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Summary
In ruminants Mycobacterium avium subspecies para-
tuberculosis (MAP) is the causative organism of a chronic
granulomatous inflammatory bowel disease called Johne’s
disease (JD). Some researchers have hypothesised that
MAP is also associated with Crohn’s disease (CD), an
inflammatory bowel disease in humans that shares some
histological features of JD. Despite numerous attempts to
demonstrate causality by researchers, direct microbiolog-
ical evidence of MAP involvement in CD remains elusive.
Importantly, it has not been possible to reliably and
reproducibly demonstrate mycobacteria in the tissue of CD
patients. Past attempts to visualise mycobacteria in tissue
may have been hampered by the use of stains optimised
for Mycobacterium tuberculosis complex (MTB) and the
lack of reliable bacteriological culture media for both non-
tuberculous mycobacteria (NTM) and cell-wall-deficient
mycobacteria (CWDM).
Here we describe a Ziehl–Neelsen (ZN) staining method
for the demonstration of CWDM in resected tissue from
patients with Crohn’s disease, revealing the association of
CWDM in situ with host tissue reactions, and posit this as a
cause of the tissue inflammation. Using the ZN stain
described we demonstrated the presence of CWDM in 18
out of 18 excised tissue samples from patients diagnosed
as having Crohn’s disease, and in zero samples out of 15
non-inflammatory bowel disease controls.
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INTRODUCTION
Crohn’s disease (CD) is an inflammatory bowel disease that
can affect all of the digestive tract but is typified by terminal
ileal involvement, transmural inflammation and non-
necrotising granulomas. Despite some similarity to myco-
bacterial diseases, acid fast bacilli (AFB) are rarely seen in
CD.1

There is no single reliable diagnostic test for CD, rather the
diagnosis of CD rests on a combination of clinical evaluation
and endoscopic, histological, radiological, and/or biochem-
ical investigations.2 A widely accepted view is that CD is an
autoimmune disease, affecting individuals with a genetic
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component that predisposes to active disease. Other theories
for aetiology include indirect effects of dysbiosis, smoking3

and contributory roles of the environment.4

Over the last 40 years there has been a mounting body of
circumstantial evidence associating Mycobacterium avium
subspecies paratuberculosis (MAP) with CD. This evidence
includes polymerase chain reaction (PCR) detection of
insertion sequences unique to MAP,5 raised serological re-
sponses to MAP antigens in serum,6 and histological features
that are broadly similar to those seen in Johne’s disease (JD).7

A bacterial aetiology for Crohn’s disease was first pro-
posed by Dalziel in 1913.8 He noted the pathological simi-
larity of CD in humans to JD in ruminants. MAP has since
been hypothesised as a causative agent for CD because of the
similar clinical presentations, both in gross anatomy, and in
histological features such as the presence of inflammation
with associated granulomas.
A rise in the two conditions over 50 years has been

documented.9

Some clinical trials show favourable outcomes when
selected anti-mycobacterial antibiotics are evaluated as po-
tential therapies in CD.10,11 Response to antibiotics may
suggest an association between CD and Mycobacterium
species, but that is not conclusive proof of causality, as an-
tibiotics may impose general changes to the gut microbiome,
rather than target a specific pathogen. Thus, conclusive evi-
dence demonstrating mycobacterial involvement in Crohn’s
disease remains elusive.12

JD is a chronic wasting disease, characterised by diarrhoea,
and a progressive loss of condition. Examination of the gut
tissue of affected animals often shows macrophage infiltra-
tion and granuloma formation. AFB can be demonstrated in
association with granulomas. Culture of the involved areas,
including lymph nodes, reliably yields MAP.
MAP, the infectious agent in JD, is a facultatively anaer-

obic obligate intracellular non-tuberculous Mycobacterium
species (NTM)13 and a member of theMycobacterium avium
complex (MAC), which contains other opportunistic myco-
bacterial human pathogens, includingMycobacterium avium,
Mycobacterium intracellulare andMycobacterium avium ssp
hominissuis.
Although the other histological features make the two dis-

eases near-identical, the primary feature differentiating JD and
CD is the absence of acid-fast organisms in the tissue of CD
patients.1 However, it is important to note that examination of
tissue using the Ziehl–Neelsen (ZN) stain is not particularly
sensitive. There may be reasons for this, as indicated by the
hologists of Australasia. Published by Elsevier B.V. All rights reserved.
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greatly reduced detection rate of Mycobacterium tuberculosis
complex (MTB) in tissues and smears when compared with
bacterial culture.14 In the case of tissue sections, interfering
substances such as formalin or xylene, present as part of the
tissue processing method, may retard the ZN staining pro-
cess.15 Acid fast organisms may not always be localised in
granulomatous areas. In latent MTB infections, for example,
the granulomas are often paucibacillary. This may be
explained by the preference shown by mycobacteria for an
intracellular lifestyle. For MTB, life in granulomas is unre-
warding and is associated with a reduction in numbers.16

