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Ultrastructure of Methanotrophic Yeasts
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The cellular structure of two yeast strains capable of growth on methane was

investigated by electron microscopy. Microbodies were observed in cells of Spo-
robolomyces roseus strain Y and Rhodotorula glutinis strain CY when grown on
methane but rarely when grown on glucose. The size of the microbodies and the
number observed per cell in a thin section did not increase with culture age. No
crystalline organization was observed within these organelles. Similar microbodies
were also observed in cells of R. glutinis CY grown on hexadecane. The plasma
membranes of both methane and hexadecane-grown cells exhibited increased
invagination compared to that of glucose-grown cells. Catalase activity was
detected in the microbodies of alkane-grown cells by using 3,3'-diaminobenzidine
as a cytochemical stain. The data presented suggest that microbodies, and the
catalase contained within them, play a role in eucaryotic methane metabolism.

Complex arrays of intracytoplasmic mem-
branes have been observed in the cytoplasm of
all bacteria that utilize methane (3, 14, 26). The
type of membrane arrangement was used to
characterize these methanotrophic microorga-
nisms (3). Patt et al. (13) observed that intracy-
toplasmic membranes were present in cells of
the facultative methane oxidizer Methylobacter-
ium organophilum only when cultures were
grown on methane, reinforcing the implication
that the intracytoplasmic membranes were in-
timately involved in bacterial methane metabo-
lism. Most facultative methanol-oxidizing bac-
teria do not possess these membranes (1), except
Hyphomicrobium spp., which have well-devel-
oped internal membrane systems (2).

Methanol-utilizing yeasts exhibit subcellular
localization of some enzymes involved in meth-
anol oxidation. Cytochemical staining tech-
niques as well as isolation and biochemical char-
acterization of the microbodies from cells of
methanol-grown cultures have shown that these
organelles contain alcohol oxidase and catalase,
the first two enzymes of the methanol oxidation
pathway (4, 5, 16, 23, 25).

Recently, Wolf and Hanson (27) reported the
first isolation and characterization of eucaryotes
capable of growth on methane. Two ofthe meth-
ane-utilizing yeasts, identified as strains of Spo-
robolomyces roseus and Rhodotorula glutinis
(H. J. Wolf and R. S. Hanson, submitted for
publication), were examined by electron micros-
copy to determine if these methylotrophic mi-
croorganisms show ultrastructural modifications
associated with growth on methane.

MATERIALS AND METHODS
Organisms and growth conditions. Two meth-

anotrophic yeasts, S. roseus strain Y and R. glutinis
strain CY, were used in this study. Both are facultative
methanotrophs, and R. glutinis CY is capable of using
hexadecane as a carbon and energy source for growth
(27). The organisms were grown on several substrates
on agar plates or in liquid culture, using the basal
medium previously described (27) supplemented with
0.005% (wt/vol) yeast extract for R. glutinis and with
the described amino acid and vitamin supplements for
S. roseus. Glucose, acetate, ethanol, and hexadecane
were filter sterilized and then added to the growth
medium to a final concentration of 0.5, 0.1, 0.1, and
0.2%, respectively. Cultures grown methanotrophically
were incubated under an atmosphere of 65% methane-
15% C02-20% air. All cultures were incubated at 200C
without shaking.

Cells were harvested by centrifugation in the middle
of the exponential phase of growth unless otherwise
indicated, washed once with cold 0.05 M sodium phos-
phate buffer (pH 7.0), and washed again with cold 0.07
M cacodylate buffer (pH 7.3).

Electron microscopy. Cells of the yeast strains
were fixed in 2.5% glutaraldehyde in 0.07M cacodylate
buffer (pH 7.3) for 1.5 h on ice, washed in the same
buffer several times, and embedded in 2% Ionagar
(Oxoid Ltd., London, England). One-millimeter blocks
of the embedded cells were then postfixed in 1% OS04
in the cacodylate buffer for 14 to 15 h, washed several
times, and stained with 1.5% aqueous uranyl acetate
for 1.5 h. After dehydration with a graded series of
cold ethanol, all preparations were embedded in Spurr
epoxy resin-lower-viscosity minxture (19), using a 12-h
incubation at each infiltration step. Thin sections were
cut with a diamond knife on a MT-2 Sorvall micro-
tome, placed on carbon-coated 200-mesh copper grids,
and stained with 2% uranyl acetate for 30 min followed
by Reynolds' lead citrate (15) for 15 min. Specimens
were examined and photographed with a Zeiss EM9S
electron microscope.
To estimate the number of microbodies per cell per

