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Cholesterol oxidase represents a novel type of insecticidal protein with potent activity against the cotton boll weevil
(Anthonomus grandis grandis Boheman). We transformed tobacco (Nicotiana tabacum) plants with the cholesterol oxidase choM
gene and expressed cytosolic and chloroplast-targeted versions of the ChoM protein. Transgenic leaf tissues expressing
cholesterol oxidase exerted insecticidal activity against boll weevil larvae. Our results indicate that cholesterol oxidase can
metabolize phytosterols in vivo when produced cytosolically or when targeted to chloroplasts. The transgenic plants
exhibiting cytosolic expression accumulated low levels of saturated sterols known as stanols, and displayed severe
developmental aberrations. In contrast, the transgenic plants expressing chloroplast-targeted cholesterol oxidase maintained
a greater accumulation of stanols, and appeared phenotypically and developmentally normal. These results are discussed
within the context of plant sterol distribution and metabolism.

Cholesterol oxidase is a bacterial enzyme that has
potent insecticidal activity against the cotton boll
weevil (Anthonomus grandis grandis Boheman). Upon
ingestion, this protein causes developmental arrest
and death of boll weevil larvae (Purcell et al., 1993),
and a marked decrease in fecundity of female adult
boll weevils (Greenplate et al., 1995). The enzyme
also exhibits more moderate insecticidal effects when
ingested by several species of lepidopteran cotton
insect pests including tobacco budworm (Heliothis
virescens), corn earworm (Helicoverpa zea), and pink
bollworm (Pectinophora gossypiella; Greenplate et al.,
1997). These lepidopteran pests can be effectively
controlled using transgenic cotton plants that express
the Cry1Ac d-endotoxin from Bacillus thuringiensis
(B.t.; Perlak et al., 1990) or by chemical insecticide
sprays. Boll weevil populations are more difficult to
control with chemical sprays due to the fact that eggs
are deposited within immature flower buds (squares)
or cotton fruit (bolls). The larvae feed and develop
enclosed within these organs, protected from chem-
ical spray applications. Furthermore, neither the
Cry1Ac d-endotoxin, nor any other currently known
B.t. toxin, has sufficient insecticidal activity against
boll weevil to achieve commercial control using
transgenic plant strategies. Because of the particu-
larly potent effects of cholesterol oxidase on boll
weevil larvae and adults, cholesterol oxidase genes
may be useful in the production of genetically mod-
ified cotton plants that are self-protected against boll
weevil infestation. Toward this end, we previously

cloned, sequenced, and expressed in Escherichia coli
and tobacco (Nicotiana tabacum) plant protoplasts an
insecticidally active cholesterol oxidase gene, choM
(Corbin et al., 1994).

The lethal effect of cholesterol oxidase on boll wee-
vil larvae has been attributed to the oxidation of
cholesterol in the midgut epithelial membrane, re-
sulting in physical and functional disruption of the
membrane (Purcell et al., 1993). In vitro, cholesterol
oxidase can catalyze the oxidation of cholesterol and
other 3-hydroxysterols, resulting in production of the
corresponding 3-ketosteroids and hydrogen peroxide
(Smith and Brooks, 1976; Fig. 1). We have demon-
strated that the enzyme also oxidized cholesterol in
isolated boll weevil midgut brush border membrane
vesicles, with concomitant alterations in activity of
brush border membrane vesicles marker enzymes
(Shen et al., 1997). These studies support a direct
mode of action for cholesterol oxidase that involves
enzymatic oxidation of midgut epithelial membrane
cholesterol.

In contrast to the d-endotoxin insecticidal proteins
from B. thuringiensis, which have no known enzy-
matic activity, cholesterol oxidase is an insecticidal
protein that has a well-known enzymatic property.
For cholesterol oxidase to be successfully deployed in
transgenic plants, its effects on plant sterols in vivo
need to be evaluated and appropriate expression
strategies need to be devised. Plants have a charac-
teristically complex sterol mixture, with as many as
61 sterols and pentacyclictriterpenes having been
identified in maize (Zea mays; Guo et al., 1995). The
common phytosterols sitosterol, stigmasterol, and
campesterol (24-methyl-cholesterol) predominate
within most higher plant species. Sitosterol and
campesterol are proposed to regulate membrane flu-

1 Present address: Monsanto UK Ltd., The Maris Centre, 45
Hauxton Road, Trumpington, Cambridge CB2 2LQ, UK.

* Corresponding author; e-mail david.r.corbin@monsanto.com;
fax 636 –737–7015.

1116 Plant Physiology, July 2001, Vol. 126, pp. 1116–1128, www.plantphysiol.org © 2001 American Society of Plant Biologists



idity and permeability, similar to cholesterol in mam-
malian cell membranes, whereas stigmasterol may be
required for cell proliferation (Goad, 1990; Schuler,
1990 and 1991). Recent in vitro evidence suggests that
plant sterols are able to modulate the activity of
plasma membrane H1-ATPase from maize roots
(Grandmougin-Ferjani et al., 1997). Cholesterol was
found to stimulate proton pumping, whereas a vari-
ety of other sterols tested behaved as inhibitors. The
requirement for sterols within higher plant mem-
branes is obvious; however, little information exists
regarding the levels of sterol required for mainte-
nance of physiological function or if particular mix-
tures of sterols are required for successful growth
and reproduction of higher plants. Because choles-
terol oxidase can oxidize 3-hydroxysterols, including

the common plant sterols sitosterol, stigmasterol,
campesterol, and cholesterol (Fig. 1), the production
of cholesterol oxidase in plant cells may result in
oxidation of plant sterols and may have detrimental
effects on plant growth and development.

In this paper, we report the stable transformation
of tobacco plants with a cholesterol oxidase gene and
demonstrate expression of insecticidally active cho-
lesterol oxidase in plants using several transcrip-
tional promoters. Expression of cytosolic and
chloroplast-targeted forms of cholesterol oxidase is
described, and we compare their effects on plant
sterol metabolism and phenotype.

