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Bacterial commensals of the human genitourinary tract, Mycoplasma hominis and Ureaplasma species
(parvum and urealyticum) can be sexually transmitted, and may cause nongonococcal urethritis, pelvic
inflammatory disease, and infertility. Mycoplasma hominis and Ureaplasma species may also cause se-
vere invasive infections in immunocompromised patients. Current culture-based methods for Myco-
plasma/Ureaplasma identification are costly and laborious, with a turnaround time between 1 and 2
weeks. We developed a high-throughput, real-time multiplex PCR assay for the rapid detection of M.
hominis and Ureaplasma species in urine, genital swab, body fluid, and tissue. In total, 282 specimens
were tested by PCR and compared with historic culture results; a molecular reference method was used
to moderate discrepancies. Overall result agreement was 99% for M. hominis (97% positive percentage
agreement and 100% negative percentage agreement) and 96% for Ureaplasma species (96% positive
percentage agreement and 97% negative percentage agreement). Specimen stability was validated for
up to 7 days at room temperature. This multiplex molecular assay was designed for implementation in a
high-complexity clinical microbiology laboratory. With this method, >90 samples can be tested in one
run, with a turnaround time of 4 to 5 hours from specimen extraction to reporting of results. This PCR
test is also more labor effective and cheaper than the conventional culture-based test, thus improving
laboratory efficiency and alleviating labor shortages. (J Mol Diagn 2023, 25: 838e848; https://doi.org/
10.1016/j.jmoldx.2023.07.004)
Supported by the Department of Pathology and Laboratory Medicine,
University of California Los Angeles, Los Angeles, CA.
Part of the Mollicutes class, Mycoplasma hominis (renamed
as Metamycoplasma hominis) and Ureaplasma species
(parvum and urealyticum) are known commensals of the
human genitourinary (GU) tract. However, these organisms
can also be sexually transmitted, with the potential to
contribute to or cause nongonococcal urethritis,1e3 pelvic
inflammatory disease,4,5 postpartum fever,6,7 and infer-
tility.8,9 Moreover, these pathogens can also be transmitted
to neonates, with the capability to cause pneumonia,10,11

bacteremia,12,13 and meningitis.14,15 Mycoplasma hominis
and Ureaplasma species can also cause severe invasive in-
fections in immunocompromised patients, including pneu-
monia, septic shock, and infections of the pleural space.16

Because of their ability to deplete arginine and disrupt the
host urea cycle (M. hominis)17,18 and their high efficiency at
converting urea to ammonia via urease production
Pathology and American Society for Investiga
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(Ureaplasma species),19e21 these organisms have further
been implicated in the development of hyperammonemia
syndrome in immunosuppressed patients (eg, solid
organ16,22,23 or stem cell transplant recipients24 and those
with hematologic malignant cancers25,26). This is a serious
condition in which serum ammonia levels accumulate to
dangerously high levels, resulting in neurologic abnormal-
ities, cerebral edema, and death.
Identification of Mycoplasma and Ureaplasma species by

standard diagnostic methods is challenging because of
unique features: lack of a rigid cell wall precluding obser-
vation by staining techniques, requirements for complex
growth media and growth conditions, extreme sensitivity to
tive Pathology. Published by Elsevier Inc.

/by/4.0).
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M. hominis/Ureaplasma spp. Multiplex PCR
desiccation, and small bacterial colony size.27 Current
culture-based methods are costly and laborious, with typical
turnaround time between 1 and 2 weeks. Screening of cul-
ture plates by microscopy is required for colony observation
and organism identification and requires highly trained
technologists, limiting method scalability. Overgrowth of
specimens with non-Mycoplasma/Ureaplasma bacterial
species, as well as significant growth sensitivity of the
Mollicutes to inhibitory factors, may also interfere with M.
hominis and Ureaplasma species detection by culture.27

Therefore, a diagnostic method for rapid identification of
M. hominis and Ureaplasma species is warranted. We
describe development and validation of a high-throughput,
multiplex real-time PCR assay for the rapid detection of
M. hominis and Ureaplasma species (parvum/urealyticum)
for clinical diagnosis.
Materials and Methods

Primer/Probe Design

All primer/probe sets were designed to amplify a gene
segment of <150 bp and to have similar GC content and
melting temperature. The Oligo Calc: Oligonucleotide
Properties Calculator tool (http://biotools.nubic.
northwestern.edu/OligoCalc.html, last accessed December
4, 2022) was used to assess and adjust each parameter
accordingly. Each primer/probe set was synthesized by
IDT (San Diego, CA) as a custom PrimeTime real-time
quantitative PCR (qPCR) probe assay.

