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Isothermal Detection of Mycoplasma pneumoniae Directly from
Respiratory Clinical Specimens
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Mpycoplasma pneumoniae is a leading cause of community-acquired pneumonia (CAP) across patient populations of all ages. We
have developed a loop-mediated isothermal amplification (LAMP) assay that enables rapid, low-cost detection of M. pneu-
moniae from nucleic acid extracts and directly from various respiratory specimen types. The assay implements calcein to facili-
tate simple visual readout of positive results in approximately 1 h, making it ideal for use in primary care facilities and resource-
poor settings. The analytical sensitivity of the assay was determined to be 100 fg by testing serial dilutions of target DNA ranging
from 1 ng to 1 fg per reaction, and no cross-reactivity was observed against 17 other Mycoplasma species, 27 common respiratory
agents, or human DNA. We demonstrated the utility of this assay by testing nucleic acid extracts (n = 252) and unextracted re-
spiratory specimens (n = 72) collected during M. pneumoniae outbreaks and sporadic cases occurring in the United States from
February 2010 to January 2014. The sensitivity of the LAMP assay was 88.5% tested on extracted nucleic acid and 82.1% evalu-
ated on unextracted clinical specimens compared to a validated real-time PCR test. Further optimization and improvements to
this method may lead to the availability of a rapid, cost-efficient laboratory test for M. pneumoniae detection that is more widely

available to primary care facilities, ultimately facilitating prompt detection and appropriate responses to potential M. pneu-

moniae outbreaks and clusters within the community.

Mycoplasma pneumoniae is a human pathogen that accounts
for an estimated 15% to 20% of cases of community-ac-
quired pneumonia (CAP) (1, 2). An atypical bacterial pneumonia,
M. pneumoniae infection can result in both pulmonary and ex-
trapulmonary manifestations, including pharyngitis, encephalitis,
Stevens-Johnson syndrome, septic arthritis, and pericarditis,
among others (3). Ongoing endemic M. pneumoniae infection is
overlaid with cyclical epidemics of disease, typically occurring ev-
ery 3 to 5 years (1). Although symptoms of M. pneumoniae infec-
tion are generally mild or subclinical, the organism accounts for
up to 33% of hospitalizations among children and adults with
bacterial pneumonia (4). In the absence of a diagnostic result,
empirical therapy can be misdirected, resulting in inappropriate
use of antibiotics and continued spread of M. pneumoniae in the
community. This may promote the evolution of antibiotic resis-
tance and leads to negative economic impact due to health care
costs and missed school and work days.

Traditional diagnostics for M. pneumoniae infections exist but
are underused due to their cost, time-intensive nature, or require-
ment for specialized expertise and equipment. M. pneumoniae is
fastidious and slow-growing, with isolation from liquid culture
requiring up to 8 weeks and often resulting in low yield (5, 6).
Appropriate interpretation of serological data requires paired
acute-phase and convalescent-phase serum samples, constraining
their use to retrospective investigations. Thus, these methods are
better suited for epidemiological studies than for treatment deci-
sion-making. While rapid diagnostic serology kits based on IgM
response offer results within 2 days, sensitivity and specificity are
poor, intertest variability is high, and IgM responses can vary sig-
nificantly by patient age and sample collection time (7-9).

More-advanced diagnostics include nucleic acid amplification
techniques, such as real-time PCR, that specifically amplify M.
pneumoniae DNA from specimen nucleic acid extracts, enabling
fast, sensitive detection of pathogen DNA (10-12). With the ex-
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ception of the FDA-cleared FilmArray respiratory panel (Biofire
Diagnostics, Salt Lake City, UT), existing M. prneumoniae real-
time PCR assays are not standardized and may differ in levels of
sensitivity (13). These methods also require an expensive thermal
cycler and fluorescent oligonucleotide probe and are therefore not
routinely performed, especially in point-of-care settings. For im-
proved clinical decision-making, there is a need for a low-cost,
simple, and sensitive M. pneumoniae assay that can be easily im-
plemented in this type of setting.