RESULTS

Construction of Cholesterol Oxidase Plant
Transformation Vectors

Figure 2 summarizes the composition of the choM
plant gene expression cassettes contained in the plant
transformation vectors. Plant transformation vectors
pMON20923 and pMON20913 carried the mature
and full-length forms of the choM gene, respectively,
under control of the figwort mosaic virus promoter.
Vector pMON33813 carried the mature choM gene
under control of the e35S promoter. Plant transfor-
mation vectors pMON20931 and pMON20929 carried
the mature and full-length forms of the gene, respec-

Figure 1. Cholesterol oxidase reaction and proposed pathway for
cholesterol oxidase-dependent sterol metabolism in transgenic to-
bacco plants. Oxidation and isomerization steps are catalyzed di-
rectly by cholesterol oxidase. Reduction of the 3-ketosteroids to
stanols occurs by an uncharacterized endogenous plant pathway.
The aliphatic groups in the side box show the side chain structures of
the four corresponding 3-hydroxysterols detected in this study. Stanol
derivatives with side chain structures corresponding to cholesterol
(cholestanol), sitosterol (stigmastanol), and campesterol (campesta-
nol) were observed in transgenic tobacco expressing cholesterol
oxidase. No steroid was observed having both the unsaturated stig-
masterol side chain and a saturated ring nucleus. Complete reduction
of stigmasterol leads to a structure with a side chain identical to that
found in sitosterol and stigmastanol.

Figure 2. Cholesterol oxidase plant gene expression cassettes.
pMON numbers adjacent to each cassette designate binary plant
transformation vectors carrying that particular choM gene cassette.
Identity of gene segments and gene expression elements are indi-
cated. White segments represent the coding region of the mature,
secreted ChoM protein. Checkered segments represent the 43-amino
acid secretory signal sequence of ChoM. Slashed segments represent
the chloroplast-targeting sequence from the Arabidopsis 1A Rubisco
small subunit (SSU) gene. Dotted segments represent the N-terminal
24-amino acid sequence from the Arabidopsis 1A Rubisco SSU gene.
Solid segments represent the chloroplast transit peptide peptidase
cleavage sequence from the Arabidopsis 1A Rubisco SSU gene.
pFMV, Figwort mosaic virus promoter; pE35S, enhanced cauliflower
mosaic virus promoter; pSSU, Rubisco SSU promoter.
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tively, translationally fused at their N termini to the
chloroplast-targeting peptide (CTP) sequence CTP1.
In pMON20931 and pMON20929, the chloroplast-
targeted versions of the gene were placed under tran-
scriptional control of the Arabidopsis SSU promoter.
In transformation vector pMON33814, the mature
choM gene was translationally fused at its N terminus
to CTP1D and placed under transcriptional control of
the e35S promoter.

Characterization of Nontargeted ChoM Expression in
Transgenic Tobacco Plants

Cholesterol oxidase-expressing R0 tobacco plants
that had been transformed with nontargeted choM
vectors pMON20913 and pMON20923 were initially
identified by qualitative western-blot analysis using
anti-ChoM antibodies. Expression levels in leaves of
these plants were estimated to range from 5 to 15 mg
ChoM g21 fresh weight using the cholesterol oxidase
enzyme activity assay. Cholesterol oxidase-
expressing R0 tobacco plants transformed with the
nontargeted choM vector pMON33813 were identi-
fied by quantitative ELISA. In a R0 population of 27
plants transformed using pMON33813, ChoM ex-
pression levels in leaves ranged from 0 to 24 mg

ChoM g21 fresh weight, with an average level of
12.42 6 6.49 mg ChoM g21 fresh weight among the 19
expressing plants. Because cholesterol oxidase-
expressing plants derived from the nontargeted vec-
tors pMON20913, pMON20923, and pMON33813
were all sterile (see below), analysis of expression in
these cases was limited to the R0 generation.

Western-blot analysis was performed to determine
the sizes of the ChoM proteins produced in the non-
targeted transgenic tobacco plants. Plants derived
from pMON20923 and pMON33813, which each en-
code the nontargeted, mature form of ChoM, pro-
duced a band that migrated on SDS-PAGE gels with
an Mr of 51,000, very similar to the mobility of native,
secreted cholesterol oxidase (Fig. 3A, lane 3, and Fig.
3C, lane 3). Plants derived from pMON20913, the
vector encoding the nontargeted, full-length form of
ChoM, produced a band that migrated with an Mr of
52,500 (Fig. 3A, lane 4). Thus, the cleavage of the
43-amino acid secretory signal, which has a predicted
molecular mass of approximately 5,000 D, appears to
have occurred at a site upstream of the native cleav-
age site and was not completely removed from the
primary translation product of the full-length gene in
plant cells. The subcellular location of the processed

Figure 3. Characterization of ChoM proteins
produced in transgenic tobacco plants by
western-blot analysis. A, Nontargeted ChoM
proteins in crude leaf extracts. Mature ChoM
was encoded by pMON20923. Full-length
ChoM was encoded by pMON20913. B,
Chloroplast-targeted ChoM proteins in crude
leaf extracts. CTP-mature ChoM was encoded
by pMON20931. CTP full-length ChoM was en-
coded by pMON20929. C, Chloroplast-targeted
and nontargeted ChoM proteins in crude leaf
extracts. Mature ChoM was encoded by
pMON33813. CTP1D mature ChoM was en-
coded by pMON33814. Lanes designated Na-
tive ChoM contain purified, secreted bacterial
cholesterol oxidase as a standard. Lanes desig-
nated Control contain extracts from plants trans-
formed with a vector that lacks the choM gene.
Numbers on the left without arrows indicate
positions of protein Mr size standards in kilodal-
tons. Numbers with arrows indicate relative mo-
bilities, in kilodaltons, of specific ChoM protein
bands.
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form of the nontargeted, full-length protein was not
determined in this study.

Characterization of Chloroplast-Targeted ChoM
Expression in Transgenic Tobacco Plants

Cholesterol oxidase-expressing R0 transgenic
plants transformed with the chloroplast-targeted vec-
tors pMON20929, pMON20931, and pMON33814
were identified by western blot or ELISA. Most of
these plants were fertile, and expression levels were
quantitated by ELISA in the R1 generation. Leaf ex-
pression levels in R1 plants derived from two lines
each of pMON20929 and pMON20931 ranged from 6
to 30 mg ChoM g21 fresh weight. Three independent
plant lines derived from transformation with
pMON33814 that exhibited normal Mendelian segre-
gation of cholesterol oxidase expression were also
analyzed. In a population of 15 R1 plants, five from
each of the three independent lines, expression levels
ranged from 38 to 69 mg ChoM g21 fresh weight, with
an average of 50.8 6 8.8 mg ChoM g21 fresh weight.