section, cells from three different specimen prepara-
tions were examined. The numbers of microbodies
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present in at least 150 cells of each preparation were
determined. The average of these determinations was
used as the value for the number of microbodies
present in a cell section.
Cytochemical staining technique. To determine

if catalase activity was localized in the yeast cells, cells
that had been fixed with glutaraldehyde were treated
with 3,3'-diaminobenzidine (7). After the glutaralde-
hyde fixation, cells were washed twice in the cacodyl-
ate buffer and once in the assay buffer. The reaction
mixture consisted of 9.8 ml of 50 mM 2-amino-2-
methyl-1,3-propanediol buffer (pH 9.5; Sigma Chemi-
cal Co., St. Louis, Mo.), 20 mg of 3,3'-diaminobenzidine
tetrahydrochloride (DAB) (Sigma Chemical Co.), 0.2
ml of 1% H202, and 0.1 to 0.2 g (wet weight) of cells.
The mixture was incubated at 25°C for 90 min in a
stoppered test tube and then put on ice to stop the
reaction. The cells were washed once in the assay
buffer, once in the cacodylate buffer used for the
fixation, and then postfixed by the procedure described
above employing OS04 and uranyl acetate. The cells
were embedded in epoxy resin and sectioned as de-
scribed. Thin sections were not stained with uranyl
acetate or lead citrate or both before examination.

Control experiments were run, using 3-amino-lH-
1,2,4-triazole as an inhibitor of catalase activity. Glu-
taraldehyde-fixed. cells were preincubated for 30 min
with this compound before being stained in the reac-
tion mixture containing aminotriazole.

RESULTS

Specimen preparation. The development of
a new fixation procedure was required to exam-
ine the structure of S. roseus Y grown on meth-
ane or acetate and R. glutinis CY grown on
methane, glucose, ethanol, or hexadecane. The
glutaraldehyde-potassium permanganate fixa-
tion used to confirm the eucaryotic nature of the
methanotrophic yeasts (27) gave poor preserva-
tion of cell structure when the organisms
were grown on these substrates. Common results
included cells with a very coarsely textured
ground substance with areas devoid of fixed
material, indistinct cellular structure, and nu-
clear and mitochondrial membranes in negative
image. The glutaraldehyde-osmium tetroxide
fixation described in this paper resulted in very
good preservation of most cellular structures.
However, vacuoles or inclusions and their mem-
branes were often poorly preserved, resulting in
white areas in the micrographs (Fig. lb, 2b). An
incubation of about 10 h was required to get
noticeable fixation by the osmium tetroxide; 14
to 15 h provided optimum preservation of the
cells. Sodium phosphate buffer (70 mM, pH 7.2)
could be substituted for the cacodylate buffer;
however, the sections obtained exhibited less
contrast and were less sharp in detail when
phosphate buffer was used.
The long incubation times during infiltration

of the embedding resin could be shortened

slightly by carrying out the final steps in 100%
resin under vacuum. However, this procedure
resulted in an increase in the amount of cell
tearing that occurred during sectioning. Embed-
ding using the low-viscosity resin and the shorter
incubation times recommended by Spurr (19)
worked poorly for these specimens.
Structural comparison of methane- and

glucose-grown cells. The electron micro-
graphs in Fig. 1 and 2 demonstrate the typical
structures of cells of R. glutinis CY and S. roseus
Y grown on methane and glucose. Methane-
grown cells of both yeasts were smaller than
glucose-grown cells, but retained the same basic
cell shape.
Microbodies were observed in cells of both

yeast strains when grown on methane (Fig. lb,
2b). The organelles contained a homogeneous
matrix bounded by a single-unit membrane (Fig.
3). The size of the microbodies did not appear to
vary with culture age, nor did the number of
microbodies observed per cell section appear to
change. There was, however, great variability in
the number of microbodies per cell (0 to 8) in a
single section. R. glutinis CY had an average of
1 to 2 microbodies per cell section; S. roseus Y
had 3 to 4 microbodies per cell section. Very few
(one per section) or no microbodies were ob-
served in glucose-, acetate-, or ethanol-grown
cells of either organism.
Some other differences were observed in the

