microorganisms to lignocelluosic sub-
strates are unknown, it is clear that alka-
line hydrogen peroxide treatment re-
moves a significant barrier to attach-
ment, allowing more rapid cell wall colo-
nization and digestion.

The finding that alkaline hydrogen per-
oxide renders plant fibers more digest-
ible by ruminants suggests that many
alternative feed sources, including crop
residues and other cellulosic plant bio-
mass, may be used in animal production.
Utilization of cellulose in this way makes
available a nearly inexhaustible feed sup-
ply. Furthermore, the ability to feed
highly digestible cellulosic materials to
ruminants would eliminate competition
between present animal production prac-
tices and the demands of an expanding
world population for cereal grains.
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Synthesis of Fibrils in Vitro by a Solubilized
Cellulose Synthase from Acetobacter xylinum

Abstract. A digitonin-solubilized cellulose synthase was prepared from Acetobac-
ter xylinum. When this enzyme was incubated under conditions known to lead to
active synthesis of 1,4-B-p-glucan polymer (cellulose), electron microscopy revealed
that clusters of fibrils were assembled within minutes. Individual fibrils are 17 + 2
angstroms in diameter. Evidence that the fibrils were freshly synthesized and
cellulosic in nature was their incorporation of the tritium from UDP-[’H]glucose
(UDP, uridine 5'-diphosphate), their binding of gold-labeled cellobiohydrolase, and
an electron diffraction pattern with 004, 200, and 012 reflections (characteristic of
cellulose synthesized in vivo) but missing 110 and 110 reflections. The small size of
the fibrils is atypical of native A. xylinum cellulose microfibrils. The fibrils
synthesized in vitro resemble, in morphology and size, the fibrillar cellulose
produced when A. xylinum is cultured in the presence of agents that interfere with
the normal process of crystallization of the microfibrils. The solubilized enzyme unit
may therefore be producing a basic fibrillar structure that, in vivo, interacts laterally
with other fibrils to produce native cellulose microfibrils.
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Cellulose, a polymer of 1,4-B-p-glu-
can, is the most abundant biopolymer on
Earth. It is the primary component of
such products as wood, cotton, and pa-

per. Cellulose exists in nature as microfi-
brils, which form the structural frame-
work of the cell walls of plants, some
algae, and certain fungi (I). Among the
few bacteria that synthesize cellulose,
Acetobacter xylinum has been studied
intensely because it produces abundant
amounts in growth medium. The cellu-
lose is extruded from a row of pores
aligned along the longitudinal axis of the
cell (2) and forms an extracellular pelli-
cle, which consists of ribbons of cellu-
lose microfibrils. Freeze etching of A.
xylinum cells has revealed in the outer
membrane a row of particles, comple-
mentary to the pores, which may take
part in the synthesis of cellulose (3).

Fig. 1. (A) Dark-field microscopy of in vitro reaction product. Scale bar, 1.0 pm. (B)
Fluorescence microscopy image of the product in the presence of 0.5 percent Tinopal LPW
(Ciba-Geigy). Scale bar, 1.0 um. '
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Many attempts have been made to
synthesize cellulose in vitro (4), but only
recently, by means of membrane frac-
tions from A. xylinum (5), has a convinc-
ing high-rate synthesis of a 1,4-B-p-glu-
can polymer been achieved. These stud-
ies have demonstrated a complex regula-
tion of cellulose synthase, mediated by
GTP (guanosine 5'-triphosphate), in
which this enzyme is solubilized in a
form that still possesses its regulatory
properties (6). Further studies (7) have
clarified the role of GTP. It is converted
to an unusual guanyl oligonucleotide by
an activator-forming enzyme distinct
from cellulose synthase, and this deriva-
tive, tentatively characterized as a cyclic
oligonucleotide composed of GMP (gua-
nosine 5’'-monophosphate) residues, is
the true activator of cellulose synthase
(8). The in vitro product is clearly an
alkali-insoluble 1,4-B-p-glucan polymer
(5, 6); however, no information has be-
come available on the crystalline struc-
ture or microfibrillar nature of the prod-
uct.

