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Introduction

About one third of world population are latently infected with 
Mycobacterium tuberculosis, and 5%–10% of them are expected 
to develop active disease during their lifetime. Due to the emer-
gence of drug-resistant tuberculosis (TB) and the pandemic of 
HIV infection, TB has once again become a serious threat to 
public health.1 Despite significant progress, the pathogenesis of 
TB is not well understood, which limits the effective control of 
TB.

After M. tuberculosis infection, tissue-damaging delayed-type 
hypersensitivity (DTH) (mediated by Th1 lymphocytes) devel-
ops and results in a solid caseous necrotic center and a peripheral 
accumulation of partly activated macrophages and lymphocytes, 
which constitute the TB granuloma. Consequently, some lesions 
may regress with destruction of bacteria within them, followed by 
fibrosis and calcification. On the other hand, some lung lesions 
can go on to become liquefied, which triggers the growth of 
tubercle bacilli extracellularly in the host, with cavity formation 
and air-borne spread of the disease. Thus liquefaction is a most 
important event in the exacerbation and transmission of the dis-
ease.2,3 A better understanding of the liquefaction process could 
lead to prevention of the disease. However, the mechanism of 
liquefaction is still not understood partly due to the shortage of 
suitable animal model.3

Liquefaction is an important pathological process that can subsequently lead to cavitation where large numbers of bacilli 
can be coughed up which in turn causes spread of tuberculosis in humans. Current animal models to study the lique-
faction process and to evaluate virulence of mycobacteria are tedious. In this study, we evaluated a rabbit skin model 
as a rapid model for liquefaction and virulence assessment using M. bovis BCG, M. tuberculosis avirulent strain H37Ra,  
M. smegmatis, and the H37Ra strains complemented with selected genes from virulent M. tuberculosis strain H37Rv. We 
found that with prime and/or boosting immunization, all of these live bacteria at enough high number could induce 
liquefaction, and the boosting induced stronger liquefaction and more severe lesions in shorter time compared with 
the prime injection. The skin lesions caused by high dose live BCG (5 x 106 CFU) were the most severe followed by live  
M. tuberculosis H37Ra with M. smegmatis being the least pathogenic. It is of interest to note that none of the above heat-
killed mycobacteria induced liquefaction. When H37Ra was complemented with certain wild type genes of H37Rv, some 
of the complemented H37Ra strains produced more severe skin lesions than H37Ra. These results suggest that the rab-
bit skin liquefaction model can be a more visual, convenient, rapid and useful model to evaluate virulence of different  
mycobacteria and to study the mechanisms of liquefaction.
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Rabbits, guinea pigs and mice are commonly used animal 
models of TB. Dannenberg reviewed the relative merits and 
historical context of these models in comparison to the human 
disease. While the mouse model has the advantage of clear 
genetic background and strong cell-mediated immunity, it 
does not produce liquefaction. On the other hand, rabbits and 
guinea pigs could produce liquefaction and cavitation of tuber-
culosis. Rabbit is a good animal model of human liquefaction 
and cavitation.2 Dannenberg and colleagues showed that New 
Zealand White rabbits can be infected with aerosol of hundreds 
and thousands of bacillary units of bovine-type tubercle bacilli, 
and found pulmonary cavities were developed in both low and 
high dose group in 6–33 weeks.4 It also indicated that the cavi-
ties formed more quickly in high dose group, which seemed to 
hasten the progression of the disease.4 In addition, heat-killed 
bacteria and very low-dose of M. bovis could pre-sensitize the 
rabbits and increase cavity formation.5,6

In our previous study, we performed a preliminary study 
in rabbit skin liquefaction model primarily using live M. bovis 
attenuated strain BCG, M. tuberculosis avirulent strain H37Ra, 
and M. smegmatis.7 In this study, we further compared the lesions 
induced by both live and heat-killed different mycobacteria, and 
validated that the skin lesions caused by live BCG were the most 
severe followed by live M. tuberculosis H37Ra with fast grow-
ing mycobacteria M. smegmatis being the least pathogenic in the 
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Results

Differences in skin lesions induced by live and 
heat-killed BCG, H37Ra and M. smegmatis in 
the rabbit skin model. In our previous study, we 
determined the different doses of live mycobacte-
ria to induce skin lesions in the rabbit skin model.7 
High (5 x 106 CFU), intermediate (5 x 104 CFU), 
and low (5 x 102 CFU) doses of live BCG, H37Ra, 
M. smegmatis were injected intradermally on each 
flank of rabbits. Six weeks later, they were boosted 
with the same dose of the same bacteria close to 
the first injection site. With the priming and boost-
ing injection, the high dose of each viable bacteria  
(5 x 106 CFU) could induce liquefaction and ulcer, 
and the intermediate dose of BCG (5 x 104 CFU) 
could induce granuloma, while intermediate dose 
of H37Ra and M. smegmatis and low dose of all 
three bacteria (5 x 102 CFU) induced no obvious 
lesions.