The M. hominis primer/probe set anneals to the tuf gene,
which encodes the elongation factor thermal unstable pro-
tein. The tuf target corresponds to 63,613 to 63,696 of
GenBank accession number CP055150 (https://www.ncbi.
nlm.nih.gov/nuccore/CP055150), amplifying an 84-bp
product. The M. hominis probe is labeled with Cy5. The
intended U. parvum primer/probe set anneals to a gene
encoding the caseinolytic peptidase B homolog (ClpB)
chaperone protein, a member of the AAA þ superfamily of
ATPases. The ClpB target corresponds to 275,679 to
275,818 of GenBank accession number AP018561 (https://
www.ncbi.nlm.nih.gov/nuccore/AP018561), amplifying a
140-bp product. The U. parvum probe is labeled with
FAM. The intended U. urealyticum primer/probe set anneals
to a gene encoding an ATP-binding cassette (ABC) trans-
porter permease, corresponding to 13,186 to 13,285 of
GenBank accession number CP039963 (https://www.ncbi.
nlm.nih.gov/nuccore/CP039963). This target amplifies a
100-bp product, and the U. urealyticum probe is labeled
with TET (equivalent to JOE).

The internal control (IC) primer/probe set targets a human
housekeeping gene, RNase P, which encodes an essential
endonuclease in tRNA maturation. The RNase P target
corresponds to 21 to 104 of GenBank accession number
NM_006413 (https://www.ncbi.nlm.nih.gov/nuccore/NM_
The Journal of Molecular Diagnostics - jmdjournal.org
006413), amplifying an 84-bp product. The IC probe is
labeled with SUN (equivalent to VIC) (Table 1).

Nucleic Acid Extraction of Specimens

The Applied Biosystems MagMAX Viral/Pathogen II
Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Wal-
tham, MA; reference A48383) was used to extract nucleic
acid from specimens with the Thermo Scientific KingFisher
Flex Purification System. The manufacturer’s protocol for
isolation of nucleic acid from biofluids and transport media
was followed. Three separate wash plates were prepared
with the addition of 1000 mL wash buffer, 1000 mL 80%
ethanol, and 500 mL 80% ethanol in each sample well to
respective plates. The elution plate contained 100 mL
Elution Solution in each sample well. The sample plate was
prepared by adding 10 mL of Proteinase K to each sample
well. Preparation of all KingFisher extraction plates
occurred at a clean reagent workstation with laminar flow
capability in a separate pre-amplification room.

Binding Bead Mix was prepared according to the
following sample well calculation: 530 mL Binding Solu-
tion, 20 mL Total Nucleic Acid Magnetic Beads, and 20 mL
of human serum as IC for monitoring RNase P detection.
For multiple reactions, an overage of 10% to 20% was
prepared. The specimens were vortexed, and 400 mL was
added to respective wells of the sample plate. After gentle
inversion, 570 mL of the Binding Bead Mix was added to
each well of the sample plate. The MVP_Flex program was
selected on the instrument, and the prepared plates were
loaded for extraction while wearing appropriate personal
protective equipment. A negative extraction control,
composed of sterile universal viral transport (UVT; Becton
Dickinson, Franklin Lakes, NJ; reference 220220), and a
positive extraction control, composed of UVT seeded with
M. hominis (23114), U. parvum (27815), and U. ure-
alyticum (27618), were extracted in parallel along with all
clinical and contrived specimens (Figure 1).

Multiplex Real-Time PCR

Real-time PCR was performed on an Applied Biosystems
7500 Fast Dx (Thermo Fisher Scientific). Each PCR con-
tained 2.5 mL PrimeTime Gene Expression Master Mix (2�;
IDT; reference 1055771) with low concentration reference
dye, 0.25 mL M. hominis qPCR Assay (20�), 0.25 mL U.
parvum qPCR Assay (20�), 0.25 mL U. urealyticum qPCR
Assay (20�), 0.25 mL RNase P qPCR Assay (20�), 0.5 mL
PCR-grade water, and 1 mL of extracted specimen nucleic
acid as template. Each PCR contained a 500 nmol/L con-
centration of all forward and reverse primers and a 250
nmol/L concentration of all probes. Optimal PCR conditions
for PrimeTime Gene Expression Master Mix were based on
IDT guidance for fast cycling: i) polymerase activation at
95�C for 3 minutes, ii) denaturation at 95�C for 5 seconds,
and iii) annealing/extension at 60�C for 30 seconds. The
839
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Table 1 Mycoplasma hominis and Ureaplasma Species Multiplex PCR Primer and Probe Sequences

Species Target gene Primers/probes Primer sequence
50 Probe reporter dye;
30 quencher

M. hominis tuf Forward 50-CGCTGGATTATTGCTACGTG-30

Reverse 50-TGAGGAACGATTGTCTTAGG-30

Probe 50-AGCGAAGTTGAACGTGGACAAG-30 Cy5 (668); TAO/Iowa Black RQ
Ureaplasma parvum ClpB ATPase Forward 50-CCATTATCGGTCGAGATGAAGAA-30