We present evidence that fibrils are
indeed assembled in vitro by the activat-
ed, solubilized enzyme unit from A. xy-
linum. For these studies, the enzyme
unit was prepared and incubated with
substrate and activator under conditions
leading to the synthesis of 1,4-B-D-glu-
can polymer (9), and the synthesis of
cellulose was followed by light and elec-
tron microscopy.

Dark-field microscopy shows that,
within 30 minutes, a product is made that
scatters light (Fig. 1A). With fluores-
cence microscopy, the synthesized ma-
terials flouresce intensely with Tinopal
LPW, one of a class of fluorescent dyes
that bind to B-glucans (Fig. 1B) (10). We
also found that reaction mixtures con-
taining enzymes but lacking substrate
have a weak fluorescence.

Electron microscopy of negatively
stained material reveals an accumulation
of fibrils (Fig. 2A) that are not observed
when UDP-glucose (uridine 5’-triphos-
phate glucose) or activator is omitted
from the reaction. Fibrils synthesized in
vitro appear in clusters. The basic fibrils
measure -only 17 * 2 angstroms (A) in
diameter, and they tend to associate with
each other laterally to produce small
aggregates (Fig. 2B). The accumulated
fibrils are too small to be called typical
microfibrils, but the appearance of the
material shown in Fig. 2A is quite similar
to that of the in vitro product from
digitonin-solubilized chitin synthase
1.

Evidence that the fibrils are cellulosic
in nature comes from studies with gold-
labeled, highly purified cellobiohydro-
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lase I (CBH-Au) (12). Clusters of fibrils
synthesized in vitro are specifically la-
beled with CBH-Au (Fig. 3A). The speci-
ficity of this binding supports the conclu-
sion that the fibrils are indeed cellulose
(12). The presence of cellulose is further
supported by the observation that the in
vitro material is susceptible to degrada-
tion by the cellobiohydrolase if incuba-
tion is prolonged beyond even a few
minutes (Fig. 3B). In addition, if UDP-
glucose is omitted from the incubation
medium, no structures are specifically
labeled with CBH-Au.

The addition of tritium-labeled UDP-
glucose (UDP-[’H]glucose) to the incu-
bation mixture, followed by CBH-Au
labeling, unidirectional shadowing, and
autoradiography, shows that the colloi-

dal gold and silver grains both coincide
with the shadow-cast in vitro product
(Fig. 4) (I13). The dual label provides
evidence that the product is a glucan
derived from supplied UDP-glucose; it
does not represent any preexistent fibrils
in the preparation.

Additional evidence for the cellulosic
nature of the in vitro product comes from
our electron diffraction studies (/14). A
diffraction pattern from bacterial cellu-
lose is shown in Fig. SA. According to
the indexing convention of Woodcock
and Sarko (15), the following reflections
are observed: 004 (2.60 A), 200 (3.90 A),
012 (4.41 A), 110 (5.20 A), and 110
(6. 16A). A diffraction pattern from the in
vitro product is shown in Fig. SB. A
characteristic 004 meridional reflection

Fig. 2. (A) Electron micrograph of negatively stained in vitro product showing the morphology
of fibrils, which tend to cluster in clumps. Scale bar, 0.1 pum. (B) Micrograph similar to (A)
except at higher magnification. Scale bar, 0.1 um. Arrow denotes 17-A fibril.

Fig. 3. (A) Electron micrograph of negatively stained in vitro product after incubating 1.5
minutes in CBH-Au solution (/2) showing CBH-Au complexes associated with clustered fibrils.
Scale bar, 0.1 um. (B) CBH-Au degrades the product after 20 minutes. Compare the product
seen here with that seen in (A). Scale bar, 0.1 um.
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(.57 A) is present as well as the 200
(3.83 A) and the 012 (4.25 A) reflections.
Conspicuously absent are the two 110
and 110 equatorial reflections. These
data support the evidence that the in
vitro product is, indeed, cellulose; how-
ever, the lack of the 110 and 110 reflec-
tions agrees with the ultrastructural evi-
dence for the very small fibrillar size.
The d spacing for the 200 reflection of
the in vitro product suggests it may be
cellulose I, since cellulose II has a char-
acteristic d spacing of 4.03 A for this
reflection. The presence of a 200 reflec-
tion from the in vitro product is evidence
for the glucan chains being organized
into sheets.

