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The nocardomycolic acid compositions of extractable and the cell wall-bound
lipids from five strains of Nocardia asteroides (A-23007, A-23094, B-23006, B-
23095, and IFO 3384) were compared by using gas chromatography-mass spec-
trometry. The molecular species composition of mycolic acid differed significantly
among the strains of N. asteroides. The A-23007 strain possessed the shortest
species, centering at Cyy46), and the A-23094 and IFO-3384 strains followed, each
centering at Cs,. The B-23006 and B-23095 strains possessed the longest species,
centering at Csg or Css, thus indicating that N. asteroides strains accommodate a
heterogeneous group in respect to carbon numbers of mycolic acids. The double-
bond isomers of mycolic acids from the representative strain IFO 3384 were fully
separated and analyzed by argentation thin-layer chromatography, followed by
gas chromatography-mass spectrometry. The reference strain (IFO 3384) pos-
sessed up to four double bonds on the straight chain of mycolic acids ranging from
C4 to Ceo. All of the species possessed a C,4 alkyl branch at C-2. The more highly
unsaturated subclasses consisted of the longer-chain mycolic acids. Marked
changes in mycolic acid composition were induced by altering the growth
temperature of strain IFO 3384. The cells grown at the higher temperature (50°C)
contained more saturated mycolic acids, whereas those grown at the lower
temperature (17°C) had more polyunsaturated (up to tetraenoic) mycolic acids,
although a significant difference in carbon chain length was not detected. These
changes in the degree of unsaturation of mycolic acids occurred shortly after
shifting the growth temperature from 17 to 50°C at logarithmic stages of the
bacterial growth, thus indicating that N. asteroides can adapt to changes in the
environmental temperature by altering the structure of mycolic acids of the cell

walls.

Mycolic acids (a-alkyl and B-hydroxy very
long-chain fatty acids) are the most characteris-
tic cell wall components in bacteria belonging to
the order Actinomycetales and contribute to the
physiological properties of cell walls such as
acid fastness and hydrophobicity. The structure
of mycolic acids varies by the families or spe-
cies; mycobacteria generally possess Cgo to Cgo
acids (3, 11, 15, 16, 22), whereas nocardia and
rhodococci possess shorter-chain homologs
such as C4 to Cgo acids (5, 8, 13, 17).

Recently, using gas chromatography-mass
spectrometry (GS/MS), the mycolic acid compo-
sitions of 5 Nocardia species (‘‘Nocardia sensu
stricto’’) and 11 Rhodococcus clusters were
examined in detail, and each species was shown
to have characteristic profiles of mycolic acid
composition (4, 28, 29), although the total num-
ber of carbon atoms covered a wide range from
Cy3 to Ces among the above taxa. Thus, the

structure of mycolic acid seems to be deter-
mined genetically, which is useful for chemotax-
onomy or identification of isolated strains. On
the other hand, more recently we have also
reported that the mycolic acid compositions of
nocardia and mycobacteria vary significantly
with the environmental conditions such as
growth temperature (23, 25).

In Nocardia rubra, cells grown at higher tem-
perature contain more saturated mycolic acid,
whereas cells grown at lower temperature pos-
sess more dienoic acids (23).

Nocardia asteroides strains have more highly
unsaturated mycolic acids (up to tetraenoic) (28,
29). To establish taxonomical homogeneity and
to generalize the adaptative changes in mycolic
acid composition, I compared the molecular
species of five N. asteroides strains and the
temperature-induced changes in mycolic acids.

The present paper demonstrates that strains of
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N. asteroides are considerably heterogeneous as
has been shown morphologically (9, 26). Fur-
thermore, I report that the mycolic acid compo-
sition varies with the environmental temperature
over wide ranges of unsaturation.