structure of cells grown on methane and that of
cells grown on glucose. Inclusions or vacuoles
were observed in many cells of methane-grown
cultures while the culture was still actively grow-
ing. These structures did not appear in glucose-
grown cells until the culture neared the end of
the exponential phase of growth. Both S. roseus
and R. glutinis had fewer mitochondria and
ribosomes when grown methanotrophically; ri-
bosomes were often localized around the mito-
chondria. The plasma membranes of methane-
grown cells appeared to be more invaginated
than those observed in glucose-grown cells.
Small structural elaborations, consisting of ves-
icles or membranous layers continuous with the
plasma membrane, were sometimes observed be-
tween the cell wall and the plasmalemma in
methane-grown cells (Fig. lb). These structures
are similar to plasmalemmasomes (9).
Structure ofR. glutinis CY grown on hex-

adecane. The cellular organization of R. glu-
tinis grown on hexadecane was examined to
determine if structural similarities existed in
cells of the organism grown on a gaseous alkane
and those grown on a longer, aliphatic hydrocar-
bon. The cells were similar in size to cells grown
on glucose (Fig. 4a). Hexadecane-grown cells
contained fewer ribosomes and mitochondria
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FIG. 1. Comparison of the ultrastructure of R. glutinis grown on (a) glucose, (b) methane. Microbodies
occur in the cytoplasm ofthe methane-grown cell. Fewer ribosomes and mitochondria occur in methane-grown
cells. Nucleus (n), endoplasmic reticulum (er), mitochondrion (m), plasma membrane (pm), cell wall (cw),
microbody (mb), plasmalemmasome (pl). Cells were fixed with glutaraldehyde-osmium tetroxide. The bars
represent 1 ,im.
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FIG. 2. Thin sections of S. roseus grown on (a) glucose and (b) methane. Several microbodies (mb) can be
seen in the methane-grown cells. Bar represents 1 ,um.
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FIG. 3. Section through a microbody observed in a methane-grown cell ofS. roseus. No distinct organization
occurs within the organelle. Bar, 0.2 pm.

than methane-grown cells. The microbodies ob-
served were similar in size and shape to those
found in methane-grown cells of the organism;
no change in size was observed during culture
growth. However, the number of microbodies
observed per cell section did change from a few
when the culture was harvested during the mid-
dle of the exponential phase of growth to several
per cell section in cells from a stationary-phase
culture. The plasma membrane of cells grown
on hexadecane was highly involuted. The plas-
malemma also formed complex structures com-
posed of numerous concentric membranous lay-
ers which occasionally contained discrete vesi-
cles (Fig. 4b). The membrane layers were con-
tinuous with the plasma membrane. The struc-
tures (plasmalemmasomes) occurred in approx-

imately one-half of the cell sections in cells from
cultures harvested in the middle of the exponen-
tial phase of growth; fewer were observed in
sections of cells of early-exponential- or station-
ary-phase cultures. Changes in the osmolality of
the fixation mixtures or in the buffers and their
concentrations did not affect the appearance of
the structures.
Localization of catalase activity. The mi-

crobodies in methane-grown cells of both yeasts
showed heavy accumulation of the 3,3'-diami-
nobenzidine reaction products resulting from
catalase activity (Fig. 5a, 6a). No reaction prod-
ucts were deposited in the microbodies when
aminotriazole, a catalase inhibitor, was included
in the staining procedure. The reaction product
was distributed throughout the microbody, al-
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FIG. 4. (a) Thin section of a cell ofR. glutinis from a late-exponential-phase culture grown on hexadecane
with microbodies. The plasma membrane is highly invaginated, and a plasmalemmasome is present. Bar, 1
pim. (b) Section of a portion of a hexadecane-grown cell showing the continuity of the plasma membrane with
a plasmalemmasome (arrow). Bar, 0.2 pm.

1345

- - Jl -

:1

.40

.4

ib

411-
k-.



N4~~~~~~~~~1

A.