Western-blot analysis was performed to character-
ize the sizes of the ChoM proteins produced in plants
using the chloroplast-targeted versions of the choM
gene. The apparent sizes of the ChoM proteins pro-
duced in the chloroplast-targeted plants depended
upon which chloroplast-targeting peptide was used
and whether the mature or full-length choM gene was
used. In the cases of pMON20929 and pMON20931,
where CTP1 was used, two bands were consistently
observed (Fig. 3B, lanes 1 and 3). In each case, one
band migrated with an Mr of 52,000, migrating only
slightly slower than native, mature cholesterol oxi-
dase (Fig. 3B, lane 2). The relative mobility of the
second band differed between plants transformed
with the two vectors, and thus depended upon
whether the mature (pMON20931) or full-length
(pMON20929) choM gene was used. With the full-
length gene the upper band migrated with an Mr of
53,000 (Fig. 3B, lane 1). With the mature gene
(pMON20931) the upper band migrated with an Mr
of 54,000 (Fig. 3B, lane 3). In the case of pMON33814,
which used CTP1D and the mature choM gene, only
one ChoM band was observed in western blots (Fig.
3C, lane 2). This band migrated only slightly slower
than native, mature cholesterol oxidase (Fig. 3C, lane
4) and the nontargeted mature ChoM from
pMON33813 (Fig. 3C, lane 3).

Characterization of Chloroplast-Targeted ChoM in
Isolated Tobacco Chloroplasts

Intact and broken (stripped of the outer membrane
and stromal contents) chloroplast fractions from to-
bacco plants transformed with pMON20929 (full
length) and pMON20931 (mature) were subjected to
western-blot analysis (Fig. 4). Two ChoM bands were
observed in the intact chloroplast fractions that comi-

grated with the two ChoM bands observed in crude
leaf extracts (Fig. 4, lanes 1, 2, 7, and 8). The broken
chloroplast fraction from plants transformed with
pMON20929 was found to contain only one ChoM
protein band, which migrated closely with the lower
of the two bands observed in crude leaf extracts (Fig.
4, lane 4). ChoM protein was not detected in the
broken chloroplast fraction from plants transformed
with pMON20931 (Fig. 4, lane 5). ChoM proteins
were not detected in leaf tissue or chloroplasts from
control plants that had been transformed with a con-
trol vector lacking the choM gene (Fig. 4, lanes 3, 6,
and 9). These results demonstrate that the CTP1 ele-
ment used in these vectors does result in localization
of cholesterol oxidase to chloroplasts in tobacco.
Without the bacterial secretory signal sequence,
ChoM is localized to the stroma and thus is not
detected in the broken chloroplast preparation. The
presence of the bacterial secretory signal sequence in
the full-length, chloroplast-targeted gene causes cho-
lesterol oxidase to accumulate in the broken chloro-
plast fraction, suggesting that this element functions
to transport ChoM across the thylakoid membrane.

Phenotypic Characterization of Transgenic ChoM
Tobacco Plants

As mentioned above, tobacco plants expressing
cholesterol oxidase that had been transformed
with vectors carrying nontargeted choM genes,

Figure 4. Characterization of chloroplast-targeted ChoM proteins in
chloroplast fractions of transgenic tobacco plants by western-blot
analysis. Proteins in whole leaf extracts are included for comparison.
Lanes designated Control represent samples that had been trans-
formed with a control vector that lacks the choM gene. Lane 10
labeled Native ChoM std contains purified, secreted bacterial cho-
lesterol oxidase. CTP1/full-length ChoM was encoded by
pMON20929. CTP1/mature ChoM was encoded by pMON20931.
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pMON20913, pMON20923, and pMON33813, were
sterile and did not develop floral buds. Nontargeted
plants also consistently exhibited severe vegetative
abnormalities. The plants were severely stunted, and
when compared with control plants were character-
ized by thick, wrinkled leaves and shortened inter-
nodal regions.

Tobacco plants expressing cholesterol oxidase that
had been transformed with vectors carrying
chloroplast-targeted choM genes, pMON20929,
pMON20931, and pMON33814, were indistinguish-
able from control plants that were not transformed or
that had been transformed with an empty transfor-
mation vector lacking the choM gene. The
chloroplast-targeted cholesterol oxidase plants ap-
peared morphologically and developmentally nor-
mal and they were fertile. Figure 5 shows represen-
tative ChoM-expressing plants transformed with a
nontargeted choM vector (pMON33813) and a
chloroplast-targeted choM vector (pMON33814), and
compares them with a plant derived from a control
vector lacking the choM gene.

Insecticidal Activity of ChoM-Expressing
Transgenic Plants

Because boll weevil larvae do not feed on whole
tobacco plants or fresh tobacco tissues, leaf tissue
from ChoM-expressing tobacco plants was incorpo-
rated in insect artificial diet bioassays to demonstrate
that the ChoM protein produced in plants was insec-
ticidally active. Table I shows that the transformed
plant tissue expressing chloroplast targeted mature
(pMON20931) and chloroplast targeted full-length
(pMON20929) choM genes had potent insecticidal ac-
tivity against boll weevil larvae. Levels of ChoM in
these plant lines ranged from 5 to 15 mg ChoM g21

fresh weight, giving a final dietary concentration of
ChoM of approximately 0.5 mg ChoM g21 fresh
weight when sample lyophilization, resuspension,
and dilution are taken into account. The ChoM-
producing tobacco tissue caused mortality and se-
vere developmental stunting of neonate boll weevil
larvae compared with leaf tissue from control plants
that had been transformed with a vector lacking the
choM gene.

