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Factors Influencing the Microbial Composition of Metalworking
Fluids and Potential Implications for Machine Operator’s Lung
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Hypersensitivity pneumonitis, also known as “machine operator’s lung” (MOL), has been related to microorganisms growing in
metalworking fluids (MWFs), especially Mycobacterium immunogenum. We aimed to (i) describe the microbiological contami-
nation of MWFs and (ii) look for chemical, physical, and environmental parameters associated with variations in microbiologi-
cal profiles. We microbiologically analyzed 180 MWF samples from nonautomotive plants (e.g., screw-machining or metal-
cutting plants) in the Franche-Comté region in eastern France and 165 samples from three French automotive plants in which
cases of MOL had been proven. Our results revealed two types of microbial biomes: the first was from the nonautomotive indus-
try, showed predominantly Gram-negative rods (GNR), and was associated with a low risk of MOL, and the second came from
the automotive industry that was affected by cases of MOL and showed predominantly Gram-positive rods (GPR). Traces of M.
immunogenum were sporadically detected in the first type, while it was highly prevalent in the automotive sector, with up to 38%
of samples testing positive. The use of chromium, nickel, or iron was associated with growth of Gram-negative rods; conversely,

growth of Gram-positive rods was associated with the absence of these metals. Synthetic MWFs were more frequently sterile
than emulsions. Vegetable oil-based emulsions were associated with GNR, while mineral ones were associated with GPR. Our
results suggest that metal types and the nature of MWF play a part in MWF contamination, and this work shall be followed by
further in vitro simulation experiments on the kinetics of microbial populations, focusing on the phenomena of inhibition and

synergy.

he term metalworking fluids (MWFs) refers to two types of

products: straight oils and aqueous fluids that may be oil-in-
water emulsions or water-based synthetic fluids. They are widely
used in machining or grinding operations to cool and lubricate
metalwork pieces and tools. Continuous recycling of these MWFs,
intended to cut costs, leads to progressive contamination by metal
particles and salts and potential development of microbial
biomes. To prevent or to stop microbial proliferation, users may
add chemical biocides to the MWFs.

Occupational exposure to MWFs through inhalation of aero-
sols (12) has been associated with cutaneous as well as respiratory
diseases (1), i.e., asthma and hypersensitivity pneumonitis (HP)
known as “machine operator’s lung” (MOL) (33). Although
asthma and dermatitis seem to be caused by the chemical toxicity
of MWFs due to additional components (e.g., biocides, defoam-
ers, corrosion inhibitors, or dyes) (22, 33, 38), MOL has been
related to microorganisms that frequently contaminate MWFs,
especially Mycobacterium immunogenum, a recently described,
fast-growing mycobacterium included in the Mpycobacterium
chelonae-Mycobacterium abscessus complex (18,24, 37,48, 52, 54).
Arguments in favor of this etiology are the presence of specific
precipitins in MWF-related HP cases (5, 14, 32) and/or the pres-
ence of M. immunogenum in their environment (4, 18,42, 52). The
ability to induce HP in mice exposed intranasally to M. immuno-
genum (16, 40) is evidence of the role of this microorganism.

Since the first reports (5, 27), most described cases of MWE-
related HP have been in the U.S. automotive industry (4, 18, 20,
24, 28, 32, 37, 42, 56). The first European case clusters were re-
cently reported in automotive plants in Great Britain (8) and in
France (41).
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Following an investigation of the first French outbreak (41), we
analyzed the microbial biomes of MWFs in two other automotive
plants in which cases of HP were suspected, and we simultane-
ously implemented a regional survey (STEFI study on occupa-
tional health and MWF exposure) to obtain clinical and environ-
mental data on the metalworking industry of the Franche-Comté
region in eastern France.

The aims of our present study were (i) to describe the micro-
biological contamination in French MWFs, focusing in particular
on M. immunogenum detection, and (ii) to look for chemical,
physical, and environmental parameters associated with varia-
tions in microbiological patterns.

