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Sixteen strains of cultivable mycobacteria were grown in Sauton’s medium, and Mycobacterium leprae was
purified from armadillo liver. Cell extracts were prepared from log-phase growths of each of the cultivable
mycobacterial strains. Superoxide dismutase (SOD) enzyme was purified from all cultivable mycobacterial
strains included in the study, and antibodies against purified SOD enzyme were raised in rabbits. Immuno-
logical distances (ImDs) between these anti-SOD antibodies and SOD antigens were determined by a previ-
ously described immunoprecipitation method and by a recently developed enzyme-linked immunosorbent assay
(ELISA) technique. The reciprocal ImDs among mycobacterial strains were constant, reproducible and con-
sistent by these two methods. An evolutionary tree was constructed on the basis of estimated ImDs. Except for
M. duvalii and M. terrae, slowly and rapidly growing mycobacterial species appeared to be separately grouped
by this analysis. Rapid growers clustered into a group which is near that of some slow-growing mycobacteria.
M. avium falls almost in the middle of the evolutionary tree and the position of M. leprae was found to be
between those of M. avium and M. bovis BCG. Measurement of immunological relatedness of SODs provides
an alternative system with which to study the taxonomical relatedness among mycobacteria.

Among the bacteria pathogenic to humans, the genus Myco-
bacterium stands out prominently. Apart from those mycobac-
teria causing tuberculosis, the nontuberculous mycobacteria
have recently attracted attention. First, wherever tuberculosis
has declined, they now account for a greater proportion of
cases of mycobacterial diseases. Second, like tuberculosis they
have emerged as common secondary pathogens among AIDS
patients. In addition to being pathogenic in humans, several
mycobacterial species have been established as pathogens in
animals. Besides the cultivable pathogenic mycobacterial spe-
cies, noncultivable species like M. leprae and others (7) pose
special identification problems. Specific identification of any
newly isolated mycobacterium would thus be of great interest
to clinicians, epidemiologists, microbiologists, and taxonomists.

The identification and classification of mycobacteria has
been done by conventional, time-consuming biochemical tests
(43-45) followed by serotyping (32), lipid analysis (24), bacte-
riophage typing (29), and bacteriocin typing (41). Besides the
recently described molecular biological techniques such as re-
striction fragment length polymorphism analysis using ribo-
somal and nonribosomal RNA and/or DNA probes and hy-
bridization with specific probes (12, 23), another approach is
antigenic analysis, which may involve studies of either overall
resemblances and/or diversity of antigenic profiles (37) or re-
lationships of any single enzyme or protein (3). In earlier
studies on mycobacteria, catalase was chosen as a target mol-
ecule for the measurement of immunological relatedness
and/or divergences (46, 47), and the system generated was
found to be applicable to diverse mycobacteria, including host-
grown mycobacterial species such as M. lepraemurium (14). As
M. leprae was found to possess very low specific catalase activ-
ity, there was a need to select an alternate target molecule(s)
(15). In the present study, superoxide dismutase (SOD) was
chosen as an antigenic marker because SOD is universally
present in sufficient quantities in all mycobacteria investigated
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so far, including M. leprae (2, 10, 13, 18, 19, 22, 48). Further
preliminary studies indicated the potential of this approach
(13). This communication describes an approach based on the
immunological distances (ImDs) of SOD molecules.

MATERIALS AND METHODS

Bacterial strains. Seventeen mycobacterial strains included in this study are
listed in Table 1. All cultivable type strains obtained were originally obtained
from J. Stanford (London, United Kingdom), the National Institutes of Health
(Bethesda, Md.), and Central Drug Research Institute (Lucknow, India) and
have been maintained in our laboratory. M. leprae was purified from infected
armadillo liver and spleen.