In this study, to determine if the lesions pro-
duced by mycobacteria depend on the viability of 
the bacteria, we prepared heat-killed M. tuberculosis 
H37Ra and M. smegmatis and BCG and injected 
them into the rabbit skin by prime-boost regimens 
as above. Live mycobacteria were included as con-

trols for heat-killed mycobacteria in the rabbit skin model. The 
rabbits were first injected intradermally with live and heat-killed 
BCG, H37Ra and M. smegmatis (5 x 106) and then boosted with 
the same bacteria, and the differences of pathology induced by 
priming and boosting were compared (Table 1 and Figs. 1 and 2). 
After the prime injection, the injected area of both the live and 
heat-killed bacteria formed granuloma along with edema and 
inflammation at the first five days. Then the edema reduced 

rabbit skin model, whereas heat-killed mycobacteria lost the abil-
ity to induce liquefaction. Furthermore, using the above validated 
rabbit skin model we compared the virulence of different H37Ra 
complemented strains and H37Ra. Our studies suggest that the 
rabbit skin model can be a useful model to study liquefaction 
and quickly evaluate the virulence of different mycobacteria and 
have the potential to be used as a simple model to test inhibitors 
of liquefaction.8

Table 1. Pathologic changes induced by BCG, H37Ra or M. smegmatis in the rabbit skin model

Prime Boost

Live BCG 5 x 106 CFU
Granuloma+++ (24–72 h ) 

Liquefaction and ulcer+++, 10–13 days later
Ulcer++++, 3–7 days later; 

Liquefaction++++

Live BCG 5 x 104 CFU Granuloma+ Granuloma+

Live BCG 5 x 102 CFU ± ±

Heat-killed BCG 5 x 106 CFU + +

Live H37Ra 5 x 106 CFU
Granuloma++ (24–72 h) 

Liquefaction and ulcer ±, 10–13 days later
Ulcer++, 5–7 days later; 

Liquefaction++

Live H37Ra 5 x 104 CFU ± ±

Live H37Ra 5 x 102 CFU - -

Heat-killed H37Ra 5 x 106 CFU + +

Live M. smegmatis 5 x 106 CFU
Granuloma+ (24–72 h) 

Liquefaction and ulcer ±, 10–13 days later
Ulcer+, 7–9 days later; 

Liquefaction++

Live M. smegmatis 5 x 104 CFU ± ±

Live M. smegmatis 5 x 102 CFU - -

Heat-killed M. smegmatis 5 x 106 CFU ± ±

Symbols: -, no granuloma, liquefaction and ulcer; ±, no obvious granuloma, liquefaction and ulcer; +~++++, the number of plus represents the degree 
of pathologic changes.

Figure 1. Liquefaction and ulcer lesions in rabbit skin induced by live BCG, M. smeg-
matis, and H37Ra. The rabbits were injected intradermally with 5 x 106 CFU of BCG, M. 
smegmatis, and H37Ra, respectively. About 42 days later, they were boosted with the 
same dose of same bacteria. The lesion liquefied or ulcerated at about 3–7 days after 
boosting. (A) M. smegmatis induced abscess; (B) H37Ra induced abscess; (C) BCG induced 
abscess; (D) Ulcerated and scabbed abscess caused by BCG.
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followed by BCG prime and H37Ra boost, while BCG-prime 
followed by M. smegmatis boosting induced the least reaction.

Detection of mycobacteria in the lesions. To confirm if the 
liquefaction was induced by live BCG, H37Ra, M. smegmatis but 

