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Although mycoplasmas are generally considered to be harmless commensals, some mycoplasma species are
able to cause infections in pediatric, geriatric, or immunocompromised patients. Thus, accidental contamina-
tion of biologics with mycoplasmas represents a potential risk for the health of individuals who receive
cell-derived biological and pharmaceutical products. To assess the efficiency of inactivation of mycoplasmas by
the agents used in the manufacture of egg-derived influenza vaccines, we carried out a series of experiments
aimed at monitoring the viability of mycoplasmas spiked into both chicken allantoic fluid and protein-rich
microbiological media and then treated with beta-propiolactone, formalin, cetyltrimethylammonium bromide,
Triton X-100, and sodium deoxycholate, which are agents that are commonly used for virus inactivation and
disruption of viral particles during influenza vaccine production. Twenty-two mycoplasma species (with one to
four strains of each species) were exposed to these inactivating agents at different concentrations. The most
efficient inactivation of the mycoplasmas evaluated was observed with either 0.5% Triton X-100 or 0.5% sodium
deoxycholate. Cetyltrimethylammonium bromide at concentrations of >0.08% was also able to rapidly inac-
tivate (in less than 30 min) all mycoplasmas tested. In contrast, negligible reductions in mycoplasma titers
were observed with 0.0125 to 0.025% formaldehyde. However, increasing the concentration of formaldehyde to
0.1 to 0.2% improved the mycoplasmacidal effect. Incubation of mycoplasmas with 0.1% beta-propiolactone for
1 to 24 h had a marked mycoplasmacidal effect. A comparison of the mycoplasma inactivation profiles showed
that strains of selected species (Mycoplasma synoviae, Mycoplasma gallisepticum, Mycoplasma orale, Mycoplasma
pneumoniae, and Acholeplasma laidlawii) represent a set of strains that can be utilized to validate the effec-
tiveness of mycoplasma clearance obtained by inactivation and viral purification processes used for the
manufacture of an inactivated egg-based vaccine.

The mycoplasmas (the trivial name for Mollicutes) are a class
of broadly distributed wall-less bacteria with some of the small-
est known genomes that support bacterial self-replication (43).
While most mycoplasmas are naturally harmless commensals
that colonize a wide range of plant, insect, reptilian, avian,
mammalian, and human hosts (43), some of them are able to
cause diseases whose severity varies in their natural hosts (1, 4,
10, 19, 43).

Mycoplasmas, particularly species of genera Mycoplasma
and Acholeplasma, are also frequent contaminants of primary
and continuous cell lines (45). This is a concern for research
laboratories and commercial facilities involved in the develop-
ment and production of cell-derived biological and pharma-
ceutical products. In addition, several natural mycoplasma in-
fections of embryonated fowl eggs and primary chicken
embryo cell cultures used for the production of viral vaccines
have been reported (5–7, 16, 36, 46, 48, 55). Although only a
few species (Mycoplasma synoviae, M. gallisepticum, and M.
pullorum) (5–7, 39) have been isolated from infected embryo-
nated fowl (chicken, turkey, or quail) eggs, the abilities of
other nonavian mycoplasma species (M. fermentans, M. pen-

etrans, and M. pneumoniae) to infect embryonated chicken
eggs and to be pathogenic for chicken embryos have also been
experimentally demonstrated (20, 24). Sporadic mycoplasma
infections of immunocompetent and immunocompromised in-
dividuals that originated from domestic and wild animals have
been reported (4, 37, 41). M. gallisepticum, M. synoviae, and M.
iowae were found to survive on human nasal mucosa for 12 to
24 h after experimental inoculation (11). More recently, it has
been reported that the avian organism M. lipofaciens can be
transmitted to humans and cause mild symptoms of rhinitis
(35). These findings raise serious concerns about the potential
susceptibility of some humans, particularly children and per-
sons with congenital or acquired immunodeficiencies, to non-
human infectious mycoplasmas.