Chemical Characterization of Transgenic Tobacco Plants

The cholesterol oxidase enzyme catalyzes the
oxidation of 3-hydroxysterols in vitro, resulting in
production of the corresponding 3-ketosteroids and
hydrogen peroxide (Fig. 1). Because we observed dif-
ferences in the plant phenotype conferred by the chlo-
roplast targeted and cytosolic versions of ChoM, we
conducted an analysis of the steroid composition of
the transgenic tobacco to determine if the phenotypic
differences could be correlated with possible differ-
ences in sterol metabolism. We found that the ChoM-
producing tobacco tissues did not accumulate detect-
able levels of 3-ketosteroids. However, stanols, which
are possible products of 3-ketosteroid metabolism, did
accumulate in all ChoM producing tobacco tissue. It
appears likely that a proportion of the tobacco sterol
pool, including sitosterol, stigmasterol, campesterol,
and cholesterol, is oxidized to the 3-ketosteroid me-
tabolite and reduced by endogenous enzymes to pro-
duce the observed stanols (Fig. 1). The reduction of the
3-ketosteroids derived from the oxidation of sitosterol
and stigmasterol by ChoM result in the accumulation
of the same product, stigmastanol. Therefore, within
the context of the results and discussion of this study,
the level of stigmastanol will be compared with the
levels of both sitosterol and stigmasterol.

Plants expressing nontargeted ChoM contained the
expression cassette from pMON33813. The nontar-
geted analysis group consisted of three samples des-
ignated group A for statistical purposes. These sam-
ples were taken from three different R0 plants, each
produced by an independent transformation event.

Plants expressing chloroplast-targeted ChoM con-
tained the expression cassette from pMON33814.
Three independent transgenic tobacco lines express-

Figure 5. Phenotype of R0 tobacco plants transformed with nontar-
geted and chloroplast-targeted choM genes. The nontargeted plant
on the left was transformed with the choM gene from pMON33813.
The chloroplast-targeted plant on the right was transformed with the
choM gene from pMON33814. The control plant in the center was
transformed with a vector lacking a choM gene.
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ing chloroplast-targeted ChoM were separated into
groups B, C, and D for statistical purposes. The
chloroplast-targeted transgenic lines were separated
into ChoM-positive and ChoM-negative R1 plant
groups. The ChoM-negative plants segregating in the
R1 generation served as a comparison group to the
ChoM-positive groups. Control tissues discussed
throughout the study were untransformed wild-type
tobacco.

Within all transgenic lines analyzed, the average
concentration of steroid assessed on a total micro-
grams of steroid per gram fresh weight did not differ
significantly from wild-type controls (Student’s t test,
P . 0.3; Fig. 6A). The designation of steroid refers to
the total sterol accumulation combined with the total
stanol accumulation within a given tissue sample.
Control tissues and ChoM-negative transgenic plant
lines contain undetectable levels of stanol within our
system; therefore, the combined accumulation of sta-
nol and sterol within transgenic tissues was com-
pared with the accumulation of sterol in control and
ChoM-negative tissue. The average level of steroid
per group varied from a high of 298 (sem 118) mg
steroid g21 fresh weight within group D ChoM-
negative to a low of 165 (sem 62) mg steroid g21 fresh
weight within group B ChoM-positive. Wild-type
controls accumulate on average 224 (sem 70) mg ste-
roid g21 fresh weight (Fig. 6A). Group A tissue ac-
cumulated on average a greater amount of total ste-
roid than control tissues, whereas groups B, C, and D
demonstrated variability in total steroid accumula-
tion when compared with controls (Fig. 6A). On av-
erage, stanol production was greatest in groups B, C,
and D ChoM-positive plants, whereas group A dem-
onstrated an approximately 3-fold lower accumula-
tion of stanol than that observed for groups B, C, and
D ChoM-positive (Fig. 6B). Groups B, C, and D
ChoM-negative and control tissues produced unde-
tectable levels of stanol (Fig. 6B).

Stanol accumulation was obvious in groups B, C,
and D ChoM-positive and group A (Fig. 7, A–D).

Comparisons of individual sterol and stanol levels on
a micrograms of steroid per gram fresh weight basis
within the stanol producing lines demonstrates a
consistent pattern of stanol accumulation. Group A
tissues, in each instance, accumulate a greater level of
sterol than the corresponding stanol (Fig. 7, A–D).
However, group B, C, and D ChoM-positive tissues
accumulate higher levels of campestanol and stig-
mastanol than the corresponding sterols campesterol,
stigmasterol, or sitosterol. Cholesterol levels are
equal to or exceed cholestanol levels in these same
tissues (Fig. 7A). Individual sterol accumulations
within group B, C, and D ChoM-negative tissue in all
instances exceed the level of corresponding sterol
accumulated in group B, C, and D ChoM-positive
lines (Fig. 7, A–D).

DISCUSSION

This report demonstrates that a cholesterol oxidase
gene originally isolated from an actinomycete can be
expressed in transgenic tobacco plants. The structural
gene used in these studies had been minimally mod-
ified from its native sequence to contain restriction
enzyme sites at the N and C termini to facilitate
cloning and, in the case of the chloroplast-targeted
cholesterol oxidase, a chloroplast-targeting peptide
sequence has been added. It was shown previously
that when native genes encoding insecticidal proteins
such as the B.t. toxins from B. thuringiensis were
expressed in plants, relatively low levels of expres-
sion were achieved (Fischhoff et al., 1987; Vaeck et
al., 1987). Weak expression of native B.t. genes was
attributed to their high A 1 T content (approximately
63%), which resulted in an under-representation of
plant preferred codons and the occurrence of mRNA
destabilization and polyA addition recognition se-
quence motifs. Modified and synthetic versions of
B.t. genes with a lower A 1 T content were used to
increase expression levels and improve effectiveness
of insect control in transgenic plant tissues (Perlak et

Table I. Insecticidal activity of R1 transgenic tobacco leaf tissue on boll weevil larvae
Neonate boll weevil larvae were allowed to feed on each tobacco leaf tissue sample that had been

applied to the surface of artificial insect diet. After 6 d, the no. of surviving larvae and their wts were
determined.

