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ABSTRACT: Since 1994, when the first documented hypersensitivity pneumonitis cluster was reported at a 
metalworking plant, there have been approximately 200 diagnosed cases of hypersensitivity pneumonitis within the 
metalworking industry.  Although there are a variety of bacterial and fungal etiologic agents associated with 
hypersensitivity pneumonitis, metalworking industry stakeholders have focused their attention on a hypothesis that 
links Mycobacterium immunogenum exposure to the disease.  
  
A number of barriers confound attempts to test this hypothesis.  Today’s symposium opens a dialogue on two 
significant barriers.  There is no consensus practice for sampling and recovering Mycobacterium immunogenum 
from either bulk metalworking fluids or metalworking fluid aerosols.  There is no consensus method for quantifying 
mycobacteria that may be present in either bulk fluid or aerosol samples. 
 
This paper provides a context for the symposium’s other presentations.  After offering a brief overview of the 
history of hypersensitivity pneumonitis in the metalworking environment, the author will address the current state of 
knowledge regarding Mycobacterium immunogenum distribution in metalworking fluids.  Finally, the author will 
summarize the three primary strategies for enumerating mycobacteria: microscopic examination of acid-fast stained 
preparations, viable counts and non-conventional methods. 

 

KEYWORDS: hypersensitivity, pneumonitis, Mycobacteria, metalworking fluids, health, 
immunogenum, disease, immunology, microbiology. 

Introduction  

Historical Context 
Hypersensitivity pneumonitis (HP) is a respiratory disease caused by a variety of biological and 
chemical agents.  Its etiology is not well understood.  The disease may be the result of the irritant 
effect of respired particles (biological or non-biological) on alveoli [1].  Certain inhaled particles 
may be more toxic than others [2; 3]. Alternatively, HP may be an allergic response [4].    
 
Passman and Rossmoore recently reviewed the current state of understanding of HP in the 
metalworking fluid (MWF) environment [5].  Since the sentinel outbreak at a Midwestern 
automotive parts manufacturing plant in 1992 [6] there have been approximately 200 cases of HP 
reported amongst manufacturing industry employees chronically exposed to MWF and MWF 
aerosols [7; 8].  The typical incidence of HP for the general population is 2 cases/100,000 person 
years (py) [9].  An estimated one-million metalworking industry employees are exposed to MWF 
routinely.  This translates to approximately 1.4 cases/100,000 py; essentially indistinguishable 
from the background population HP incidence rate.  However, HP has consistently occurred in 
clusters at metalworking facilities [7]. In a recent outbreak, 3% of the workers at a plant were 
diagnosed with HP [8].   
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Linking cause and effect between specific etiologic agents and HP in the MWF environment is 
complicated by several critical variables.   As demonstrated in Table 1, at least a half-dozen 
bacterial and fungal species routinely recovered form MWF are known etiological agents of HP 
[3, 4, 6, 10 11 and 12]. A combination of microbiological, aerosol, clinical and immunological 
testing has been attempted after several of the MWF industry disease outbreaks.  More often, one 
or more of these parameters was not included in the post-outbreak investigations.  Bernstein et 
al. [10] suggested a relationship between Pseudomonas fluorescens recovery, high antibody titer 
and HP incidence at one plant.  Zacharisen et al. [12] linked Acinetobacter lwoffii serum 
precipitins (antibodies), viable A. lwoffii recoveries and HP at an automotive plant. Shelton et al. 
[13] suggested that Mycobacterium chelonae antigen (subsequently characterized as M. 
immunogenum [14]) was either the most likely cause or an important adjuvant for HP amongst 
metalworking industry workers. Falkinham [15] noted that several mycobacteria cell wall 
constituents, including mycolic-acid containing glycolipids, can induce immune responses in test 
animals.  Moreover, Mycobacteria produce a variety of extracellular metabolites known to 
induce immune system responses.  Significantly, Shelton asserted that plants with no HP are 
consistently free of measurable M. immunogenum.  As we shall hear during this symposium, the 
growing database may not substantial Shelton’s hypothesis. 
 