Since 1883, the ZN reaction has been the primary global
diagnostic stain for the diagnosis of MTB infections.17

Following from Ehrlich’s original discovery of the property
of acid-alcohol fastness, the ZN stain has undergone a variety
of modifications but has remained, in various formulations, a
specific method for the confirmation of mycobacteria.18

Although it has been over a century since the original dis-
covery, an explanation of the precise mechanism of the ZN
stain remains uncertain.19 However, it is known and accepted
that the ZN stain selectively stains mycolic acids, a heter-
ogenous group of mycobacterial lipids associated with
inflammation and granuloma formation.20

Mycolic acids have been implicated as virulence factors in
someMycobacterium species.21 Free mycolic acids are found
in the external biofilm of Mycobacterium species, demon-
strating migration from the bacterial cell to the external
environment. This is particularly apparent during dormancy
and reverses during growth promotion.22,23 Mycolic acids
also play a role in regulating the immune response to infec-
tion by pathogenic mycobacteria, and contributing to viru-
lence and persistence within the host.24 Mycolic acids can
directly trigger the innate immune system. In particular,
mycolic acid is a pathogen-associated molecular pattern
(PAMP) and may provoke synthesis and secretion of cyto-
kines, including inflammatory cytokines such as TNF-
alpha.21,25 Mycolic acids, as well as being the specific sub-
strates for the ZN stain, have also been shown to induce an
inflammatory reaction in the host.
Cell-wall-deficient mycobacteria (CWDM), also known as

L forms, are mycobacteria in which the cell wall is no longer
present but the intracellular contents of the cell, which
include mycolic acids, are enclosed within a semi-permeable
outer membrane.26 The outer membrane may contain
mycobacterial DNA, bacterial antigens and other metabolic
products, including biofilm and mycolic acids.27 The outer
membrane, unconstrained by the mycobacterial cell wall,
may respond to osmotic pressure, resulting in expansion or
collapse of the CWDM.28

CWDM have been observed in association with CD as well
as other mycobacterial diseases, including tuberculosis. The
CWDM form appears to be part of the life cycle of Myco-
bacterium species and is poorly understood. In CD, the
CWDM form may be essential for survival of the MAP or-
ganism in adverse environmental conditions, and the absence
of a cell wall may mitigate the host immune response.29

CWDM variants of MTB possess an outer membrane
which is thicker than the parent cell wall and outer membrane
combined. The loss of the cell wall may be compensated for
by a thickening of the outer membranes.30 The CWDM outer
membrane is also impervious to some chemicals.31 This may
be one reason why DNA extraction from cultures of CWDM
can be unrewarding.30,32,33
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In this study, a new ZN staining method using acid-alcohol
decolourisation was employed to search for CWDM in sur-
gically resected ileocolic tissue from patients presenting at a
tertiary hospital.

MATERIAL AND METHODS
Case selection

Samples were selected for use as part of a technical instruction project for a
medical laboratory science degree course. A senior scientist randomly
selected archived tissue samples by interrogating the laboratory information
system for suitable material from 2015 through 2019.
Resected ileocolic bowel tissues were retrieved from 18 patients with a

confirmed diagnosis of CD (Table 1) and 15 cases representative of non-
inflammatory bowel diseases (Table 2).
In each case formalin fixed, paraffin embedded (FFPE) blocks from large

resections were examined with H&E slides to confirm the presence of gran-
ulomas, prior to staining with the ZN stain. Four blocks that fulfilled these
criteria were selected from the cases, which all had more than 10 FFPE blocks
available. These blocks were used to cut 4 mm tissue sections. In addition, we
prepared positive control tissue sections derived from JD tissues (1 pauci-
bacillary JD and 1 multibacillary JD sheep intestine control).
Each section was stained with the conventional ZN stain used in our lab-

oratory for detection of MTB, a new ZN stain using acid alcohol decolour-
isation, and a third ZN stain used for the detection of acid-fast bacilli
(Table 3).
Prior to staining the tissue, sections were dewaxed to allow for aqueous

solutions to penetrate, through a series of xylene and alcohol steps. After
dewaxing, the section was stained by immersion in ZN stain carbol fuchsin
(ZN stain; Sigma-Aldrich, USA) for 35 min at room temperature. In the new
ZN staining method, decolourising was carried out using 30% concentrated
hydrochloric acid (HCl) in isopropyl alcohol (IPA) for 1 min, followed by
rinsing in water. The section was then counterstained with 1% methylene blue
for 10 s. The section was then dehydrated, cleared, and mounted. Sections
were examined with routine light microscopy at various powers and an oil
immersion lens at ×1000 magnification.
For the conventional ZN stain, the same steps were followed with the

exception that the decolourising step was 3% HCl in ethanol for 3–5 dips.
For the ZN method for detection of acid fastness, the same steps were

followed, except that decolourisation was with 20% H2SO4 in distilled water
for 4 min.