Reverse 50-ATGAACAATTCGGTATGCAAGC-30

Probe 50-TGTCTTAATTGGTGAACCTGGTG-30 FAM (520); ZEN/Iowa Black FQ
Ureaplasma urealyticum ABC transporter

permease
Forward 50-GGAATTGCAATGGGTTTGATCTC-30

Reverse 50-CTCCTAAGTTATCGGCTGATTGT-30

Probe 50-CCGTTAGCAACAATTCCTGTGTC-30 TET* (539); ZEN/Iowa Black FQ
Human RNase P
(internal control)

RNase P Forward 50-TGTTTGCAGATTTGGACCTGC-30

Reverse 50-AATAGCCAAGGTGAGCGGCT-30

Probe 50-AAGGCTCTGCGCGGACTTGTGGA-30 SUN* (554); ZEN/Iowa Black FQ

*Integrated DNA Technologies TET and SUN reporter dyes are equivalent to JOE and VIC reporter dyes, respectively, on the Applied Biosystems 7500
instrument.
ABC, ATP-binding cassette; ClpB, caseinolytic peptidase B homolog.

Chan et al
denaturation and annealing/extension steps were performed
for 40 cycles. For each PCR run, the negative extraction
control and positive extraction control nucleic acid tem-
plates were run in parallel with all clinical and contrived
specimens (Figure 1).

Preparation of LOD Material and Contrived Specimens

Quantified material for limit of detection (LOD) studies was
prepared in-house with three ATCC (Manassas, VA) strains:
M. hominis 23114, U. parvum 27815, and U. urealyticum
27618. Each strain was cultured in Remel 10 B Arginine
Broth (Thermo Fisher Scientific; reference R20305) at 35�C
with 9% CO2. Mycoplasma hominis and U. parvum were
cultured for 18 to 19 hours without rocking. As U. ure-
alyticum is especially sensitive to urea depletion and
elevated pH, this strain was cultured for only 3.5 hours with
rocking. After broth amplification, each culture was 10-fold
serially diluted to 10�6 in UVT, with each dilution plated
(100 mL) to an A-8 selective agar plate (Thermo Fisher
Scientific; reference R20204) and incubated at 35�C with
9% CO2 in an enclosed, humidified container for at least 1
week. Bacterial colonies were counted from the A-8 plates
with an inverted microscope, using a grid format, by two
independent readers (J.P.Y. and E.G.C.) (Figure 1). The
counts were averaged, and bacterial colony-forming units
(CFUs)/mL were estimated through back-calculation.

Contrived negative and positive specimens to be tested by
the assay were generated by pooling of known negative
clinical matrix and by seeding known concentrations of
bacteria (Mycoplasma and/or Ureaplasma species) into
either sterile holding media (UVT) or into confirmed
negative clinical matrix in UVT [genital swab, urine, body
fluid, lower respiratory fluid, or ESwab (Becton Dick-
inson)]. Contrived specimen sets were generated by a single
individual (J.L.C.) and were seeded at low to high organism
concentration for each target: M. hominis (6.3 � 101 to
840
7.0 � 104 CFUs/mL), U. parvum (3.2 � 102 to 3.5 � 104

CFUs/mL), and U. urealyticum (6.6 � 101 to 7.3 � 103

CFUs/mL). Separate individuals (J.P.Y. and E.G.C.) were
blinded to contrived specimen identity and performed
specimen processing and assay performance.
Precision

For intra-assay precision, one negative extraction control
and one positive extraction control were tested in triplicate
in the same assay run. For interassay precision, two tech-
nologists blinded to 14 contrived specimens performed
testing on two separate assay runs. A separate technologist
generated the specimens with negative pooled vaginal/cer-
vical genital swab clinical matrix in UVT seeded with low
to high M. hominis and/or Ureaplasma species concentra-
tions, as described in the previous paragraph.
Analytical Specificity