Loop-mediated isothermal amplification (LAMP) relies on
four to six primers and a strand-displacing DNA polymerase to
drive autocycling amplification of target DNA at a constant
temperature, eliminating the need for instrumentation beyond
a water bath or heat block (14). Rapid amplification initiates
from stem-loops introduced upstream and downstream of a
target sequence, producing massive amounts of concatenated
amplicons in under an hour. The pyrophosphate ion byprod-
uct of this reaction combines with Mg " ions in the amplifica-
tion buffer, yielding a magnesium pyrophosphate precipitate
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that can be observed visually in the reaction tube. Turbidity and
metal ion indicators that exploit this change in soluble ion con-
centration over the course of the reaction can be used as a simple
visual readout, further decreasing the time to results (15-17).
LAMP has been widely implemented as a rapid diagnostic method
for various pathogens and is amenable to use in point-of-care
settings (18-20).

Although LAMP assays for M. pneumoniae detection have been
developed, including the FDA-cleared illumigene Mycoplasma kit
(Meridian Bioscience, Inc., Cincinnati, OH), they are not in-
tended for point-of-care use, require an expensive real-time tur-
bidimeter for readout, and display variable levels of performance
with respect to specificity and sensitivity (21, 22). Further, these
assays all require an extraction step using a prescribed kit or auto-
mated system. In contrast, we have developed, optimized, and
evaluated a novel LAMP assay that detects M. pneumoniae directly
from clinical specimens and their nucleic acid extracts and have
assessed the sensitivity and specificity of this assay in comparison
to a validated real-time PCR assay.

MATERIALS AND METHODS

Bacterial strains and clinical specimens. To assess the sensitivity and
specificity of the LAMP assay, genomic DNA was prepared from 44 refer-
ence strains representing 17 members of the family Mycoplasmataceae
and 27 common respiratory agents (Table 1). A variety of respiratory
clinical specimens (nasopharyngeal [NP]/oropharyngeal [OP] swabs,
bronchoalveolar lavage fluid samples, and nasal washes) collected during
domestic outbreaks and sporadic case investigations from February 2010
to January 2014 were transported to the CDC in universal transport me-
dium (UTM; Copan Diagnostics, Murrieta, CA) and stored at a temper-
ature of —70°C or lower.

Specimen processing and nucleic acid isolation. Total nucleic acid
was extracted from a 400-pl specimen or reference strain culture with a
MagNA Pure Compact instrument and Nucleic Acid Isolation kit I
(Roche Applied Science, Indianapolis, IN) and eluted in 100 pl. For ref-
erence strains, extracted nucleic acid was quantitated on a Nanodrop in-
strument (Thermo Scientific, Wilmington, DE) and normalized to 2 ng/
L. A subset of specimens was selected for direct testing with LAMP (i.e.,
each specimen was added directly to the reaction without nucleic acid
extraction). Immediately prior to LAMP, cells in these specimens were
pelleted by centrifugation at 12,000 rpm for 10 min at 4°C on a microcen-
trifuge and resuspended in an equivalent volume of 1X isothermal am-
plification buffer [20 mM Tris-HCI, 10 mM (NH,),SO,, 50 mM KCl, 2
mM MgSO,, 0.1% Tween 20, pH 8.8 at 25°C; New England BioLabs,
Ipswich, MA]. Resuspended specimens were then heated at 95°C for 10
min prior to addition to the LAMP reaction mixture.

Primer design. LAMP primers (Table 2) specific to the community-
acquired respiratory distress syndrome (CARDS) toxin gene (GenBank
accession no. DQ447750.1) of M. pneumoniae M129 were designed using
the EIKEN Primer Explorer web tool (http://primerexplorer.jp). The for-
ward loop primer (LF) was manually designed (23). Primers were synthe-
sized by Integrated DNA Technologies (Coralville, IA), and the forward
inner primer (FIP) and backward inner primer (BIP) were subjected to
additional purification by high-performance liquid chromatography
(HPLC).