At present, primarily for cost-associated reasons, specific- or
specified-pathogen-free (SPF) fowl eggs are usually used only
for production of vaccine virus seeds, while production lots of
egg-based vaccines are manufactured using embryonated eggs
obtained from healthy flocks. Even though these flocks are
normally tested for the absence of specific avian infectious
agents that are horizontally and vertically transmissible (14, 18,
49), including the most frequent avian pathogens, M. synoviae
and M. gallisepticum, this testing cannot guarantee that chick-
ens and their eggs are also free of other avian-associated my-
coplasmas (e.g., M. lipofaciens, M. gallinarum, M. gallinaceum,
M. glycophilum, M. meleagridis, M. iowae, and Acholeplasma
laidlawii) that are able to grow in ovo (5, 34). Because testing
for these mycoplasma species is discretionary, there is always a
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risk of accidental contamination of embryonated eggs with
these species (14).

Testing of cell lines and cell-derived biological products for
mycoplasmas in the United States is currently regulated by
Title 21 of the Code of Federal Regulations (21 CFR 610.30)
for viral vaccines, and additional recommendations are de-
scribed in the “Points to Consider (PTC) in the Characteriza-
tion of Cell Lines Used to Produce Biologicals (1993)” (54a)
and “Guidance for Industry: Characterization and Qualifica-
tion of Cell Substrates and Other Biological Starting Materials
Used in the Production of Viral Vaccines for the Prevention
and Treatment of Infectious Diseases” (54). The analytical
protocols recommended for mycoplasma testing include the
use of broth and agar cultures and indicator cell tests (54, 57).
Although in principle the PTC procedure can be used for
highly efficient detection of mycoplasmas in egg-derived viral
biologics, most manufacturers historically have used another
approach to ensure the safety of viral vaccines. This approach
is based on an evaluation of the efficiency of inactivation of any
mycoplasmas potentially present in virus harvests using rigor-
ous downstream manufacturing procedures for inactivation
and purification of vaccine viruses. These procedures, which
include the use of different chemicals and surfactants, are able
to inactivate a large number of adventitious agents, including
mycoplasmas (32). Validation of the efficiency of mycoplasma
clearance during manufacture provides assurance of the safety
of egg-derived viral vaccines, including inactivated influenza
vaccine.

The main goal of the current study was to evaluate the rates
of inactivation of different mycoplasma species that potentially
are present in egg-derived virus harvests with the following
reagents: beta-propiolactone (BPL), formalin, cetyltrimethyl-
ammonium bromide (CTAB), Triton X-100, and sodium de-
oxycholate (DOC). These agents are commonly used in the
manufacture of inactivated viral vaccines, including inactivated
influenza vaccine (21, 22, 27, 28, 31, 50).

MATERIALS AND METHODS

Bacterial strains and culture conditions. The following 48 strains of 22 Mol-
licutes species were obtained from the American Type Culture Collection (Ma-
nassas, VA) and the Mollicutes Collection at Purdue University (Purdue Uni-
versity, West Lafayette, IN): M. arginini ATCC 23838 and HT9; M. bovis ATCC
25523, ATCC 27368, and 70-213; M. fermentans ATCC 19989, ATCC 49891, and
AOU; M. gallinaceum ATCC 33550 and SA; M. gallisepticum ATCC 19610; M.
hominis ATCC 27545, ATCC 15056, and ATCC 33131; M. canis ATCC 19525;
M. hyorhinis ATCC 23839 and ATCC 17981; M. orale ATCC 23714; M. saliva-
rium ATCC 23064, MP1166, and AROZ; M. synoviae ATCC 25204, K3161C,
K5664A, and K758; M. yeatsii ATCC 43094; M. arthritidis ATCC 14124 and
ATCC 35943; M. iowae ATCC 33552 and PPAV; M. anatis ATCC 25524,
K6193A, and K6193C; M. anatis-like strain 1220 (16); M. gallinarum ATCC
19708; M. edwardii ATCC 23462 and 04-3436 (47); M. capricolum subsp. capri-
colum ATCC 27343 (� California Kid) and Goat 6558; M. pneumoniae ATCC
15531 and ATCC 29343; Acholeplasma axanthum ATCC 27378, ATCC 25176,
and 118; Acholeplasma equifetale ATCC 29724 and N93; and A. laidlawii ATCC
14089 and ATCC 23217. Selected species were grown using media and conditions
recommended by the supplier (http://www.atcc.org) and described elsewhere (13,
23, 38). The authenticity of all mycoplasma species used in this study was
confirmed by analyzing multiple mycoplasmal genetic markers as described else-
where (56, 58).