MATERIALS AND METHODS

The strains of N. asteroides used for analysis were
IFO 3384, 23006, 23007, 23094, and 23095. The latter
four strains were supplied by M. Tsukamura, National
Chubu Chest Hospital, Obu, Japan. Cells were grown
at various temperatures ranging from 15 to 50°C for 48
to 72 h on a rotary shaker in a medium containing 1%
glucose, 0.5% peptone, and 0.2% yeast extract, with
the final pH adjusted to 7.0. The cells were harvested
by centrifugation at the early stationary phase of
growth. The lipids were extracted three times with a
mixture of chloroform and methanol (2:1, vol/vol). The
fatty acids were obtained by hydrolysis with 10%
KOH in methanol of the extractable lipids and the
residual cell wall-bound lipids. After acidification with
6 N HCI, fatty acids were extracted with n-hexane and
transmethylated with benzene-methanol-H,SO,
(10:20:1, vol/vol) for 1.5 h under reflux. The resultant
methyl esters were extracted with n-hexane and sepa-
rated on a thin-layer plate of Silica Gel G (Merck) with
a solvent system of n-hexane-diethyl ether (4:1, vol/
vol). After the mycolic acid esters were eluted from
the thin-layer plate with chloroform, they were further
separated on 10% silver nitrate-impregnated silica gel
according to the number of double bonds. The saturat-
ed, monoenoic, dienoic, trienoic, and tetraenoic my-
colic acid esters were well separated with a solvent
system of chloroform-methanol (80:1.5, vol/vol). The
subclasses of mycolic acid esters were located by
spraying with 0.5% rhodamine 6-G in methanol and
then recovered from the gel with diethyl ether. The
resultant mycolic acid methyl esters were trimethylsi-
lylated with bis-trimethylsilyltrifluoroacetamide in
pyridine as described previously (28, 29).

The trimethylsilylated derivatives of the mycolic
acid were injected into a GC/MS apparatus (Hitachi
M-60) equipped with a glass column (0.5 m by 3 mm)
that was packed with Diasolid ZT. The columns were
maintained at 320°C, and both the separator and the
injector were kept at 350°C. The ionization energy was
20 eV, and the accelerating voltage was 3.2 kV. The
mass spectra of trimethylsilylated methyl mycolate
were recorded at the top of gas chromatographic
peaks, and the mycolic acid composition was calculat-
ed from peak area percentages. For the simple gas
chromatographic separation of mycolic acids, a Shi-
mazu GC-4BF apparatus equipped with flame ioniza-
tion detector was operated at 250 to 350°C (tempera-
ture programmed at 3°C/min). For the mass
fragmentographic analysis, a certain acceleration volt-
age was maintained precisely by a microcomputer
system, and the relative abundances of mycolic acids
were quantitated from the fragmentograms of [M-15],
which is derived from loss of a methyl group from
molecular ions. The mass fragmentographic analysis
enabled us to estimate individual molecular species
differing in double-bond numbers in a specific carbon-
numbered molecule, without argentation thin-layer
chromatography. The solvents used for the above
experiments were redistilled before use.
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RESULTS

Thin-layer and gas chromatographic separa-
tions of mycolic acids. Thin-layer chromatograms
of fatty acid methyl esters of the extractable and
cell wall-bound lipids from four strains of N.
asteroides are shown in Fig. 1. The total fatty
acid methyl esters gave two spots: the upper
spot corresponded to nonpolar fatty acid methyl
esters, and the lower spot corresponded to my-
colic acid methyl esters possessing Ry values of
0.35 to 0.45. The Ry values of mycolic acid esters
obtained from five strains differed slightly from
each other, indicating that the chain length of
each mycolic acid varied according to the strain
of N. asteroides. After thin-layer chromato-
graphic separation, mycolic acid methyl esters
were isolated, trimethylsilylated, and subjected
to GC/MS analysis.

The mycolic acid compositions of the extract-
able and cell wall-bound lipid fractions are
shown in Table 1. It was noted that the mycolic
acid compositions of five strains of N. asteroides
differed significantly. Strain 23007 possessed a
Cs6 to Cso mycolic acid centering at Cy4 or Cys;
strains 23094 and IFO 3384 had a C44 to Csg
mycolic acid centering at Cs,; and strains 23006
and 23095 had a Cyg to Cgo mycolic acid center-
ing at Cs4 or Csg.