Symposium Focus 
A debate regarding the importance of M. immunogenum relative to other known HP-causing 
MWF microbes is beyond the purview of this symposium.  There is currently no consensus 
method for quantifying M. immunogenum in MWF or MWF aerosols.  A critical step in 
identifying relationships amongst variables is figuring out acceptable means for quantifying 
them.  Today’s focus is on methodology.  Specifically, the authors who will share their research 
with us will be describing three principal approaches: direct counts, viable counts and 
quantification by polymerase chain reaction (PCR).  Without stealing the thunder of any of our 
other speakers, my objective in this paper is to provide symposium participants with an overview 
of each of these the strategies.  As part of this introduction to today’s symposium, I’ll also 
address the issue of sampling as it affects Mycobacterium recovery. 
 
Sampling and Recovery 
The Babylonian Talmud, compiled during the 4th century C.E., teaches that the answers we get 
depend on the questions that we ask.  This remains as true today as it was 16 centuries ago, and 
is particularly relevant to today’s topic.  How, when and where we sample affects what we 
recover from fluid systems and MWF aerosols.  How we handle samples between collection and 
analysis also affects our analytical results.  The recurrent theme of today’s presentations will be 
the effect of test methodology on our perceptions about both the distribution and abundance of 
M. immunogenum in MWF and MWF aerosols. 
 
Sample Source 
Recirculating MWF systems, particularly large [> 38 m3 (10,000 gal)] central systems, have 
considerable surface areas.  A typical system with 1,000 m (3,000 ft) of piping and a 38m3 sump 
has approximately 128 m2 (1,400 ft2) of surface area.  The typical population density of a biofilm 
community is 107 to 109 cells/cm2.  This means that the system just describe is likely to be home 
to 1013 to 1014 biofilm-embedded cells.  The significance of this number relates to our 
understanding of the relative efficacy of microbicides against planktonic (free-floating) and 
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epiphytic (attached) microbes.  Biofilm chemistry and community interactions render microbes 
within biofilms substantially more difficult than planktonic microbes to kill.  Yet most 
commonly, we measure only the planktonic population’s response to microbicide treatment.  
This sampling strategy creates several problems.  First, it underestimates total system bioburdens 
by at least six orders of magnitude.  Second, it results in apparent knock-downs of microbial 
viable counts, followed by rapid population recoveries.  This occurs because biofilm 
communities are in dynamic equilibrium.  Biomass flocs are released into the recirculating 
community frequently; reintroducing planktonic cells into the fluid as soon as the concentration 
of microbicide active ingredient falls below the minimum lethal dose.   Third, it biases data 
towards that fraction of the population that is present in the bulk fluid.  Obligate anaerobes and 
other species that depend on biofilm consortia interactions typically won’t be recovered from 
bulk fluid samples.   
 
To better understand how the microbial population is responding to contamination control 
measures, it’s critical to include surface samples in condition monitoring programs.  This may be 
accomplished either by identifying sampling sites or using coupons.  The advantage to using pre-
selected surfaces within the system is that no artificial surfaces are being introduced to new, 
undefined sources of variation.  The disadvantage to using system surfaces is that uniform 
sample collection may be hindered by access limitations and variability of the dimensions of the 
swab area.  Coupons facilitate quantitative recovery from well defined surface areas.  Replicate 
coupons can be used to determine data variability, compare data from different parameters, or 
both. If flow dynamics across the coupons aren’t the same as those across system surfaces, the 
biofilm ecology may be non-representative. Similarly, if the material from which the coupons are 
made is different from that of the system, the biofilm community on the coupons may not be 
representative of the MWF system biofilm community.  If coupons are used to monitor biofilm 
control, validation tests should be run to ensure that actions based on coupon biofilm data reflect 
impact on system biofilms. 
 