All cultivable mycobacterial strains were first grown in Loewenstein Jensen
medium (20). The primary cultures on Loewenstein Jensen medium were sub-
sequently subcultured in liquid Sauton’s medium (31) to obtain sufficient growth.
The log-phase cultures of slowly and rapidly growing mycobacteria were col-
lected after 20 days (static growth) plus 10 days (shaken growth) and after 7 days
(static growth) and 4 days (shaken growth), respectively. Cells were centrifuged
at 8,000 X g, washed with phosphate buffer (0.01 M, pH 7.2), and stored at
—20°C until used. M. leprae bacilli were purified from infected armadillo liver
and spleen by the protocol of Draper (6).

Detailed protocols for preparation of cell extracts (CEs), purification of SODs,
measurement of SOD activity, raising of antibodies, measurement of immuno-
logical relatedness by immunoprecipitation (13), and development of enzyme-
linked immunosorbent assay (ELISA) are being published elsewhere (34).

Preparation of CEs. The log-phase cells of each mycobacterial strain were
suspended in 0.01 M phosphate buffer (pH 7.8) at the ratio of 1:10 (wt/vol). The
suspensions were prechilled and lysed by passage through a French pressure cell
press (SLM Instruments, Inc., Urbana, I11.) at a pressure of 28,000 Ib/in®. The
lysates were centrifuged at 12,000 X g for 45 min at 4°C to obtain clear CE, and
aliquots were stored at —70°C. Major parts of CEs were used for the purification
of SOD enzyme. To obtain CE of M. leprae, 4 ml of the cell suspension was
passed through a mini French pressure cell press and the CE was directly used
for immunoassays.

Purification of SOD enzymes from CEs. SODs from CEs from various culti-
vable mycobacteria were purified by a slight modification of previously described
techniques (16, 18). The fraction containing SOD was precipitated by sequential
treatment of CEs with KCI, streptomycin sulfate, and ammonium sulfate. The
precipitate was separated by centrifugation and dissolved in a minimum volume
of 0.01 M phosphate buffer (pH 7.2). The suspension was dialyzed against 2 liters
of 0.1 M phosphate buffer (pH 7.2) overnight with two changes of buffer and
finally with 0.01 M phosphate buffer (pH 7.2) at 4°C. Finally, the SOD was
purified by polyacrylamide gel electrophoresis (PAGE) (by both diffusion and
electroelution of SOD bands from the gels) until a single protein band on a 10%
PAGE gel corresponding to a single achromatic SOD band on the gel was
obtained. The eluted enzyme was concentrated by 50% polyethylene glycol
(PEG) 6000, thus ensuring minimum exposure of the enzyme to room temper-
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TABLE 1. List of mycobacterial strains included in this study

Species Source/type reference
M. asiaticum™ .. TMC-803
M. avium™ ..TMC-706
M. bovis BCG ...Glaxo
M. chelonei™ ... TMC-1544

<. NCTC-358
...TMC-1456
...Stanford strain 8
NCTC-8156
TMC-1302
..TMC-1546
TMC-1328
.. TMC-1450
..NCTC-str. 16
... TMC-102
......Stanford strain 877 R
....Stanford strain 10
Armadillo derived

M. tuberculosis H37 RaT
M. tuberculosis H37 RvT
M. vaccae...........ccvceccorerirncnna.
M. xenopi.......
M. leprae

ature and avoiding repeated freezing and thawing. A similar strategy was used to
prepare SOD from armadillo liver and spleen and from Escherichia coli.

Measurement of protein concentrations and SOD activity. The protein con-
centrations in the CEs and the purified SOD enzyme were measured by the
method of Lowry et al. (21) and ultraviolet absorption at 280 nm (17), respec-
tively.

The SOD activity was measured by a spectrophotometric method which is a
modification of previously described methods (11, 26). In the modified tech-
nique, the developed chromogen was not extracted in butanol but was directly
assayed at 560 nm in a UV-visible light spectrophotometer (Shimadzu UV-240)
within 2 h. One unit of SOD is defined as the quantity of SOD enzyme required
to produce 50% inhibition of the reduction of Nitro Blue Tetrazolium under
specific conditions (8).