Several bacterial species that may be encountered in vali-
dated specimen types were tested to determine analytical
specificity: Enterobacter cloacae, Enterococcus faecalis,
Escherichia coli, Klebsiella pneumoniae, Lactobacillus,
Moraxella catarrhalis, Neisseria gonorrhoeae, Proteus
mirabilis, Pseudomonas aeruginosa, Serratia marcescens,
Staphylococcus aureus, Streptococcus agalactiae, Strepto-
coccus pyogenes, and Streptococcus viridans. Fresh growth
of each organism was harvested from a blood agar plate (5%
sheep blood), normalized to 0.5 McFarland in saline, and
diluted 1:100 to yield approximately 1.5 � 106 CFUs/mL in
UVT. Each organism was tested by the assay at this con-
centration. Other Mycoplasma and Ureaplasma species
were also tested: M. fermentans, M. genitalium, M. pneu-
moniae, U. diversum, and U. pacifica. Because of the
complex growth conditions required for these species,
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 1 Mycoplasma/Ureaplasma culture-
based testing versus molecular testing work-
flows. A1: Primary specimens: urine, lower
respiratory fluid, body fluid, and ESwab. A2:
Holding media into which primary specimens have
been collected directly (ie, genital swabs) or have
been transferred to for transport and storage. B1:
Direct plating of specimen and culture on A-8
agar. B2: Amplification of specimen in 10 B
Arginine Broth (color change to pink indicates
growth). B3: Plating and culture of broth-
amplified specimen on A-8 agar. B4: Application
of grid for colony counting to prepare limit-of-
detection material. B5: Use of inverted micro-
scope for agar plate screening. B6: Characteristic
Mycoplasma/Ureaplasma colony morphologies. C1:
Each specimen is spiked with human serum as
internal control for monitoring RNase P detection.
C2: Negative extraction control (NEC) and positive
extraction control (PEC) samples are run in parallel
with each test batch. C3: Specimen nucleic acid
extraction with KingFisher Flex Purification Sys-
tem. C4: PCR plate setup. C5: PCR assay perfor-
mance with Applied Biosystems 7500 Fast Dx PCR
System. C6: Depiction of PCR amplification curves.
Some icons were sourced from BioRender.com
(Toronto, ON, Canada). M. hominis, Mycoplasma
hominis; UVT, universal viral transport; VTM, viral
transport medium.

M. hominis/Ureaplasma spp. Multiplex PCR
frozen stocks obtained from ATCC were diluted 1:2 directly
into UVT and tested by the assay.

Specimen Stability

Pooled female vaginal/cervical genital swabenegative
clinical matrix in UVT was seeded with M. hominis
23114, U. parvum 27815, and U. urealyticum 27618 at the
established LOD for each strain. Aliquots of this contrived
specimen were held at either 4�C or room temperature
(approximately 22�C), and each condition was sampled at
days 0, 3, 5, and 7. Specimen collections at each time point
were extracted and tested by the M. hominis and Ure-
aplasma species multiplex PCR assay. Organism detection
was evaluated by the generation of cycle threshold values
The Journal of Molecular Diagnostics - jmdjournal.org
for each assay target (M. hominis, U. parvum, and U.
urealyticum).

Reference Methods

Routine Mycoplasma/Ureaplasma culture used both direct
specimen plating and specimen broth amplification. Primary
specimens are collected in or transferred to appropriate
holding media and plated to A-8 agar and inoculated to 10 B
Arginine Broth within 24 hours of collection. With incu-
bation at 35�C (9% CO2), A-8 plates are monitored for up to
7 days for the presence of Mycoplasma and Ureaplasma
bacterial colonies, and 10 B broths are monitored for up to 7
days for a change in pH. Broths that indicate a pH change
(color change to pink) are subcultured to A-8 plates, which
841
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are further incubated and monitored for Mycoplasma/Ure-
aplasma colony development (Figure 1).

For discrepancy reconciliation, specimens were sent to an
outside reference laboratory able to perform molecular
testing for Mycoplasma and Ureaplasma species. This PCR
reference method could detect M. hominis and Ureaplasma
species (parvum/urealyticum) by PCR.

Method Comparison Calculations and Statistical
Analysis

Method comparison calculations (percentage agreement and
95% CI) were performed using the MedCalc: Diagnostic
Test Evaluation Calculator tool (https://wwwmedcalcorg/
calc/diagnostic_testphp, last accessed June 2, 2023).
Statistics to generate k coefficients for each target were
performed using the GraphPad by Dotmatics Quantify
Agreement with Kappa tool (GraphPad Software, Boston,
MA).

Results

Primer/Probe Design and PCR Optimization

To select the best-performing primers and probes, multiple
sets were designed for each bacterial species. Early assess-
ment of the M. hominis tuf housekeeping gene among 20
clinical isolates from different individuals (GU, oral, and
synovial fluid sources) had found low levels of intraspecies
sequence variability and a low frequency of recombination
occurring in this gene.28 Consequently, based on the work
of Cunningham et al,29 two primer/probe sets were designed
to target the M. hominis tuf gene with Cy5 as the reporter:
one set was inside of the published primers, and the other set
targeted another unique region of the gene.

For U. parvum, primer/probe sets were designed to target
different putative housekeeping or essential genes with in
silico conservation among type strains of all four U. parvum
serovars (1, 3, 6, and 14)30: ClpB ATPase gene and ABC
transporter permease gene. The U. parvum probes were
labeled with FAM as the reporter. For U. urealyticum,
primer/probe sets were designed to target different genes
with TET as the reporter. On the basis of the work of Xiao
et al,30 a primer/probe set was designed inside of the pub-
lished U. urealyticum Giant Ureaplasma Membrane-
Anchored Protein gene primers. Two other primer/probe
sets were designed to target predicted U. urealyticum
essential genes displaying in silico conservation to most
type U. urealyticum strain serovars (2, 4, 8, and 10 to 13)30:
UvrD-helicase gene and ABC transporter permease gene.