RESULTS
The conventional ZN stain decolouriser using 3% HCl in 97%
ethanol is optimised for the detection ofMTB and we observed
that this decolouriser could not demonstrate the presence of
CWDM. In contrast, the bacillary forms of MAP in sections
from the JD sheep controls were easily visualised when either
3% HCl in 97% ethanol, or 30% HCl in IPA were used.
The use of the decolouriser consisting of a strong acid,

20% aqueous sulphuric acid, was found to adversely affect
the tissue sections, making them unsuitable for microscopic
examination.
The decolouriser consisting of 30% HCl in IPA performed

well and we were able to demonstrate the presence of CWDM
in the tissue of 18 out of 18 CD patients and in none of the 15
tissue samples from non-inflammatory bowel disease pa-
tients. JD sheep controls were positive for ZN stain in all
three decolouring methods.
In the tissue sections prepared using resected tissue (mostly

ileocolic, one appendix and one jejunum) from CD patients
and stained using the 30% HCl in IPA decolouriser, we were
able to locate CWDM using the ×60 objective lens. These
CWDM were not uniformly distributed throughout the tissue
sample, but scattered widely and generally associated with
lymphoid clusters. They tended to be located deep in the
s disease?, Pathology, https://doi.org/10.1016/j.pathol.2021.03.003



Table 1 Crohn’s disease tissues

Patient Age Gender Sample region

1 47 F Ileocaecal
2 21 F Ileal
3 24 F Ileocaecal
4 17 F Ileal
5 13 M Colon
6 19 M Appendix
7 35 M Ileal
8 51 F Jejunum
9 25 F Appendix
10 60 M Ileocaecal
11 28 F Ileocaecal
12 40 F Ileal
13 13 F Ileal
14 21 F Colon plus stoma
15 82 F Ileal
16 33 F ileal
17 19 M Ileal
18 26 F Ileal

Table 2 Non-Crohn’s disease controls

Diagnosis No. cases

Colon/caecal cancer (adenocarcinoma) 11
Low grade mucinous appendiceal neoplasm (LAMN) 1
Ischaemic colitis 1
Polyps and diverticular disease 1
Burkitt lymphoma caecum 1
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submucosa and muscularis propria, often amongst areas of
fibrosis associated with moderate chronic inflammation and
sometimes associated with inflammatory fissures. CWDM
were not identified in areas of ulceration and necrosis. Mac-
rophages were notably associated with some of the CWDM,
but they were not obviously associated with granulomata.
CWDM were not seen in tissue sections from the 15 control
tissues. Importantly, the CWDMwere absent from all 33 tissue
samples when the sections were examined using the conven-
tional ZN stain decolourised with 3% HCl in 97% ethanol.
Morphologically, the CWDM showed considerable varia-

tion in size and were occasionally in small clusters of 3–8
Table 3 Staining method and parameters

Conventional ZN for acid-alcohol fast bacilli ZN for ac

1 Xylene 2 min
2 Xylene 2 min
3 Ethanol 2 min
4 Ethanol 2 min
5 Water until clear
6 Carbol fuchsin 35 min
7 Water until clear
8 3% HCl/ethanol (3–5 dips) 20% H2

9 Water until clear
10 1% methylene blue 10 s
11 Ethanol 2 min
12 Ethanol 2 min
13 Xylene 2 min
14 Xylene 2 min
15 Cover slipping in DPX

CWDM, cell-wall-deficient mycobacteria; DPX, dibutylphthalate polystyrene xylene
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organisms (Fig. 1C), and rarely seen intracellularly within
macrophages. Some resembled ‘endospores’34 and showed a
thickened outer membrane (Fig. 1B) surrounded by a trans-
parent margin, suggesting the presence of biofilm or an outer
membrane (Fig. 1A). All CWDM seen were ZN stain positive
and spherical in shape, ranging in size between a red cell and
a plasma cell, and were sometimes larger than macrophages.
(Fig. 1,2).
DISCUSSION
Crohn’s disease is a complex disorder widely considered to
have an autoimmune basis, but recent studies also point to
environmental associations and a dysregulated reaction to the
normal gut microbiota.4 The CWDM form of MAP (lacking a
cell wall, but enclosed in a semi-permeable membrane) is
theorised by some researchers to be the infective form of
MAP involved with CD;35–37 however, CWDM have not
been observed by anatomical pathologists in the course of
human tissue examination.1