PAGE. PAGE was performed as described by Davis (5) and Studier (39). The
gels were stained for SOD activity by the method of Beauchamp and Fridovich
(1), and for the proteins the staining method of Holbrook and Leaver (9) was
used.

Ouchterlony’s double diffusion gel technique (27) was used to check the
reactivity of the antibodies against purified SOD and to check the cross-reactivity
with other bacterial SODs and armadillo SOD from uninfected armadillo liver
and spleen.

Raising of antisera. The antisera against different mycobacterial SODs were
raised in rabbits by following the strategy of Wayne and Diaz (46). Briefly, a 1-ml
mixture consisting of purified SOD (100 pg) and immunopeptide adjuvant (N-
acetyl-muramyl-L-alanyl-p-isoglutamine-muramyl dipeptidase; Sigma) (1 pg in
0.5 ml of 0.01 M phosphate buffer [pH 7.4]) emulsified with an equal volume of
incomplete Freund’s adjuvant (IFCO/Sigma) was injected intradermally into
rabbits. This injection was repeated on the 21st and 40th days, and the booster
was given intravenously without incomplete Freund’s adjuvant and immunoad-
juvant peptide on the 54th day. The rabbits were bled after 1 week, and the serum
was separated and stored in aliquots at —20°C. For controls, each rabbit was bled
(10 ml) before the injection. Immunoglobulins from each rabbit serum were
precipitated by ammonium suifate and were dissolved in distilled water.

Immunoprecipitation. Immunoprecipitation of SOD with homologous and
heterologous antibodies was carried out by a technique standardized previously
(13) that was based on the principle of techniques described for catalase (46). In
brief, 100 pl of each serially diluted homologous and heterologous hyperimmune
anti-SOD serum was mixed with homologous and heterologous SOD (1 U) and
incubated at 37°C for 1 h and then at 4°C overnight. The tubes were centrifuged
at 8,000 X g for 30 min, and the supernatant was removed without disturbing the
sediment. The unbound SODs in the supernatants were estimated, and 50%
endpoints of each titration were then calculated. The rabbit sera collected before
immunization were used as controls.

ELISA. Based on the analogous principles of previously described methods
(25), the following ELISA procedure was developed for measurement of ImDs
of SOD (33, 34). A known quantity of antigen (25 wg/ml) was coated on the
surface of the microplate wells (Cooke Microtitre) by incubating the plates at 4°C
overnight after adding 100 pl (2.5 ng) of purified mycobacterial SOD. The wall
surfaces of the wells of the microtiter plates were blocked with 2% bovine serum
albumin fraction V in phosphate-buffered saline-Tween 20 (PBST). The plates
were washed three times for 3 min each with PBST. The wells then received 100
wl of serially diluted test rabbit sera (anti-SOD antibodies derived from homol-
ogous and heterologous mycobacteria and control rabbit sera) followed by in-
cubation at 37°C for 3 h in a humid chamber. After the plates were washed, 100
wl of diluted (1:5,000) anti-rabbit immunoglobulins conjugated with horseradish
peroxidase in PBST (Dakopatts AB, Alvsjo, Sweden) was added to each well and
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incubated at 37°C for 3 h or overnight at 4°C in an airtight humid chamber. The
plates were washed with PBST, 100 pl of o-phenylene diamine in citric acetate
buffer (pH 5.0) with 0.03% H,0, (prepared just before use) was added to each
well, and the plates were incubated at room temperature in the dark. The
reaction was stopped by adding 25 pl of 8 N H,SO,, and the color was read at
490 nm in an ELISA Microtitre Reader (model 700, Dynatech Laboratories).

SOD from armadillo liver, spleen, and Escherichia coli were used as controls
for the immunodiffusion and other titration studies.