Argentation thin-layer chromatograms of no-
cardomycolic acid methyl esters of N. aster-
oides IFO 3384 showed five spots, correspond-
ing to saturated, monoenoic, dienoic, trienoic,
and tetraenoic acid esters. Each subclass of
mycolic acid methyl ester separated by argenta-
tion thin layer chromatography was recovered
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FIG. 1. Thin-layer chromatograms of fatty acid
methyl esters from the extractable (E) and cell wall-
bound (B) lipids of N. asteroides strains. Nonpolar,
Nonpolar fatty acid methyl esters; Mycolic, nocardo-
mycolic acid methyl esters. E-1 and B-1, strain 23095;
E-2 and B-2, strain 23094; E-3 and B-3, strain 23006;
E-4 and B-4, strain 23007. The plate was developed
with a solvent of n-hexane—diethyl ether (4:1, vol/vol).
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TABLE 1. Mycolic acid composition of extractable and cell wall-bound lipids in five strains of N. asteroides

% Composition in lipid of following strain:

. Total
Mchi‘:lhc Extractable Cell wall bound (strain
23007 23094 23006 23095 23007 23094 23006 23095 3384)
[ 13 1.1
Cas 4.4 42
Cwo 10.2 9.4
Ce 20.5 15.7
Cu 27.4 6.5 29.0 2.7 tr
Ces 21.8 5.7 30.9 4.9 1.7
Ces 14.4 122 0.6 9.7 13.1 1.5 5.7
Cso tr 24.5 0.7 39 tr 25.9 2.4 4.0 19.4
Csy 27.6 4.3 21.1 34.2 6.9 18.1 44.6
Cse 10.6 12.8 45.1 18.0 29.2 30.5 16.8
Cse 129 36.1 25.6 1.2 418 26.7 7.8
Css tr 35.6 37 tr 18.2 11.6 tr
Ceo 10.5 tr 1.5 1.6

from thin-layer plates and further analyzed by
gas chromatography as their trimethylsilylated
ether derivatives (Fig. 2). The gas chromato-
graphic patterns of mycolic acid molecular spe-
cies of each subclass, which differed in the
degree of unsaturation, resembled each other,
ranging from Cg to Cg. The most abundant
species, however, varied, with Cs4 predominat-
ing in saturated, monoenoic, and dienoic sub-
classes. On the other hand, the trienoic mycolic
acid contained mostly Cs¢ or Csg, and tetraenoic
mycolic acid contained mostly Cg,.

Mass analysis of mycolic acids.
The mass spectra of individual trimethylsilylated
methyl mycolates isolated by argentation thin-
layer chromatography and GC/MS were record-
ed, and those of Cs4 mycolic acid (saturated,
monoenoic, dienoic, trienoic, and tetraenoic)
are shown in Fig. 3. As shown in previous
reports, the fragmentation of trimethylsilylated
methyl mycolate formed characteristic ions use-
ful for the identification of straight- and
branched-chain structures (28, 29). The total
carbon and double-bond numbers of mycolic
acids were determined by the molecular ions
M]*, [M-15)* (loss of CH3), [M-32]* (loss of
CH,30H), [M-90]* (loss of trimethylsilanol), and
[M-122]* (loss of trimethylsilanol and CH;OH)
(Fig. 4). For the identification of carbon and
double-bond numbers of the straight-chain and
a-branched-chain units, fragment ion A, due to
the C-2-C-3 cleavage, and fragment ion B, due
to C-3-C-4 cleavage, were used, respectively.
Furthermore, both the [A-90]* (loss of trimeth-
ylsilanol) and [B-29]* (loss of CHO) ions were
also useful for the determination of mycolic acid
structure. These results are summarized in Ta-
ble 2. After argentation thin-layer chromatogra-
phy, the single molecular ion [M]* of each gas
chromatographic peak was clearly demonstrat-
ed. In N. asteroides, the straight-chain unit
varied from C;; to Cg according to the total

number of carbon atoms, and up to four double
bonds were located generally in the straight-
chain alkyl unit. On the other hand, a Cy4 alkyl
chain (saturated, or monoenoic in small
amounts) commonly existed at C-2. The molecu-
lar species composition in each subclass (satu-

3
=23 o3
3
‘ 3 Trienoic
564 624
Tetraenoic
24 544 ot
(] % 35 (min)