gradually but the granuloma induced by live bacteria 
liquefied. The liquefaction induced by BCG became 
obvious at about 10–11 days, followed by live H37Ra 
at about 12 days and live M. smegmatis at about 13 
days. The size of lesions induced by viable BCG was 
significantly larger than that induced by viable H37Ra 
or viable M. smegmatis. The liquefied and necrotic 
material of these lesions discharged its contents by 
rupturing through the epidermis. All the heat-killed 
BCG, H37Ra and M. smegmatis produced smaller skin 
granuloma with no obvious liquefaction compared with 
live bacteria, and the heat-killed BCG could induce 
more obvious granuloma than heat-killed H37Ra and  
M. smegmatis. After 35 days, all the lesions slowly 
regressed and healed. Six weeks later, these rabbits were 
reinjected with the same bacteria close to the prime 
injection site. The time to form granuloma induced by 
all live and heat-killed bacteria was shortened by 1–2 
days at this time compared with prime injection. The 
granuloma induced by live BCG and live H37Ra devel-
oped into obvious liquefaction at about 3–4 days after 
last injection, and M. smegmatis at about 6–7 days, and 
then all followed by ulceration. Compared with prime 
lesions, the size of corresponding boosting lesions was 
larger and the induced liquefaction was also more severe. 
Likewise, the size of lesions induced by viable BCG was 
significantly larger than that induced by viable H37Ra 
or viable M. smegmatis (Figs. 1 and 2). The heat-killed 
BCG also produced more obvious granuloma (without 
liquefaction) than the other two heat-killed mycobac-
teria (Fig. 2). Beside the lesion size, we also observed 
that viable BCG induced stronger swelling than via-
ble H37Ra and viable M. smegmatis, with the swell-
ing induced by M. smegmatis being the least obvious. 
Interestingly, with both priming and boosting, none of 
the heat-killed mycobacteria induced any obvious lique-
faction (Table 1).

We analyzed the characteristic lesions induced by via-
ble mycobacteria (BCG, H37Ra and M. smegmatis) by 
histopathology. The results showed that all three viable 
bacteria induced similar pathologic changes, with lique-
faction in the center and accumulation of lymphocytes, 
fibroblasts and macrophages surrounding the center.

Effect of live BCG, H37Ra and M. smegmatis 
boosting on the lesions primed by live BCG. To inves-
tigate if BCG, H37Ra, and M. smegmatis have common 
components which contribute to the liquefaction and 
ulceration, rabbit skin was first injected intradermally 
with live BCG (5 x 106), followed by boosting with live 
BCG, H37Ra, M. smegmatis (5 x 106), respectively, by 
injection intradermally close to the site of BCG-primary 
injection 4 weeks later. Following prior BCG sensitiza-
tion, boosting with BCG, H37Ra or M. smegmatis all 
induced liquefaction and ulcer. However, the inflammation reac-
tion and the size of lesions induced by BCG sensitization fol-
lowed by BCG boost were the strongest and biggest among them, 

Figure 2. Difference in pathologic changes of skin lesions in rabbits injected with 
different live and heat-killed mycobacteria by prime-boost strategy. (A) Pathologic 
changes of the primary skin lesions. The rabbit was injected intradermally with 
about 5 x 106 CFU of live or heat-killed mycobacteria in 100 µl respectively on both 
flank. (B) Pathologic changes of the skin lesions induced by boosting with homo-
geneous mycobacteria. Six weeks after the first injection, the rabbits were boost-
ed with the same bacteria at the same dose close to the first injection site. On both 
the prime and boosting injection, live BCG induced the most severe inflammation 
reaction, granuloma, liquefaction and ulceration followed by live H37Ra with M. 
smegmatis being the least pathogenic. All the heat-killed bacteria induced smaller 
granuloma without liquefaction than the live bacteria. Each point represents the 
mean of the lesions from both flanks of three rabbits and its standard error, along 
with the statistical significance: n = 6, **p < 0.05 BCG vs. H37Ra and M. smegmatis, 
and ***p < 0.05 BCG vs. H37Ra vs. M. smegmatis.
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Along with edema decreasing, inflammation peaked about 5–7 
days for the high dose and 10–13 days for intermediate dose, and 
then liquefied. At 35 days, the lesions epithelialized and healed. 
For the boosting, the inflammation of the high dose peaked 
about 2–3 days and the intermediate dose need 3–7 days after 
last reinjection, and these lesions were more severe than primary 
ones. Shortly after this, the lesions liquefied and discharged its 
contents, and then slowly regressed. In general, almost all lesions 
healed at about 35 days (Fig. 3). Irrespective of the particular 
genes used for complementation, all H37Ra complemented 
strains and the H37Ra vector control and H37Ra had the same 
dose lesion relationship and the boosting effect.

However, the lesions induced by different H37Ra comple-
mented strains differed in size and severity or degree of lique-
faction (Fig. 3 and Table 3). H37Ra produced the least lesions, 
whereas P10, which is H37Ra complemented with pstA1 from 
H37Rv, caused the largest tubercles, followed by P19 (lpdA), 
P17 (pabA) and P15 (mazG), P18 (nrdH), P14 (pknH), which 
all induced obvious bigger tubercle than H37Ra did (*p ≤ 0.05). 
However, P11 (phoP), P12 (marR family), P13 (luxR/uhpA fam-
ily), P16 (nadD) and P20 (ilvD) produced similar lesions as the 
H37Ra transformed with vector pOLYG control and H37Ra. 
Interestingly, P14 (pknH) and P18 (nrdH) induced the most 

not by contaminating bacteria, the liquefaction material of rep-
resentative groups were subjected to acid-fast staining and Gram 
staining. In all lesions, acid-fast mycobacteria were detected, and 
no other bacteria were found.