Chemicals. Beta-propiolactone (BPL) (grade II; �90% pure; catalog no.
P5648), a formaldehyde solution (catalog no. F1268), cetyltrimethylammonium
bromide (CTAB) (�99% pure; catalog no. H9151), Triton X-100 (catalog no.
T9284), and sodium deoxycholate (DOC) (�99% pure; catalog no. D5670) were
purchased from Sigma-Aldrich (St. Louis, MO). All stock solutions of the chem-

icals were prepared by dissolving or diluting the chemicals to obtain the required
concentrations using UltraPure sterile water (Invitrogen, Carlsbad, CA). Five
percent stock solutions of each of the surfactants (CTAB, DOC, and Triton
X-100) were filter sterilized with 0.22-�m filters and stored at 4°C for no more
than 1 month. Working solutions of BPL and formaldehyde were freshly pre-
pared prior to each experiment.

Biological matrices. Three biological matrices, minimum essential Eagle me-
dium (MEM), allantoic fluid of chicken embryos, and mycoplasma broth con-
taining 15 to 20% horse or swine serum, were used to assess the influence of
different matrices on the mycoplasmacidal activities of the chemicals. To replace
mycoplasma broth with MEM or allantoic fluid, 10-ml aliquots of a mycoplasma
culture grown overnight were centrifuged at 5,204 � g for 20 min, and the cell
pellets were carefully resuspended in the same volume (10 ml) of MEM, allantoic
fluid, or fresh broth. The titers of mycoplasma cultures (in color-changing units
[CCU]/ml and/or CFU/ml) were determined using SP4 medium (Remel, Le-
nexa, KS).

The total protein contents of different matrices were assessed using the Lowry
protein assay (Thermo Fisher Scientific Inc., Rockford, IL).

Mycoplasma inactivation protocol. The efficiency of mycoplasma inactivation
was monitored using two methods: a 96-well microtiter plate method and a 10-ml
tube macrodilution method. The same media and growth conditions were used
for both methods. Mycoplasma stocks used for inactivation experiments were
prepared by growing mycoplasma strains overnight in appropriate media at
36.5°C under either aerobic conditions (5% CO2) or anaerobic conditions
(GasPak EZ anaerobe pouch system; BD, Franklin Lakes, NJ), depending on the
biologic properties of the mycoplasma strain. To ensure a high level of viability
of mycoplasma stocks, all cultures were grown to mid-logarithmic or early sta-
tionary phase, which corresponded to titers of 105 to 109 color-changing units per
ml. The mycoplasmacidal activities of specified concentrations of each chemical
agent, which were always near or above the critical micelle concentrations of the
detergents (http://www.sigmaaldrich.com/img/assets/15402/Detergent_Selection
_Table.pdf), were assessed by using the reductions in the mycoplasma titer
determined at specific time points following incubation with the chemical. The
titers of control (untreated) mycoplasma cultures were also monitored in each
experiment to confirm viability and to assess any spontaneous death of micro-
organisms during the incubation period.

Growth of the mycoplasmas was monitored visually using changes in the color
of the medium due to pH shifts as an indicator of the metabolic activity of living
cells (i.e., acidification of the medium for glucose-utilizing species and alkalin-
ization of the medium for species hydrolyzing arginine [23]). In general, the
mycoplasmacidal activity of the chemical agents was assessed by determining
mycoplasmal growth and viability in mycoplasma broth containing 0.5% glucose
(pH 7.8) or 0.5% arginine (pH 7.3) and phenol red as a pH indicator. All broth
media were also supplemented with 15 to 20% horse or swine serum (Sigma) and
100 IU/ml of benzylpenicillin (Sigma), which was used to prevent the growth of
other bacterial contaminants.

Inactivation of mycoplasmas was tested using 10-ml aliquots of mycoplasma
cultures supplemented with different amounts of each chemical (Table 1). Each
mixture was thoroughly vortexed and incubated for up to 48 h at different
temperatures (4°C, 37°C, and room temperature [RT] [22 to 25°C]) with inter-
mittent manual mixing during the incubation period. To assess the residual titers
of mycoplasmas after incubation, aliquots of the cultures taken at different time
points (Table 1) were serially diluted 10-fold using Hanks’ balanced salt solution,
and the titers were determined using a microtiter plate method and/or a mac-
rodilution tube method.