FIG. 2. Gas chromatograms of nocardomycolic
acid subclasses (saturated, monoenoic, dienoic, trien-
oic, and tetraenoic acids) as trimethylsilylated ether
derivatives of methyl esters from N. asteroides IFO
3384. The gas chromatographic analysis was per-
formed with a Shimazu GC-6A apparatus equipped
with flame ionization detector. The glass column (3
mm by 0.5 m) was maintained at 320°C, and the
injector was at 375°C.
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FIG. 3. Mass spectra of fully separated trimethylsilylated methyl mycolates from N. asteroides IFO 3384.
From top to bottom: Cs, saturated, Cs, monoenoic, Cs, dienoic, Cs, trienoic, and Cs, tetraenoic acids. Mass
spectra were recorded with a Hitachi M-60 GC/MS system. The conditions are described in the text.
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FIG. 4. General structure and mass fragmentation pattern of trimethylsilyl derivatives of methyl mycoiate.
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TABLE 2. GC/MS analysis of trimethylsilylated methylmycolates from N. asteroides IFO 33844

Mycoii Sevhon w
ycolic n Straight Branched
acid atoms:no. ?;{ . Fraii?ent cm chain
subclass of double o M*] - (B unit) (o unit)
bonds A B
Saturated 48:0 5.7 806 537 371 32:0 16:0
50:0 10.9 834 565 371 34:0 16:0
(593) (343) (36:0) (14:0)
52:0 20.1 862 593 371 36:0 16:0
(621) (343) (38:0) (14:0)
54:0 24.6 890 621 371 38:0 16:0
(593) (399 (36:0) (18:0)
56:0 21.7 918 649 3N 40:0 16:0
(621) (399) (38:0) (18:0)
58:0 12.2 946 677 3N 42:0 16:0
60:0 4.8 974 705 37 44:0 16:0
Monoenoic 48:1 8.2 804 535 n 32:1 16:0
50:1 13.3 832 563 N 34:1 16:0
(565) (369) (34:0) (16:1)
52:1 21.8 860 591 n 36:1 16:0
(593) (369) (36:0) (16:1)
54:1 28.3 888 619 371 38:1 16:0
(621) (369) (38:0) (16:1)
56:1 19.7 916 647 371 40:1 16:0
58:1 8.7 944 675 w371 42:1 16:0
60:1 tr 972 703 3N 44:1 16:0
Dienoic 48:2 6.5 802 533 n 32:2 16:0
50:2 10.3 830 561 n 34:2 16:0
(563) (369) (34:1) (16:1)
52:2 171 858 589 37 36:2 16:0
(591) (369) (36:1) (16:1)
54:2 21.1 886 617 371 38:2 16:0
(619) (369) (38:1) (16:1)
56:2 171 914 645 n 40:2 16:0
58:2 16.6 942 673 3N 42:2 16:0
60:2 11.2 970 701 371 44:2 16:0
Trienoic 50:3 2.6 828 559 371 34:3 16:0
(587) (343) (36:3) (14:0)
52:3 51 856 587 371 36:3 16:0
(615) (343) (38:3) (14:0)
54:3 14.3 884 615 3N 38:3 16:0
(643) (343) (40:3) (14:0)
56:3 25.9 912 643 n 40:3 16:0
(645) (369) (40:2) (16:1)
58:3 25.3 940 671 371 423 16:0
60:3 18.6 968 699 371 44:3 16:0
62:3 8.2 996 727 37 46:3 16:0
Tetraenoic 50:4 1.2 826 557 371 34:3 16:0
52:4 21 854 585 37 36:4 16:0
(587) (369) (36:3) (16:1)
54:4 2.9 882 613 n 38:4 16:0
(615) (369) (38:3) (16:1)
56:4 8.2 910 641 n 40:4 16:0
(643) (369) (40:3) (16:1)
58:4 23.5 938 669 in 42:4 16:0
671) (369) (42:3) (16:1)
60:4 30.4 966 697 n 44:4 16:0
62:4 22.9 994 725 3N 46:4 16:0
64:4 8.8 1022 753 3N 48:4 16:0

“ Fragment ion and corresponding alkyl chain in small amounts are shown within parentheses.
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rated, monoenoic, dienoic, trienoic, and tetraen-
aic) was calculated (Table 2).

