to 2 ml SP4
broth media (Hardy Diagnostics, Santa Maria, CA) in a 15ml poly-
styrene tube (VWR International, Radnor, PA). This medium contains a
pH indicator (phenol red), which turns yellow with decreasing pH. The
culture was incubated (agitating platform 200 rpm 37 °C) until a color
change was observed and used as the inoculum in the quantitative as-
says described below.

2.2. Comparison study design

M. ovipneumoniae cultures as described above were inoculated into
50ml SP4 broth media in a 50ml sterile polystyrene tube (Fisher
Scientific, Lenexa, KS) in three independent experiments using differing
inoculum ratios (1:10,000, 1:50,000, and 1:500,000 vol:vol). For each
experiment, negative control tubes were prepared using the same in-
oculation ratios with mock-inoculated media. Master inoculated culture
and negative control media tubes were mixed by inversion and in-
cubated (agitating platform 200 rpm 37 °C) for the duration of the ex-
periment. Tubes were sampled by removal of aliquots (200 pl) im-
mediately after preparation and at 24 h intervals thereafter for analysis
by three methods (CCUso, qPCR, and FC).

2.3. Flow cytometry

Flow cytometry protocol was modified from Assuncao et al. (2006).
Triplicates of culture and media control samples (200 pl) at each time
point were stained with SYBR green-I nucleic acid dye (Life Technolo-
gies Corporation, Eugene, OR) at a final concentration of 1:1000 of the
commercial stock solution, then incubated in the dark for 15 min at
room temperature. A Becton Dickinson FACSort or FACSCalibur cyt-
ometer (BD Immunocytometry Systems, San Jose, CA) was used for
sample analysis on the “Lo” setting (12 ul/min *+ 3), and CELLQuest
software (BD Biosciences, San Jose, CA) was used to acquire data for
10s, with FSC detector voltage set at “E02”. Side scatter (SSC) and
green fluorescence parameter (FL1 detector) were used to characterize
the cells during acquisition, and FCS Express version 4 software (De-
Novo Software, Glendale, CA) was used to analyze the data. Gating
strategy was based on presence of fluorescent-labelled events in SSC-
FL1 dot plot seen in M. ovipneumoniae culture samples compared to
media controls (Fig. 1). The total number of SYBR green-labelled events
within the gate was determined using the FCS Express software statis-
tics application. Results are expressed as the base 10 logarithm of
number of events per 1 ml. For all zero values, 1 was added to allow for
a data point to be plotted on the log scale for growth curves (Fig. 2A).

2.4. Quantitative PCR for Mycoplasma ovipneumoniae

Quantitative PCR tests were performed on a StepOne RealTime PCR
Detection system (Applied Biosystems, ThermoFisher Scientific, Foster
City, CA), and analyses were performed with StepOne Software v2.3
(Applied Biosystems, ThermoFisher Scientific, Foster City, CA). For
each time point, qPCR was carried out for quantification of M. ovip-
neumoniae culture or media control samples in triplicate. Extraction of
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DNA from each 200 pl aliquot was carried out using a commercial kit
(QIAamp DNA Mini Kit, Qiagen, Redwood City, CA) according to
manufacturer's instructions for bacterial cultures, except that cen-
trifugation speed and time for pelleting bacteria was modified to 16,100
x g for 30 min to better reflect that typically used with mycoplasmas.
(Almeida et al., 1992; Clyde Jr, 1964) Extracts were eluted with 200 pl
elution buffer and stored at —20 °C.