MATERIALS AND METHODS

Plants of interest. (i) STEFI survey. Factories using reused MWFs in the
Franche-Comté region were identified with the help of occupational phy-
sicians and regional employers’” organizations. Nineteen plants were in-
vestigated. The fields of activity were screw-machining (n = 2 plants),
cutting (n = 4), tool manufacturing (n = 1), mold manufacturing (n = 2),
manufacturing of inexpensive jewelry (n = 1), ceramic product manufac-
turing (n = 1), electronic component manufacturing (n = 1), engine and
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turbine manufacturing (n = 2), gear and transmission manufacturing
(n = 1), light metal foundry (n = 1), and industrial mechanics (n = 2).

(ii) Automotive plants. Three plants (AP1, AP2, and AP3, located in
northern France) were investigated because of recent proven cases of HP
among their employees (13 cases, 1 case, and 1 case, respectively).

Sample collection and preparation. Only reused MWF samples (i.e.,
samples that were filtered or decanted after use and then stored in sumps
for future reuse) were included and analyzed in the study: (i) STEFI sur-
vey, n = 180 (122 aqueous fluids and 58 straight oils); (ii) AP1, n = 83
(aqueous fluids); (iii) AP2, n = 44 (aqueous fluids); and iv) AP3, n = 38
(aqueous fluids).

Culture and isolation conditions. Microbiological analysis of sam-
ples from AP1 and AP2 was performed by plating 100 wl of homogenized
sample onto 3 media: Mueller-Hinton agar (MHA) (Mast Group Ltd.,
Bootle, Merseyside, England), 3% (wt/vol) malt agar (MA) (Oxoid Ltd.,
Basingstoke, Hampshire, England) supplemented with 50 mg liter—!
chloramphenicol (Sigma-Aldrich Chimie, Lyon, France), and Difco acti-
nomycete isolation agar (ACT) (BD Difco, Le Pont-De-Claix, France)
supplemented with 30 ug ml~! amphotericin B (Fungizone; Bristol-
Myers, Rueil-Malmaison, France), 32 ug ml~! fosfomycin (Fosfocina;
Laboratorios ERN, S.A, Barcelona, Spain), and 32 pug ml~! aztreonam
(Azactam; Sanofi-Aventis, Paris, France). To enhance analysis perfor-
mance, samples from STEFI plants and AP3 were subjected to the above-
cited protocol that was improved by using Middlebrook 7H10 agar sup-
plemented with Middlebrook oleic acid-albumin-dextrose-catalase
(OADC) enrichment (BD Difco) (MBA). MHA and ACT plates were
incubated for 14 days at 30°C, MBA plates for 21 days at 30°C, and MA
plates for 14 days at 20°C.

Microbial identification and quantification by culture. Plates were
observed after 48 h and 5 days. When intense growth made it impossible to
isolate colonies, samples were either serially diluted (the dilution factor
usually was 1073 but was 107 for the highest bacterial loads) or decon-
taminated with sodium hydroxide, malachite green, and cycloheximide,
according to the method described by Wolinsky and Rynearson (55). A
pilot study showed that the concentration of cultivable M. immunogenum
was decreased by 2 log,, units after decontamination (data not shown).
Bacteria and filamentous fungi were identified to the genus or species level
using culture methods followed by visual examination, microscopy, and
determination of biochemical characteristics according to reference doc-
umentation (9, 21). When identification was not possible using the usual
microbiological techniques, molecular biology was used. For molecular
identification, genomic DNA was extracted by boiling the bacterial or
fungal colony with Chelex resin, as described previously (30). Gram-
positive rods (GPR) with branching filaments and Gram-negative rods
(GNR) or coccobacilli were identified by performing partial 16S rRNA
gene amplification, using previously described primers fDI and rD1 for
amplification (51) and p782r for sequencing (7). Rods that were morpho-
logically consistent with the genus Mycobacterium, i.e., thin, Gram-
positive or Gram-variable rods, were identified by partial hsp65 gene am-
plification and sequenced using the previously described primers Tb11
and Tb12 (39). Filamentous fungi were identified by partial 16S-23S in-
ternal transcribed spacer (ITS) amplification and sequencing, using prim-
ers ITS1 and ITS4 (53). The amplification reactions were processed as
described previously for the hsp65 gene (39) and other targets (7). Ampli-
cons were purified with the High Pure PCR product purification kit
(Roche Diagnostics, Mannheim, Germany), and then sequenced using the
BigDye Terminator v3 cycle sequencing kit and a 3130 genetic analyzer
(Applied Biosystems, Courtaboeuf, France). Sequences were checked with
the BioEdit software (BioEdit sequence alignment editor, version 7.0.5.3;
http://www.mbio.ncsu.edu) (19) and then compared to those available in
online databases using BLAST (Basic Local Alignment Search Tool; http:
//blast.ncbi.nlm.nih.gov) for all targets and BIBI (Bio Informatic Bacteria
Identification;  http://umr5558-sud-str1.univ-lyonl.fr/lebibi.lebibi.cgi)
for the 16S rRNA gene. An identity of =99% to referenced strains belong-
ing to a single microbial species allowed us to identify the isolate as be-
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longing to this species. A lower percent identity or identity values of
=99% to more than a single species led us to identify the isolate to the
genus or the species complex, respectively (3, 23).