Mass fragmentographic determination. Since
the nocardomycolic acid contained several
molecular species in a subclass differing in dou-
ble-bond numbers, the amounts of individual
components were determined by mass fragmen-
tography by monitoring [M-15]* ions. Figure 5
shows mass fragmentograms of trimethylsilylat-
ed derivatives of total mycolic acid methyl es-
ters from the cells grown at low (17°C) and high
(50°C) temperatures. By monitoring [M-15]"
ions of trimethylsilylated derivatives of saturat-
ed, monoenoic, dienoic, trienoic, and tetraenoic
methyl mycolates, using the acceleration voltage
alternation system of the mass spectroscope, all
of the single molecular species differing in car-
bon and double-bond numbers were estimated
quantitatively without separation by argentation
thin-layer chromatography. As an example, for
the saturated mycolic acids from the cells grown
at 17°C, [M-15] ions with m/z values of 763, 791,
819, 847, 875, 903, 931, and 959, each corre-
sponding to Cys.0, Cas:0, Cs0:0, Cs2:0, Csazo, and
Cse:0, respectively, were monitored. The peak
area percentages were calculated, and the result-
ant mycolic acid compositions of high- and low-
temperature-grown cells are summarized in Ta-
ble 3. It was of great interest that the ratio of
saturated, monoenoic, dienoic, trienoic, and te-
traenoic mycolic acids varied dramatically by
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the growth temperature. The most abundant
mycolic acid in the cells grown at 17°C was Cs
dienoic, whereas those in the cells grown at 50°C
were Cs; and Cs4 saturated acids. Although the
carbon numbers of mycolic acid did not change
significantly as the growth temperature was var-
ied, the composition of double-bond isomers
varied remarkably. The amounts of total saturat-
ed mycolic acids from the cells grown at 17 and
50°C were 7.0 and 57.0%, respectively. The
amounts of total polyunsaturated mycolic acids
(total of dienoic, trienoic, and tetraenoic) from
the cells grown at 17 and 50°C were 78.4 and
11.5%, respectively.

Changes in mycolic acid composition. Changes
in the composition of double-bond isomers in
selected carbon-numbered mycolic acids by the
growth temperature are shown in Fig. 6. As the
cultivation temperature was elevated from 17 to
50°C, the saturated acids increased, commonly
with a concomitant decrease in polyenoic acids
(dienoic, trienoic, and tetraenoic acids) through-
out Csy to Cs¢ mycolic acids. The monoenoic
acids generally predominated in the cells grown
at 30°C. The tetraenoic acids could be hardly
detected in cells grown at 50°C, whereas the
trienoic and tetraenoic acids existed abundantly
in cells grown at 17°C.

Since the degree of unsaturation of nocardo-
mycolic acid changed markedly upon the adap-
tative response to growth temperature, we ex-

FIG. 5. Mass fragmentograms of trimethylsilylated methyl mycolate from N. asteroides IFO 3384 grown at 17
or 50°C. Mass fragmentographic analysis was performed by monitoring [M-15] ions characteristic for each
carbon-numbered, saturated, monoenoic, dienoic, trienoic, and tetraenoic molecular species. For the saturated
subclass, as an example, m/z values of 763 (Cys.0), 791 (Cqs.0), 819 (Cso.0), 847 (Cs3.0), 875 (Cs4.0), and 903 (Cse.0)

were monitored with a multiple ion-detector system.
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TABLE 3. Mycolic acid composition of N. asteroides IFO 3384 grown at high (50°C) and low (17°C)

temperatures
% Composition
M;'gi‘:lﬁc 17°C-Grown cells 50°C-Grown cells
Saturated Monoenoic Dienoic Trienoic Tetraenoic Saturated Monoenoic Dienoic Trienoic Tetraenoic