LAMP reaction. LAMP reactions were performed in a 25-pl volume
consisting of 5 wl template, 8 U Bst 2.0 DNA polymerase (New England
BioLabs, Ipswich, MA), 20 mM Tris-HCl, 10 mM (NH,),SO,, 50 mM
KCl, 5.5 mM MgSO,, 0.1% Tween 20, 0.8 M betaine, 1.4 mM (each)
deoxynucleoside triphosphates (dANTPs), and 25 wM calcein. Primers
were used at the following concentrations: 0.2 uM (each) F3 and B3, 1.6
M (each) FIP and BIP, and 0.8 M LF. For LAMP reactions performed
with an unextracted respiratory specimen as the template, all reaction
components were added as described above, except using 10.0 pl of spec-
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TABLE 1 Reference strains tested to evaluate sensitivity and specificity
of M. pneumoniae LAMP

Strain and category

Mycoplasmataceae family members
Mycoplasma amphoriforme
Mycoplasma arginine
Mycoplasma buccale
Mycoplasma faucium
Mycoplasma fermentans
Mycoplasma genitalium
Mycoplasma hominis
Mycoplasma hyorhinis
Mycoplasma lipophilum
Mycoplasma orale
Mycoplasma penetrans
Mycoplasma pirum
Mycoplasma pneumoniae
Mpycoplasma salivarium
Mycoplasma volis
Ureaplasma parvum
Ureaplasma urealyticum

Non-Mycoplasmataceae testing panel
Bordetella pertussis
Candida albicans
Chlamydia trachomatis
Chlamydophila pneumoniae
Chlamydophila psittaci
Corynebacterium diphtheriae
Escherichia coli
Haemophilus influenzae type b
Homo sapiens
Human parainfluenza virus type 1
Human parainfluenza virus type 2
Human parainfluenza virus type 3
Human parainfluenza virus type 4
Human rhinovirus
Klebsiella pneumoniae
Lactobacillus plantarum
Legionella longbeachae
Legionella pneumophila
Neisseria elongata
Neisseria meningitidis
Pseudomonas aeruginosa
Respiratory syncytial virus
Staphylococcus aureus
Staphylococcus epidermidis
Streptococcus agalactiae
Streptococcus pneumoniae
Streptococcus pyogenes
Streptococcus salivarius
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imen to occupy the remaining available volume in the 25-pl reaction
mixture, as would be the case in point-of-care use. Unless otherwise
noted, for reaction optimization experiments, MnCl, was added to reach
a final concentration of 1.375 mM. Amplification was monitored in real
time on the 6-carboxyfluorescein (FAM) channel of an ABI 7500 Fast
thermal cycler, with 60 cycles of 62°C for 15 s and 63°C for 45 s to simulate
isothermal conditions. Reactions were terminated by a subsequent en-
zyme inactivation at 80°C for 2 min. The excitation and emission wave-
lengths of calcein (495 nm and 515 nm, respectively) are very close to
those of the FAM fluorophore detected by most real-time instruments
(494 nm and 518 nm). Thus, the reaction readout was determined by the
presence of an exponential amplification curve above the baseline in the
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TABLE 2 Primers used for LAMP of the M. pneumoniae CARDS toxin gene

Primer Name Sequence (5" to 3")

F3 Forward outer primer CCACCTAGTGATTTGGAAGA

B3 Backward outer primer GGACAAAGAAGATTTTCGAAGTT

FIP Forward inner primer GCTGAACATCAACAAAGAAGGTGCATTGTTGATGAATGTACTACCCA
BIP Backward inner primer ATACCCCACAATTAAGTGGTTGATTCATAGAATATCTGTCCATCTGG
LF Forward loop primer CTGCACGCATAGTAACAAACTG

FAM channel or by exposing the reaction tube to UV light of wavelength
365 nm and visually inspecting for green fluorescence.

Real-time PCR. An established multiplex real-time PCR also targeting
the CARDS toxin gene of M. pneumoniae was used as a benchmark com-
parison for LAMP (24). The assay was described in prior work that estab-
lished the CARDS toxin gene as a sensitive and specific target for M.
pneumoniae detection (10). The master mix contained 12.5 pl of Per-
feCTa multiplex quantitative PCR (qPCR) SuperMix (Quanta Biosci-
ences, Gaithersburg, MD) and previously published concentrations of
primers targeting M. pneumoniae, Chlamydophila pneumoniae, Legionella
pneumophila, and human RNase P, assembled with 5 pl template DNA in
a final volume of 25 pl. Amplification was monitored in real time on an
ABI 7500 Fast thermal cycler, with an initial denaturation at 95°C for 5
min, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min.