Calculation of ImDs and construction of an evolutionary tree. The proportion
of decrease in SOD in the supernatant after precipitation with anti-SOD anti-
bodies (i.e., titers in optical density were plotted on probability graph paper
against the log dilution of serum. The binding capacity of serum to a given SOD
preparation was the reciprocal of that dilution of serum that will precipitate or
bind 1 unit or defined amount of SOD. These were calculated from the points in
the titration curve close to the 50% endpoint on the probabitity graph (46, 47).

ImDs between any two mycobacterial SODs were calculated as follows. The
ImD between two heterologous mycobacterial SODs was equal to 100(logBh—
logBt), where Bh is the binding capacity of homologous SOD antigen and anti-
body and Bt is the binding capacity of heterologous SOD antigen and antibody.

The ImDs were then used to construct a tree of evolutionary relatedness by
taking into consideration the reciprocal distances between the enzyme-antibody
of a particular species and heterologous SOD enzyme-antibody. The basic prin-
ciple of the technique of Wayne and Diaz (46, 47) for construction of an
evolutionary tree-based catalase was used for this purpose.

Statistical methods. Correlation of product covariance between ImDs of SOD
and published divergences in rRNA as well as dnaJ gene sequences was esti-
mated by using BMDP software (BMDP, Statistical Software Inc., University of
California).

RESULTS

SOD enzyme activity. When the total SOD concentration in
the CE was taken as 100%, the yield at the end of purification
was found to be approximately 30%. All mycobacterial SODs
exhibited single achromatic bands upon PAGE, except for in
M. chelonei and M. phlei SODs, which exhibited two bands.
Significant differences in the electrophoretic (eF) values of
SOD bands were also found. Overall, rapidly growing myco-
bacterial SODs exhibited slightly higher eF values than those
of slowly growing mycobacteria.

The hyperimmune rabbit sera raised against purified SOD
enzymes of different cultivable mycobacterial species were test-
ed against homologous and heterologous SODs and showed
precipitate lines by the Ouchterlony double diffusion method.
SOD from armadillo liver or spleen and SOD from E. coli did
not show cross-reactions either with normal rabbit sera or with
hyperimmune sera raised against mycobacterial SOD (Fig. 1).
The estimated ImDs of all mycobacterial SODs against homol-
ogous or heterologous antibodies or vice versa by the immu-
noprecipitation technique are detailed in Table 2. Similarly,
the ImDs between different mycobacterial SODs by the ELISA
technique are detailed in the Table 3. It will be seen that these
values were in the same range when determined by either of
the techniques. Similar trends were also observed for SOD
from M. leprae (Table 4).

An evolutionary tree was constructed on the basis of the
ImDs between different mycobacterial species used in the
study (Fig. 2).

Slowly growing mycobacteria. As estimated by immunopre-
cipitation (Table 2), the reciprocals of the ImDs between the
two strains M. tuberculosis H37 Ra and H37 Rv were 4 and 5
ImD units, respectively. The ImDs of M. bovis BCG from
M. tuberculosis H37 Ra and H37 Rv were slightly greater, i.e.,
11 and 15 ImD units, respectively. There were 50 ImD units
between the M. tuberculosis H37 Ra and M. avium, whereas
there were 40 ImD units between M. avium and M. bovis BCG.
The ImDs between M. tuberculosis H37 Ra and M. terrae and
M. duvalii (86 and 84 ImD units, respectively) were almost
equal. The ImD between M. terrae and M. duvalii was 13 units;
thus, these species were distinct from each other. A perusal of
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FIG. 1. Ouchterlony double diffusion test showing the cross-reaction among
the mycobacterial SOD antigens and antibodies. Ag, SOD antigen from M. ru-
berculosis H37 Ra. Other wells contain antibodics to SODs from M. tuberculosis
H37 Ra (well 1), M. xenopi (well 2), M. bovis BCG (well 3), M. vaccae (well 4),
and M. smegmatis (well 5) and normal rabbit serum (well 6).