TABLE 1. Chemical agents, concentrations, and inactivation
conditions used in this study

Chemical

Final concn
with 2-fold

dilution
factor (%)

Inactivation
time (h)

Inactivation
temp (°C)a

Triton X-100 0.25–0.5 0.5–48 4, 37, 22–25
Sodium deoxycholate 0.25–0.5 0.5–48 4, 37, 22–25
Cetyltrimethylammonium

bromide
0.01–0.08 0.5–48 4, 37, 22–25

�-Propiolactone 0.05–0.1 0.5–48 4, 37, 22–25
Formaldehyde 0.0125–0.2 0.5–48 4, 37, 22–25

a RT was defined as 22 to 25°C.
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Microtiter plate method. The microtiter plate test was carried out as described
previously (12, 23, 44), with some modifications. Serial 10-fold dilutions (up to a
10�12 dilution) of the mycoplasma cultures were prepared in 96-well plates using
Hanks’ balanced salt solution (dilution plate). After the dilutions were prepared,
20 �l of each dilution was transferred to another 96-well microtiter plate con-
taining 180 �l of the appropriate broth (growth plates). The data for eight or four
replicates of a single dilution of treated mycoplasma were used to calculate the
residual titer.

The microtiter growth plates were closed with plastic lids and were incubated
for 10 to 14 days under aerobic or anaerobic conditions, depending on the
properties of individual species. The residual mycoplasma titers (in CCU/ml)
were determined visually at each time point on the basis of changes in color
compared with control uninoculated medium (negative control).

Macrodilution tube method. The macrodilution tube procedure was per-
formed as previously described (12). Briefly, 1 ml of a mycoplasma sample was
added to 9 ml of Hanks’ balanced salt solution, and serial 10-fold dilutions from
10�1 to 10�12 were prepared in tubes. Then 1 ml of each dilution was transferred
to another tube containing 9 ml of the appropriate broth. The tubes were
incubated for 10 to 14 days under aerobic or anaerobic conditions depending on
the biological properties of the species tested. Titration endpoints (in CCU/ml)
were determined visually at the end of the experiment on the basis of changes in
color due to pH shifts compared with the tube containing control uninoculated
medium (negative control). The mycoplasmacidal activity of each chemical was
assessed in duplicate using this test.

RESULTS

Influence of biological matrices on mycoplasma inactiva-
tion. To assess the potential influence of different biological
matrices on the mycoplasmacidal activities of BPL, formalde-
hyde, Triton X-100, and DOC, we initially compared the rates
of inactivation of five mycoplasmas (M. gallisepticum, M. argi-
nini, M. iowae, A. laidlawii, and A. equifetale) at titers of 105 to
109 CCU/ml in MEM, allantoic fluid of chicken embryos, and
mycoplasma broth supplemented with 15 to 20% horse or
swine serum. This was done primarily to determine whether
allantoic fluid can be replaced by other matrices without af-
fecting the mycoplasma inactivation profiles during incubation
with the chemicals tested. The total protein contents of the
chicken embryo allantoic fluid and glucose- and arginine-con-
taining broth media were 150 to 200 �g/ml and 15,640 to
18,570 �g/ml, respectively. However, despite the significant
difference in protein content between allantoic fluid and my-
coplasma broth media, we observed very minor difference (less
than 1.0 to 1.5 log) in the mycoplasmacidal activities of the
chemical agents in these matrices when five selected myco-
plasma species were used. Figures 1A and 1B show the inac-
tivation profiles obtained for M. gallisepticum ATCC 19610
using 0.05% BPL and for M. arginini ATCC 23838 using 0.25%
DOC in different biological matrices. This test showed that
incubating the mycoplasmas in broth media gave the same
results as incubating the mycoplasmas in the allantoic fluid
matrix. We therefore utilized the broth media for subsequent
inactivation experiments with different concentrations of
chemical agents and different temperatures.