Despite the breadth of ongoing research focused on at-
tempts to understand the relationship between Crohn’s dis-
ease and mycobacteria, there is still no universally accepted
explanation, either for association or causality.
This study was an attempt to use knowledge regarding the

microbiology of CWDM, staining techniques and possible
modes of infection to link histological appearances with
microbial pathogenicity. To do this we examined archived
tissue using established histological techniques, and were
informed by the behaviour of CWDM, both in vitro and
in vivo. In doing so, we were able to develop a variation on
the ZN stain which subsequently enabled us to detect what we
believe to be CWDM in situ in deep ileocolic, appendiceal
and jejunal tissue.
CWDM are known to convert host cholesterol to mycolic

acids. This metabolic pathway may represent a plausible
route by which inflammation and granuloma formation could
occur in the Crohn’s disease patient.
Mycolic acids are widely known to be the specific target of

the ZN stain. It is less well known that mycolic acids are pro-
inflammatory and may be produced by mycobacteria in the
dormant state.38

The ZN stain has been through many iterations, but the
conventional ZN stain, using 3%HCl in ethanol, is regarded
id-fast bacilli New ZN for acid-alcohol fast CWDM and bacilli

SO4 4 min 30% HCl/IPA 1 min

; IPA, isopropyl alcohol; ZN, Ziehl–Neelsen.
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Fig. 1 Ziehl–Neelsen staining of ileal tissue from Crohn’s disease patient;
1000-fold magnification showing cell-wall-deficient mycobacteria in situ. (A)
Clear zone suggests biofilm. (B) Robust outer membrane. (C) Cluster of smaller
forms. Fig. 3 Ziehl–Neelsen staining of cell-wall-deficient mycobacteria grown from

the blood of a Crohn’s disease patient after consecutive subcultures through
supplemented 7H9 media for 7 months.
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as the gold standard for rapid diagnosis of tuberculosis. This
understanding is supported by widespread use of the ZN stain
globally and the unquestionable reliability of the stain for the
early laboratory detection of tuberculosis. The conventional
method of ZN stain using 3% ethanol for decolourisation is
less helpful for the detection of non-tuberculous mycobac-
teria, but convenience and established practice have largely
ignored other methods for ZN stains.18

Parallel research on the growth of CWDM from the blood
of Crohn’s disease patients and from controls by us suggested
that we revaluate the widely held perception that one ZN stain
method is sufficient for all purposes.39

We identified that the conventional ZN stain was unsuit-
able for detection of CWDM in blood cultures. This insight
led to the rediscovery that decolourisation with 20% H2SO4,
after staining with carbol fuchsin containing 2.5% basic
fuchsin, allowed for CWDM to be detected in supplemented
7H9 broth (Fig. 3). It was further found by us that 20%
H2SO4 had a deleterious effect on tissue sections from
Crohn’s patients and also from non-inflammatory bowel
disease normal controls.
This insight then led to the development of a decolourising

agent consisting of 30% HCl in IPA, which provided satis-
factory results when combined with carbol fuchsin containing
Fig. 2 (A,B) Ziehl–Neelsen staining of ileal tissue from Crohn’s disease patient; 100
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3% basic fuchsin. These changes allowed us to detect
CWDM in the tissues in all 18 patients and none of 15 non-
inflammatory bowel disease controls.
The new decolouriser also fulfilled the criteria of

Barksdale and Kim40 in confirming the acid-alcohol fast
organisms detected were Mycobacterium species, produc-
ing mycolic acid.
Our observations of these organisms in tissue led to

speculation by our group that was informed partly by the
research findings of others and partly by our ongoing research
into cultivation of CWDM in blood. Mycobacteria, including
CWDM, will initiate inflammation in vivo. Direct proximity
to granulomas is not mandatory, and there is ample evidence
to support the contention that the downstream metabolic
products of mycobacteria are toxic to the host. Mycolic acids
are also associated with the production of foamy macro-
phages and directly initiate the primary immune response in
the host.21,41,42 Mycobacteria metabolise host cholesterol to
form mainly mycolic acids and cell wall lipids, including
trehalose 6, 60-dimycolate (TDM). TDM, also known as cord
factor, is found in virulentMycobacterium species21,43 where
it may trigger formation of caseating granulomas.20,44

Mycolic acids have been implicated as virulence factors in
0-fold magnification showing cell-wall-deficient mycobacteria in situ.
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someMycobacterium species.21 Free mycolic acids are found
in the external biofilm of Mycobacterium species, demon-
strating migration from the bacterial cell to the external
environment. This is particularly apparent during dormancy
and reverses during growth promotion.21,45

The CWDM we found in the resected tissues from CD
patients may have been in the dormant or latent phase, in
which mycobacteria are viable but do not replicate. In low
oxygen, nutrient deficient conditions, such as occur in deep
tissue or cavitary lesions, Mycobacterium species may
assume a state of non-replicating persistence (NRP). NRP is
sometimes associated with a negative ZN stain, a phenome-
non referred to as the ‘Koch paradox’. Thus the Koch
paradox may present one possible explanation for the failure
of past attempts to detect mycobacteria in tissue using the
conventional ZN stain.19

Microbiological features observed by us included the
variable sizes of the spherical CWDM, the transparent outer
margin suggesting biofilm, ZN positivity and the occasional
smaller clusters of CWDM. Bilateral division was also seen
(not shown).
Taken together, these appearances conform to the obser-

vations of other researchers, as to CWDM morphology. In
turn, this strengthened our belief that the spherical forms seen
in tissue were identical to those grown in bacterial culture
media from the blood of Crohn’s disease patients (Fig. 3).
MAP is described as an obligate intracellular pathogen.