The diameter of the in vitro fibrils is
similar to that of the smallest fibril pro-
duced in vivo by A. xylinum when crys-
tallization is disrupted by fluorescent
brighteners (/6). Since it is thought that
these brighteners interfere with crystalli-
zation only after extrusion of the product
from the pores, this suggests that each
solubilized enzyme unit is producing a
basic fibril of low crystallinity that con-
tains only 12 to 25 glucan chains (I7).
The enzyme unit may be equivalent to a
single particle in the row in the outer
membrane of the intact cell. Many parti-
cles are observed within the fibrillar net-
work, but because of the impurity of the
solubilized enzyme preparation we used,

Fig. 4. Autoradio-
graph of cellulose fi-
brils synthesized in
vitro after a combina-
tion of gold labeling
and unidirectional
shadow-casting. The
incorporation of the
radioactive substrate
UDP-[*H]glucose and
the binding of CBH-
Au to the product can
be seen. Scale bar,
0.5 pm.

Fig. 5. (A) Electron diffraction pattern of cellulose synthesized in vivo by A. xylinum. The upper
arrow points to the 004 meridional reflection, the middle arrow to the 012 reflection, and the
lower arrow to the three equatorial reflections, 200, 110, and 110. (B) Electron diffraction
pattern of the in vitro product from A. xylinum. The upper arrow points to the 004 meridional
reflection; the middle arrow to the 012 reflection, and the lower arrow to the 200 reflection.
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it would be premature to attempt to
distinguish which of these particles may
be the synthase enzyme.

In conclusion, we report the visualiza-
tion of the formation of cellulose fibrils
in vitro. The enzyme mixture used in
their formation is quite labile, and the
reaction rates are linear with respect to
time for only 8 to 15 minutes (6, 7); this
may account for the very short length of
the fibrils observed. A detailed study of
the time course of the synthesis as well
as an investigation of the stability of the
reaction is needed. It will also be inter-
esting to see if typical native microfibrils
can be formed in vitro when the enzyme
complex is further purified and associat-
ed with other such components as mem-
branes or proteoliposomes. Structural
studies of purified cellulose synthase will
also add greatly to our understanding of
the mechanism of the directed chain po-
lymerization of cellulose.
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Cell-Assisted Growth of a Fastidious Spiroplasma

Abstract. The Colorado potato beetle spiroplasma, which is not cultivable in
conventional cell-free media, grew in tissue culture media in the presence of several
coleopteran and lepidopteran insect cell lines. The cultured organisms attained titers
of 1.2 x 10° spiroplasmas per milliliter of culture at the 100th passage and retained
infectivity and a high capacity for translational motility at the 15th passage. Cell
culture systems may facilitate the isolation of other presently uncultivable microor-
ganisms and may be useful in the study of the role of microbial physiology and