Mycoplasma inactivation using Triton X-100 and DOC. The
nonionic surfactant Triton X-100 and the anionic surfactant
DOC are widely utilized to release immunogenic proteins (i.e.,
viral hemagglutinin and neuraminidase) from virions during
the production of a split-virus influenza vaccine. Usually, the
concentration of Triton X-100 and DOC used for disruption of
virions is 0.5% or higher (15, 40, 52). In our experiments the
concentrations of Triton X-100 and DOC were reduced to 0.25
to 0.5% because the higher concentrations of these chemical

agents inactivated all mycoplasmas tested almost instantly and
did not allow assessment of the relative resistance of different
mycoplasma species to the chemicals.

At a lower concentration (0.25%), both surfactants com-
pletely inactivated almost all of the 22 mycoplasma species
tested in 30 to 60 min. Two mycoplasma strains, M. hyorhinis
GDL and M. synoviae WVU 1853, remained viable in the
presence 0.25% DOC in the broth for up to 5 h (Fig. 2A and 2B).
Increasing the concentration of DOC to 0.5% always resulted in
rapid inactivation of these organisms. The inactivation experi-
ments performed at different temperatures showed that there was
not a significant dependence of inactivation of mycoplasmas by
DOC and Triton X-100 on temperature (data not shown).

Mycoplasma inactivation using beta-propiolactone and
formaldehyde solutions. BPL and formaldehyde are commonly
used at concentrations of 0.05 to 0.2% as primary chemical
agents for inactivation of vaccine viruses in cell- and egg-
derived harvests. The inactivating effect of these reagents is
based on their chemical reaction with nucleophilic groups of
viral proteins and nucleic acids that results in irreversible
changes in the structure of virions and the loss of viral infec-
tivity (8, 9). The concentrations of chemicals, time, and tem-
perature required for efficient virus inactivation may vary sig-
nificantly depending on the type of virus and the protocol used
by the vaccine manufacturer.

The results of the mycoplasma inactivation study with BPL
at a concentration of 0.1% (13.87 mM) or higher showed that
BPL efficiently inactivated most of the mycoplasma strains
tested within 0.5 to 24 h (data not shown). Only one strain, M.
arthritidis ATCC 35943, was still viable after 24 h of incubation
at room temperature with 0.1% BPL (Fig. 3). Thus, even use of
a relatively high concentration of BPL (0.1%), which generally
results in complete inactivation of vaccine viruses, cannot al-
ways guarantee complete inactivation of mycoplasma contam-
inants that potentially are present in a virus harvest. Moreover,
when the BPL concentration was reduced to 0.05%, a concen-
tration that is also commonly used for vaccine virus inactiva-
tion, mycoplasmas such as M. salivarium AROZ, A. equifetale
C112, M. anatis ATCC 25524, A. laidlawii ATCC 14089, M.
arthritidis ATCC 35943, and M. synoviae 33 survived incubation
for 24 h. Thus, our results showed that 0.05% BPL alone could
not be considered an effective method for eliminating myco-
plasma contaminants in protein-rich media.

In contrast to the observations with surfactants, inactivation
of mycoplasmas with 0.05 to 0.1% BPL was found to be
strongly dependent on the temperature of incubation. Reduc-
ing the incubation temperature to 4°C dramatically decreased
the mycoplasmacidal activity of BPL and increased the myco-
plasma survival time (Fig. 3 and 4).

Formaldehyde at concentrations of 0.0125 to 0.025% was
found to be the least efficient inactivating agent among the
chemical agents tested. These concentrations of formaldehyde
did not inactivate many of the mycoplasmas tested even when
the time of incubation was increased to 48 h at both room
temperature and 4°C. Increasing the formaldehyde concentra-
tion to 0.025% did not significantly affect the titers of the
mycoplasma species tested and did not result in complete in-
activation of mycoplasmas during 48 h of incubation. Increas-
ing the formaldehyde concentration to 0.05% did result in
efficient inactivation of most mycoplasma species after 24 h of
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incubation at RT. However, several mycoplasma strains, in-
cluding M. salivarium AROZ, A. equifetale C112, M. bovis
Madison, A. laidlawii ATCC 14089, M. arthritidis ATCC 35943,
M. iowae ATCC 33552 and PPAV, and M. gallinaceum ATCC
33550, retained some viability (residual titers, �1.0 to 2.0 logs)
during this inactivation experiment (data not shown).