Plant Sample Mortality No. of Survivors Mean Larval Wt Surviving Biomass

% mg

Control 1 14 13 12.5 6 2.9 175.0
Control 2 1 15 13.7 6 3.2 205.5
Control 3 0 15 13.0 6 3.0 208.0
Control 4 0 16 7.3 6 2.7 116.8
Control 5 21 12 11.5 6 3.0 138.0
Control 6 0 18 11.3 6 2.8 203.4
pMON20929-1 74 4 0.4 6 0.1 1.6
pMON20929-2 87 2 0.3 6 0.2 0.6
pMON20929-3 67 4 0.8 6 0.2 4.0
pMON20931-1 54 7 0.3 6 0.1 2.1
pMON20931-2 61 6 0.4 6 0.1 2.4
pMON20931-3 67 5 0.7 6 0.3 3.5
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al., 1990, 1991, 1993). In contrast to B.t. genes, the A 1
T content in the native actinomycete cholesterol oxi-
dase choM gene is only 31%. As a result, this gene in
its native form was more amenable to expression in
plants, and expression levels in leaf tissues routinely
ranged from approximately 5 to 50 mg ChoM g21

fresh weight.
In the absence of a chloroplast-targeting sequence,

cholesterol oxidase expression resulted in severe ab-
normalities in plant development and fertility. Simi-
lar phenotypic effects were observed with either the
mature or the full-length cholesterol oxidase. When
expressed as a fusion with a chloroplast-targeting
peptide, expression of the mature and the full-length
cholesterol oxidases did not cause the deleterious
phenotypic effects observed with untargeted choles-
terol oxidase. Amelioration of the abnormal morpho-
logical phenotype was observed in every instance in
which cholesterol oxidase was targeted to chloro-
plasts. The inclusion within CTP1 of 24 amino acids
from the N terminus of the SSU of Rubisco resulted
in the production of two discernible forms of choles-
terol oxidase. The smaller and larger forms were

detected in isolated intact chloroplast fractions, indi-
cating that both forms resulted from chloroplast im-
port and processing (Fig. 4). In contrast, CTP1D,
which lacked the N-terminal 24 amino acids of the
SSU of Rubisco, resulted in a single discernible form
of cholesterol oxidase when it was used to target
either the mature or full-length cholesterol oxidase.
Thus, presence of a secretory signal sequence and an
SSU Rubisco sequence at the N terminus of the pro-
tein affected the nature of the final protein product.
The inclusion of the Rubisco SSU peptide has been
reported to improve expression and import of some
fusion proteins into chloroplasts (Kuntz et al., 1986;
Wasmann et al., 1986; Kavanagh et al., 1988; Russell
et al., 1993). Although we did not make a quantitative
comparison between the use of CTP1 and CTP1D in
the present study, our results indicate that the
Rubisco SSU peptide is not necessary for high ChoM
expression levels and that its presence causes some
aberrant processing of a significant fraction of the
precursor protein. Although leaf tissues expressing
chloroplast-targeted mature and full-length choles-
terol oxidase exerted insecticidal activity in insect diet
overlay bioassays, it was not determined if the fully
processed products, the partially processed products,
or both, contributed the insecticidal activity.

The chloroplast fractionation experiment showed
that the chloroplast-targeted full-length cholesterol
oxidase had different chloroplast localization charac-
teristics than did the chloroplast-targeted mature
cholesterol oxidase. The smaller of the processed
products from the targeted full-length protein, but
not from the targeted mature protein, was found to
be associated with the broken chloroplast fraction,
indicating that the native secretory signal sequence of
the full-length protein functioned to transport
chloroplast-targeted cholesterol oxidase across the
thylakoid membrane. The structural similarity of
bacterial protein secretory signal sequences and plant
thylakoid-targeting sequences has been noted (von
Heijne et al., 1989). The leader domain from plant
thylakoid proteins can function to target proteins to
the periplasm in E. coli, allowing processing of the
secreted precursor proteins (Seidler and Michel, 1990;
Meadows and Robinson, 1991). Furthermore, leader
peptides of prokaryotic origin can be cleaved by the
thylakoid signal peptidase (Halpin et al., 1989). The
data we present here shows that a native bacterial
signal sequence can function in planta to target a
foreign protein to the chloroplast thylakoid
compartment.

Stanols have been reported in many groups of or-
ganisms, including higher plants (Kanazawa et al.,
1978; Applequist et al., 1981; Iida et al., 1981; Teshima
and Patterson, 1981). The stanol content ranges from
less than 1% of the total sterol pool in most organisms
to 100% of the accumulated sterol pool in the slime
molds (Nes and McKean, 1977). Stanol metabolism
has been described in marine invertebrates and in

Figure 6. Total steroid content of transgenic and control tobacco. All
data is represented as average micrograms of steroid per gram fresh
weight with calculated SEs of the mean. A, Total steroid content for
control and groups A, B, C, and D. B, Total sterol and stanol content
for control and groups A, B, C, and D. Group A plants express the
nontargeted choM gene from pMON33813. Group B, C, and D
ChoM1 represent R1 transgenic plant lines, which express the
chloroplast-targeted choM gene from pMON33814. Group B, C, and
D ChoM represent segregating, non-ChoM-expressing R1 transgenic
plant lines derived from R0 plants originally transformed using
pMON33814. Control represents non-transformed tobacco of the
same developmental age as experimental lines.
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mammals (Smith and Goad, 1975; Sheikh and Djer-
assi, 1977; Ballantine and Lavis, 1978). A proposed
pathway for the biosynthesis of stanols includes a
3-ketosteroid intermediate, which is similar to the
product of cholesterol oxidase (Smith and Goad,
1975; Smith and Brooks, 1976; Salt, 1984). In our
analysis of tobacco plants, stanols were not detected
in untransformed control plants and ChoM-negative
segregating progeny of plants transformed with the
choM gene. However, in all plants expressing ChoM,
significant accumulation of stanol was observed,
demonstrating that a product of cholesterol oxidase
was endogenously converted to stanol. Transgenic
lines expressing chloroplast-targeted ChoM produce
on average 3-fold higher levels of stanols than trans-
genic tissues expressing nontargeted ChoM (Fig. 6B).
The expression levels of chloroplast-targeted ChoM
are approximately 4-fold higher than that observed
with nontargeted ChoM (50.8 versus 12.4 mg ChoM
g21 fresh weight), suggesting that the differences in
the observed stanol levels may be primarily due to
greater ChoM accumulation in the chloroplast-
targeted plants. The present study did not address
the levels of conjugated sterol or stanol and therefore
we will not discuss the potential contributions made
by these pools to the overall steroid budget within
the plant or the observed morphologies.