All primer/probe sets were tested in single-plex reactions
with appropriate control DNA to assess overall performance
in a 5-mL total volume PCR. On the basis of robust PCR
amplification with intended targets, along with limited
cross-reactivity, the following primer/probes were selected
for further evaluation: i) M. hominis set targeting the unique
842
region of the tuf gene, ii) U. parvum set targeting the ClpB
ATPase gene, and iii) U. urealyticum sets targeting the
Giant Ureaplasma Membrane-Anchored Protein gene and
the ABC transporter permease gene. The selected primer/
probes were further tested in multiplex PCR combination
reactions with appropriate control DNA and clinical speci-
mens to assess overall performance. Optimal multiplex
assay performance was achieved with targeting of the U.
urealyticum ABC transporter permease gene, and thus, the
final Mycoplasma/Ureaplasma species primer/probe set
combinations were selected (Table 1).
In silico analysis of the M. hominis primer/probe set

showed collective mapping to the tuf gene in 12 of 18
publicly available complete reference genomes with 100%
coverage and 100% identity, whereas only 86% to 95%
coverage (100% identity) was observed for the remaining 6
genomes. In addition to better performance in the multiplex
assay, this M. hominis set was also chosen because of its
better specificity defined in silico. In silico analysis of the U.
parvum primer/probe set showed mapping to the ClpB
ATPase gene in 11 of 11 publicly available complete
reference genomes, with 100% coverage and 100% identity.
This target was also conserved among all U. parvum sero-
types (1, 3, 6, and 14). In silico analysis of the U. ure-
alyticum primer/probe set showed mapping to the ABC
transporter permease gene in five of five publicly available
complete reference genomes, with 100% coverage and
100% identity. Excluding serovar 7, this set was confirmed
to map to type strains of all U. urealyticum serovars (2, 4, 5,
and 8 to 13). The reference genome of the serovar 7 type
strain (ATCC 27819) is of an incomplete genome assembly.
This likely explains why primer/probe mapping to the type
strain could not be established.

Assay Performance and Method Comparison

A method comparison study was performed, with a clini-
cally validated culture-based method for Mycoplasma/Ure-
aplasma detection assigned as the reference standard
(Figure 1). Urine, genital swab, and miscellaneous speci-
mens held in various holding media were tested by the M.
hominis and Ureaplasma species multiplex PCR assay. For
clinical specimens, Mycoplasma/Ureaplasma culture results
had been previously generated as part of the laboratory
diagnostic testing workflow. For contrived specimens,
various negative clinical matrices were seeded with known
concentrations and combinations of M. hominis, U. parvum,
and U. urealyticum from the previously prepared LOD
material. Various contrived specimens were also held in
different temperature conditions to assess specimen stabil-
ity. A total of 285 specimens were tested by the PCR assay.
Three of these specimens had no comparable culture result:
in one specimen, the culture test had been cancelled; and in
two specimens, a culture result could not be generated
because of microbial overgrowth. Of the 282 specimens that
could be compared with culture, 221 were clinical
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 2 Method Comparison Summary Table for the Mycoplasma hominis and Ureaplasma Species Multiplex PCR Assay

Sample types and characteristics No. of samples

Total specimens tested with comparative data, N 282
Total positive specimens, n 113
Total negative specimens, n 169

Holding media, n (%)*
Remel 10B Arginine Broth 130 (46)
Becton Dickinson universal viral transport 131 (46)
Remel MicroTest M5 transport media 14 (5)
YOCON viral transport medium 7 (2)

Specimens, n (%)
Urine 124 (44)
Genital swab 124 (44)
Lower respiratory tract (tracheal aspirate and BAL fluid) 5 (2)
Body fluid (pleural) 6 (2)
Wound or surgical swab (finger and shoulder) 4 (1)
Othery 19 (7)

Result agreement analysis Initial assessment Discrepancy reconciliation

M. hominis result agreement with culture method, n/total (%) 272/282 (96) 279/282 (99)
Positive percentage agreement, n/total (%) [95% CI] 58/67 (87) [76e94] 65/67 (97) [90e100]
Negative percentage agreement, n/total (%) [95% CI] 214/215 (100) [97e100] 214/215 (100) [97e100]
k Coefficient 0.898 0.97

Ureaplasma species result agreement with culture method, n/total (%) 257/282 (91) 272/282 (96)
Positive percentage agreement, n/total (%) [95% CI] 82/90 (91) [83e96] 86/90 (96) [89e99]
Negative percentage agreement, n/total (%) [95% CI] 175/192 (91) [86e95] 186/192 (97) [93e99]
k Coefficient 0.801 0.919

Invalid rate, n/total (%)z 1/169 (0.6)

*Media types in which primary specimens are held and from which testing is performed.
yIncludes contrived specimens used for analytical specificity experiments. Bacterial isolates were spiked into sterile universal viral transport medium only.
zOn repeated testing, this single invalid result repeated as negative.
BAL, bronchoalveolar lavage.