Increasing the formaldehyde concentration to 0.1% and
then to 0.2% had an apparent germicidal effect on all myco-
plasmas tested in inactivation experiments performed at room
temperature. We observed that just a few species were able to
survive for the first 5 h of incubation with 0.2% formaldehyde.
Similar to the results for beta-propiolactone, inactivation of
mycoplasmas with formaldehyde was strongly temperature de-
pendent. Thus, when the temperature for inactivation of my-

coplasmas using 0.2% formaldehyde was reduced to 4°C, some
mycoplasma strains (e.g., A. laidlawii ATCC 14089, M. arthri-
tidis ATCC 35943, and M. iowae PPAV) survived for more than
24 h of incubation (Fig. 5 and 6). In contrast, complete inac-
tivation of these organisms was observed during the first 2 to
3 h of incubation at room temperature.

Mycoplasma inactivation using CTAB. The cationic surfac-
tant CTAB is generally used for the manufacture of inactivated
viral vaccines at concentrations ranging from 0.075% to 0.15%
or higher. In our experiments we were not able to explore the
resistance of mycoplasmas at these concentrations of this sur-
factant due to very rapid inactivation of mycoplasmas. The
results of a preliminary study showed that CTAB almost im-
mediately (�30 min) inactivated all mycoplasmas tested at

FIG. 1. (A) Dynamics of inactivation of M. arginini ATCC 23838 using 0.25% sodium deoxycholate in two different biological matrices at RT.
(B) Dynamics of inactivation of M. gallisepticum ATCC 19610 using 0.05% beta-propiolactone in two different biological matrices at RT. At the
first time point (after 3 h of exposure) there was complete inactivation of M. gallisepticum ATCC 19610.
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concentrations of �0.08% (�2.2 mM). Therefore, we assessed
the inactivating activities of concentrations of this surfactant
ranging from 0.02 to 0.04%, which are considered to be a
potential worst-case scenario for vaccine manufacture.

Of all the mycoplasma strains examined, only three, M. sali-
varium AROZ, M. synoviae WVU 1853, and A. equifetale C112,
were able to survive for a few hours when they were exposed to
0.04% CTAB (data not shown). However, when the CTAB
concentration was reduced to 0.02%, most of the mycoplasmas
tested remained viable for the first 5 h of incubation at RT.
Complete inactivation of some of these organisms required
incubation times of 24 to 48 h. When the CTAB concentration
was reduced to 0.01%, this surfactant did not completely in-
activate most mycoplasmas within 24 h at any temperature
tested.

It is interesting that the mycoplasmacidal activity of the cationic

surfactant CTAB, unlike the mycoplasmacidal activities of non-
ionic (Triton X-100) and anionic (sodium deoxycholate) deter-
gents, was temperature dependent and was considerably lower at
lower incubation temperatures. Thus, the reduction in tempera-
ture from room temperature to 4°C during inactivation of A.
laidlawii ATCC 14089, M. iowae PPAV, A. equifetale C112, or M.
synoviae WVU 1853 with 0.02% CTAB resulted in dramatic
changes in the inactivation profiles obtained for these organisms
at different temperatures (Fig. 7, 8, and 9).

DISCUSSION

Contamination of biologics with mycoplasmas may represent
a considerable risk to human health. While mycoplasmas are
generally considered to be host-specific bacteria, a few spo-
radic cases of mycoplasmal infections of humans caused by

FIG. 2. (A) Dynamics of inactivation of M. synoviae WVU 1853 using 0.25% sodium deoxycholate at RT. (B) Dynamics of inactivation of M.
hyorhinis GDL using 0.25% sodium deoxycholate at RT.
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animal and avian mycoplasmas have been reported (35, 37, 41).
Severe cases of human infections with human and nonhuman
mycoplasmas can occur, especially in immunocompromised
individuals (19, 35, 37, 41). To ensure the purity and safety of
parenterally administrated drugs and vaccines manufactured
using different cell substrates, including embryonated chicken
eggs, current FDA regulations (21 CFR 610.30 for viral vac-
cines) and FDA guidance in 1993 (PTC) and 2006 (54) rec-
ommend that a manufacturer show that cell substrates and
unprocessed virus harvests are free of mycoplasma contamina-
tion and other adventitious agents. The use of embryonated
eggs from healthy (but not SPF-grade) flocks for manufacture
of virus vaccines can pose some risk of inadvertent myco-
plasma contamination of vaccine products. Therefore, a risk