Sample Perishablility  
Both bulk fluid and surface samples are extremely perishable.  The microorganisms in the 
samples remain active between the time of sampling and time of analysis.  During this lag time 
population succession may occur.  Microbes predominant in the system may die off as minor 
members of the system community may increase in relative and actual abundance.  To minimize 
the effects of post-sampling population dynamics, testing should be performed as soon as 
possible after sampling.  Some tests (for example: gross observations, odor detection, dissolved 
oxygen and adenosine triphosphate – ATP) may be performed tankside.  Others (for example: 
viable counts by dip-slide, oxygen demand, and catalase activity) may be performed at the plant 
with hours after sample collection.  More specialized tests (for example: endotoxin 
concentration, mycotoxin analysis, M. immunogenum and other species specific enumeration) 
require instrumentation and technical expertise not found at metalworking facilities routinely.  
Samples must be sent to laboratories qualified to perform the desired analyses.  Samples destined 
for analysis by outside laboratories should be kept refrigerated between the time of collection 
and analysis. Analysis should be started within 24h after collection.  Data from refrigerated 
samples that have aged longer than 24h or unrefrigerated samples that have aged longer than 8h 
are suspect.  The relationship between such data and conditions in the system from which the 
sample was collected are tenuous at best.   
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Test Methods 
Direct Count Methods 
The common element of all direct count methods is that microbes are applied to a substrate that 
can be placed onto a microscope stage and counted.  The simplest direct count method entails 
placing a drop of fluid sample into the chamber of a counting device such as a Petroff-Hauser 
counter.  The chamber of the counter is reticulated (scored) to facilitate cell counting (figure 1).  
These devices are calibrated so that cells/ml can be computed from the average number of 
cells/reticule square.  Alternatively, a known volume of fluid (typically 10 µL) may be placed 
onto a microscope slide, heat fixed (gently heated to evaporate the fluid), stained (more on this 
below) and counted.  For this protocol an ocular objective (eye piece) with a reticulated lens is 
used.  Cell per mL are computed form the average number of cells per field the area visible per 
field and sample volume.  A third strategy is to filter a sample through a 0.45 µm pore-size 
membrane, stain the cells and then determine cells/mL from the average number of cells per 
field, surface area/field and sample volume.   
 
Direct counting is labor intensive.  Moreover, in fluids with substantial numbers non-microbial 
particles that are in the same size range as microbes, it may be difficult to differentiate between 
microbes and inert matter.  Moreover, it is impossible to differentiate between viable and non-
viable microbes unless special stains, known as vital stains are used. 
 
 Staining 
Some of the limitations of the direct count method are overcome using stains.  The most 
commonly used stain was first developed by Christian Gram in 1884 [16].  In this protocol, a 
head-fixed smear is first treated with an iodine solution [16].  It’s then rinsed and decolorized 
with ethanol and counter stained with Safranin (a red dye).  The carbohydrate envelope of Gram 
positive bacteria retains the iodine stain, making these cells appear blue to violet when viewed 
through a light microscope.  Gram negative bacteria appear pink to red.   
 
Of particular relevance to this symposium is the acid fast stain.  The high lipid-content of 
mycobacteria and actinomycetes caused these microbes to bind carbolfuschin stain, so that when 
viewed under a light microscope, they will appear red.  In this staining procedure, cells are first 
stained with carbolfuschin, then decolorized using acid alcohol (95% ethanol + hydrochloric 
acid), and finally counterstained with a methylene blue solution [17].   
 
Acridine orange epifluorescent microscopy has been used for enumerating environmental 
bacteria since 1973 [18].  By the early 1980’s investigators were coupling various vital stains and 
antibody tags onto fluorescent dyes in order to differentiate between living and dead cells and to 
detect targeted species [19-21].   Fluorescence acid-fast microscopy has been used recently to 
study mycobacteria ecology [22]. 
 
Direct count methods are the theme of two of today’s presentations and are included in a third 
presentation.   
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Viable Count Methods 
 
All viable count methods depend on the capture of viable microbes from a sample, and their 
subsequent proliferation in or one a nutrient medium [23].  When liquid nutrient media are used, 
population densities are estimated either by time lapsed between inoculation and observable 
change in the medium, visible growth through a single series of ten-fold dilutions (extinction 
dilution) or visible growth in an array of replicate series of extinction dilutions (most probable 
number – MPN).  Observable change may be color, electrochemistry (for example impedance) or 
turbidity.   
 