Evaluation of virulence of H37Ra complemented strains 
in the rabbit skin model. Since the above findings suggest that 
the rabbit skin model is useful to distinguish the virulence of 
BCG, H37Ra and M. smegmatis, we decided to use the rabbit 
skin model to rapidly evaluate virulence of H37Ra comple-
mented strains based on the mutations found in H37Ra.9 The 
rabbits were injected by the intradermal route with high (5 x 107 
CFU), intermediate (5 x 106 CFU), and low (5 x 105 CFU) doses 
of H37Ra complemented strains (Table 2) and also the H37Ra 
strain transformed with the vector pOLYG control,10 and also 
H37Ra alone as control on both the right and left flanks of rab-
bits, respectively. Forty-two days later, they were reinjected with 
the same bacilli at the same dose. It was found that both the 
high dose (5 x 107 CFU) and intermediate dose (5 x 106 CFU) 
produced typical tubercles and liquefied, whereas the low dose  
(5 x 105 CFU) did not cause obvious lesions in rabbit skin. For the 
primary skin lesions, high dose of all different bacteria induced 
granuloma 1–2 days after injection, while 1–5 days for intermedi-
ate dose, and the injected area formed inflammation with edema. 

Table 2. Selected genes from virulence strain M. tuberculosis H37Rv and their primers used for complementation of M. tuberculosis H37Ra

Strain Gene Primer
Variation compared with 

H37Rv
Product

P10 pstA1 Rv0930
5'-atctctagatgtttaagcagggcaacgtgtcg-3'

R305* (C914T)
Phosphate ABC transporter, 

transmembrane protein5'-tattctagagctaccgttcaccggcctcaaca-3'

P19 lpdA Rv3303c
5'-tacgtctagaatccgttgtggtgtccgaggaa-3'

promoter** Flavoprotein disulfide 
reductase5'-cgaatctagaagcgtggtcagcgacagttca-3'

P17 pabB Rv1005c
5'-tacgtctagaactggtgttggtgctggcgatag-3'

promoter (A-56T)
Aminodeoxychorismate 
synthase component I5'-cgaatctagacaggaccgcagccagccgat-3'

P15 mazG Rv1021
5'-tacgtctagaccgaagaacccaaggatgtgcg-3'

A219E (C656A)
Nucleoside triphosphate 
pyrophosphohydrolase5'-cgaatctagagacacttgggattctcgacctcg-3'

P18 nrdH Rv3053c
5'-tacgtctagaattgggtcagacgggtatgg-3' promoter Δ-194—

180GTGCCACCCCCTAG
Glutaredoxin electron 

transport protein NrdH5'-cgaatctagagcaatgacctgtttggggac-3'

P14 pknH Rv1266c
5'-cgctctagacacattcgcatctgtgaccatgaa-3'

R607Q (G1820A)
Transmembrane serine/

threonine-protein kinase H5'-tcgtctagagatgaagcccagaatcgctacgga-3'

P16 nadD Rv2421c
5'-tacgtctagaatgtgtgtgcaagcagcttcgcc-3'

promotor (A-44C) Nicotinic acid mononucleotide
5'-cgaatctagagtaacccgcctgtcgcattttct-3'

P11 phoP Rv0757 
5'-agttctagacggcatcacccaacgcttgtttg-3'

S219L (C655T)
Two component system 

response regulator5'-aattctagagctgcgaccaggcgtacccgtag-3' 

P12 marR Rv0880
5'-ctgtctagaacctcgagcagcacgggtggtag-3'

R67K (G200A, G201A)
MarR family transcription 

regulator5'-gagtctagacggccagatcatccttgagctcg-3'

P20 ilvD Rv0189c
5'-tacgtctagagcacgattacgctgcccctacc-3'

V285G (T851G) Dihydroxy-acid dehydratase
5'-cgaatctagagtggtcgcacatcatcgcaggt-3'

P13 luxR Rv0890c
5'-agttctagatacagttgcgcgacgaactctatg-3'

P866A (C2596G)
LuxR family transcription 

regulator5'-atatctagatctccgggaccactgtcatacgag-3'