Detection and quantification of M. immunogenum by qPCR. For all
the STEFI samples and for the AP3 samples, M. immunogenum DNA
concentrations were determined by quantitative real-time PCR (qPCR).
DNA extraction of each 1.5-ml aliquot of MFW was performed according
to a method adapted from those of Pickup et al. (29) and Veillette et al.
(46). Aliquots were centrifuged (16,000 X g, 20 min), and pellets were
resuspended in 500 ul phosphate-buffered saline (PBS) and then centri-
fuged and resuspended in 180 wl PBS. Twenty microliters of 20 mg m]~!
lysozyme (Roche Diagnostics) was added, and the mix was incubated with
continuous shaking for 1 h. DNA was then extracted using the High Pure
PCR template preparation kit (Roche Diagnostics) according to the man-
ufacturer’s protocol and an additional mechanical cell disruption (follow-
ing lysis with 40 ul of 44 ug ml~! proteinase K) in 2-ml tubes prefilled
with 1.4-mm ceramic beads (MagNALyser Green beads; Roche Diagnos-
tics) processed in a MagNALyser (Roche Diagnostics) at a setting of 6,000
rpm for 30 s (3 times, alternately with refrigeration steps). Each extraction
series included one negative control (PBS). Extracts were stored at —20°C.
The qPCR was performed on an AB 7500 Fast real-time PCR system
(Applied Biosystems), using the procedure described by Rhodes et al.
(31), with a few changes: the reaction mix consisted of 5 ul of extract or
PBS, 10 ul of 2X Gene Expression master mix (Applied Biosystems), 0.3
pmol liter ! primers and 0.25 wmol liter ~! 6-carboxyfluorescein (FAM)-
labeled probe in a total volume of 20 ul. Quantitative results were ex-
pressed by the determining quantification cycle (Cq), which marked the
cycle at which fluorescence of the sample became significantly higher than
the baseline signal. Two independent DNA extractions were performed
for each MWF sample. Two Cq values, one for each replicate, were ob-
tained for each sample tested. A sample was positive when both extracts
showed a Cq value of <39 cycles; if only one of the two extracts had a Cq
value of <39 cycles, it was “equivocal,” i.e., weakly positive. Equivocal
results were interpreted as very weak concentrations or traces of DNA,
with nonreproducible gPCR measurements as a consequence, according
to the Poisson law. Two negative controls, one extraction control and one
amplification control, were added to each run. The M. immunogenum
DNA concentration in positive samples was calculated by comparison to a
standard curve. Standards were serially diluted from a DNA extract of a
suspension of pure M. immunogenum culture (strain DSM 45496). Cell
equivalents (CE) per milliliter of MWF sample were estimated from the
DNA concentration in the initial extract (assessed with a NanoDrop ND-
1000 spectrophotometer; Thermo Fisher Scientific Inc., Wilmington, DE)
and the approximate weight of one genome of M. immunogenum, as de-
scribed by Rhodes et al. (31). Each standard was assessed in duplicate in
each run. Standard curves showed a highly significant correlation coeffi-
cient (r> = 0.994) and an efficiency of 85.2%.

Environmental data collection. The following data were collected
from employees or safety data sheets: MWF provider and reference, met-
als worked (ferrous metals, copper, aluminum, nickel, chrome, and sili-
con), MWF sump volume (=500 liters, 501 to 5,000 liters, or =5,000
liters), type of MWF (aqueous fluid or straight oil), nature of aqueous
fluid (emulsion, semisynthetic, or synthetic), and nature of the oil base
(mineral or vegetable).