Analysis of LAMP products. The LAMP amplicon was purified from
positive reactions using a GeneClean Turbo DNA purification kit (MP
Biomedicals, Santa Ana, CA) following the manufacturer’s instructions. A
1-pg volume of purified DNA was digested with 10 U Mbol (New England
BioLabs, Ipswich, MA) in a 50-p.l reaction mixture for 1 h at 37°C accord-
ing to the protocol. A 1-pl volume of purified amplicon and a 1-pl puri-
fied digest volume were run on a Bioanalyzer (Agilent Technologies, Santa
Clara, CA) to visualize the amplified products pre- and postrestriction
digestion and to assess reaction specificity.

A

Evaluation of LAMP. To evaluate sensitivity, serial 10-fold dilutions
of M. pneumoniae M129 genomic DNA extract from 0.2 ng/pl to 0.2 fg/pl
were prepared, assayed in eight replicates with LAMP, and compared to
results obtained with real-time PCR. Analytical sensitivity, or the limit of
detection (LOD), was defined as the lowest concentration at which =50%
of replicates were positive by the assay. To test for potential cross-reactiv-
ity of the M. pneumoniae LAMP primers, total nucleic acid (TNA) ex-
tracted from a panel of other bacterial and viral respiratory pathogens
(Table 1) was tested with LAMP in triplicate at a concentration of 2 ng/u.l.
Human genomic DNA (catalog no. G3041; Promega, Madison, WI) was
also included in this evaluation at a concentration of 20 ng/pul.

RESULTS
Sensitivity and specificity of LAMP. The analytical sensitivity of
the LAMP assay targeting the CARDS toxin gene was determined
by testing 10-fold serial dilutions of M. pneumoniae M129
genomic DNA. The LOD was determined to be 100 fg/reaction, or
~110 genome copies/reaction (Fig. 1A), compared to the 50-fg
limit of the real-time PCR assay. In some cases, LAMP was capable
of detecting M. pneumoniae at concentrations as low as 10 fg/
reaction, or ~11 genome copies/reaction.

No cross-reactivity was observed with M. pneumoniae LAMP
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FIG 1 Target amplification with the CARDS toxin LAMP assay. (A) Representative amplification of serial dilutions of M. pneumoniae nucleic acid using the
LAMP assay targeting the CARDS toxin gene. LAMP reactions with calcein were monitored in real-time on the FAM channel of an ABI 7500 instrument. As the
less-abundant Mn>" precipitates from the reaction with a pyrophosphate ion, Mg”* binds to calcein, and it fluoresces upon excitation with 495-nm-wavelength
light. A no-template control reaction (NTC) served as the baseline. ARn is defined as the magnitude of the fluorescence signal generated during the PCR at each
time point. (B) Restriction digest with Mbol, which recognizes a site within the M. pneumoniae CARDS toxin amplicon, cut all products into the expected
identical component parts, thereby confirming specificity. 1, Bioanalyzer ladder; 2, LAMP amplicon species, 3, LAMP amplicons digested with Mbol.
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FIG 2 Endpoint fluorescent detection of M. pneumoniae LAMP amplification
with calcein. (A) Using calcein with a 16:1 Mg”"/Mn’" ratio as previously
described (16) resulted in high background fluorescence in negative controls
when reactions were excited with UV light (365-nm wavelength). Increased
quenching with added Mn*" decreased this background to provide a clear
visual distinction between positive and negative reactions, optimal at a 4:1
ratio of Mg”>"/Mn?*. PC, positive control; NTC, no-template control. (B)
Examples of visual results for unextracted specimens tested with the M. pneu-
moniae LAMP assay in 96-well plate format (top row, ambient light; bottom
row, UV light). Results of positive-control (PC) and negative-control (NTC)
reactions performed in duplicate are shown in columns 1 and 5, respectively.
Four specimens were tested in triplicate: two per row in wells 2, 3, and 4 and
wells 6, 7, and 8. Two of the four extracts were positive for M. pneumoniae.

primers tested on any of the other species of Mycoplasmataceae,
respiratory near neighbors (Table 1), or human nucleic acid. Ad-
ditionally, extensive (n = 300) no-template control (NTC) testing
consisting of 5 .l water added to LAMP reactions in place of a
template revealed no false-positive amplification in a 1-h reaction
time.