Cas 0.9 1.5 1.5 0.8 0.4 0.7 0.7 0.1 0.1
Cas 1.7 2.7 8.3 2.0 0.8 34 2.4 0.3 0.2 0.1
Cso 2.3 4.9 14.5 8.0 1.5 8.4 3.2 0.5 0.4 0.2
Cs; 1.6 35 11.2 10.5 2.5 20.3 11.4 2.4 0.6 0.5
Css 0.5 1.7 6.0 6.2 1.0 20.3 10.0 2.6 0.8 0.3
Css 0.3 0.9 1.8 0.5 39 3.7 1.6 0.6 0.2

Total 7.0 14.6 424 29.3 6.7 57.0 314 7.5 2.7 1.3

amined the changes in these types of fatty acids
shortly after shifting up the growth temperature
from 17 to 50°C at the logarithmic phase of
growth. A significant increase in saturated my-
colic acids and a concomitant decrease in poly-
unsaturated mycolic acids (dienoic, trienoic, and
tetraenoic acids) were already observed at 2 h
after shifting up the cultivation temperature
(Fig. 7). After 20 h, the saturated mycolic acids
predominated in Cyg, Cag, Csp, Cs2, Cs4, and Csg
molecules, commonly with a concomitant de-
crease in dienoic, trienoic, and tetraenoic myco-
lic acids. Therefore, from the results obtained
above, it was revealed that the N. asteroides can
synthesize specific carbon- and double-bond-
numbered mycolic acids under specific environ-
mental conditions such as growth temperature.

DISCUSSION

Lipid analyses are especially useful in the
classification and identification of actinomy-
cetes (1, 10, 14, 20, 21). Much attention has been

100

paid to the analysis of mycolic acids, which are
associated mostly with the cell walls of acid-fast
bacteria. Mycolic acids are high-molecular-
weight B-hydroxy fatty acids with a long chain
in the a position, and they generally exist as
mixtures of homologs (4, 24, 28, 29). Noca-
rdomycolic acids have already been reported to
have a chain length of about Csq (8, 13), which is
different from those of mycolic acids from myco-
bacteria and corynebacteria. Therefore, finding
differences in the structure of the respective
methyl mycolates provides a reliable way of
distinguishing between corynebacteria, myco-
bacteria, and nocardia (20, 21, 24). Recently,
mycolic acids of C;3 to C4 have been found in
Nocardia corallina (4) and Nocardia rhodoch-
rous (18), and Yano et al. reported that Nocar-
dia erythropolis has mycolic acids with a wide
variety of chain lengths, ranging from Cs; to Cgg
(28). In subsequent studies with GC/MS, Yano
et al. also investigated the mycolic acid compo-
sition of 11 strains of Rhodococcus and five

Cs2

Per cent of total

0

20 30 40

Cultivation

Csa

temperature (°C)

FIG. 6. Changes in mycolic acid subclass composition by cultivation temperature in N. asteroides IFO 3384.
Symbols: @, saturated; O, monoenoic; B, dienoic; A, trienoic; V, tetraenoic.
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% Ot total

Incubation time after shifting up from 17 to 50 °C

(hrs)

FIG. 7. Changes in mycolic acid composition of N. asteroides IFO 3384 after shifting up the cultivation
temperature. N. asteroides was grown at 17°C until mid-log stage, and then the incubation temperature was
elevated to S0°C. Cells were harvested and analyzed at appropriate intervals (0, 2, 7, and 20 h). Symbols: @,
saturated; O, monoenoic; M, dienoic; A, trienoic; V, tetraenoic.

strains of Nocardia sensu stricto (true nocardia)
and demonstrated the wide distribution of mo-
lecular species, ranging from C,s to Ceg, among
these taxa (29). From these reports, the Rhodo-
coccus group has been shown to be extremely
heterogeneous, whereas true nocardia (Nocar-
dia sensu stricto) are recognized as homoge-
neous. However, in the present study, the five
strains of N. asteroides showed slightly different
Ry values of methyl mycolate on thin-layer
p{ates, suggesting that each strain possesses
different molecular species as has been already
reported (2, 19). GC/MS analysis clearly re-
vealed further differences in mycolic acid com-
position. Based on the mycolic acid composi-
tion, the five strains of N. asteroides examined
above were classified into three types, the first
ranging from Cs¢ to Cso and centering at C,4 for
strain 23007, the second ranging from Cg4 to Csg
and centering at Cs, for strains IFO 3384 and
23094, and the third ranging from Cyg to Cg and
centering at Csq4 or Csg for strains 23006 and
23095. The double-bond isomer composition re-
sembled roughly also those of N. asteroides
reported previously (5, 8, 9). However, the four
strains IFO 3384, 23094, 23006, and 23095 pos-
sessed up to tetraenoic acids, and this is the first
detailed report that N. asteroides can synthesize
tetraenoic mycolic acids. Therefore, N. aster-
oides is assumed to be heterogeneous in respect
to chemotaxonomy. Since Tsukamura (26) and
Goodfellow (9) already reported that N. aster-