Statistical treatment. Statistical associations between predicted and
explanatory variables obtained from the STEFI plants and AP3 were in-
vestigated. Predicted variables were as follows: presence or absence of
Gram-positive rods (GPR); presence or absence of Gram-negative rods
(GNR); presence or absence of microorganisms detected by culture; and
positive qPCR, positive or equivocal qPCR, equivocal or negative qPCR,
or negative qPCR. Explanatory variables were environmental data, as
listed above, and the following microbiological parameters: presence or
absence of GPR, presence or absence of GNR, presence or absence of
filamentous fungi, total concentration of microorganisms, and number of
isolates identified from the sample.
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FIG 1 Prevalences of microorganisms among samples from the STEFI study. Horizontal bars represent the number of plants contaminated (out of 19). Black
bars, Gram-positive bacteria; gray bars, Gram-negative bacteria (dark gray, Pseudomonas spp.); white bars, fungi. To facilitate graphical representation, genera
or species were grouped as follows: Acinetobacter johnsonii and Acinetobacter spp. were grouped as Acinetobacter spp.; Cellulosimicrobium spp., Cellulomonas spp.,

Dietzia spp., Brevibacterium spp., Gordonia spp., and Leucobacter spp. were

grouped as Actinomycetales (except Mycobacterium spp.); Aeromonas spp. and

Shewanella putrefaciens were grouped as Aeromonadales; Bacillus simplex, Bacillus spp., Paenibacillus glucanolyticus, and Aerococcus spp. were grouped as Bacillales
and Lactobacillales; Brevundimonas diminuta and Brevundimonas spp. were grouped as Brevundimonas spp.; Alcaligenes faecalis, Achromobacter xylosidans,
Comamonas aquatica, and Delftia spp. were grouped as Burkholderiales; Empedobacter brevis, Wautersiella falsenii, Sphingobacterium mizutaii, Sphingobacterium
spp., and Chitinophaga spp. were grouped as Flavobacteriales and Sphingobacteriales; Pseudochrobactrum spp., Agrobacterium tumefaciens, Methylobacterium spp.,
and Azorhizobium spp. were grouped as other Rhizobiales; Stenotrophomonas maltophilia and Stenotrophomonas spp. were grouped as Stenotrophomonas spp.;
Pseudomonas fluorescens, P. azotoformans, and P. synxantha were grouped as Pseudomonas fluorescens complex; P. pseudoalcaligenes, P. mendocina, P. oleovorans,
and P. alcaliphila were grouped as Pseudomonas pseudoalcaligenes complex; P. plecoglossicida, P. monteilii, and P. putida were grouped as Pseudomonas putida
complex; Absidia spp., Acremonium spp., Aspergillus fumigatus, Paecilomyces lilacinus, Lecytophora hoffmannii, and Cladosporium spp. were grouped as other
filamentous fungi; and yeasts were composed of Candida parapsilosis, Candida lipolytica, Candida guilliermondii, Candida spp., and Cryptococcus laurentii.

Qualitative variables were processed using the chi-square test, the ex-
act Pearson chi-square test, or Fisher’s exact test. The explanatory variable
“nature of aqueous fluid” was subjected to logistic regression for each
predicted variable, using the category “synthetic” as a reference. Quanti-
tative variables were compared using Student’s f test. A P value ofless than
0.05 was considered significant. All statistical calculations were performed
using SAS software.