PolyG
Vector 
control

Control with empty vector

**LpdA promoter GCTGCGGTGCGGGTCATCGTCAAGCTGTGCTT-154—123TGCGCGGCGTGCATCGTCGCCGAGCTGTGTTG.
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Figure 3. Pathologic changes of rabbit skin lesions produced by different H37Ra complemented strains after prime and boosting immunity. Each 
point represents the mean with its standard error from four injection sites. Pathologic changes of the primary injection with high dose (A) and inter-
mediate dose (B). High dose (5 x 107 CFU) of bacteria induced granuloma 1–2 days after injection, while 1–5 days for intermediate dose (5 x 106 CFU), 
and the injected area formed inflammation with edema. Inflammation reached peak about 5–7 days for high dose and 10–13 days for intermediate 
dose, then liquefied. At 35 days, the lesions epithelialized and healed. Pathologic changes of the boosting infection with high dose (C) and intermedi-
ate dose (D). The inflammation of high dose reached peak about 2–3 days and the intermediate dose need 3–7 days after last injection, shortly after 
this, the lesions liquefied and discharged its contents. These lesions healed at about 35 days. The tubercles caused by P10 was the largest, followed by 
P19, P17, P15, P18, P14 and others (*p < 0.05 in Table 3), while P14 and P18 induced the most severe liquefaction.

obvious liquefaction among all groups. The lesions of P10 (pstA1), 
P11 (phoP), P13 (luxR/uhpA family), P20 (ilvD), and P16 (nadD) 
were similar in liquefaction to H37Ra vector pOLYG control.

Discussion

Liquefaction is the key deteriorating process in tuberculosis and 
ultimately leads to cavitation and spread of the bacilli to new 
hosts. However, the mechanism of liquefaction is still unclear. 
Accumulating data indicated that liquefaction is related to at 
least two fundamental factors, host11 and bacteria. It is well-
known that only some tuberculosis patients developed liquefac-
tion. Patients co-infected with human immunodeficiency virus 
(HIV) are less likely to have liquefaction and cavitary disease due 

to a deficiency in CD4+ T cells, which suggests an important 
role for the CD4+ T cells in liquefaction.12 In addition, liquefac-
tion may be influenced by the expression of Th2 cytokines such 
as IL-4 and involves the action of metalloproteinase enzymes in 
solid caseous material.2,8,13

Liquefaction could be developed in animals such as monkeys 
and resistant rabbits, but not in mice, which produce strong 
cell-mediated immunity and develop granuloma lesions and 
fibrosis following M. tuberculosis infection. Guinea pigs could 
form granuloma and have caseous necrosis like humans, but 
could not always develop liquefaction and cavities.3 Converse 
et al. produced cavitary TB model in New Zealand white rab-
bits with aerosolized virulent bovine-type tubercle bacilli. Their 
study showed that pulmonary cavities developed in both low dose  
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liquefaction, mononuclear cell, degenerating epithelioid and 
multi-nucleated giant (Langhans) cells accumulated. This lesion 
(called a tubercle) could then be enveloped by fibroblasts. When 
the mycobacteria were heat-killed, they lost the ability to produce 
liquefaction lesions, indicating live mycobacteria either survive in 
the host tissues to stimulate inflammatory responses which are 
reduced or lost when bacteria are killed.

Using the validated rabbit skin model, we also evaluated the 
virulence of some H37Ra strains complemented with wild type 
genes from H37Rv, which were mutated in H37Ra and might be 
related to virulence attenuation in H37Ra. The complemented 
H37Ra strain P10, complemented with pstA1, caused most severe 
inflammatory reaction and induced the largest granuloma, fol-
lowed by P19 (lpdA), P17 (pabB), P15 (mazG), P18 (nrdH) 
and P14 (pknH) which produced the most obvious liquefaction 
among all groups compared with H37Ra. By contrast, the other 
strains such as H37Ra complemented with vector pOLYG, P11 
(phoP), P12 (marR family), P13 (luxR/uhpA family), P16 (nadD), 
P20 (ilvD) induced similar pathology reaction as H37Ra. From 
the NCBI database search and literature review, we summarized 
the function of these complemented genes in Table 2. In H37Ra, 
compared with H37Rv, the pstA1 gene has a point mutation 
of C to T change causing Arg at the 913rd nt to a stop codon.9 
Complementation of H37Ra with the pstA1 caused the biggest 
granuloma but not the most obvious liquefaction lesion. This 
suggests that the gene products involved in producing liquefac-
tion seems to be different from those that induce granuloma. It 
has been reported that pstA1 is involved in phosphate uptake.17 It 
is interesting to note that phosphate uptake has been associated 
with virulence in M. bovis.18 Thus it is quite likely that phos-
phate uptake is important for in vivo survival and may therefore 
explain why the pstA1 complemented H37Ra strain produced 
a more pronounced granuloma than the control H37Ra strain. 
The gene nrdH of P18 encodes glutaredoxin like protein, which 
is the hydrogen donor for ribonucleotide reductase. In H37Ra, 