FIG. 5. (a) Section of a cell ofmethane-grown S. roseus stained for catalase activity with diaminobenzidine.
Bar, 1 jim. (b) Higher magnification of a microbody in a DAB-treated cell demonstrating a lack of crystalline
structure within the organelle. Bar, 02jim.
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FIG. 6. Diaminobenzidine-treated cells ofR. glutinis grown on (a) methane, (b) hexadecane. Bar, 1 ,im.
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though some less-electron-dense areas were vis-
ible in the matrix (Fig. 5b). No crystalloid inclu-
sions were observed after cytochemical staining
followed by the osmium tetroxide fixation. The
DAB reaction products also accumulated in the
cristae of the mitochondria; this was apparently
due to peroxidase activity. The microbodies in
cells of R. glutinis grown on hexadecane were
also stained by accumulation of the DAB reac-
tion products (Fig. 6b). Homogeneous deposition
of stain within the microbodies was observed.
However, the relative amount of reaction prod-
uct accumulated in the microbodies of hexadec-
ane-grown cells compared to the amount depos-
ited in the mitochondria present in those cells
was much less than the amount ofproduct found
in microbodies of methane-grown cells relative
to the stain in the mitochondria.

DISCUSSION
Many methylotrophic microorganisms possess

structural components that are specifically in-
volved in their growth on one-carbon com-
pounds. Investigation of the structure of the
methane-utilizing yeasts has demonstrated that
these microorganisms also modify their cellular
organization when grown methanotrophically.
These methanotrophs did not exhibit the com-
plex arrays of internal membranes similar to
those believed to be involved in methane oxi-
dation in bacteria. This does not preclude the
possibility of other membranes, such as the mi-
tochondrial or the cytoplasmic membranes,
playing a role in methane oxidation in the yeasts.
Microbodies were observed in cells of both S.
roseus Y and R. glutinis CY when methane was
used as a growth substrate. The scarcity of these
organelles in cells from glucose-, ethanol-, or
acetate-grown cultures suggests these microbod-
ies play a role during growth of yeasts on meth-
ane.
Microbodies found in several methanol-utiliz-

ing yeasts represent subcellular localization of
some enzymes involved in the oxidation ofmeth-
anol (21). The microbodies of methanol-utilizing
yeasts were fairly large (0.4 to 1.5 ,um in diame-
ter) and were clustered within the cytoplasm
with flat surfaces between them (17, 20, 22, 24).
Microbody formation was induced when Kloeck-
era sp. 2201 began methylotrophic growth (20);
the organelles increased in size with increasing
culture age but did not change in the number
observed per cell section. Ultrastructural stud-
ies, using cytochemical staining techniques, and
biochemical studies, involving microbody isola-
tion, have demonstrated the presence of catalase
and alcohol oxidase within the microbody (4, 16,
23, 25). The crystalline structure of the micro-

J. BACTERIOL.

body, seen after either a glutaraldehyde-osmium
tetroxide fixation or after staining with diami-
nobenzidine followed by an osmium fixation,
may represent a highly ordered organization of
the catalase, alcohol oxidase, and other oxidases
present (23). Sahm and co-workers (17) noted
the absence of the crystalloid structures in a
mutant of Candida boidinii lacking alcohol ox-
idase.
The microbodies observed in the two meth-

ane-grown yeasts differ from those in methanol
yeasts in size, shape, organelle structure, and
location within the cell. These organelles were
similar in appearance to the microbodies of R.
glutinis grown on hexadecane and of other
yeasts capable of growth on hydrocarbons (5, 11,
12). Crystalline structures were absent in R.
glutinis grown on hexadecane and in other hy-
drocarbon-grown yeasts (10, 25). The absence of
a crystalloid structure in the microbodies of the
methane-utilizing yeasts coincides with an ina-
bility to detect significant alcohol oxidase activ-
ity in cell-free extracts of these methanotrophic
yeasts (unpublished data). The number of mi-
crobodies present in cells ofthe organisms grown
on methane did not change with culture age, a
phenomenon that was observed in this study
with hexadecane-grown cells of CY and reported
to occur in Candida tropicalis pk 233 (11).