oides strains are morphologically heteroge-
neous, it may not be surprising that chemical
differences between strains exist and that this
species may be classified further into two or
three subspecies.

In N. asteroides, the occurrence of trehalose
mono- and dimycolates has been demonstrated
(27), and the different mycolic acid compositions
among lipid classes in N. asteroides also have
been reported (12). To find out the lipid specific-
ity in mycolic acid composition, I compared
those in both the extractable and the cell wall-
bound lipid fractions. Slight differences were
observed commonly in the five strains of N.
asteroides. However, under these conditions of
bacterial growth (harvested at the early station-
ary phases), no significant differences between
both lipid classes were detected. This may be
due to differences in the strains of N. asteroides
used for analysis.

The most characteristic feature of nocardo-
mycolic acids is the abundant occurrence of
polyunsaturated acids. However, certain car-
bon-numbered isomers possessing different dou-
ble-bond numbers cannot be separated by gas
chromatography. Argentation thin-layer chro-
matography gave a good separation of the
subclasses differing in double-bond numbers.
However, again, the accurate estimation of dou-
ble-bond isomers is extremely difficult since the
recovery of the fatty acid methyl esters from the
silver nitrate-impregnated thin-layer plate is not
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necessarily quantitative. I have introduced a
mass fragmentographic analysis of trimethylsily-
lated methyl mycolate for the determination of
double-bond isomers by monitoring different
mass fragment ions such as [M-15]* or [M-90]*
for the total mycolic acid molecule, fragment ion
A for the straight chain, or fragment ion B for
the a branch (29). This method gave good results
for the quantitative analysis of double-bond iso-
mers such as saturated, monoenoic, dienoic,
trienoic, and tetraenoic nocardomycolic acids
without any separation by argentation thin-layer
chromatography. By using above method, the
relative concentration of all of the molecular
species was determined quantitatively.

It was noted that in N. asteroides, marked
changes in mycolic acid composition were ob-
served by varying the growth temperature; the
cells grown at 50°C consisted of saturated acid
almost completely, whereas those grown at 17°C
possessed dienoic, trienoic, and tetraenoic acids
abundantly. Since the generation time for N.
asteroides IFO 3384 at 50°C were 4 h and the
changes were observed already at 2 h after
shifting of growth temperature, it was suggested
the adaptative synthesis (not the alteration of
existing lipid molecules) of mycolic acid oc-
curred very quickly (in at least one doubling
time). As we have reported on the similar
changes in N. rubra previously (23), these types
of adaptative variation seem to be specific for
and common among the true nocardia and their
related group. Mycobacterium phlei differed
from nocardia in that the temperature-induced
changes in the mycolic acid molecule occurred
at the alkyl chain length. Cells grown at lower
temperature contained shorter homologs, and
those grown at higher temperature possessed
longer homologs (25). These changes in the
degree of unsaturation or the chain length of
mycolic acid by the cultivation temperature
seemed undoubtedly to be related to the rigidity
of cell walls as in the cases of temperature-
induced changes in fatty acid composition of
membrane phospholipids (6, 7). Since Nocardia
and related Rhodococcus species were shown to
possess a great variety of mycolic acids, and
their compositions were demonstrated to vary
significantly by the growth temperature, it
would be of particular interest to know the
regulatory mechanism(s) in mycolic acid synthe-
sis, genetically and environmentally. For the
definitive elucidation of regulation in the cell
wall mycolic acid biosynthesis, I am now exam-
ining the incorporation of radiolabeled and sta-
ble isotope-labeled precursors in vivo and in
vitro.
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