In vitro blood cultures on Crohn’s disease patient samples
observed by us, and others, demonstrate that the CWDM will
remain viable and replicate extracellularly. Our observations of
tissue sections suggest that the same may apply extracellularly
in the Crohn’s disease patient. This observation does not
diminish the possibility of involvement of a mycobacterial
obligate intracellular pathogen,46 but does raise important
questions as to the life cycle of mycobacteria in the human
host. If the lifestyle of Mycobacterium species in the host in-
cludes an extracellular phase that is additionally bereft of a cell
wall, then the implications for pathogenicity are significant.
Although our preliminary observations are novel and

intriguing, they also inevitably lead to questions of future
directions. Over the last 30 years there have been consid-
erable efforts to prove pathogenicity of MAP through the
use of PCR on tissues and in human blood. Despite
numerous papers on the subject of PCR detection of MAP in
human subjects, the question of causality is still outstanding,
and the PCR route has become one of confounding and
diminishing returns.
Although the IS900 insertion sequence has been proposed

to be unique to MAP,5 use of PCR to detect IS900 has not
been helpful in providing definitive evidence for a role for
MAP in Crohn’s disease. In addition, there is some evidence
to suggest that IS900 may not be unique.47,48 Numerous
studies, including a recent widely ranging comparison of
available analytical techniques for detection of IS900, have
consistently demonstrated that IS900 is often present in both
patients and controls.49 It is of some growing concern, shared
among other researchers,50 that somewhere in the environ-
ment there may be sources of contamination with MAP, but
that is far from the goal of proving causality in CD.
We are suggesting that Crohn’s disease is not a consequence

of a tissue invasion resulting in an infection that provokes
granuloma formation, but the inevitable consequence of viable
CWDM producing mycolic acids as a product of metabolism.
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Both the CWDM and these products of metabolism may then
be taken up intracellularly by macrophages and transported to
alveolar or interstitial tissue spaces where the CWDM subse-
quently revert to an extracellular lifestyle.21,30

In Crohn’s disease, the genesis of inflammation may be
insidious, through the presence of viable toxigenic CWDM,
rather than through an orthodox infective process. Location,
bacterial cell morphology and metabolism are critical to the
contribution to pathology.

CONCLUSION
Our observations on tissue require validation and further
research. It is not certain that the putative CWDM observed in
this tissue study are derived from the bacillary form of MAP.
In situ hybridisation of Crohn’s disease tissue may provide
evidence to support this contention.36 Understanding the
relevance of the observations in this paper as to the under-
lying factors leading to Crohn’s disease will require signifi-
cant involvement of biochemists, microbiologists and
immunologists, with anatomical pathology support.
To clarify the relationship between CWDM and CD, ef-

forts to culture similar CWDM forms isolated from tissues
and the peripheral blood of more Crohn’s disease patients
should continue32 across multiple centres.
Culture of CWDM in vitro is difficult but is achievable

through the application of conditions that promote growth
from dormancy. Culture is known to be more sensitive and
specific in the laboratory diagnosis of tuberculosis,14 and
there may be a need for the further development of bacterial
culture techniques to enable the demonstration of CWDM in
small tissue biopsies.
Consideration should also be given to the availability of

specific fluid culture media that will address the fragility of
CWDM. In the laboratory, growth promotion of CWDM is
stochastic and complex. The release from microbial
dormancy involves the introduction of specific nutrients,
oxygen and variable incubation temperatures, depending on
the species of mycobacteria.51–53

In the era of resource utilisation controls, transfer of
complex investigative research methodologies to wider users
in medical laboratories is important, but will require simpler
methods and commercialisation to ensure widespread adop-
tion and utilisation.
Isolation of CWDM may lead on to accurate taxonomy, a

clearer understanding of the life cycle of Mycobacterium
species, and ultimately to improved and specifically targeted
therapies. Importantly, parallel cultures of tissue biopsies and
animal studies will either confirm or disprove the observa-
tions made by us in this study.

Conflicts of interest and sources of funding: The authors
state that there are no conflicts of interest to disclose.

Address for correspondence: John M. Aitken, Otakaro Pathways Ltd,
Innovation Park, 185 Kirk Road, Templeton, Christchurch 7675, New
Zealand. E-mail: john@otakaropathways.co.nz

References
1. Pierce ES. Where are all the Mycobacterium avium subspecies para-

tuberculosis in patients with Crohn’s disease? PLoS Pathog 2009; 5:
e1000234.