Table 3 shows that trends were similar with the ELISA
method.

ImDs of rapidly growing mycobacterial SODs. The distances
between rapidly growing mycobacterial SODs were more than
85 ImD units and less than 95 ImD units from M. tuberculosis
H37 Ra and Rv and appeared to form a single big cluster. This
cluster was, however, nearer to some slowly growing mycobac-
teria such as M. asiaticum and M. xenopi, being around 25 ImD
units from them. Between M. smegmatis and M. phlei, the
reciprocal ImD was 21 ImD units, whereas between M. vaccae
and M. phlei it was estimated to be 54 ImD units. M. chelonei
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was between M. smegmatis and M. vaccae. However, M. duvalii
was found to be closer to M. terrae (a slow grower) on this
scale.

ImDs of SOD of M. leprae. The ImDs between M. leprae and
M. tuberculosis, M. bovis BCG, M. avium, M. kansasii, and M.
vaccae were observed to be 30, 23, 20, 39, and 74 ImD units,
respectively, by immunoprecipitation. Similar values (31, 25,
22, 35, and 75 ImD units) were obtained by the ELISA meth-
od. For other mycobacterial species, the distances by immuno-
precipitation and ELISA were also in the same range (Table
4).

DISCUSSION

Cultivable mycobacterial strains grown as either static or
shaken cultures yielded sufficient quantities of SODs for their
characterization. The purification procedure for SOD was
modified from the techniques used earlier (10, 16, 18). This
technique helped in avoiding the lengthy and costly techniques,
such as DEAE-cellulose chromatography and Sephadex chro-
matography, that were used in earlier methods (10, 16, 18).
The presence of SOD in various mycobacteria has been re-
ported by others (10, 18, 19, 22, 48). In our study, all myco-
bacteria showed a single achromatic SOD enzyme band, except
for M. chelonei and M. phlei, which exhibited two clear bands of
different mobilities. These differences in electrophoretic mo-
bility were not observed to be taxonomically significant. The
procedure of mixing immunoadjuvant peptide with purified
SOD plus incomplete Freund’s adjuvant, which was described
earlier for catalase (46), was also found to be efficient for
raising antibodies against mycobacterial SODs.

Serological titrations. ImDs calculated between any two my-
cobacterial species were found to be reproducible and showed
almost similar reciprocal values within a narrow range. While
the detection limits were low for ELISA, the ImDs calculated
by either of the methods were similar. ELISA, however, would
be preferred because of its inherent advantages. Though indi-

TABLE 2. Reciprocal ImDs between different mycobacterial SODs in cultivable mycobacteria as determined by the
immunoprecipitation technique

ImD of SOD from the following species as determined by immunoprecipitation:

g &
= 5
Mycobacterial ﬁ i g

species - -§ 3 3 8 § . E
© ] = 3 3 A . S ~ 3 3
RN - R - T T
- ST A T E T T N S N - B S
= = = 3 = = = = b = = N N = N S
M. phlei 0 54 31 20 58 58 91 92 78 47 34 33 29 45 42 15
M. vaccae 55 0 22 45 63 65 94 96 83 51 40 40 34 53 51 25
M. chelonei 23 0 38 59 62 93 95 76 44 38 35 32 47 49 19
M. smegmatis 44 39 0 53 53 89 88 70 44 34 31 25 41 46 12
M. terrae 63 60 54 0 14 86 83 60 31 23 21 28 33 38 21

M. tuberculosis H37 Ra

30
21
59

M. duvalii 57 65 61 53 13 0
90
M. tuberculosis H37 Rv 92
77

M. bovis BCG 82 75 71 58 65
M. avium 47 50 45 43 32 35
M. szulgai 35 42 37 33 23 39
M. scrofulaceum 33 40 35 31 26 23
M. xenopi 29 34 32 25 28 25
M. kansasii 45 53 47 41 53 37
M. gastri 42 51 49 46 38 39