Average sterol accumulation within group B, C,
and D ChoM-negative plants exceeded the level of
corresponding sterol accumulated in group B, C, and
D ChoM-positive plants (Fig. 7). These data demon-
strate that chloroplast-targeted cholesterol oxidase is

promoting significant conversion of sterols to corre-
sponding stanols, thereby reducing the total pool of
free sterol within the cell.

Chloroplast-targeted ChoM was associated with
higher levels of stanols, and these plants maintained
a phenotype and ontogeny similar to wild-type to-
bacco plants. In contrast, cytosolic ChoM resulted in
lower levels of stanols, and these plants were char-
acterized by severe stunting and infertility. The ma-
jor sterol accumulated within wild-type tobacco is
stigmasterol, followed by sitosterol, campesterol, and
cholesterol in descending order of mass accumu-
lated. The cytolsolic ChoM plant lines maintained a
total level of sterol comparable to that observed for
control tissues (Figs. 6 and 7). The only difference
appears to be a shift in the relative abundance of
specific sterols accumulated within the transgenic
lines. The lines expressing ChoM cytosolically have
an altered ratio of stigmasterol to sitosterol in which
sitosterol is now more abundant (Fig. 7). The trans-
genic lines expressing chloroplast-targeted ChoM ex-
hibit no effects on ontogeny even though these tis-
sues maintain on average 55% of their steroid pool as
stanol. Within these chloroplast-targeted ChoM-
positive plant lines the relative proportions of free
sterols which remained was similar to wild type,
suggesting that the ratios of certain free sterols, and
not the total level of sterol, contained within tissues
may be important to maintain normal growth and
development. In another study, transgenic Arabidop-
sis demonstrated reduced growth in direct correlation
with the alteration in the ratio of campesterol (24-

Figure 7. Individual sterol and stanol contents
of transgenic and control tobacco lines. All data
is represented as average micrograms of steroid
per gram fresh weight with calculated SEs of the
mean. A, Total cholesterol and cholestanol lev-
els for control and groups A, B, C, and D. B,
Total campesterol and campestanol levels for
control and groups A, B, C, and D. C, Total
stigmasterol and stigmastanol levels for control
and groups A, B, C, and D. D, Total sitosterol
levels compared to stigmastanol for control and
groups A, B, C, and D. The complete reduction
of sitosterol and stigmasterol produce stigmasta-
nol; therefore, stigmastanol will be used in com-
parison to both sterols. Group A plants express
the nontargeted choM gene from pMON33813.
Group B, C, and D ChoM1 represent R1 trans-
genic plant lines which express chloroplast-
targeted choM gene from pMON33814. Group
B, C, and D ChoM- represent segregating R1
transgenic plant lines derived from R0 plants
transformed using pMON33814, but that do not
express ChoM. Control represents nontrans-
formed tobacco of the same developmental age
as the experimental lines.
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methyl cholesterol) to sitosterol (Schaller et al., 1998).
The results of the present study suggest that at least
50% of the accumulated sterol pool is not essential for
normal plant growth and development, as long as the
ratio of the remaining free sterol is comparable to wild
type. The mechanism by which altered sterol ratio
affects plant growth and development in transgenic
tobacco is unclear; however, it has been suggested
recently that altered sterol ratios influence cell divi-
sion in Arabidopsis (Schaller et al., 1998).

It is also possible that cholesterol oxidase may be
affecting an additional biochemical pool that was not
addressed in this study and the phytotoxic effects
observed are not related to the common sterol pool
already discussed. Steroid hormones play important
roles in growth and development of various organ-
isms. The plant steroid hormones, known collectively
as brassinosteroids, elicit a variety of responses dur-
ing plant growth and development (Mandava, 1988;
Sasse, 1997). Several studies of dwarf mutants have
provided strong evidence that brassinosteroids are
required for cell elongation (Clouse et al., 1996).
Brassinosteroids structurally are derived from
campestanol with modifications occurring to the A
and B rings and the side chain (Fujioka and Sakurai,
1997). Results from the present study suggest that
accumulation of stanols in general does not influence
the ontogeny of the transgenic tobacco. Elevated lev-
els of campestanol exist in all ChoM-positive trans-
genic lines when compared with wild type. Trans-
genic tobacco expressing chloroplast-targeted ChoM
maintains a normal phenotype, whereas lines ex-
pressing ChoM cytosolically maintain a dwarf phe-
notype. The dwarf phenotype observed when ex-
pressing cytosolic cholesterol oxidase is interesting
because many brassinosteroid mutants display a sim-
ilar phenotype. However, a connection between cho-
lesterol oxidase activity, increased stanol synthesis,
and alteration of brassinosteroid synthesis cannot be
concluded from this data. Our data does not address
the subcellular localization of campestanol within
wild-type or transgenic tissues. However, the sugges-
tion can be made that localized cytosolic concentra-
tions of campestanol may influence brassinosteroid
synthesis, whereas chloroplastic concentrations of
campestanol have little effect. In addition, cholesterol
oxidase should not directly recognize and alter
brassinosteroid structure due to the saturated steroid
nucleus (Fujioka and Sakurai, 1997).

The sterol biosynthetic pathway historically has
been described as a cytosolic pathway in higher plant
cells. However, the occurrence of two distinct iso-
prene pathways in higher plants has been described
recently (Lichtenthaler, 1999; Rohmer, 1999); the
classical mevalonate pathway and the 2C-methyl
erythritol-4-phosphate pathway. The results of our
present study in tobacco also suggest the existence of
two distinct sterol biosynthetic pathways within to-

bacco or a highly regulated exchange of sterol be-
tween the cytosol and the chloroplast. If multiple
pathways for sterol biosynthesis exist in tobacco,
then one pathway appears cytosolic in nature,
whereas the second pathway is chloroplastic. For this
conclusion to be valid it has to be assumed that
ChoM targeted to the chloroplast is not active during
transit from the cytosol to the chloroplast. If this dual
pathway proposal is correct, the levels of sterol and
stanol observed within the transgenic lines predict
that both pathways contribute considerably to the
overall accumulation of sterol within the cell. Several
transgenic plant lines expressing chloroplast-
targeted ChoM demonstrate on average 55% of their
total sterol pool converted to stanol, suggesting that
a substantial amount of carbon is moving through
this pathway (Fig. 6B). The similarity in total steroid
accumulation between the control and transgenic tis-
sues suggests that some form of coordinate regula-
tion is occurring between the two pathways to limit
carbon moving into end product sterols or that the
stanol end product is assessed similarly to sterol
within plant cell physiology (Fig. 6A).