2. Gomollón F, Dignass A, Annese V, et al. 3rd European evidence-based
consensus on the diagnosis and management of Crohn’s disease 2016:
s disease?, Pathology, https://doi.org/10.1016/j.pathol.2021.03.003

mailto:john@otakaropathways.co.nz
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref1
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref1
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref1
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref2
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref2


6 AITKEN et al. Pathology (xxxx), xxx(xxx), -
Part 1: diagnosis and medical management. J Crohns Colitis 2017; 11:
3–25.

3. Pierce ES. Ulcerative colitis and Crohn’s disease: is Mycobacterium
avium subspecies paratuberculosis the common villain? Gut Pathog
2010; 2: 21.

4. Podolsky DK. Inflammatory bowel disease. New Engl J Med 2002; 347:
417–29.

5. Green EP, Tizard ML, Moss MT, et al. Sequence and characteristics of
IS900, an insertion element identified in a human Crohn’s disease
isolate of Mycobacterium paratuberculosis. Nucleic Acids Res 1989; 17:
9063–73.

6. Zhang P, Minardi LM, Kuenstner JT, Zhang ST, Zekan SM,
Kruzelock R. Serological testing for mycobacterial heat shock protein
Hsp65 antibody in health and diseases. Microorganisms 2019; 8: 47.

7. Davis WC. Why is the obvious not obvious, it is Johne’s Disease
(paratuberculosis) not Crohn’s disease. EC Gastroenterol Dig Syst
2018; 5: 752–8.

8. Dalziel TK. Chronic interstitial enteritis. Br Med J 1913: 1068–70.
9. Badiola JJ, Bakker D, Garcia Marin JF, et al. Possible Links Between

Crohn’s Disease and Paratuberculosis. Report of the Scientific Com-
mittee on Animal Health and Animal Welfare Adopted. European
Commission, 2000.

10. Agrawal G, Clancy A, Huynh R, Borody T. Profound remission in
Crohn’s disease requiring no further treatment for 3–23 years: a case
series. Gut Pathogens 2020; 12: 1–8.

11. Alcedo KP, Thanigachalam S, Naser SA. RHB-104 triple antibiotics
combination in culture is bactericidal and should be effective for treat-
ment of Crohn’s disease associated with Mycobacterium para-
tuberculosis. Gut Pathogens 2016; 8: 32.

12. Behr MA. Researching the role of Mycobacterium avium para-
tuberculosis in the etiology of Crohn’s disease. Gastroenterol Hepatol
2008; 4: 687.

13. Garvey M. Mycobacterium avium subspecies paratuberculosis: a
possible causative agent in human morbidity and risk to public health
safety. Open Vet J 2018; 8: 172–81.

14. Caulfield AJ, Wengenack NL. Diagnosis of active tuberculosis disease:
from microscopy to molecular techniques. J Clin Tuberc Other Myco-
bact Dis 2016; 4: 33–43.

15. Fukunaga H, Murakami T, Gondo T, Sugi K, Ishihara T. Sensitivity of
acid-fast staining for Mycobacterium tuberculosis in formalin-fixed
tissue. Am J Respir Crit Care Med 2002; 166: 994–7.

16. Cardona P-J, Ruiz-Manzano J. On the nature of Mycobacterium
tuberculosis-latent bacilli. Eur Respir J 2004; 24: 1044–51.

17. Bodal VK, Bal MS, Bhagat S, Kishan J, Deepika, Brar RK. Fluorescent
microscopy and Ziehl-Neelsen staining of bronchoalveolar lavage,
bronchial washings, bronchoscopic brushing and post bronchoscopic
sputum along with cytological examination in cases of suspected
tuberculosis. Indian J Pathol Microbiol 2015; 58: 443.

18. Aitken JM, Borody TJ, Agrawal G. A revaluation of the use of con-
ventional Ziehl-Neelsen stain for detection of non-tuberculous myco-
bacteria. NZ J Med Lab Sci 2019; 73: 85.

19. Vilcheze C, Kremer L. Acid-Fast Positive and Acid-Fast Negative
Mycobacterium tuberculosis: the Koch Paradox. Tuberculosis and the
Tubercle Bacillus. Washington, DC: American Society for Microbi-
ology, 2017; 517–32.

20. Hamasaki N, Isowa K-I, Kamada K, et al. In vivo administration of
mycobacterial cord factor (trehalose 6, 60-dimycolate) can induce lung
and liver granulomas and thymic atrophy in rabbits. Infect Immun 2000;
68: 3704–9.

21. Korf J, Stoltz A, Verschoor J, De Baetselier P, Grooten J. The Myco-
bacterium tuberculosis cell wall component mycolic acid elicits
pathogen-associated host innate immune responses. Eur J Immunol
2005; 35: 890–900.