M. hominis/Ureaplasma spp. Multiplex PCR
specimens and 61 were contrived specimens. Overall, a total
of 113 positive specimens (M. hominis and/or Ureaplasma
species positive by culture or seeding) and 169 negative
specimens (neither M. hominis nor Ureaplasma species
recovered by culture or seeding) were tested. Result
concordance between the two methods was assessed overall
and by individual assay target: M. hominis and Ureaplasma
species (Tables 2 and 3).

On initial assessment, PCR detection for M. hominis dis-
played 87% positive percentage agreement (PPA; 95% CI,
76%e94%) (58/67) and 100% negative percentage agree-
ment (NPA; 95% CI, 97%e100%) (214/215); the k coeffi-
cient was 0.898. PCR detection for Ureaplasma species
displayed 91% PPA (95% CI, 83%e96%) (82/90) and 91%
NPA (95% CI, 86%e95%) (175/192); the k coefficient was
0.801. Overall, 30 of the 282 specimens yielded discordant
results between culture and PCR. Of these, 29 specimens had
sufficient remaining volume to be sent to a reference labo-
ratory for M. hominis/Ureaplasma species qualitative PCR
testing. Testing by the outside molecular reference method
reconciled 19 of the 30 discordant results (Supplemental
Table S1). After discrepancy reconciliation, PCR detection
for M. hominis displayed 97% PPA (95% CI, 90%e100%)
The Journal of Molecular Diagnostics - jmdjournal.org
(65/67) and 100% NPA (95% CI, 97%e100%) (214/215);
the k coefficient was 0.970. PCR detection for Ureaplasma
species displayed 96% PPA (95% CI, 89%e99%)
(86/90) and 97% NPA (95% CI, 93%e99%) (186/192); the
k coefficient was 0.919 (Table 2).

Precision

For intra-assay precision, triplicate testing of the negative
extraction control and positive extraction control yielded a
100% RNase P internal control detection rate and a 100%
detection rate of each Mycoplasma/Ureaplasma assay
target, respectively. For interassay precision, negative
specimens had 100% result concordance for RNase P IC
detection, and positive specimens had 100% result concor-
dance for M. hominis and Ureaplasma species assay targets.
Compared CT values had SDs � 3 and percentage
CV � 25%.

Analytical Sensitivity and Specificity

For analytical sensitivity, titered strains (M. hominis 23114,
U. parvum 27815, and U. urealyticum 27618) were
843

http://jmdjournal.org


Table 3 Description of Tested Clinical and Contrived Specimens

Sample types and characteristics
No. of
samples

Total specimens tested with comparative data, N 282
Clinical specimens, n 221

Male 54 (24)
Female 167 (76)
Positive specimens by culture, n 80
Urine 42 (53)
Genital swab 37 (46)
Body fluid (pleural) 1 (1)

Negative specimens by culture, n 141
Urine 78 (55)
Genital swab 61 (43)
Body fluid (pleural) 1 (1)
Lower respiratory tract (tracheal aspirate) 1 (1)

Contrived specimens, n* 61
Positive specimens by seeding, n 33
Genital swab 23 (70)
Urine 4 (12)
Body fluid (pleural) 2 (6)
Lower respiratory tract (BAL fluid) 2 (6)
Wound or surgical swab (finger and shoulder) 2 (6)

Negative specimens (no paired culture data), n 28
Genital swab 3 (11)
Body fluid (pleural) 2 (7)
Lower respiratory tract (BAL fluid) 2 (7)
Wound or surgical swab (finger and shoulder) 2 (7)
Various bacterial species seeded in UVT aloney 19 (68)

Data are given as number (percentage) unless otherwise indicated.
*Single or pooled clinical specimens and analytical specificity samples

seeded with various Mycoplasma hominis/Ureaplasma species
concentrations.

yIncludes contrived specimens used for analytical specificity experi-
ments. Bacterial isolates were spiked into sterile UVT only.
BAL, bronchoalveolar lavage; UVT, universal viral transport.

Chan et al
individually 10-fold serially diluted (10�1 to 10�6) in UVT.
Three replicates of each strain at each dilution were then
extracted and tested by the multiplex PCR. Assessment of
overall assay performance, from specimen extraction to
PCR amplification, demonstrated acceptable linearity of the
assay targets based on standard curve evaluation (Figure 2).
The LOD for each species was defined as the highest dilu-
tion and corresponding concentration at which three of three
replicates still achieved detectable fluorescence signal: M.
hominis, 77 CFUs/mL; U. parvum, 355 CFUs/mL; and U.
urealyticum, 80 CFUs/mL. The organism dilutions (10�4) at
the described LOD were further validated by testing 20
replicates of the corresponding extracted nucleic acid in the
same PCR assay run. All targets achieved a �95% detection
rate.