M. asiaticum 15 25 19 12 21 23
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TABLE 3. Reciprocal ImDs between different mycobacterial SODs in cultivable mycobacteria as determined by the ELISA technique

ImD of SOD from the following species as determined by ELISA:

Mycobacterial

M. tuberculosis H37 Ra
M. tuberculosisH37 Rv

M. bovis BCG
M. scrofulaceum
kansasii
. gastri
M. asiaticum

species ) -8

s &3 S

- g S 3 3

= S p3 = = S

M. phiei 0 52 35 22 57 54
M. vaccae 51 0 26 44 61 66
M. chelonei 35 25 0 39 62 63
M. smegmatis 21 43 38 0 49 51
M. terrae 57 61 62 49 0 13
M. duvalii 53 65 63 50 11 0
M. tuberculosis H37 Ra 91 93 86 81 85 82
M. tuberculosis H37 Rv 91 92 89 83 81 85
M. bovis BCG 81 85 79 77 69 65
M. avium 46 53 47 41 33 31
M. szulgai 35 42 35 31 22 37
M. scrofulaceum 29 41 33 29 24 23
M. xenopi 25 35 29 22 27 23
M. kansasii 44 54 45 39 29 35
M. gastri 40 49 48 37 35 37
M. asiaticum 17 26 18 11 20 21

cations about qualitative ImDs among the SOD molecules of
some mycobacterial species (10, 18, 19) were suggested earlier
and the approach was shown to be promising (14), the present
study provides for the first time an easy and convenient
ELISA-based procedure for the quantitative measurements of
such divergences. Our results and earlier reported findings by
Wayne and Diaz (47) further strengthen the confidence in the
use of serological measurements for determining the evolu-
tionary relatedness or divergences among mycobacteria.
Construction of an evolutionary tree. On the basis of the
estimated reciprocal ImDs among different mycobacterial spe-
cies, an evolutionary tree was constructed (Fig. 2). M. tubercu-

TABLE 4. ImDs of SOD of M. leprae from cultivable mycobacteria
as determined by both the immunoprecipitation technique
and the ELISA test

ImD from SOD of M. leprae by*:

Mycobacterial
Immunoprecipitation

species ! ELISA test
technique
M. phlei 69 71
M. vaccae 74 75
M. chelonei 64 61
M. smegmatis 61 59
M. terrae 46 47
M. duvalii 56 51
M. tuberculosis H37 Ra 30 31
M. tuberculosis H37 Rv 31 29
M. bovis BCG 23 25
M. avium 20 22
M. szulgai 29 34
M. scrofulaceum 31 38
M. xenopi 34 52
M. kansasii 39 35
M. gastri 45 37
M. asiaticum 47 45

7 Decimal digits have been rounded up to the nearest whole number.

losis H37 Ra was taken as a reference point initially, and all
other mycobacteria were placed according to their ImDs from
M. tuberculosis H 37 Ra and from other mycobacterial ImDs.

Overall, the taxonomic position as shown in the evolutionary
tree confirms the validity of previous physiological groupings
of mycobacteria into slowly and rapidly growing mycobacteria.
However, M. terrae, a slowly growing mycobacterium, was

M. tuberculosis Hzp Ra

rM. tuberculosis Hyp Rv

r BCG

i

M. leprae

--4M.avium 4100

M.szulgai

§

2 {vkansasii
S IMgastri
z M.duvalii M.terrae

M.chelonei R.scrofuloceum
-

M.vaccae /] M.smegmatis

M.phlei

4200

FIG. 2. Evolutionary tree of mycobacteria constructed on the basis of ImDs
of their SODs. Percentage differences were doubled to obtain the scale at right.
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TABLE 5. Evolutionary divergencies of mycobacteria from
M. avium as determined by SOD ImD, comparative 16S
rRNA sequencing and dna/ gene sequence analysis

% Divergence from M. avium as determined by**:

Species SOD 168 rRNA 165 rRNA dnaJ gene
ImD comparison (36) comparison (30) comparison (40)
M. tuberculosis 54 ND* ND 12
M. bovis 47 1.7 20 12
M. szulgai 10 ND 15 22
M. scrofulaceum 14 ND 22 24
M. xenopi 17 ND 63 18
M. gastri 23 ND 15 25
M. asiaticum 27 1.8 ND ND
M. kansasii 19 12 15 29
M. terrae 33 3.5 48 ND
M. phlei 46 4.6 ND ND
M. chelonei 47 5.0 72 33

“ Percent divergence for the study by Stahl and Urbance (36); hamming dis-
tances for the studies of Rogall et al. (30) and Takewaki et al. (40).

b Correlation coefficient between columns 1 and 2, 0.65; between columns 1
and 3, 0.41; between columns 3 and 4, 0.24; between columns 1 and 4, —0.33; and
between columns 2 and 3, 0.99.

¢ ND, not determined.

found to be closely related to M. duvalii, a rapidly growing
mycobacterial species. The position of M. avium in this evolu-
tionary tree was almost in the middle, which is similar to the
findings of Wayne and Diaz (47) for catalase. The ImDs among
M. scrofulaceum, M. szulgai, and M. xenopi and ImDs of each
from M. tuberculosis have placed them away from M. avium
and M. kansasii. But among themselves (M. scrofulaceum,
M. szulgai, and M. xenopi), the ImDs are quite distinct. Simi-
larly, some branchings were observed, which may be due to
mutations leading to the divergences from the main stem of the
evolutionary tree. These types of branchings were observed by
Wayne and Diaz (47) and by the recent molecular genetic
studies based on sequence analysis of TRNA and rRNA genes
(4, 28, 30, 35, 36, 38, 40). Estimation of the correlation of
product variance between ImDs of SOD, rRNA, and dnaJ gene
divergencies shows interesting results. Even though the num-
ber of species is not sufficient for statistical evaluation, mod-
erate correlation between ImDs of SOD and rRNA divergen-
cies (30, 36) was observed. On the other hand, correlation was
low between SOD ImDs and drnal gene sequence analysis (40)
and between 16S rRNA (30) and draJ gene (40) sequence
analysis (Table 5). In this analysis, M. avium was taken as a
reference point. Such analysis has limited value at present, as
many of the strains selected for these investigations were also
different in these studies. Clearly, more comparative studies
are necessary to understand this aspect further, especially
when the relationships are to be quantified. Catalase and
SODs are thus additional molecules with which to study the
evolutionary divergences.

Compared to biochemical characterization and convention-
al serological, bacteriophage, and bacteriocin typing, our ap-
proach has the major advantage of applicability to tissue-de-
rived pathogens, as observed with M. lepraemurium earlier (12)
and with M. leprae in the present study. This approach could be
useful for studying other host-grown and difficult-to-grow or-
ganisms, including mycobacteria (7).

Our system also confirms the position of M. leprae in the
mycobacterial phylogenetic tree already determined by using
the rRNA genes as markers (4, 30) and may be used as a new
reference system for determining the taxonomic and/or phylo-
genetic relationships among mycobacteria. Along with the
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emerging gene probes, such techniques would provide reliable
additional techniques for this purpose. Even though the con-
cept of this approach is old, it appears to be quite relevant even
now.

Divergences of the SOD molecule of M. leprae show that the
reactivity to the specific epitopes on this molecule has the
potential for development of immunoassays for diagnostic and
prognostic purposes. Since the present seroassays have the
major disadvantages of persistence of antigens and resultant
antibodies, it could be an attractive serological approach (14).
If this strategy succeeds, such relevant epitopes can be gener-
ated by synthetic chemistry or recombinant DNA technologies,
as the SOD genes have already been cloned in M. leprae and
M. tuberculosis (42, 49).
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