A second possible explanation for the observed
biochemical phenotypes is that dynamic cycling of
sterols between subcellular compartments includes
the transient movement of sterols through the chlo-
roplasts. The results of this study demonstrate that
plants expressing chloroplast-targeted ChoM accu-
mulate significant levels of stanol. If sterol biosyn-
thesis is localized solely to the cytosol, movement of
sterol to the chloroplast must be possible based solely
on the amount of stanol accumulated in transgenic
plants in which ChoM is targeted to the chloroplast.
Assuming the cytosolic and chloroplastic ChoM en-
zymes are equally active in their respective compart-
ments, it appears that a substantial portion of the
cellular sterol must at some point be exposed to the
interior of the chloroplast. Sterol accumulation pat-
terns in higher plants demonstrate that the microso-
mal and mitochondrial fractions contain the bulk of
the accumulated sterols, suggesting that exposure of
sterols to the chloroplast may be transient.

The present study clearly demonstrates that enzy-
matically and insecticidally active cholesterol oxidase
can be produced in transgenic plants. The enzyme
effectively oxidized the major sterols in tobacco caus-
ing the accumulation of elevated levels of stanols.
Although the physiological effect of stanol accumu-
lation was not fully delineated in this study, it is clear
that differential subcellular localization of cholesterol
oxidase results in tremendous differences in plant
development. Further biochemical analysis and char-
acterization of the subcellular localization of choles-
terol oxidase and any subsequent reactions leading to
the accumulation of stanol products will address im-
portant questions regarding the metabolism and
function of sterols in higher plant ontogeny.
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MATERIALS AND METHODS

Cholesterol Oxidase Genes

Cloning of a functional cholesterol oxidase gene from
Actinomyces sp. A19249 and construction of N terminally
modified recombinant genes was previously described
(Corbin et al., 1994). The native cholesterol oxidase gene,
choM, encodes a protein of 547 amino acids. The N-terminal
43 amino acids constitute a signal sequence that is removed
from the primary translation product during secretion. The
recombinant full-length choM gene includes the N-terminal
secretory signal sequence. The recombinant mature choM
gene encodes only the processed, mature form of the en-
zyme. These two recombinant choM genes were used to
construct all the plant gene expression cassettes used in the
present study.

Plant Gene Expression Elements

The chloroplast-targeting sequence CTP1, from the
Arabidopsis Rubisco SSU 1A gene, was previously de-
scribed (Wong et al., 1992). The CTP1 element consisted
of the 55-amino acid SSU chloroplast-targeting sequence
plus the N-terminal 24 amino acids of the Rubisco SSU
protein. The native transit peptidase cleavage site at the
junction of the targeting sequence and the SSU sequence
was preserved, and a second peptidase cleavage site and a
NcoI restriction site were introduced at the 39 end of the
Rubisco coding sequence.

The chloroplast-targeting sequence CTP1D was derived
from CTP1 by deleting the 24 amino acids of Rubisco and
one of the two transit peptidase cleavage sites. This dele-
tion was accomplished using two SphI restriction enzyme
sites, one contained within each of the duplicated transit
peptidase cleavage site sequences.

Transcriptional promoters used for plant expression
were the figwort mosaic virus promoter (Richins et al.,
1987), the enhanced cauliflower mosaic virus 35S (e35S)
promoter (Kay et al., 1987), and the Arabidopsis Rubisco
SSU 1A promoter (Wong et al., 1992).

Plant polyadenylation signals used were the nopaline
synthase 39-UTR region from the Agrobacterium tumefaciens
Ti plasmid (Bevan et al., 1983) and the 39-UTR region from
the E9 SSU Rubisco gene from Pisum sativa (Hunt and
MacDonald, 1989).

Tobacco (Nicotiana tabacum cv
Samsum) Transformation

Tobacco was transformed using the A. tumefaciens leaf
disc transformation method (Horsch et al., 1985). All plant
transformation vectors carried a 5-enolpyruvylshikimate-
3-phosphate synthase gene and transformed plants were
selected using glyphosate selection (Zhou et al., 1995).

Detection of Cholesterol Oxidase in Transgenic Plants

Native, secreted ChoM for use as a protein standard in
western blot experiments was purified from Actinomyces

strain A19249 culture filtrates as previously described (Pur-
cell et al., 1993).

Cholesterol oxidase enzyme activity was determined us-
ing the colorimetric method of Gallo (1981). In some exper-
iments, cholesterol oxidase expression levels were esti-
mated based upon observed enzyme activities and the
specific activity of a purified cholesterol oxidase prepara-
tion. Extracts were prepared by homogenizing fresh to-
bacco leaf tissue in phosphate-buffered saline-Tween
(PBST) extraction buffer consisting of 0.07% (w/v) Tween
20 in phosphate-buffered saline (8 g L21 NaCl, 1.15 g L21

Na2HPO4, 0.2 g L21 KH2PO4, and 0.2 g L21 KCl). Ten
milligrams of leaf tissue was homogenized in 0.5 mL of
PBST. Tissue debris was removed by centrifugation at
10,000g for 10 min at 4°C.

Protein samples for western-blot analysis were prepared
by pulverizing tobacco leaf tissue that had been frozen on
dry ice in a 1.5-mL microcentrifuge tube. One-half milliliter
of boiling SDS/PAGE extraction/loading buffer was added
to 10 mg pulverized tissue and the samples were immedi-
ately placed in a boiling water bath for 10 min. Tissue
debris was removed by centrifugation at 10,000g for 10
min. Proteins were subjected to SDS-PAGE electrophoresis
in 10% (w/v) polyacrylamide gels and transferred to nitro-
cellulose membranes. Cholesterol oxidase protein bands
were detected by using anti-ChoM antibodies as previ-
ously described (Corbin et al., 1994).