LOD performance was additionally assessed in pooled
lower respiratory tract specimens, including bronchoalveo-
lar lavage and pooled body fluid (joint, pleural, and peri-
toneal) in UVT seeded at the following concentrations: M.
hominis, 154 CFUs/mL; U. parvum, 710 CFUs/mL; and U.
urealyticum, 480 CFUs/mL. For each matrix, 20 replicates
844
were tested. For bronchoalveolar lavage and body fluid, all
assay targets achieved a �95% detection rate.
For analytical specificity, primers and probes designed for

each assay target were first evaluated in silico. Conservation
of intended gene targets was confirmed among respective
completed genomes (M. hominis, U. parvum, and U. ure-
alyticum) deposited in National Center for Biotechnology
Information at the time of this writing. In addition, among
19 noneM. hominis and noneU. parvum/urealyticum bac-
terial species tested by the assay, no cross-reactivity was
observed. All species tested, which included common
pathogens and commensal organisms, were not detected by
the M. hominis and Ureaplasma species multiplex PCR.
Cross-reactivity was observed between U. parvum and U.
urealyticum targets. The U. parvum strain was detected by
the urealyticum target at 10% (2/20), and the U. urealyticum
strain was detected by the parvum target at 90% (18/20).
Because of this cross-reactivity, the assay does not differ-
entiate between U. parvum and U. urealyticum. Assay
detection of both or either Ureaplasma target is reported as
positive for Ureaplasma species.
An invalid result was defined as a failed RNase P IC

signal without detection of M. hominis and/or Ureaplasma
species. Little interference was observed with the assay, as
was shown by a low invalid rate of 0.6% (1/169) among
negative specimens (Table 2). On specimen re-extraction,
this singe invalid result repeated as negative.

Specimen Stability

Whether specimens were held continuously at 4�C or at
room temperature (approximately 22�C), M. hominis,
U. parvum, and U. urealyticum targets were detectable in
specimens seeded at the LOD up to 7 days after specimen
collection. Clinical specimens held in UVT will be accept-
able for PCR-based testing up to 7 days after collection at
the stated conditions.

PCR Cutoff Values

PCR amplification plots of all tested samples were collec-
tively assessed to determine CT cutoff values for each assay
target. Cutoff values for M. hominis and U. parvum detec-
tion were set at CT of 40. Because high background was
observed with the U. urealyticum target TET (JOE equiv-
alent) reporter dye, a CT cutoff of 35 was set for detection.
For the RNase P IC, because of its robust amplification and
to maintain consistency with the lowest target cutoff (U.
urealyticum), a CT cutoff of 35 was set for detection.

Discussion

We developed a rapid, high-throughput multiplex real-time
PCR assay for M. hominis and Ureaplasma species
detection from diverse specimens. The assay was highly
accurate, with a result concordance of 99% for M. hominis
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 2 Multiplex PCR performance assessment and assay specifications. Titered strains (Mycoplasma hominis 23114, Ureaplasma parvum 27815, and
Ureaplasma urealyticum 27618) were individually 10-fold serially diluted in universal viral transport. Three replicates of each strain dilution were then
extracted and tested by the multiplex PCR. Top panels: Amplification plots of individual targets. Bottom panels: Standard curves of individual targets. CT,
cycle threshold; Log C0, estimated quantity (colony-forming units/mL); R2, regression coefficient value; Rn, normalized reporter value.

M. hominis/Ureaplasma spp. Multiplex PCR
(97% PPA and 100% NPA) and 97% for Ureaplasma
species (96% PPA and 97% NPA). Some discordance
from reference methods was expected because of inherent
differences in overall method sensitivity (ie, culture versus
molecular), the imprecise nature of colony screening by
microscopy, and the potential loss of organism viability
before culture.

The analytical sensitivity for each target reached a low
LOD (<500 bacterial CFUs/mL). For analytical specificity,
in silico analysis confirmed target gene conservation among
only the intended Mycoplasma/Ureaplasma species. In
addition, no false positives were observed when 19 other
bacterial species were tested by the assay. For specimen
stability, M. hominis and Ureaplasma species were reliably
The Journal of Molecular Diagnostics - jmdjournal.org
detected up to 7 days after specimen collection, stored at
either 4�C or room temperature. Performance of this assay
also allowed us to overcome microbial overgrowth observed
in 2 of 285 specimens that impeded initial culture assess-
ment: 1 vaginal swab was confirmed as negative, and 1
cervical/vaginal swab was confirmed as positive for Ure-
aplasma species.

The aim of the current study was to develop a molecular
assay to effectively replace routine Mycoplasma/Ure-
aplasma culture being performed in the laboratory, freeing
up valuable technician time for other essential clinical
testing. Performance validation on clinical specimens held
in appropriate transport media (ie, UVT) also allows for
maintenance of Mycoplasma/Ureaplasma organism
845
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viability in case phenotypic drug susceptibility testing must
be pursued.16,31,32 Considering that GU specimens are the
highest submissions for this labor-intensive culture and that
M. hominis and Ureaplasma species have been associated
with urogenital infections and pregnancy complications,11

many GU specimens (>200) were included in the
validation.