Standard curves were constructed for each qPCR assay M. ovipneu-
moniae reference strain Y98 genomic DNA (gDNA), quantified by
fluorometer (Qubit, Invitrogen, ThermoFisher Scientific, Foster City,
CA) using a fluorescent double-stranded DNA dye kit (AccuBlue High
Sensitivity dsDNA Quantitation Kit, Biotium, Inc., Fremont, CA) ac-
cording to the manufacturer's directions, and stored at —20°C. The
concentration of gDNA stock was determined based on the M. ovip-
neumoniae genome size (1,020,601 base pairs).(Yang et al., 2011) For
each assay, a stock aliquot was thawed and eight 10-fold serial dilutions
were prepared for qPCR analysis. The qPCR was conducted as described
by Manlove et al. (2019). The genome copy numbers in each reaction
and their corresponding cycle threshold (Cr) values were used to plot
the standard curve and to obtain genome copy numbers for samples at
each time point. Each qPCR assay included a positive amplification
control (M. ovipneumoniae reference strain Y98 gDNA) and a no-tem-
plate control (PCR-grade water). A negative extraction control (PCR-
grade water) was included for each time point. Results were reported as
the base 10 logarithm of the template copy number per 1 ml. For any
Cr = 40 (undetected), the value was considered zero and 1 was added
for plotting on the log scale for growth curves (Fig. 2B).

2.5. CCUsp

The CCUsy was determined using the Spearmann-Karber formula
and the microtitration method modified from Litamoi et al. (1996). In
sterile 96-well polystyrene microtiter plates (Greiner Bio-One North
America Inc., Monroe, NC), or in 1.5 ml sterile microcentrifuge tubes
(USA Scientific, Inc., Ocala, FL), 180 ul of SP4 broth media was placed
into columns 2-12 in each of 5 rows. Aliquots (200 pl) from the culture
or media control were placed into the first well of each of the 5 rows.
Serial 10-fold dilutions were made for all 5 rows up to 10!, mixing by
pipetting and using sterile pipette tips for each dilution. Assays were
incubated for 3 weeks (5% CO,, 37 °C) and monitored for color change.
The CCUs, was calculated as described below (Litamoi et al., 1996):

Log,, CCUsp = (X-(d/2)) + d(Z ri/ny)

where: Xo = logig of the reciprocal of the lowest dilution at which all 5
wells have demonstrated color change (i.e. positives); d = log;o of the
serial dilution factor (here d = 1); n; = number of wells per dilution;
r; = number of positive wells at each dilution; X r;/n; = sum of the
proportion of positive wells starting at the lowest dilution that de-
monstrates 5/5 positives and including all higher dilutions with posi-
tives.(Litamoi et al., 1996) Results are reported as base 10 logarithm of
CCUsq values expressed in units per 1 ml. For all zero values where
there was no growth, 1 was added to allow for a data point to be plotted
on the log scale for growth curves (Fig. 2C).

2.6. Statistical analysis

The relationships of bacterial growth as measured by flow cyto-
metry, qPCR, and CCUs, were evaluated by linear regression analysis
(JMP statistical software version 14, SAS Institute, Inc., Cary, NC). The
period of growth analyzed was defined as time points preceding the
rapid senescence detected by the CCUsy method (Fig. 2C, time
points < 120h). For flow cytometry, two-sample t-tests (JMP statistical
software version 14, SAS Institute, Inc., Cary, NC) were used to de-
termine the time point range in which events/ml measured from in-
oculated tubes were significantly greater than events/ml from negative
media control tubes (Fig. 2A, detection range 72-216h, p < .05).
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Fig. 1. Dot plots representing gating strategy of SYBR-labelled events. A) SSC-FL1 dot plot from an M. ovipnuemoniae culture sample demonstrating gate with SYBR-
labelled events included. B) SSC-FL1 dot plot from a time-matched broth media sample with the same gate.

Background-corrected values were then calculated as the difference of
average event counts from bacterial culture and media-only controls,
with final conversion to logarithm base 10 number of events per 1 ml as
the flow cytometry estimate of M. ovipneumoniae counts/ml.