Colony counts may be obtained by one of four methods.  Spread plates are prepared by spreading 
dilutions of the sample onto the surface of a solid medium. Pour plates are prepared by 
suspending dilutions of the sample into molten agar, pouring that agar into Petri dishes and 
allowing the agar to solidify.  Sloppy agar (nominally nutrient media with half the agar 
concentration of that used in pour plates or spread plates) vials are inoculated with dilutions of 
the sample, and then shaken to distribute the sample.  The membrane filter method is used for 
samples expected to have < 1 CFU/mL.  A known volume of sample is filtered thorough a sterile 
0.45µm membrane which is then placed upon with a solid nutrient medium or a broth-saturated 
absorbent pad.   
 
After inoculation, the media are incubated at a specified temperature for a pre-designated time 
period.  Colonies become visible when they contain approximately 2 x109 cells.  For fast 
growing species, colonies may be visible with 24 to 32h.  Colonies of slow growing species, 
such as M. immunogenum may require > 1 week2 incubation before they are visible.  
 
Roszak and Colwell [24] reviewed the limitations of viable count methods in 1987.  Only a small 
percentage of microbes living in the sampled environment are likely to elaborate into colonies on 
any given growth medium.  The complex interaction effects of cell physiological state, inter-
species competition, nutrient requirements, optimal growth temperatures and oxygen tension 
requirements affect both total colony counts and species recoveries.  Early anecdotal evidence of 
acid-fast bacteria in MWF came from the examination of colonies that appeared on dip-slides 
after approximately two-week’s incubation.  Routinely, dip-slides are observed and discarded 
within 72h after inoculation.  When colonies appear within 24 to 36 h, growth may become 
confluent (individual colonies grow large enough to touch one another – covering the agar 
surface completely) within 4 to 5 days.  Colonies of slower growing microbes will not be 
observed, even if the slower growing species are more abundant in the original sample. Only 
when fast-growing species are suppressed (either through microbicide treatment in the system or 
use of selective growth media) can the slower growing microbes form detectable colonies.  Early 
reports of M. immunogenum selection in MWF being caused by the use of microbicides known 
to be effective against Gram negative bacteria may have reflected the effect on viable count data 
rather than in situ population ecology.  This and related issues will surface during today’s 
proceedings. 
 

 
2 Typically, M. immunogenum colonies are visible at 10 to 14 days.  Some sulfate reducing bacteria may require 3 to 
4 weeks incubation before their colonies are visible. 
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Non-conventional Methods 
Chemical methods used to quantify microbial populations are classified as non-conventional 
methods [ASTM Guide for Evaluating Nonconventional Tests Used for Enumerating Bacteria, 
E1326]   Some chemical methods - such as endotoxin [25], protein [26], deoxyribouclease 
(DNA) [27] and ATP [28] concentrations – depend on the extraction and measurement of a 
particular cell constituent. Others measure the activity of general metabolism (two-hour oxygen 
demand) or specific enzyme systems (for example NAD-NADH reductase activity [29], catalase 
activity [30]).  Recently, a number of methods have been used with some success to quantify 
both species abundance and taxonomic diversity.  Fatty acid methyl ester (FAME) profiles are 
species specific [31] and can be used to determine population diversity profiles that include non-
culturable species.  One current limitation of FAME analysis is that the existing databases 
against which unknown chromatograph spectra are compared are comprised mainly of clinically 
important microbes.  Non-clinical species may be misidentified by so called best fit 
chromatograph profile comparison programs.  A recent FAME survey of MWF yielded profiles 
that had no species in common with those previously reported in MWF [32].  More research is 
needed to determine why the FAME derived taxonomic profiles were unique.  Polymerase chain 
reaction (PCR) testing has been used in a variety of environmental studies.  At 2003 microbially 
influence corrosion (MIC) investigation applied PCR methodology to characterize a population 
of Archaea species responsible for the corrosion [33].  Ecological surveys using PCR are 
changing our understanding of microbial diversity in environmental [34] and industrial [35] 
systems. 
 
Specific PCR methods will be detailed in two of today’s presentations. Briefly, the method relies 
on the activity of the enzyme polymerase.  …. 
 