behavior in pathogenicity.
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Although wall-less prokaryotes (Pro-
karyotae:Mollicutes) have recently been
accorded the status of a division (Teneri-
cutes) (1), they have heretofore been
thought to be a numerically minor taxon.
Recent observations suggest that this
may be far from the case. Two mollicute
families—spiroplasmas (Spiroplasmata-
ceae) and acholeplasmas (Acholeplas-
mataceae)—have been shown to be
widespréad in insects (2) and to have
diverse host relationships (3). Although
some mollicutes are pathogenic to their
insect hosts, others are ovarially trans-
mitted mutualists (organisms that have
mutually beneficial association with each
other) and many appear to be commen-
sals (supply food or protection to other
organisms without damage or benefit to
themselves) (¢). The pathogenicity of
certain mollicutes for arthropods sug-
gests that these organisms might be use-
ful in the biological control of insect
pests (5). However, since as many as
half of the spiroplasmas observed micro-
scopically in insects are currently uncul-
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tivable (2), it is difficult to study their
pathogenicity. Those spiroplasmas that
are cultivable can be grown in cell-free
media, but they usually require very
complex, and often specific, nutrients.
We report here the successful use of
insect tissue culture for the isolation of a
previously uncultivable, highly fastidi-
ous (having complex nutritional require-
ments) mollicute, the Colorado potato
beetle spiroplasma (CPBS).
~ Search for a microbial control agent
for the Colorado potato beetle, Leptino-
tarsa decemlineata, a devastating pest of
potatoes (6), led to the discovery of
CPBS in 1982 (3). CPBS is (i) host-
specific, (ii) able to achieve titers of
approximately 10'° spiroplasmas per mil-
liliter of gut fluid, (iii) transmissible to
both larval and aduit beetles via regurgi-
tated gut fluid or feces, and (iv) able to
persist on leaves and in hibernating
adults. Its pathogenicity and biological
control potential have yet to be assessed.
The morphology of CPBS has attract-
ed considerable attention. In contrast to
other known spiroplasmas, which are
helical, CPBS has a characteristic spiral
shape that is associated with an unusual-
ly high capacity for translational motil-
ity. Another unusual characteristic of
CPBS is its ability to move through the

meshlike peritrophic membrane lining
the beetle midgut to attach to microvilli
(2). Although these observations suggest
that CPBS might differ substantially
from known spiroplasmas, its member-
ship in the Spiroplasmataceae was con-
firmed by dark-field and electron micro-
scopic determination of its size (about
130 by 5000 nm), by the presence of a
single membrane, and by the lack of a
cell wall or periplasmic fibrils in antibiot-
ic-free media (2). As tested by the spiro-
plasma deformation test (7), CPBS was
serologically distinct from spiroplasmas
in groups I to XI and all other available
putative serogroups (represented by
strains DU-1, CC-1, EC-1, I-92, CB-1,
DF-1, TN-1, PUP-1, and I-25) 4, 8).

Although we were not able to cultivate
CPBS in any of the many (9) currently
available mollicute media, we were able
to improve CPBS maintenance by
amending the media with gut fluids from
the Colorado potato beetle. Addition to
the media of filtered extracts from potato
leaves (the natural diet of the beetles) did
not improve CPBS growth. We therefore
suspected that critical growth factors
were being supplied by the insect gut
cells and hypothesized that factors sup-
plied by cultured insect cells might per-
mit sustained growth of CPBS.

We obtained inocula of CPBS by dis-
secting and rupturing Colorado potato
beetle guts in cell culture media and
filtering the extracts through membrane
filters (pore size, 450 nm). The insect cell
culture systems are described in Table 1.
Cell cultures were split once per week
and were maintained at 23°C until used.
We transferred 0.4-ml aliquots of inocu-
lum into 4.0 ml of 0- or 4-day-old cell
cultures and incubated them at 26°C;
cultures were passaged every 4 days.
For daily quantification of spiroplasma
growth, a 3-l drop of culture was placed
on a microscope slide and covered with
an 18-mm? cover glass (Corning No.
1%2). The number of spiroplasmas in 50
randomly selected microscopic fields
(X1250, Zeiss dark-field microscopy)
was counted, and titers were calculated
10).

Growth of the CPBS isolate (LD-1) in
culture media overlying the Diabrotica
cells was dt first moderate, reaching ti-
ters of 8 x 107 spiroplasmas per milliliter
of culture at the 10th passage, but
reached titers of 1.2 X 10° spiroplasmas
per milliliter at the 100th passage. Large
numbers of aggregated spiroplasmas that
formed medusa-like spheres were pre-
sent in later passages. LD-1 from the
98th passage, inoculated into cell culture
at an initial titer of 4.4 x 10° spiroplas-
mas per milliliter, doubled every 28.7
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