3. Results

Log phases of M. ovipneumoniae growth were recognized with each
quantitative method (Fig. 2A-C). The apparent stationary phases re-
cognized with qPCR and FC after time 120 h were demonstrated by the
CCUso method to be senescence with rapid loss of cell viability (Fig. 2A-
C). The FC method measured M. ovipneumoniae over the smallest
quantitative range and was apparently unable to determine con-
centrations exceeding about 107 cells/ml, while CCUs, and qPCR
methods determined concentrations up to approximately 10° cells/ml
(Fig. 3).

The FC quantitation of bacterial culture tubes did not differ from
values determined in negative media-only control tubes through the
first 48 h of incubation, whereas the CCUs, and qPCR methods detected
M. ovipneumoniae in inoculated tubes beginning at time 0. The qPCR
method produced Cr values < 40 (range 33.4-36.9) for eight media
negative control aliquots and four negative extraction controls aliquots

A

w

in the first experiment, and for one media negative control aliquot from
the second experiment (35.99). When qPCR was repeated on these
tubes, similar values were obtained from 8/13 of the aliquots from the
first experiment; 5/13 aliquots produced Cr values = 40.

Amplification efficiency for gPCR was > 95% for all experiments
with slopes ranging from —3.36 to —3.42; the coefficient of determi-
nation (R%) was > 0.996. A linear range was demonstrated with the
standard dilution series over eight orders of magnitude for each assay.
The 10" standards were consistently detected with Cr values ranging
from 33.58 to 37.02, consistent with the detection of as few as 10 copies
of M. ovipneumoniae template per reaction.

Both flow cytometry and qPCR values were strongly correlated with
CCUsq during log phase growth, although the coefficient of determi-
nation was higher for gPCR than for flow cytometry (0.95 and 0.81,
respectively, Table 1, and Fig. 3).

4. Discussion

Quantitation of the log growth phase of M. ovipneumoniae in broth
culture by both FC and qPCR were closely correlated and linear in
comparison with CCUsg, the gold standard quantitative method.
However, the methods varied with respect to specificity, time, bacteria
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Fig. 2. M. ovipneumoniae growth over time, 3 methods of enumeration. Fig. 2A: Flow cytometry results. Flow cytometry values for M. ovipneumoniae culture (blue)
and media (red) reported as the base 10 logarithm number of events per 1 ml. All replicates are plotted for each experiment. For any media or culture zero value, 1
was added and is represented as “1” in this plot. Median values are represented by the horizontal lines inside each box. The lower and upper ends of each box
represent the 1st and 3rd quartiles, respectively. The lower and upper whiskers represent the 1st quartile — 1.5 (interquartile range), and the 3rd quartile +1.5
(interquartile range), respectively; if data points lie within this range, the whiskers are determined by upper or lower data point values. Outliers are identified as data
points outside the box. Fig. 2B: qPCR results. M. ovipneumoniae qPCR values measured at different time points for 3 experiments reported as base 10 logarithm
number of copies per 1 ml. Box and whisker values are as described for Fig. 2A. Where Ct = 40, the concentration was considered as zero and these data points are
represented as “1” in this plot. Fig. 2C: CCU50 results. M. ovipneumoniae CCUs, values measured at different time points for 3 experiments reported as CCUsq per 1 ml,
as described above. For any zero value where there was no growth, 1 was added and is represented as “1” in this plot. The mean for each time point is represented by
the solid line, and each independent experiment with varying inoculum ratios is represented by a different color; 1:10,000 (red), 1:50,000 (blue), and 1:500,000
vol:vol (green).
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Fig. 3. Linear regression analysis comparing qPCR and flow cytometry to the
gold standard, CCUs,_Base 10 logarithm of counts per 1 ml for flow cytometry
(represented in blue) and qPCR (represented in red) are plotted against base 10
logarithm of CCUs per 1 ml. Linear regression lines are shown with the shaded
areas representing the 95% confidence intervals for the fit. Flow cytometry data
points were excluded where culture and media means were not significantly
different (i.e. times 0, 24, 48 as described in Fig. 2A). Flow cytometry data at all
given time points represent (culture replicate mean events) — (media replicate
mean events) per 1 ml. All data points were excluded from the comparison if the
CCUs, value demonstrated M. ovipneumoniae senescence or death. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Table 1
Linear regression analysis correlation coefficients including coefficient of de-
termination (R?), slope, intercept, and P value for the lines.