Fluorescence antibody staining was described earlier under Direct Count Methods.  A recent 
fluorescence technology development uses photomultiplier technology to amplify and quantify 
the light emitted by the target-bound dye-antibody complex. An M. immunogenum specific 
variation of this method will be presented this afternoon [Thomas, unpublished] this afternoon. 
 
The Current Situation  
 
Routine M. immunogenum surveillance has increased over the past decade.  However, there is no 
consensus about a particular strategy or method for quantifying M. immunogenum in MWF 
system samples – surface, bulk fluid or aerosol samples.  Although each lab has a high level of 
confidence in their data, a recent round robin suggests that this self-confidence may be 
unfounded [D’Arcy, unpublished].  Direct counts, viable counts and PCR methods are being 
used, but there is no consensus on a referee standard against which to evaluate the precision and 
bias of any given method.  Despite the absence of a consensus quantification method, ASTM 
subcommittee E35.15 on antimicrobial pesticides has been approached to develop a method for 
evaluating MWF microbicide performance against acid-fast bacteria.  Major corporations are 
making microbial contamination control decisions based on data generated by non-consensus 
methods, the precision and bias of which have yet to be determined.  Industrial hygienists and 
industry stakeholders are posing hypothesis regarding the relationship between M. 
immunogenum exposure and HP, and proceeding as if those hypotheses have already been 
proven, even though there are data suggesting that other etiologic agents present in MWF also 
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cause HP.  At present, M immunogenum surveillance is not being complemented with equally 
aggressing endotoxin, mycotoxin or total bioaerosol surveillance.  Given that the ratio of HP 
cases to total worker population is so small, epidemiological treatment of the data remains 
severely challenged. 
 
The Path Ahead 
 
The papers presented during this symposium demonstrate that additional work must be 
completed before we have a consensus protocol for quantifying mycobacteria in MWF.  Viable 
counts, direct counts and quantification by qPCR all seem to have potential value, but each 
method also has limitations.  Before data from any of these methods can be used reasonably to 
test the relationship between mycobacterial recovery and disease conditions such as HP a 
number of issues must be resolved.   
 
First, we need a clear understanding of the recovery efficiencies and detection limits of each 
method.  We also need to understand data variability.  What is the anticipated data range for 
multiple tests performed by a single analyst on portions of a given sample?  What’s the data 
range amongst several analysts at the same testing facility?  What’s the range amongst different 
laboratories asked to analyze splits of the same sample?  How does fluid chemistry and condition 
affect recovery?  Do different MWF classes (emuslifiable oil, semisynthetic and synthetic) affect 
Mycobacteria survival (actual presence of Mycobacteria sp. In the tested fluid), impact 
recoveries (bias caused my test method) or some combination of the two?  How do test results 
from the three different types of quantification methods covary?  Until these questions have been 
answered, mycobacteria abundance and prevalence data are suspect.  To address these precision 
and bias questions, ASTM Subcommittee E.34.50 has chartered three task forces – one to 
evaluate direct counts, viable counts and qPCR respectively. 
 
Once we understand the variables affecting test precision and bias, the next step will be to 
complete MWF system surveys.  Unless mycobacterial data are collected as part of a 
multivariate survey, hypotheses regarding the relationship between the presence of mycobacteria 
and HP will remain speculative.  Other microbiological parameters such as heterotrophic bacteria 
plate counts, fungal plate counts, mycotoxin, endotoxin and total mist concentrations should be 
integrated with immunological testing and plant engineering/industrial hygiene surveys.  The fact 
that M. immunogenum has been recovered from numerous systems at plants where HP has not 
been reported suggests that any potential relationship between mycobacteria exposure is 
complex.  Eradicating M. immunogenum is likely to be insufficient for educing the HP risk in the 
MWF environment. 
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TABLE 1—Results of tests. {Journal Caption Centered} 
 

Specimena Length, m Width, m 
1 10 5.5 
2 8 0.2 
3 6 0.5 
4 … 0.4 

aRefrigerate at 20ºC for three days. 
• IEEE/ASTM SI-10 Standard for Use of the International System of Units (SI) for 

information on the conversion to and use of SI metric units. 
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