22. Raghunandanan S, Jose L, Gopinath V, Kumar RA. Comparative label-
free lipidomic analysis of Mycobacterium tuberculosis during dormancy
and reactivation. Sci Rep 2019; 9: 1–12.

23. Verschoor JA, Baird MS, Grooten J. Towards understanding the func-
tional diversity of cell wall mycolic acids of Mycobacterium tubercu-
losis. Prog Lipid Res 2012; 51: 325–39.

24. Llorens-Fons M, Pérez-Trujillo M, Julián E, et al. Trehalose poly-
phleates, external cell wall lipids in Mycobacterium abscessus, are
associated with the formation of clumps with cording morphology, which
have been associated with virulence. Front Microbiol 2017; 8: 1402.

25. Faridgohar M, Nikoueinejad H. New findings of Toll-like receptors
involved in Mycobacterium tuberculosis infection. Pathog Glob Health
2017; 111: 256–64.

26. Beran V, Havelkova M, Kaustova J, Dvorska L, Pavlik I. Cell wall
deficient forms of mycobacteria: a review. Veterinarni Medicina 2006;
51: 365.
Please cite this article as: Aitken JM et al., A Mycobacterium species for Crohn’
27. Richards JP, Ojha AK. Mycobacterial biofilms. Microbiol Spectr 2014;
2: https://doi.org/10.1128/microbiolspec.MGM2-0004-2013.

28. Squeglia F, Ruggiero A, Berisio R. Chemistry of peptidoglycan in
Mycobacterium tuberculosis life cycle: an off-the-wall balance of syn-
thesis and degradation. Chemistry 2018; 24: 2533–46.

29. Ratnam S, Chandrasekhar S. The pathogenicity of spheroplasts of
Mycobacterium tuberculosis. Am Rev Respir Dis 1976; 114: 549–54.

30. Guliang H, Tefu L. Mycobacterium tuberculosis L-forms. Microb Ecol
Health Dis 1999; 10: 129–33.

31. Mattman LH. Cell Wall Deficient Forms: Stealth Pathogens. Boca
Raton: CRC Press, 2001.

32. Graham DY, Markesich DC, Yoshimura HH. Mycobacteria and in-
flammatory bowel disease: results of culture. Gastroenterology 1987;
92: 436–42.

33. Timms VJ, Daskalopoulos G, Mitchell HM, Neilan BA. The association
of Mycobacterium avium subsp. paratuberculosis with inflammatory
bowel disease. PLoS One 2016; 11: e0148731.

34. Lamont EA, Bannantine JP, Armién A, Ariyakumar DS, Sreevatsan S.
Identification and characterization of a spore-like morphotype in
chronically starved Mycobacterium avium subsp. paratuberculosis cul-
tures. PLoS One 2012; 7: e30648.

35. Chiodini RJ, Van Kruiningen HJ, Thayer WR, Coutu JA. Spheroplastic
phase of mycobacteria isolated from patients with Crohn’s disease.
J Clin Microbiol 1986; 24: 357–63.

36. Hulten K, Karttunen TJ, El-Zimaity HMT, et al. Identification of cell
wall deficient forms of M. avium subsp. paratuberculosis in paraffin
embedded tissues from animals with Johne’s disease by in situ hybrid-
ization. J Microbiol Methods 2000; 42: 185–95.

37. Sechi LA, Manuela M, Francesco T, et al. Identification of Mycobac-
terium avium subsp. paratuberculosis in biopsy specimens from patients
with Crohn’s disease identified by in situ hybridization. J Clin Microbiol
2001; 39: 4514–7.

38. Starck J, Källenius G, Marklund B-I, Andersson DI, Åkerlund T.
Comparative proteome analysis of Mycobacterium tuberculosis grown
under aerobic and anaerobic conditions. Microbiology 2004; 150:
3821–9.

39. Gearry RB, Aitken JM, Roberts RL, Ismail S, Keenan J, Barclay ML.
Images of interest. Gastrointestinal: Mycobacterium avium para-
tuberculosis and Crohn’s disease. J Gastroenterol Hepatol 2005; 20: 1943.

40. Barksdale L, Kim KS. Mycobacterium Bacteriol Rev 1977; 41:
217–372.

41. Russell DG, VanderVen BC, Lee W, et al. Mycobacterium tuberculosis
wears what it eats. Cell Host Microbe 2010; 8: 68–76.

42. Vander Beken S, Al Dulayymi JR, Naessens T, et al. Molecular struc-
ture of the Mycobacterium tuberculosis virulence factor, mycolic acid,
determines the elicited inflammatory pattern. Eur J Immunol 2011; 41:
450–60.