RESULTS

Culture results. (i) STEFI. A total of 303 microbial strains were
isolated, including 232 bacteria and 71 fungi. The prevalences of
different microorganisms in MWF samples are provided in detail
in Fig. 1. Microbial contamination was almost limited to aqueous
fluids, since 84.5% of straight oils remained sterile versus 18% of
aqueous fluids and only 14 strains were isolated from straight oils
(average, 0.2 strain per sample) versus 289 from aqueous fluids.
Microorganism concentrations ranged from 10 to 2.5 X 10* CFU
ml~! (median, 120 CFU ml~!) within straight oils, whereas they
ranged from 10 to 1.6 X 108 CFU ml~! (median, 7.0 X 10° CFU
ml~!) within aqueous fluids. Bacteria were isolated from 77% of
aqueous samples. GNR were isolated from 72% of aqueous sam-
ples and accounted for 71% of the 289 strains. No Mycobacterium
strain was isolated (Fig. 2). The main bacterial microorganisms,
isolated from 43% of aqueous samples and 10 out of 19 plants,
were members of the Pseudomonas pseudoalcaligenes complex
(Fig. 1). Members of the Pseudomonas pseudoalcaligenes complex
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were the microorganisms with the highest cumulative concentra-
tions within the plant in 9 out of 19 plants and the most frequently
isolated microorganisms (i.e., isolated from the highest number of
samples within each plant) in 7 plants, regardless of the levels of
contamination or microbial diversity (Table 1). Fungi were iso-
lated from 38% of aqueous samples. The main fungal microorgan-
isms, isolated from 26% of aqueous samples, were members of the
Fusarium solani complex (Fig. 1), reflecting the predominance of
the genus Fusarium (71% of fungal strains).

(ii) AP1. Eighty-eight strains were isolated (average, 1.2 per
sample), including 78 bacterial strains and 10 fungal strains. Bac-
teria were isolated from 40% of samples. Thirty-three M. immu-
nogenum strains were isolated from 33 samples. The main bacte-
rial microorganisms, isolated from 42% of aqueous samples, were
Bacillus spp., which accounted for 40% of the 88 strains (Fig. 2).
Fungi were isolated from 11% of samples. Gram-negative bacteria
(excluding Pseudomonas spp.) were present in fewer than 12% of
samples.

(iii) AP2. Sixty-nine strains were isolated, including 56 bacte-
rial strains and 13 fungal strains. Bacteria were isolated from 98%
of samples. M. immunogenum was isolated from 13 MWFs (30%).
The main bacterial microorganisms, isolated from 80% of aque-
ous samples, consisted of Bacillus spp., which accounted for 51%
of the 69 strains (Fig. 2). Fungi were isolated from 27% of samples.
Gram-negative bacteria were present in fewer than 7% of samples.
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FIG 2 Distribution of strains isolated from the 19 STEFI plants and the three automotive plants. STEFI plants, natural state with no case of HP; AP1 and AP2,

natural state with cases of HP; AP3, state after use of biocides due to cases of HP.

(iv) AP3. Of the 38 samples, 4 (10.5%) remained sterile. A total
of 98 strains were isolated, including 91 bacterial strains and 7
fungal strains (Fig. 2). Microorganism concentrations ranged
from 10 to 5.6 10° CFU ml~! (median, 200 CFU ml~1!). Bacteria
were isolated from 82% of samples. GPR were the main bacterial
microorganisms. They were isolated from 71% of aqueous sam-
ples and accounted for 68% of isolates. M. immunogenum was
isolated from 2 samples. GNR were isolated from 47% of samples.
Members of the P. pseudoalcaligenes complex were isolated from
42% of samples, accounting for 65% of isolates, and were the
microorganisms with the highest cumulated concentrations
(9.5 X 10° CFU ml~! for GNR versus 2.0 X 10> CFU ml~! for
GPR). Few fungi (7 isolates from 7 samples) were found, and these
included various genera.

qPCR results. The qPCR results are shown in Fig. 3. When
measured concentrations were above 10° CE ml™!, both dupli-
cates were detected with a Cq of <39 cycles (“positive” samples).
“Equivocal” PCR results (where only one of the duplicates was
positive) were observed for lower concentrations.

(i) STEFI. Of the 58 straight oils, no sample was positive (there
were 55 negative samples and 3 equivocal samples [data not
shown]), whereas of the 122 aqueous fluids, 9 samples (7%), orig-
inating from 3 plants, were positive and 18 (15%) were equivocal.