Catalase was determined to be one of the
enzymes present in the microbodies of methane-
utilizing yeasts. Thus, these organelles can be
called peroxisomes. The detection of catalase in
the microbodies of R. glutinis grown on hexa-
decane was consistent with the observations of
others studying hydrocarbon-utilizing yeasts (11,
12), although the role of this enzyme in alkane
metabolism is unknown (18). The more intense
staining of the microbodies relative to the mi-
tochondria in methane-grown cells compared to
hydrocarbon-grown cells suggests a more impor-
tant role for catalase in eucaryotic methane me-
tabolism. Preliminary studies indicated the spe-
cific activity of catalase is 3.5 times higher in
methane-grown cells of S. roseus than in glu-
cose- or acetate-grown cells (unpublished data).
The multilayered membranous structure as-

sociated with hydrocarbon growth of R. glutinis
is the first report of this type of structure in
yeasts grown on hydrocarbons. Similar struc-
tures have been reported in several plants and
fungi and given the name lomasomes or plas-
malemmasomes, depending on whether they
originate from cytoplasmic membrane systems
or from the plasma membrane, respectively (6,
9). It is not possible from this study to predict
the function of the plasmalemmasomes ob-
served. They may be involved in hydrocarbon
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metabolism since they were observed in cells
only when hydrocarbons served as the sub-
strates for growth. The plasmalemmasomes
were most abundant during the period of active
cell growth. They may be produced when plasma
membrane production is not balanced by cell
expansion, as suggested by Heath and Green-
wood (6). They might also represent a degener-
ative membrane structure.
Other structural changes observed in meth-

ane-grown cells of S. roseus and in methane- or
hexadecane-grown cells of R. glutinis may be
related to the slow growth rates of these orga-
nisms on these substrates. The lower distribu-
tion of ribosomes and mitochondria in cells
grown under these conditions is consistent with
this explanation. The invagination of the plasma
membrane may be due to a lower solute concen-
tration in the cytosol caused by slower growth.
Alternatively, the invaginations may represent
a modification to increase the surface area of the
plasma membrane available for hydrocarbon ac-
cumulation, as suggested by Ludvik et al. (8) for
Candida lipolytica grown on hydrocarbons. The
invaginated plasma membrane observed in R.
glutinis grown on hexadecane coincided with
observations made by other scientists for yeasts
grown on hydrocarbons (8, 10).

ACKNOWLEDGMENTS

We thank Rick Heinzen for instruction and guidance in the
techniques of electron microscopy.

This research was supported by the College of Agricultural
and Life Sciences, University of Wisconsin, Madison, and by
grant PCM 7809744 from the National Science Foundation.
H.J.W. was supported by a predoctoral fellowship from the
College of Agricultural and Life Sciences, University of Wis-
consin, and by predoctoral traineeship 5-T32-6M-07215 in
Cellular and Molecular Biology from the National Institutes
of Health.

LITERATURE CITED

1. Anthony, C. 1975. The biochemistry of methylotrophic
microorganisms. Sci. Prog. (Oxford) 62:167-206.

2. Conti, S. F., and P. Hirsch. 1965. Biology of budding
bacteria. III. Fine structure of Rhodomicrobium and
Hyphomicrobium spp. J. Bacteriol. 89:503-512.

3. Davies, S. L., and R. Whittenbury. 1970. Fine structure
of methane and other hydrocarbon-utilizing bacteria. J.
Gen. Microbiol. 61:227-232.

4. Fukui, S., S. Kawamoto, S. Yasuhara, and A. Tan-
aka. 1975. Microbody of methanol-grown yeasts, local-
ization of catalase and flavin-dependent alcohol oxidase
in the isolated microbody. Eur. J. Biochem. 59:561-566.

5. Fukui, S., A. Tanaka, S. Kawamoto, S. Yasuhara, Y.
Teranishi, and M. Osumi. 1975. Ultrastructure of
methanol-utilizing yeast cells: appearance of microbod-
ies in relation to high catalase activity. J. Bacteriol.
123:317-328.

6. Heath, J. B., and A. D. Greenwood. 1970. The structure
and formation of lomasomes. J. Gen. Microbiol. 62:129-
137.

7. Hoffmann, H.-P., A. Szabo, and C. J. Avers. 1970.

Cytochemical localization of catalase activity in yeast
peroxisomes. J. Bacteriol. 104:581-584.