assessment approach is used to ensure the safety of the egg-
based vaccine products. To ensure that there is no mycoplasma
contamination, the manufacturers perform a thorough valida-
tion showing that the downstream manufacturing processes
(virus concentration, inactivation, and purification procedures)
can completely inactivate mycoplasmas, if such contamination
inadvertently occurs (27, 32). The influenza virus concentra-
tion, inactivation, and purification procedures include the use
of several chemical reagents (beta-propiolactone, formalin,
cetyltrimethylammonium bromide, Triton X-100, and sodium
deoxycholate) which exhibit germicidal activity and efficiently
inactivate any mycoplasmal or other bacterial contaminants.

The main objective of our study was to evaluate the effi-
ciency of mycoplasma inactivation under conditions generally

FIG. 3. Dynamics of inactivation of M. arthritidis ATCC 35943 using 0.05 and 0.1% beta-propiolactone at RT and 4°C (4C).

FIG. 4. Dynamics of inactivation of A. laidlawii ATCC 14089 using 0.05% beta-propiolactone at RT and 4°C (4C).
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used for the production of inactivated virus vaccines, including
inactivated influenza virus (split-virion) vaccine. To assess the
contribution of each chemical agent used in the mycoplasma
inactivation process, the agents were tested in separate exper-
iments at concentrations that are commonly used or represent
“worst-case scenarios” for flu vaccine production.

The first group of reagents included formaldehyde and BPL,
which are commonly used for inactivation of vaccine viruses via
chemical reaction with viral capsid proteins and nucleic acids
(3, 8, 9). The second group consisted of surfactants, including
cetyltrimethylammonium bromide, Triton X-100, and sodium
deoxycholate, which are usually used to split virus particles into
separate structural proteins.

The results obtained for BPL and formaldehyde demon-

strated that all 22 mycoplasma species examined could be
completely inactivated (no viable bacteria were detected by the
microtiter and macrodilution methods) within 3 to 24 h at
room temperature in mycoplasma media containing 0.2%
(�66.60 mM) formaldehyde and 0.1% (�13.87 mM) BPL.

The results of our study using formaldehyde and BPL were
consistent with previous data obtained for these reagents using
only three mycoplasma species (M. gallisepticum, M. canis, and
A. laidlawii) spiked into Vero and DK cell culture suspensions
(30). Similar to the results described in the previous study, we
observed incomplete inactivation of many of the species tested
when the concentration of formaldehyde was 0.02% or lower.
A significant improvement in inactivation of mycoplasmas was
observed when the formaldehyde concentration was increased

FIG. 5. Dynamics of inactivation of A. laidlawii ATCC 14089 using 0.2% formaldehyde at RT and 4°C (4C).

FIG. 6. Dynamics of inactivation of M. arthritidis ATCC 35943 using 0.05, 0.1, and 0.2% formaldehyde at RT and 4°C (4C).
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to 0.2% (30). Our data also showed that A. laidlawii exhibited
enhanced stability in the presence of formaldehyde (30) and
resistance to inactivation for the first 5 h of incubation with
0.2% formaldehyde. However, A laidlawii was not viable after
24 h of incubation with formaldehyde. A. laidlawii was also
found to be more resistant to BPL than the other species
examined. A. laidlawii remained viable for 2 h of incubation
with 0.1% BPL; this result is consistent with the ability of this
species to resist inactivation by BPL described previously (30).

In a majority of the protocols used for production of inac-
tivated virus vaccines (2, 9, 17, 25, 27, 29, 33, 42, 51, 53), the
concentration of BPL and formaldehyde exceeds the critical
concentration (0.1% to 0.2%) required for complete inactiva-
tion of mycoplasmas. Our data showed that these conditions

resulted in complete inactivation of many of the mycoplasmas
evaluated. However, the results can change dramatically if a
lower incubation temperature is used for inactivation by form-
aldehyde or BPL. We compared the inactivation profiles ob-
tained at different temperatures (e.g., RT and 4°C) for selected
species and found that a reduction in the temperature from RT
to 4°C resulted in significantly increased survival of all myco-
plasmas at all concentrations of formaldehyde and BPL tested,
including 0.2% and 0.1%, respectively.