Protein samples for quantitative ELISA analysis were
prepared from fresh leaf tissue by homogenizing tissue in
PBST followed by centrifugation at 10,000g for 10 min to
remove tissue debris. Five to 20 ml of extract was analyzed
in a direct ELISA that used purified rabbit anti-cholesterol
oxidase IgG as a coating antibody and horseradish
peroxidase-conjugated purified rabbit anti-cholesterol oxi-
dase IgG as a detection antibody. Detection was accom-
plished by reaction with 3,39,5,59-tetramethyl-benzidine
peroxidase substrate and hydrogen peroxide followed by
determination of optical density at 450 nm with a reference
wavelength of 655 nm using a model 3550 plate reader
(Bio-Rad, Hercules, CA).

Steroid Analysis

Reverse phase-HPLC was performed in conjunction with
gas chromatography (GC)-mass spectroscopy (MS) analy-
sis. Sterols and stanols were quantified by reverse phase-
HPLC using previously produced standard curves for all
compounds (Grebenok et al., 1991). Previous analysis of
control tissue and transgenic tissue expressing ChoM prior
to and after base saponification produced no appreciable
difference in steroid titer or distribution (data not shown).
Therefore, samples used in this study were not subjected to
base saponification.

Lyophilized plant material was extracted with ethanol
by previously published methods (Grebenok et al., 1991).
At the time of extraction, 40 mg of lathosterol was added as
an internal standard for quantification purposes. The ste-
roid fraction was evaporated to dryness under nitrogen
and subsequently solubilized in 200 mL of methylene chlo-
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ride. Sterols and stanols were identified through gas
chromatography-mass spectroscopy (GC-MS) using a 5890
gas chromatograph and a 5970 mass spectrometer
(Hewlett-Packard, Palo Alto, CA). GC separation of iso-
lated sterols and stanols was achieved on a one-column (15
m 3 0.3 mm; 0.25-mm film thickness; Hewlett-Packard).
Oven temperature was programmed from 200°C to 280°C
at 20°C per min and the carrier gas was helium at a velocity
of 30 cm s21. The MS was operated at an ionizing potential
of 70 eV, the ion source was maintained at 280°C, and the
injector port was maintained at 250°C. Cholesterol,
campesterol, stigmasterol, sitosterol, stigmastanol, campes-
tanol, and cholestanol were identified through cochro-
matography with authentic standards (Sigma Chemical, St.
Louis) on the gas chromatograph, and by characteristic
mass spectrum (Lenfant et al., 1970; Iida et al., 1981; Rahier
and Benveniste, 1989). The parent ion of a stanol contains
two additional mass units when compared with the corre-
sponding sterol, with the most abundant ion being m/e 215.
Cholestanol displayed ions at m/e: M1 388, 373, 355, 273,
257, 248, 233, and 215 (100%). The two additional mass
units present in the parent ion (m/e 388) are in agreement
with a saturated sterol nucleus when compared with cho-
lesterol. The most abundant ion (m/e 215) is in agreement
with previously published stanol fragmentation. Campes-
tanol displayed similar characteristics with ions at m/e: M1
402, 387, 369, 257, 248, 233, and 215 (100%). Sitostanol/
stigmastanol displayed ions at m/e: M1 416, 401, 398, 383,
344, 275, 257, 248, 233, and 215 (100%; Lenfant et al., 1970;
Iida et al., 1981).

Insect Bioassays

Cotton boll weevil (Anthonomus grandis grandis Bohe-
man) larval bioassays were performed in 96-well microtiter
plates using a modification of the methods of MacIntosh et
al. (1990) and Purcell et al. (1992) using an agar-based
artificial diet (Marrone et al., 1985). Tobacco leaf tissues to
be assayed were harvested, frozen on dry ice, lyophilized
to dryness, and then pulverized to a fine powder. The
lyophilized powder was suspended as a 2% (w/v) slurry in
sterile distilled water. Fifty microliters of the slurry was
applied to each well containing 200 mL of diet and allowed
to air dry. Each plant sample was tested in 16 wells. Each
well received at least one boll weevil egg. Boll weevil eggs
were obtained from the Robert T. Gast Rearing Laboratory
(U.S. Department of Agriculture, Starkville, MS). After egg
hatch, neonate larvae were allowed to feed and develop for
6 d. Mortality for each plant sample was scored as the
percentage of infested wells that did not contain any sur-
viving larva after 6 d. Surviving larvae were weighed.

Chloroplast Isolation

Chloroplast isolation was accomplished using a modifi-
cation of the Percoll step gradient protocol described by
Orozco et al. (1986) in which polyethylene glycol was omit-
ted from the homogenization buffer. Tobacco plants used
for chloroplast isolation were maintained in a greenhouse

with supplemental lighting to provide 16 h of light and
8 h of dark. The plants were maintained in the dark for
48 h prior to leaf harvesting in order to reduce chloro-
plast starch accumulation. Forty grams of fresh leaf tis-
sue, with mid-veins removed, was homogenized in 200
mL ice-cold buffer {50 mm HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid], pH8.0, 2 mm EDTA, 1
mm MgCl2, 1 mm MnCl2, 0.33 m sorbitol, 0.1% [w/v]
ascorbic acid, and 0.1% [w/v] bovine serum albumin}
using three 5-s cycles in a blender (Waring, New Hartford,
CT) set at high speed. The crude homogenate was filtered
through four layers of Miracloth and the filtrate was cen-
trifuged at 5,000g for 10 min. The supernatant was dis-
carded and the crude organelle pellet was resuspended in
10 mL of homogenization buffer and layered onto the tops
of 40% to 85% (v/v) Percoll step gradients. Loaded gradi-
ents were centrifuged at 14,800g in a swinging bucket rotor
for 10 min. Two green chloroplast-enriched bands were
observed and collected. The lower chloroplast band at the
40%/85% interface consisted of intact chloroplasts and the
upper chloroplast band at the buffer/40% interface con-
sisted of broken chloroplasts depleted of chloroplast enve-
lope and stroma. Light microscopy of the two fractions
substantiated their identification as intact and broken
chloroplast fractions. Samples were washed twice by 5 to
10-fold dilution in homogenization buffer followed by
centrifugation.
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