(220 to 880 bacillary units) and high dose (3,900 to 5,800 bacil-
lary units) groups.4 Dannenberg found that pulmonary TB in rab-
bits could be an excellent model for human TB since both species 
are relatively resistant to TB and readily form liquefied caseous 
lesions and cavities.2 We initially set up tuberculosis liquefaction 
model in the rabbit skin with live BCG. We then compared the 
virulence of M. bovis attenuated strain BCG, M. tuberculosis avir-
ulent strain H37Ra, and M. smegmatis in the rabbit skin model, 
and found that all of them could induce liquefaction if the dose 
was high enough. This suggests that the components which 
could induce liquefaction in rabbit skin might be shared among 
the three mycobacteria even though their identities remain to be 
identified. However, there were clear differences in the patholo-
gies produced by these mycobacteria. The inflammation reaction 
induced by BCG was significantly stronger than that of H37Ra 
or M. smegmatis. This might be because BCG is more virulent 
than H37Ra and M. smegmatis. This finding is consistent with 
previous studies that have shown the order of virulence in other 
animal models.14,15

We observed that sufficient number of mycobacteria is 
required to induce lesions in the rabbit skin model. Low dose 
of H37Ra and M. smegmatis (5 x 102 CFU) almost induced no 
obvious lesions, and two time injection of low dose of BCG just 
induced granuloma, while the high dose of live BCG, H37Ra 
and M. smegmatis (5 x 106 CFU) could induce liquefaction or 
ulcer. When the bacteria were heat-killed, they lost the ability to 
induce liquefaction and the granulomas they induced were also 
smaller than those caused by live mycobacteria. BCG, H37Ra and  
M. smegmatis could induce nonspecific inflammatory molecules 
such as MCP-1, IL-8, etc., in 1–3 days,16 so mononuclear cells can 
be attracted and activated, and the bacteria could be destroyed if 
the bacterial number is small. The undestroyed bacteria will sur-
vive in granuloma or macrophages, and stimulate specific immu-
nity, and enough number of mycobacteria could induce caseous 
necrosis, liquefaction or ulcer. Surrounding caseous necrosis and 

Table 3. Different H37Ra complemented strains induce varying lesions and liquefaction in the rabbit skin model at different time points

Prime Boost

Volume of lesions (mm3)
Degree of liquefaction 

(5–7 days)
Volume of lesions (mm3)

Degree of liquefaction 
(2–3 days)

P10* 5 x 107 CFU 750.0 ± 34.6 ++ 1008.8 ± 123.9 ++

P19* 5 x 107 CFU 720.0 ± 48.9 ++ 970.0 ± 61.8 +++

P17* 5 x 107 CFU 680.0 ± 123.3 ++ 896.5 ± 32.5 ++

P15* 5 x 107 CFU 677.5 ± 85.0 ++ 882.7 ± 62.2 +++

P18* 5 x 107 CFU 676.5 ± 55.3 +++ 875.0 ± 132.3 ++++

P14* 5 x 107 CFU 675.0 ± 115.3 +++ 862.5 ± 91.9 ++++

PolyG 5 x 107 CFU 578.5 ± 69.1 ++ 852.5 ± 34.6 +++

P16 5 x 107 CFU 625.0 ± 146.4 ++ 845.0 ± 49.4 +++

P11 5 x 107 CFU 577.5 ± 31.8 ++ 843.8 ± 91.9 ++

P13 5 x 107 CFU 562.5 ± 25.0 + 812.5 ± 65.0 +++

P12 5 x 107 CFU 580.0 ± 77.8 ++ 827.5 ± 61.8 ++

P20 5 x 107 CFU 575.0 ± 28.9 + 791.3 ± 52.6 ++

H37Ra 5 x 107 CFU 566.3 ± 79.7 + 785.5 ± 90.0 ++
*p < 0.05 P10, P14, P15, P17, P18, P19 vs. H37Ra control.
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we could first immunize the rabbit intradermally with BCG and 
other candidate vaccines, then assess the protective effect against 
M. tuberculosis infection in terms of changes in pathology and 
bacterial load. Once the relation between pathology changes and 
protection is established, evaluating the vaccine by the rabbit skin 
model rapidly might become feasible. Recently, Tsenova used a 
more tedious model of rabbit meningitis to detect the protec-
tion of tuberculosis subunit vaccine Mtb72F against H37Rv 
CNS infection.27 Further studies are needed to compare the rab-
bit meningitis model and the rabbit skin model and also other 
animal models in TB vaccine evaluation. In addition, the rabbit 
skin model could be useful for evaluating compounds that block 
lipases and proteases involved in the liquefaction process as possi-
ble pathology modifying agents for improved treatment of TB.8