(ii) AP3. Of the 38 aqueous MWFs, 13 aqueous samples (34%)
were positive and 8 (21%) were equivocal.
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Correlation between chemical or physical characteristics of
MWFs and microbial biome. Significantly different distributions
of samples are shown in Table 2. The presence of GPR or GNR or
the absence of microorganisms detected by culture correlated with
the nature of the aqueous fluid, the nature of the oily component
of emulsions, some types of metals, and the presence of filamen-
tous fungi. In addition, logistic regression showed that (i) the
probability of GNR contamination was higher with emulsions
than with synthetic fluids (odds ratio = 3.3; 95% confidence in-
terval, 1.2 to 8.9) and (ii) the probability of an absence of micro-
organisms was higher with synthetic fluids than with emulsions
(odds ratio = 4.2; 95% confidence interval, 1.3 to 13.0). Other
predicted variables gave no statistical associations with any of the
explanatory variables.

DISCUSSION

The main microbiological conclusions of this work are the major
prevalence of GNR and the near absence of M. immunogenum in
nonautomotive plant (STEFI) samples, in contrast with results
from automotive plants, where M. immunogenum was found in
about one-third of samples and was associated mainly with
other GPR.

Culture methods seemed to be essential to analyze fluid micro-
organisms because they allowed us to appreciate the diversity of
this microbial biome, using nonselective media (MHA and MA)

aem.asm.org 37


http://aem.asm.org

Murat et al.

TABLE 1 Major microorganisms in each STEFI plant®

No. of samples
(% of nonsterile

Avg concn of
microorganisms

Microorganism found at the highest

Diversity (avg
no. of isolates

Plant samples) (log,o CFU ml™1) concn per sample) Most frequently found microorganism

M 5 (60) 7.5 Pseudomonas fluorescens (complex) 2.40 Fusarium solani (complex)/F.
oxysporum (complex)

U 3 (67) 7.3 P. putida (complex) 1.67 P. putida (complex)

L 2 (100) 7.0 Acinetobacter sp. 3.50 All microorganisms were isolated once

N 6 (83) 6.7 P. pseudoalcaligenes (complex) 3.83 P. pseudoalcaligenes (complex)

G 9 (100) 6.6 P. pseudoalcaligenes (complex) 1.22 P. pseudoalcaligenes (complex)

E 41 (90) 6.4 P. pseudoalcaligenes (complex) 1.88 P. pseudoalcaligenes (complex)

1 4(200) 6.3 P. pseudoalcaligenes (complex) 3.63 Fusarium solani (complex)

S 3 (100) 6.3 Stenotrophomonas maltophilia 3 S. maltophilia

Q 4 (100) 6.2 S. maltophilia 2.25 Rhizopus sp.

D 2 (100) 6.0 P. pseudoalcaligenes (complex) 5.00 P. pseudoalcaligenes (complex)/F.
solani (complex)

O 2 (100) 6.0 Acinetobacter sp. 4.00 F. solani (complex)

C 5 (100) 5.8 P. pseudoalcaligenes (complex) 2.60 P. pseudoalcaligenes (complex)

H 11 (45) 5.5 P. pseudoalcaligenes (complex) 1.09 P. pseudoalcaligenes (complex)/S.
maltophilia

T 2 (100) 52 Brevundimonas diminuta 3 Brevundimonas diminuta [F. solani
(complex)

A 13 (77) 4.9 P. pseudoalcaligenes (complex) 1.20 P. pseudoalcaligenes (complex)

B 4 (100) 4.4 P. pseudoalcaligenes (complex) 2.50 Fusarium solani (complex)

F 3 (0) 0

K 2(0) 0

@ The average diversity was 2.6 isolates per sample.

as well as media targeting fast-growing mycobacteria and other
bacteria responsible for other HPs (mesophilic actinomycetes in-
volved in farmer’s lung disease). However, culture methods can
lead to a gross underestimation of the size and diversity of micro-
organism populations in MWFs (26, 45), because they are not
suitable for detection of dead, noncultivable, or slow-growing mi-
croorganisms, which are inhibited by fast-growing ones. qPCR
allowed rapid, specific, and sensitive quantification of M. immu-
nogenum. Sensitivity was evaluated using a water-based suspen-
sion of pure mycobacteria; our culture method was able to detect

STEFI plants

Mean value (log,, CE mL?)
6 -

124

6% of M. immunogenum quantified by qPCR at best (data not
shown).

Analysis of STEFI MWFs first showed very little microbial con-
tamination in straight oils, which is clearly due to the lack of water
in their composition. This finding, which is consistent with the
absence of described HP cases related to straight oils, calls us to
focus on aqueous fluids only and is useful for identifying plants
with a low hazard of MOL, i.e., plants using only straight MWFs.