8. Ludvik, J., V. Munk, and M. Dostiler. 1968. Ultrastruc-
tural change in the yeast Candida lipolytica caused by
penetration of hydrocarbons into the cell. Experientia
24:1066-1068.

9. Marchant, R., and A. W. Robards. 1968. Membrane
systems associated with the plasmalenuna of plant cells.
Ann. Bot. (London) 32:457-471.

10. Munk, V., M. Dostailek, and 0. Volfova. 1968. Culti-
vation of yeast on gas oil. Biotechnol. Bioeng. XI:383-
391.

11. Osumi, M., F. Fukuzumi, Y. Teranishi, A. Tanaka,
and S. Fukui. 1975. Development of microbodies of
Candida tropicalis during incubation in a n-alkane
medium. Arch. Microbiol. 103:1-11.

12. Osumi, M., N. Miwa, Y. Teranishi, A. Tanaka, and S.
Fukui. 1974. Ultrastructure of Candida yeasts grown
on n-alkanes. Appearance of microbodies and its rela-
tionship to high catalase activity. Arch. Microbiol. 99:
181-201.

13. Patt, T. E., G. C. Cole, and R. S. Hanson. 1976. Meth-
ylobacterium, a new genus of facultatively methylo-
trophic bacteria. Int. J. Syst. Bacteriol. 26:226-229.

14. Proctor, H. M., J. R. Norris, and D. W. Ribbons. 1969.
Fine structure of methane utilizing bacteria. J. Appl.
Bacteriol. 32:118-121.

15. Reynolds, E. S. 1963. The use of lead citrate at high pH
as an electron-opaque stain in electron microscopy. J.
Cell. Biol. 17:208-212.

16. Roggenkamp, R., H. Sahm, W. Hinkelmann, and F.
Wagner. 1975. Alcohol oxidase and catalase in peroxi-
somes of methanol-grown Candida boidinii. Eur. J.
Biochem. 59:231-236.

17. Sahm, H., R. Roggenkamp, F. Wagner, and W. Hin-
kelman. 1975. Microbodies in methanol-grown Can-
dida boidinii. J. Gen. Microbiol. 88:218-222.

18. Shennan, J. L., and J. D. Levi. 1974. The growth of
yeasts on hydrocarbons, p. 1-57. In D. J. D. Hockenhull
(ed.), Progress in industrial microbiology, vol. 13.
Churchill Livingston, Edinburgh.

19. Spurr, A. R. 1969. A low-viscosity epoxy resin embedding
medium for electron microscopy. J. Ultrastruct. Res.
26:31-43.

20. Tanaka, A., S. Yasuhara, S. Kawamoto, S. Fukui,
and M. Osumi. 1976. Development of microbodies in
the yeast Kloeckera growing on methanol. J. Bacteriol.
126:919-927.

21. Tani, Y., N. Kato, and N. Yamada. 1978. Utilization of
methanol by yeasts, p. 165-186. In D. Perlman (ed.),
Advances in applied microbiology, vol. 24. Academic
Press, Inc., New York.

22. Tsubouchi, J., K. Tonomura, and K. Tanaka. 1976.
Ultrastructure of microbodies of methanol-assimilating
yeast. J. Gen. Appl. Microbiol. 22:131-142.

23. Veenhuis, M., J. P. Van Dijken, and W. Harder. 1976.
Cytochemical studies on the localization of methanol
oxidase and other oxidases in peroxisomes of methanol-
grown Hansenula polymorpha. Arch. Microbiol. 111:
123-136.

24. Van Dijken, J. P., M. Veenhuis, N. J. W. Kreger-van
Rij, and W. Harder. 1975. Microbodies in methanol-
assimilating yeasts. Arch. Microbiol. 102:41-44.

25. Van Dijken, J. P., M. Veenhuis, C. A. Vermeulen,
and W. Harder. 1975. Cytochemical localization of
catalase activity in methanol-grown Hansenula poly-
morpha. Arch. Microbiol. 105:261-267.

26. Whittenbury, R. 1969. Microbiol utilization of methane.
Process Biochem. 4:51-56.

27. Wolf, H. J., and R. S. Hanson. 1979. Isolation and
characterization of methane-utilizing yeasts. J. Gen.
Microbiol. 114:187-194.

VOL. 141, 1980