Quantitative method R? Slope Intercept P value
Flow cytometry 0.81 0.92 -1.71 0.0009
qPCR 0.95 0.82 1.488 < 0.0001

viability, and range of detection.

Others have reported successful enumeration of mycoplasmas, in-
cluding CFU for M. ovipneumoniae, with CFU and ATP luminometry
methods.(Calus et al., 2010; Stemke and Robertson, 1990; Lin et al.,
2008) We experienced difficulty obtaining counts for CFU, considering
the small, indistinct colonies. In our hands, the ATP luminometry assay
displayed inconsistencies with replicates and high background, as dis-
cussed earlier. For these reasons, quantitation by both CFU and ATP
luminometry were not examined in this comparison, however we do not
discount the value of these methods. Of the methods evaluated here,
CCUsp had the widest range of detection, and was the only one in-
formative about M. ovipneumoniae viability. While the media used in
this study favors M. ovipneumoniae growth, it is not species-specific, and
contamination with other viable bacteria capable of glucose fermenta-
tion would be expected to have non-specific results. Additionally,
CCUsq is time-consuming, taking 2-3 weeks for M. ovipneumoniae
growth. Quantitative PCR is the only method studied here which is
specific for detection of M. ovipneumoniae. M. ovipneumoniae senescence
was not detected by qPCR, which detected post-senescence non-viable
cells as an apparent ‘stationary phase’. The range of detection of qQPCR
was large and comparable to that of CCUsy. Assay time for qPCR de-
pends upon the DNA extraction and thermocycler conditions utilized,
but was generally < 2 days, much shorter than CCUs,. In two of the
experiments reported here, one or more negative control samples pro-
duced weak qPCR signals (Cr 33.58-37.02), indicating potential con-
tamination or probe breakdown. All samples were run in triplicate, and
no media negative control produced a signal for all three replicates. The
master media-only negative control tubes and all CCUs, negative
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controls remained red for all three experiments, consistent with no M.
ovipneumoniae growth. Therefore if the qPCR signal was due to con-
tamination, it only occurred after the qPCR aliquot was taken from the
master tube, and did not occur in any aliquots used in CCUsq. While this
qPCR protocol demonstrated detection of as few as 10 M. ovipneumoniae
genome copies, these weak false positive signals indicate that caution
must be observed in interpreting quantitation of low concentrations of
M. ovipneumoniae.

Flow cytometry was consistently unable to detect M. ovipneumoniae
growth until 72h of incubation, equivalent to about 10° CCUs, de-
monstrating that this method is poorly sensitive compared to CCUs or
qPCR. Across the concentration range at which FC was able to detect M.
ovipneumoniae, it consistently underestimated the concentration by
about two logs compared to either of the other methods. Nevertheless,
its reasonably strong linear correlation with quantitation results pro-
duced by qPCR and CCUs, indicate it could provide useful rapid esti-
mation of M. ovipneumoniae numbers. This flow cytometry protocol was
not specific for M. ovipneumoniae and would not be appropriately used
in mixed or contaminated cultures. Flow cytometry also failed to detect
M. ovipneumoniae senescence, although protocols have been described
that discriminate between live and dead mycoplasmas.(Assuncao et al.,
2005) However, this method provides the fastest enumeration, giving
results within about an hour.

The wide dynamic ranges of the CCUs, and qPCR tests suggest that
either method would be suitable for studies necessitating quantification
of a standardized inoculum or exploration of minimum infective dose of
M. ovipneumoniae, but any information regarding viability is limited to
the CCUso method. If rapid results are required, flow cytometry may be
used with caution for pure cultures, and with correction for the con-
sistent underestimation this method provides.
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