In STEFI plants, no sample was found to be positive for M.
immunogenum using culture methods, and few samples (7% of

AP3

o .

@ Positive samples
o Equivocal samples

FIG 3 Quantitative real-time PCR analysis of the 28 positive or equivocal samples from STEFI plants and the 21 positive or equivocal samples from AP3. CE
ml~1, cell equivalents per milliliter (1 CE is the amount of DNA contained in one bacterium).
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TABLE 2 Correlation between chemical or physical characteristics of MWFs and microbial biome

Predicted variables

Samples with GNR Samples with GPR Sterile samples

Explanatory variable % Pvalue % Pvalue % Pvalue
Nature of aqueous fluid

Emulsion 71 =0.04 11 =0.03

Semisynthetic fluid 59 22

Synthetic fluid 43 33
Nature of oil base (emulsions)

Mineral origin 61.5 =0.03 36.5 =0.05

Vegetable origin 88.5 15.4
Metals worked

Chrome 87 =0.001 8.7 =0.001

No chrome 56 34.5

Nickel 88 =0.001 9.3 =0.002

No nickel 57 33.6

Ferrous metal 71 =0.01

No ferrous metal 49
Filamentous fungi

Presence 84 =0.01

Absence 57

@ Percentage of samples matching each category.

aqueous fluids) were found to be positive with M. immunogenum
qPCR, whereas high prevalences of M. immunogenum were found
in automotive plants by culture methods (AP1 and AP2) or qPCR
(AP3). The low proportion of positive samples determined by
using culture methods in AP3 is probably related to the intensive
use of biocides before MWF sampling.

In STEFI plants, Gram-negative rods were the main bacterial
type and consisted mostly of the genus Pseudomonas, especially
Pseudomonas pseudoalcaligenes-affiliated bacteria. This qualitative
finding is consistent with several previous published MWF analy-
ses, in which Pseudomonas species (including P. pseudoalcaligenes)
were found, mainly where MOL had not occurred (10, 15, 24, 26,
37). These bacteria seem to be remarkably well adapted to aqueous
MWFs, which can be explained by (i) the ubiquity of Pseudomonas
spp. and their ability to grow in a large variety of media, especially
water, (ii) a tolerance to the generally elevated pH of MWFs (34),
and (iii) their ability to degrade hydrocarbons. Indeed, although a
wide range of microorganisms have been found to utilize hydro-
carbons as a sole source of carbon, most of the strains isolated in
such media were Pseudomonas (43). Furthermore, Pseudomonas
oleovorans has been shown to be able to grow even on toxic linear
n-alkanes (25, 43). In contrast, few studies have reported micro-
bial biomes where the main microorganisms were non-
Pseudomonas bacteria, notably Ochrobactrum spp. (15), Klebsiella
pneumoniae (6), and Pantoea agglomerans and Citrobacter freundii
(44). The rather low biodiversity (2.6 isolates per sample) is con-
sistent with previous data revealing highly conserved microbial
communities in MWFs from different machines and applications
(44). Quantitatively, the observed concentration range is similar
to published values (10, 15), despite one study finding higher
maximum concentrations (15).

Besides these bacteria, we found that fungi, especially Fusarium
spp., were common in MWFs from the STEFI study, which is
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consistent with previous MWF studies (15, 24). These fungi were
identified as constituents of biofilms in MWF sumps (13).

Cultures from automotive plant (AP) samples provided a de-
scription of a completely different microbial biome. The majority
of the isolates were GPR, and the prevalence of samples containing
GPR was higher than that of samples containing GNR. The few
published descriptions of microbial biomes similar to those of our
APs came from plants with cases of HP (24). Notably, a 6-month
follow-up also showed the persistence of a Gram-positive micro-
bial biome (rods, cocci, and mycobacteria, including M. immuno-
genum) in an MWEF system associated with HP cases, in spite of
dumping, cleaning, and recharging (47).