The restriction endonuclease Mbol recognizes a site inside the
CARDS toxin amplicon sequence internal to the stem-loop intro-
duced by the backward inner primer (BIP) during LAMP ampli-
fication. A LAMP amplicon digested with this enzyme was com-
pletely resolved into the expected identical component parts of its
long, incremented concatemers (Fig. 1B), indicating that the am-
plified product was derived from the intended M. pneumoniae
sequence and thereby confirming the specificity of the reaction.

Optimization of colorimetric readout with calcein. To deter-
mine the optimal ratio of Mg** to Mn>" for calcein quenching in
negative LAMP reactions and fluorescence in positive LAMP re-
actions, Mn>" was added to the reaction mix in various concen-
trations relative to an Mg concentration of 5.5 mM. The choice
of this Mg concentration was the result of independent optimi-
zation experiments to achieve an early amplification time in pos-
itive controls without false-positive amplification in negative con-
trols (data not shown). Mixes were tested in triplicate with 1 ng of
M. pneumoniae genomic DNA as the template. Negative reactions
with 16:1 and 8:1 Mg*>*/Mn>* ion ratios had high background
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TABLE 3 Correlation between LAMP and real-time PCR for M.
pneumoniae detection from specimen extracts

No. (%) of specimens

LAMP qPCRC; <30 qPCRC;=30 qPCR negative

result (n=153) (n=73) (n=26) Total
Positive 152 (99.3) 48 (65.8) 1(0.04) 201 (79.8)
Negative 1 (0.7) 25(34.2) 25(96.2) 51 (20.2)
Total 226 (89.7) 26 (10.3) 252 (100)

fluorescence under UV light compared to true positives, while a
4:1 ratio of Mg*" to Mn*" possessed sufficient quenching to elim-
inate background signal and produced a superior signal-to-noise
ratio (Fig. 2).

M. pneumoniae detection in clinical specimen extracts with
LAMP versus real-time PCR. A total of 252 respiratory specimen
extracts were tested in triplicate with the M. pneumoniae LAMP
assay and by real-time PCR (Table 3). Of these, 201 (79.7%) were
positive in the LAMP assay and 226 (89.7%) were positive by
real-time PCR; one of the specimens was positive in LAMP but not
by real-time PCR, resulting in an analytical sensitivity of 88.5%
(200/226) and a specificity of 96% (25/26) compared to the “gold
standard,” real-time PCR. These results yielded positive and neg-
ative predictive values for the LAMP assay of 99.5% and 49.0%,
respectively. Of 26 extracts positive by real-time PCR but negative
in LAMP, 25 (96%) had a real-time cycle threshold (C;) value
above 30. Thus, for extracts with a C;value of =30 (n = 153), the
sensitivity of the LAMP assay is nearly identical to that of real-time
PCR at 99.3% (152/153).

Direct testing of primary specimens with LAMP. A subset of
clinical specimens comprised of nasopharyngeal (NP) swabs, oro-
pharyngeal (OP) swabs, and combined NP/OP swabs, all in UTM
(n = 72), was subjected to direct specimen testing in triplicate
with the LAMP assay (Table 4). In order to simulate point-of-care
testing conditions (i.e., no need for specialized transport media),
specimens were pelleted by centrifugation, resuspended in 1X
LAMP buffer, and briefly heated to facilitate rapid detection. Of
these specimens, 39 were known to be M. pneumoniae positive
based on prior testing by real-time PCR; direct specimen testing
with LAMP identified 32 of these specimens as M. pneumoniae
positive. With minimal processing, input of specimen directly
into the LAMP reaction gives an analytical sensitivity of 82.1%
(32/39) and a specificity of 100% (33/33) compared to the real-
time PCR. These results yield positive and negative predictive val-
ues for direct specimen testing in LAMP of 100% and 82.5%,
respectively.