In summary, high dose (5 x 106) of live BCG, H37Ra and 
M. smegmatis could induce liquefaction in rabbit skin, and the 
inflammation reaction induced by BCG was stronger than that 
caused by H37Ra and M. smegmatis. When the bacteria were 
heat-killed, they lost the ability to induce liquefaction. It was 
demonstrated that the rabbit skin model could tell differences 
in pathology of complemented H37Ra strains. The rabbit skin 
model may be a useful model for studying the mechanism of 
tuberculosis liquefaction, rapidly assessing mycobacterial viru-
lence, and testing new vaccines and inhibitors.

Materials and Methods

Mycobacterial strains. BCG vaccine Shanghai strain (D2-PB302, 
a derivative of Copenhagen strain) was obtained from Lanzhou 
Institute of Biological Products. M. tuberculosis avirulent H37Ra 
strain was obtained from American Type Culture Collection 
(ATCC25177), and the fast growing M. smegmatis strain was 
provided by Dr. Honghai Wang from Fudan University. BCG, 
H37Ra, H37Ra complemented strains (details of these strains are 
shown in Table 1) and M. smegmatis were grown in Middlebrook 
7H9 liquid medium with ADC (albumin-dextrose-catalase) 
supplement to log phase. Then the bacteria were harvested and 
washed by the centrifugal washing method, and at last suspended 
with 10% glycerol for later use. The colony forming units (CFU) 
were quantitated on 7H11 agar plates supplemented with ADC 
and antibiotics, then adjusted to desired concentration for immu-
nization before use. To compare the different pathogenesis of live 
and killed bacteria, the bacteria were inactivated by heating at 
100°C for 10 min to prepare heat-killed mycobacteria.

Complementation of H37Ra. M. tuberculosis H37Ra and 
H37Rv were grown in Middlebrook 7H9 broth enriched with 
albumin-Dextrose-catalase complex and 0.05% Tween 80 at 
37°C. The genes for complementation were amplified by PCR 
from M. tuberculosis H37Rv genomic DNA using the primer 
pairs as described in Table 1 and cloned into the XbaI site of the 
hygromycin mycobacteria-E. coli shuttle replicative plasmid vec-
tor pOLYG.10 Electrocompetent M. tuberculosis H37Ra cells were 
prepared from 400 ml of a 10-day-old Middlebrook 7H9 culture. 
M. tuberculosis H37Ra were harvested by centrifugation at 3,000 
g for 20 min at room temperature, washed with sterile distilled 
H

2
O at room temperature and resuspended in 1–2 ml of 10% 

the nrdH gene has a 14 bp deletion in its putative promoter 
region compared to that of Rv3053c in H37Rv.9 Since ribonu-
cleotide reductase is essential for DNA biosynthesis and DNA 
repair which are affected in the presence or absence of oxygen,19 
it is likely that defect in nrdH expression in H37Ra due to the 
promoter region deletion may affect the survival of the bacilli in 
vivo under low oxygen conditions and thus may be involved in 
attenuation of virulence in H37Ra. It is interesting to note that 
when H37Ra is complemented with wild type nrdH containing 
its own promoter region from H37Rv, the complemented strain 
caused more severe lesions and more pronounced liquefaction 
(Table 3). H37Ra has a point mutation of C to T change at the 
62nd nt causing amino acid substitution of Arg to Gln at the 21st 
amino acid of the pknH gene. pknH gene encodes Ser/Thr pro-
tein kinase in M. tuberculosis, which controls the expression of a 
variety of cell wall related enzymes and plays a role in M. tubercu-
losis virulence.20 Complementation of H37Ra with the wild type 
pknH gene (P14) led to more pronounced liquefying lesions com-
pared with H37Ra control (Table 3), which is consistent with its 
involvement in virulence of M. tuberculosis.