Our results indicate a low level of exposure to M. immunoge-
num in nonautomotive plants in the Franche-Comté region,
which can be considered at low risk of MOL. This conclusion is
strengthened by the clinical part of the STEFI study: evaluation of
the respiratory function of employees working in the investigated
plants showed no established or suspected HP diagnosis among
379 subjects exposed to MWFs (I. Thaon, unpublished data). In
contrast, the risk of HP was clinically proven for the APs and was
supported by a significant presence of M. immunogenum. As
STEFI samples contained mainly GNR (frequently the Pseudomo-
nas genus and the P. pseudoalcaligenes species), with no GPR and
few mycobacteria, these MWFs seem to fit with the concept of an
indigenous pattern of MWF microbial biome, which was previ-
ously proposed by several authors (6, 10, 24). The corollary of this
concept is the existence of an alternative microbial biome that may
be responsible for MOL. This alternative microbial biome was
described as the association of GPR, mycobacteria, and fungiin a
study of a hundred cases of MOL (24). The microbial biomes from
our three APs (with a predominance of GPR and with cultivable
M. immunogenum or DNA frequently detected) clearly resemble
this description (24), although our results lead us to include fila-
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mentous fungi, especially the Fusarium species, in the indigenous
microbial biome. However, this could also be explained by fungal
colonization of surfaces above sumps and pipes, suggesting an
external source rather than an active contamination of the MWFs.

The contrast between the results from the STEFI study and
from the APs could be due to methodological biases and should
therefore be carefully interpreted. AP3 sampling took place after
intensive use of biocides following the discovery of a single HP
case; this could explain the lower numbers of genera and species
observed and the lower microorganism concentrations compared
with STEFI results. However, the use of biocides is not necessarily
a confounding factor, since it is assumed to be one of the factors
leading to alteration of the microbial biome through the selection
of resistant bacteria. Indeed, adding biocide can result in an in-
crease in bacterial load, with maintenance of pathogenic, highly
resistant bacteria (Enterobacteriaceae, Moraxella spp., and P.
aeruginosa) (10), while mycobacteria, including M. immunoge-
num, were shown to exhibit reduced susceptibility to some bio-
cides (35, 49), possibly due to biofilms (11).

Interestingly, there seems to be no described case of MOL out-
side the automotive industry. Therefore, this industrial field might
be considered the ecological niche of M. immunogenum. Alterna-
tively, the total microbial load could be a key point, as the reduc-
tion in competition due to the use of biocides in such industries
would favor the proliferation of M. immunogenum (11, 24, 36).

We demonstrated associations between GNR detected by cul-
ture and the use of chromium, nickel, or iron, while silicon was
associated with the absence of GNR. In contrast, growth of GPR
was associated with the absence of chromium, nickel, and iron.
Engineered materials may play a part, since it has been shown that
some metals, such as zinc or copper, can modulate activity of
bacteria and viruses (2) and of fungi (2, 50). More generally, cop-
per tends to be considered an alternative antimicrobial surface
(17). The category of aqueous MWFs seems to play a role, as well
as the nature of the oily component of MWF. Synthetic MWFs are
indeed more frequently sterile, while emulsions are frequently
contaminated by GNR. In these emulsions, vegetable oil-based
MWFEFs were more frequently contaminated with GNR, while the
mineral ones were associated with the presence of GPR.

In this work, we highlight the existence of two types of MWF
microbial biomes: the first type, which was associated with a lack
of MOL cases, was found in the nonautomotive industry in
Franche-Comté; the second one was observed in the automotive
industry, where cases of MOL had occurred. M. immunogenum,
the likely causative agent of MOL, was sporadically found only as
DNA traces in STEFI samples, while it was highly prevalent in the
automotive sector. The relationships identified between constitu-
ents of microbial biomes and some characteristics of the industrial
environment lead us to propose several working hypotheses: (i)
the presence of a biome based on GNR and filamentous fungi in
high concentrations decreases the growth of M. immunogenum;
(ii) synthetic MWFs inhibit microbial growth of GNR compared
to emulsions; (iii) chromium, nickel, and iron promote the
growth of GNR; and (iv) mineral oil promotes the growth of GPR,
while vegetable oil promotes that of GNR. This is a rationale for
further in vitro simulation experiments concerned with the kinet-
ics of microbial populations, focusing on inhibition or synergic
phenomena. These experiments could involve controlled varia-
tions of microbial concentrations, metal types, and MWF charac-
teristics.
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