DISCUSSION

We designed and evaluated a LAMP assay that targets the CARDS
toxin gene of M. pneumoniae and developed a modified version of

TABLE 4 M. pneumoniae detection directly from clinical specimens
with LAMP

No. (%) of specimens

LAMP qPCR-positive extract qPCR-negative extract

result (n=39) (n = 33) Total
Positive 32 (82.1) 0(0) 32 (44.4)
Negative 7 (17.9) 33 (100) 40 (55.6)
Total 39 (54.2) 33 (45.8) 72 (100)
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a published reaction mixture (16) to achieve reduced background
calcein fluorescence in a simple visual readout. This assay is spe-
cific for M. pneumoniae and is 88.5% as sensitive as a validated
real-time PCR assay targeting the same gene tested on nucleic acid
extracted from clinical specimens. In extracts from specimens
with a relatively high M. pneumoniae load, defined at a real-time
PCR C; value of =30, the sensitivity of the LAMP assay is 99.3%
compared to this established assay. We also evaluated our current
LAMP assay in a simulated point-of-care setting by directly testing
specimens without automated nucleic acid extraction. In this for-
mat, the assay is 82.1% as sensitive as real-time PCR and provides
results within 70 min from specimen collection as opposed to the
days that would be required for shipment to and processing at a
remote, specialized facility.

Although two LAMP assays targeting M. pneumoniae have
been previously described (21, 22), including a commercially
available FDA-cleared assay (illumigene), we were prompted to
design a new assay for several reasons. First, although the illumi-
gene assay is validated (25), it is intended for use only in hospital
or reference laboratories rather than point-of-care settings and
requires a prescribed nucleic acid extraction procedure. Addition-
ally, while one of the published assays has been used in subsequent
clinical studies (26, 27), the other had been tested on only 6 M.
pneumoniae-positive specimens (21). To best understand the per-
formance characteristics of an isothermal LAMP assay, we sought
to evaluate its ability to amplify the CARDS toxin target from
patient specimens in direct comparison to our validated real-time
PCR test.

Finally, the LAMP reaction is widely accepted to have greater
stringency for specificity than real-time PCR assays due to the four
required LAMP primers (F3, B3, FIP, and BIP) having to recog-
nize six sites on the target sequence, as opposed to the three re-
quired by 5 hydrolysis chemistry. In practice, we have found that
many potential LAMP primer sets are prone to false-positive am-
plification and must be extensively tested to confirm specificity.
Despite the initial six-site specificity requirement, once LAMP au-
tocycling begins, DNA synthesis takes place independently of the
organism-derived template, regardless of whether it is due to spe-
cific or false priming. Driven by self-priming of generated stem-
loops, spurious LAMP-like amplification can result from nonspe-
cific binding events and produce a convincing false-positive signal
(28). This risk is compounded by high concentrations of up to six
oligonucleotides in the reaction, two of which are typically >40bp
in length, and high Mg** concentrations in standard reaction
mixture formulations (16). Because of these risks, LAMP assays
require significant optimization and validation, and these steps
are not consistently performed or reported. In our evaluation of
previously published primer sets, we observed an ~15% false-
positive rate in reaction mixtures containing only water as the
template. We extensively tested the current primer set targeting
the CARDS toxin of M. pneumoniae to confirm no false-positive
amplification within the 1-h reaction time.

Although our M. pneumoniae LAMP assay enables rapid
(<1-h) detection, it is 2-fold less sensitive in tests of the analytical
limit of detection and 88.5% as sensitive for clinical specimen
extracts as a validated real-time PCR targeting the same gene.
Reports of LAMP sensitivity in comparison to real-time PCR as-
says vary: in some cases, the limit of detection with LAMP is shown
to be between 10- and 100-fold better than that with PCR (19, 29),
while in others, the reverse is true (21). Due to the aforementioned
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false-positive amplification rate observed in some published as-
says, it is difficult to determine a true sensitivity value for this
method. There are several potential explanations for the decreased
relative sensitivity of the current M. pneumoniae LAMP assay. For
instance, in real-time PCR, the CARDS toxin has been previously
shown to be a superior target for detection of M. pneumoniae from
clinical specimens (10); the LAMP primers amplify a different
region of the gene, perhaps introducing sequence-specific varia-
tions in sensitivity. Additionally, differences in the formulation of
the LAMP reaction mix may affect sensitivity. Multiple groups
have reported that the presence of calcein and Mn** in the reac-
tion mix results in reduced sensitivity compared to other detec-
tion methods (17, 30). Given the high concentration of Mn** that
we found necessary to reduce background calcein fluorescence, it
is unsurprising that the LAMP assay does not achieve the same
sensitivity as the benchmark real-time PCR method. Further op-
timization to reduce the Mn>* concentration or implement an
alternative detection method such as the use of hydroxynaphthol
blue or pH-sensitive dyes could improve results to achieve com-
parable sensitivity (17, 31).