43. Julián E, Roldán M, Sánchez-Chardi A, Astola O, Agustí G, Luquin M.
Microscopic cords, a virulence-related characteristic of Mycobacterium
tuberculosis, are also present in nonpathogenic mycobacteria.
J Bacteriol 2010; 192: 1751–60.

44. Hunter RL, Olsen M, Jagannath C, Actor JK. Trehalose 6, 60-dimycolate
and lipid in the pathogenesis of caseating granulomas of tuberculosis in
mice. Am J Pathol 2006; 168: 1249–61.

45. Ojha AK, Baughn AD, Sambandan D, et al. Growth of Mycobacterium
tuberculosis biofilms containing free mycolic acids and harbouring drug-
tolerant bacteria. Mol Microbiol 2008; 69: 164–74.

46. Casadevall A, Fang FC. The intracellular pathogen concept. Mol
Microbiol 2020; 113: 541–5.

47. Chiodini RJ, Chamberlin WM. What Is Mycobacterium avium subsp.
paratuberculosis? Appl Environ Microbiol 2011; 77: 1923–4.

48. Englund S, Bölske G, Johansson K-E. An IS900-like sequence found in
a Mycobacterium sp. other than Mycobacterium avium subsp. para-
tuberculosis. FEMS Microbiol Lett 2002; 209: 267–71.

49. Kuenstner JT, Potula R, Bull TJ, et al. Presence of infection by
Mycobacterium avium subsp. paratuberculosis in the blood of patients
with Crohn’s disease and control subjects shown by multiple laboratory
culture and antibody methods. Microorganisms 2020; 8: 2054.

50. Kuenstner JT, Naser S, Chamberlin W, et al. The Consensus from the
Mycobacterium avium ssp. paratuberculosis (MAP) Conference 2017.
Front Public Health 2017; 5: 208.

51. Dworkin J, Shah IM. Exit from dormancy in microbial organisms. Nat
Rev Microbiol 2010; 8: 890–6.

52. Mukamolova GV, Turapov O, Malkin J, Woltmann G, Barer MR.
Resuscitation-promoting factors reveal an occult population of tubercle
Bacilli in Sputum. Am J Respir Crit Care Med 2010; 181: 174–80.

53. Zhang Y, Yang Y, Woods A, Cotter RJ, Sun Z. Resuscitation of
dormant Mycobacterium tuberculosis by phospholipids or specific
peptides. Biochem Biophys Res Commun 2001; 284: 542–7.
s disease?, Pathology, https://doi.org/10.1016/j.pathol.2021.03.003

http://refhub.elsevier.com/S0031-3025(21)00234-8/sref2
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref2
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref3
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref3
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref3
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref4
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref4
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref5
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref5
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref5
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref5
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref6
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref6
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref6
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref7
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref7
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref7
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref8
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref9
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref9
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref9
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref9
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref10
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref10
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref10
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref11
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref11
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref11
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref11
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref12
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref12
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref12
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref13
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref13
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref13
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref14
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref14
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref14
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref15
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref15
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref15
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref16
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref16
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref17
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref17
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref17
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref17
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref17
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref18
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref18
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref18
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref19
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref19
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref19
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref19
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref20
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref20
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref20
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref20
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref20
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref21
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref21
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref21
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref21
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref22
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref22
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref22
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref23
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref23
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref23
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref24
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref24
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref24
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref24
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref25
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref25
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref25
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref26
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref26
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref26
https://doi.org/10.1128/microbiolspec.MGM2-0004-2013
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref28
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref28
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref28
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref29
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref29
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref30
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref30
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref31
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref31
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref32
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref32
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref32
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref33
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref33
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref33
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref34
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref34
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref34
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref34
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref35
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref35
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref35
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref36
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref36
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref36
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref36
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref37
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref37
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref37
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref37
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref38
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref38
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref38
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref38
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref39
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref39
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref39
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref40
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref40
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref41
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref41
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref42
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref42
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref42
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref42
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref43
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref43
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref43
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref43
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref44
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref44
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref44
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref44
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref45
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref45
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref45
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref46
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref46
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref47
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref47
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref48
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref48
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref48
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref49
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref49
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref49
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref49
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref50
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref50
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref50
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref51
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref51
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref52
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref52
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref52
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref53
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref53
http://refhub.elsevier.com/S0031-3025(21)00234-8/sref53

	A Mycobacterium species for Crohn's disease?
	Introduction
	Material and methods
	Case selection

	Results
	Discussion
	Conclusion
	Conflicts of interest and sources of funding

	References