Among the chemical agents tested, cetyltrimethylammo-
nium bromide at concentrations higher than 0.08% was the
most efficient mycoplasma-inactivating agent. Complete inac-
tivation of mycoplasmas by CTAB was observed in the first 30
min of incubation, regardless of the temperature and the pro-

FIG. 7. Dynamics of inactivation of A. equifetale C112 using 0.02% CTAB at RT and 4°C (4C).

FIG. 8. Dynamics of inactivation of M. iowae PPAV using 0.02% CTAB at RT and 4°C (4C).
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tein composition of biological matrices (allantoic fluid or my-
coplasma broth). The working concentration of CTAB during
typical virus vaccine production varies from 0.075 to 0.15%.
This concentration allows efficient disruption of virion struc-
ture and release of individual structural proteins. Our data
showed that this concentration of CTAB is highly likely to kill
any inadvertent mycoplasmas in the first 30 min of exposure.

The risk assessment approach used to ensure that myco-
plasma contaminants are not present in the production of
egg-derived viral biologics relies on data provided by special
evaluation experiments aimed at assessing the efficiency of
mycoplasma inactivation during the manufacturing processes
(inactivation and split manufacturing steps). There are no stan-
dardized model mycoplasmas for this validation procedure, but
M. gallisepticum, M. synoviae, M. orale, M. pneumoniae, and A.
laidlawii are commonly used. These species were selected for
testing based on the probability of contamination of eggs with
avian species (M. synoviae, M. gallisepticum), differences in
fermentation activity (M. orale, M. pneumoniae), and a wide
distribution in natural environments (A. laidlawii). For exam-
ple, A. laidlawii has been found as a mycoplasma contaminant
in plant-derived peptones (26). To evaluate whether this set of
mycoplasma species can be used as appropriate model species
for evaluating mycoplasma clearance obtained with different
chemical agents at different concentrations, we compared the
sensitivities of 22 mycoplasmas (including the species men-
tioned above) that were of human, animal, and avian origin
(see Materials and Methods). The results of this study did not
reveal any significant intraspecies difference in sensitivity to
the chemicals tested. However, the analysis of inactivation
profiles obtained for different species showed that species
could differ substantially in their sensitivities to formaldehyde,
BPL, and CTAB, particularly when these reagents were used at
the lowest concentrations tested. These differences were not
apparent when the chemical concentrations were increased to
the concentrations used during virus vaccine production.

A detailed evaluation of the inactivation profiles of the five

mycoplasmas currently recommended for validation of myco-
plasma inactivation during virus vaccine production, M. syno-
viae, M. gallisepticum, M. orale, M. pneumoniae, and A. laid-
lawii, showed that these species are appropriate for validation
purposes. Thus, inactivation of M. synoviae and A. laidlawii
usually required longer incubation times with lower and bor-
derline inactivation doses of formaldehyde, beta-propiolac-
tone, and CTAB than inactivation of other mycoplasmas,
including M. gallisepticum, M. orale, and M. pneumoniae. How-
ever, differences were observed with formaldehyde, BPL, and
CTAB only at concentrations less than 0.2%, 0.1%, and 0.04%,
respectively. No differences in inactivation of these mycoplas-
mas were observed when Triton X-100 and DOC were used at
a concentration of 0.5%, which is the concentration currently
used for manufacture of split-virus influenza vaccines. Thus, M.
synoviae, M. gallisepticum, M. orale, M. pneumoniae, and A.
laidlawii represent a set of organisms acceptable for perform-
ing clearance validation procedures to ensure that there is no
mycoplasma contamination in influenza vaccine products.

Moreover, a combination of different chemicals, such as
formaldehyde or beta-propiolactone with surfactants (Triton
X-100, sodium deoxycholate, and cetyltrimethylammonium
bromide), during production provides additive safety, increas-
ing the probability that any inadvertently introduced mycoplas-
mas are removed from egg-derived biologic products utilizing
virus inactivation and detergent-based virion disruption proce-
dures. However, it is important to emphasize that biologic
manufacturing processes that utilize chemicals and conditions
other than those included in our study should be carefully
evaluated on a case-by-case basis to determine the efficiency of
clearance of mycoplasmas by the specific production processes
using appropriately selected strains.
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