Additional procedural modifications may also prove advanta-
geous. For example, an alternative method that includes denatur-
ation of the template DNA at 95°C for 5 min prior to the reaction
has been reported to increase sensitivity by as much as 200-fold,
although others report no change (32, 33). A thermostable strand-
displacing DNA polymerase that would enable denaturation after
enzyme addition for ease of reaction assembly has recently been
developed and may increase the efficiency and fidelity of LAMP
assays in general (34).

Reduced sensitivity may also be attributed to low bacterial load
in real-time PCR-positive but LAMP-negative patient specimens,
a phenomenon that has been described previously (35). This idea
is supported by results showing that 96% of LAMP false negatives
have a real-time C; value of =30. Additionally, specimen extracts
were tested immediately after extraction with real-time PCR but
retrospectively with LAMP, sometimes more than a year later,
thereby negatively impacting the performance of the LAMP assay.
We plan to assess the M. pneumoniae LAMP assay and real-time
PCR in a side-by-side manner in future outbreaks, resulting in a
more accurate comparison. Furthermore, the swab specimens
used in this study were typically received in a volume of 2 to 3 ml
of transport media, which dilutes the specimen and leads to de-
creased sensitivity. If M. pneumoniae LAMP were to be used as a
primary-care diagnostic method, the specimen could be concen-
trated by collection in a significantly smaller (~200-pul) volume of
water or buffer, likely resulting in decreased time to detection and
improved sensitivity. Finally, the percentage of false negatives and,
thus, the low (49.0%) negative predictive value of this assay for
specimen extracts (Table 3) might be improved by evaluating a
broader range of respiratory disease specimens shipped to the
CDC (i.e., not only those already suspected to be M. pneumoniae
positive) to reduce selection bias among the specimens tested.

The Bst DNA polymerase used in LAMP is resistant to inhibi-
tors typically found in clinical specimens (36, 37). As a conse-
quence, previous work has demonstrated that LAMP can amplify
target DNA directly from unextracted specimen, rendering nu-
cleic acid extraction unnecessary (38, 39). The lack of a cell wall in
M. pneumoniae makes it an especially promising candidate for this
approach, as it renders the bacterium more susceptible to lysis
during specimen collection or transport, when heated, or in the
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presence of detergent contained in the reaction buffer. Amplifica-
tion of M. pneumoniae DNA directly from unextracted respiratory
specimens with LAMP demonstrates the utility of this approach.
Further optimization will likely improve the initial results of direct
specimen testing. If LAMP reagents were lyophilized, the speci-
men could be added in a volume equal to that of the final reaction
mixture, simultaneously resuspending the reagents and contrib-
uting a roughly 2.5-fold increase of the input volume of template
used in this work (40). These approaches will be the focus of future
studies and will greatly benefit by our undertaking this effort
jointly with an industry partner in order to streamline operation
of the assay and commercialize it for widely accessible point-of-
care use.

With these improvements, the LAMP assay will enable
rapid, low-cost detection of M. pneumoniae cases and earlier
recognition of outbreaks by medical providers. The inclusion
of an unambiguous visual readout further simplifies an assay
already amenable to point-of-care use, and proof of principle
with direct specimen testing shows that time to diagnosis can
be reduced to meet the time constraints of a patient visit. Im-
plementation of this assay will significantly improve response
times to M. pneumoniae infections and enable members of the
medical community to make informed decisions when prescrib-
ing antibiotics for treatment of CAP.
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