Mycoplasma hominis and/or Ureaplasma species can also
be significant pathogens affecting solid organ transplant
recipients, associated with infections of the pleural space,
mediastinum, peritoneum, and surgical sites, among
others.16,33,34 Our institution performed >700 solid organ
transplants in 2021. Although rare, the development of
hyperammonemia syndrome in lung transplant recipients
(incidence up to 4.1% with 69% mortality)35 and in other
highly immunocompromised individuals is also of signifi-
cant concern. A subset of these cases has been attributed to
opportunistic disseminated infection with M. hominis or
Ureaplasma species.35 Pathogenic transmission of U. par-
vum from donor lungs to the recipient, resulting in infectious
sequelae, has also been documented.36 As the trajectory of
this condition is accelerateddhyperammonemia noted as
early as 5 days, with peak ammonia levels approximately 15
days after transplant35drapid detection of M. hominis/
Ureaplasma species to assist in diagnosis is essential.
Thusly, bronchoalveolar lavage, tracheal aspirate, pleural
fluid, and wound and surgical tissue specimens were further
validated to aid in the detection of disseminated M. hominis/
Ureaplasma species infection (Tables 2 and 3). The di-
versity of specimen types validated for this assay will better
serve our transplant recipient population.

Earlier publications describing molecular detection
methods for both M. hominis and Ureaplasma species
relied on the performance of two separate real-time PCR
assays for the detection of each species29 or involved the
performance of a nine-plex real-time PCR assay with melt
curve analysis for differentiation of several sexually
transmitted pathogens.37 Using a four-plex design
(including IC), our assay allows for the simultaneous
detection of M. hominis and Ureaplasma species in a
single PCR using a TaqMan-based single-probe system
reliant on extension phase detection, whereas methods
described by Cunningham et al29 and Xiao et al30 had
used fluorescence resonance energy transferebased dual-
probe systems reliant on annealing phase detection.
Although earlier molecular methods had prioritized the
differentiation of U. parvum and U. urealyticum spe-
cies,29,30,38,39 which may provide useful information for
overall Ureaplasma infection epidemiology, this capability
does not impact clinical practice. Thus, although rare
(10%) U. parvum cross-reaction with the intended U.
urealyticum target was observed, we proceeded with assay
validation for generic Ureaplasma species detection.

On the basis of work by Cunningham et al29 demon-
strating 91% sensitivity and 99% specificity with culture
and outside 16 S ribosomal DNA testing of discordant
846
samples, this study similarly targeted the M. hominis tuf
gene for species detection, which yielded comparable results
(97% PPA and 100% NPA) (Table 2). For Ureaplasma
species detection, prior PCR assays had targeted the urease
gene.38 Yet, cross-reactivity with S. aureus occurred
because of homology with a gene encoding a urease
accessory protein requiring further primer modification.39

The assay herein targets Ureaplasma species AAA family
ATPase and ABC transporter permease genes, ensuring high
sensitivity and specificity based on in silico and in vitro
testing.
Limitations of the assay include the inability to differ-

entiate between U. parvum and U. urealyticum. Currently,
there is no known clinical utility for differentiation of
Ureaplasma species.40 Targeting both parvum and ure-
alyticum species individually has provided higher confi-
dence in the overall sensitivity of Ureaplasma species
detection. Another limitation is the reliance on seed and
recovery studies for validation of nongenital and nonurine
specimens. Because of the infrequent recovery of M. hom-
inis and Ureaplasma species from non-GU sources from
clinical specimens, spike-in studies were necessary to
perform the validation.
In summary, we developed and validated a multiplex real-

time PCR assay that can be implemented in a high-
complexity clinical microbiology laboratory for high-
volume testing. With this method, >90 samples can be
tested in one run, with a turnaround time of 4 to 5 hours
from specimen extraction to reporting of results. Further-
more, this test is more cost-effective in terms of both labor
and reagents (approximately $10/test). Reagent cost savings
are realized as this assay was optimized to use a 5 mL PCR,
which saved significant amount of PCR master mix, the
most expensive component of the test. Stresses on micro-
biology laboratories continue to mount as critical clinical
testing obligations increase, while significant staffing
shortages persist. The M. hominis and Ureaplasma species
multiplex PCR assay provides high accuracy and improves
labor efficiency, helping to alleviate some of this strain. This
molecular assay will replace Mycoplasma/Ureaplasma cul-
ture in our laboratory, becoming the method of choice for
patient diagnostic testing. Continued advances in molecular
diagnostics, along with the help of automation platforms,
are part of the solution to the laboratorian workforce
conundrum.
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