PhoP is a well known virulence factor in M. tuberculosis.21 
H37Ra has a S219L mutation in the phoP gene,9,22,23 and the 
PhoP mutation is thought to be involved in virulence attenuation 
in H37Ra.22-24 However, it is surprising that phoP complemented 
H37Ra did not seem to be involved in virulence in the rabbit 
skin model, as it did not show more severe skin lesions than the 
H37Ra control (Table 3). This is in contrast to nrdH and pknH 
complemented strains that produced more severe skin lesions 
(Table 3). It is possible that the same strains can behave differ-
ently in terms of virulence in different animal models (i.e., rabbit 
versus mice or guinea pigs). The rabbit skin model which tests 
mainly gross lesions differs from virulence testing method based 
on survival of the bacilli in infected organs and could explain 
why obvious virulence factors such as phoP in other animal mod-
els was not identified as being involved in virulence in the rabbit 
skin lesion model in the current study.

It is of interest to note that the genes involved in lesion size 
or inflammation are not necessarily the same as those involved 
in liquefaction. For example, P10, H37Ra complemented with 
pstA1 produced the largest lesion size among the different com-
plemented H37Ra strains but did not have stronger ability to 
produce liquefaction. In contrast, P14 (pknH) and P18 (nrdH) 
produced both larger lesion size as well as inducing the most 
severe liquefaction among different H37Ra complemented 
strains. Further studies are needed to evaluate the virulence of 
H37Ra complemented strains in other animal models such as 
mice and guinea pigs and to compare and contrast the findings 
among these models.

Rabbit skin model of tuberculosis may be a useful model to 
rapidly assess the virulence of mycobacteria. This conclusion is 
supported by the clear differences among the pathologies caused 
by BCG, H37Ra, M. smegmatis, and by the H37Ra comple-
mented strains in this model. Due to the remarkable similarity 
in pathology between spectrum of rabbit and humans tubercu-
losis,25 the rabbit model could serve as a more relevant model 
for vaccine or drug testing.26 As for vaccine efficacy evaluation, 
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each rabbit was injected intradermally with 5 x 107 CFU, 5 x 
106 CFU and 5 x 105 CFU in multiple sites respectively on both 
flanks with three centimeters interval between each sites. Six 
weeks later, two centimeters close to the primary injecting site, 
a second same dose of same bacteria was injected intradermally. 
The animals were observed, and the resulting lesions including 
the width and length and thickness were measured (in cubic 
millimeters) by calipers daily, which provided the volume of the 
products in mm3.

Removal of skin lesions and acid-fast stain for mycobacteria. 
The representative rabbit skin lesions inoculated with each of the 
three viable bacteria (BCG, H37Ra, M. smegmatis) group were 
surgically removed for further histological analysis. The liquefied 
material was subjected to acid fast staining by the Ziehl-Neelsen 
method to confirm the presence of mycobacteria.

Statistical analysis. All values are expressed as mean ± SD. 
SPSS16.0 software was used for statistical analyses. Data in 
Figure 2 were compared using analysis of variance (ANOVA) 
and the independent samples t test was used in Table 3. When 
the values indicated the presence of a significant difference, 
the LSD test was used. Values of p < 0.05 were considered 
significant.
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glycerol at room temperature. Mycobacteria (400 µl) were mixed 
with the respective recombinant plasmids and electroporated 
using a Bio-Rad gene pulser. After electroporation, M. tubercu-
losis H37Ra were resuspended in 7H9 medium and incubated 
overnight at 37°C without shaking. Transformants were selected 
on Middlebrook 7H11 medium (Difco) supplemented with 
albumin-dextrose-catalase (Difco) and 50 µg/ml hygromycin. 
Hygromycin-resistant colonies appearing after 4 weeks were ana-
lyzed for the presence of the vector DNA by PCR. Recombinant 
H37Ra strains were then used for evaluation of changes in viru-
lence in the rabbit skin model as described below.

Animals. Specific pathogen-free New Zealand White rabbits 
(female; 2.0–3.0 kg) were purchased from Lanzhou Veterinary 
Research Institute, Chinese Academy of Agricultural Sciences. 
All animals were housed in standard cage in Animal Center of 
Lanzhou University, fed commercial rabbit chow and water ad 
libitum, and then inoculated with live or heat-killed mycobac-
teria by intradermal route followed by evaluation of skin lesions. 
Our animal experiments got the approval of Lanzhou University 
Animal Care and Use Committee.

Infection and observation of rabbits. Three rabbits were used 
in each group and each rabbit was injected on both flanks in the 
experiment of live and heat-killed BCG, H37Ra, and M. smeg-
matis. Each site was injected intradermally with about 5 x 106 
CFU of both live and heat-killed mycobacteria (BCG, H37Ra, 
M. smegmatis) in 100 µl respectively (previous experiments were 
done to find this optimum dose). In the experiment of the H37Ra 
complemented strains, two rabbits were used in each group, and 
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