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The content of the cyanogenic glucoside dhurrin in sorghum (Sorghum bicolor L. Moench) varies depending on plant age and
growth conditions. The cyanide potential is highest shortly after onset of germination. At this stage, nitrogen application has
no effect on dhurrin content, whereas in older plants, nitrogen application induces an increase. At all stages, the content of
dhurrin correlates well with the activity of the two biosynthetic enzymes, CYP79A1 and CYP71E1, and with the protein and
mRNA level for the two enzymes. During development, the activity of CYP79A1 is lower than the activity of CYP71E1,
suggesting that CYP79A1 catalyzes the rate-limiting step in dhurrin synthesis as has previously been shown using etiolated
seedlings. The site of dhurrin synthesis shifts from leaves to stem during plant development. In combination, the results
demonstrate that dhurrin content in sorghum is largely determined by transcriptional regulation of the biosynthetic
enzymes CYP79A1 and CYP71E1.

More than 2,650 plant species from more than 550
genera and 130 families are known to be cyanogenic,
and this phenomenon is typically based on the pres-
ence of cyanogenic glucosides (Hegnauer, 1986;
Seigler, 1991). The biological function of cyanogenic
glucosides has been difficult to assess (Jones, 1998;
Selmar, 1999; Jones et al., 2000). Cyanogenic glu-
cosides are constitutively produced in healthy plant
tissues and belong to the class of natural products
referred to as “phytoanticipins” (Osbourn, 1996).
Mechanical disruption of plant tissue containing
cyanogenic glucosides results in their degradation
by the sequential action of �-glucosidases and �-
hydroxynitrilases (Cicek and Esen, 1998; Lechtenberg
and Nahrstedt, 1999; Selmar, 1999; Jones et al., 2000)
and release of hydrogen cyanide. The toxicity of hy-
drogen cyanide renders it obvious to assume that
cyanogenic glucosides repel herbivores (Jones, 1998).
However, many trials do not support this hypothesis
(Hruska, 1988) and effectiveness may be strongly in-
fluenced by the feeding strategy of the animals
(Compton and Jones, 1985). With regard to the inter-
action between plants and microorganisms, the release
of hydrogen cyanide from cyanogenic glucosides may

be more damaging to the plant than to the microor-
ganism because of inhibition of phytoalexin produc-
tion (Lieberei et al., 1989). In accordance, highly cya-
nogenic plants are preferred by some fungi and insects
compared with plants with lower cyanogenic poten-
tial (Nahrstedt, 1996; Møller and Seigler, 1999). Agly-
cones released from cyanogenic glucosides formed
from Phe or Tyr may give rise to the formation of
compounds with antifungal activities (Siebert et al.,
1996). Other possible roles of cyanogenic glucosides
are as nitrogen storage compounds (Clegg et al., 1979;
Selmar et al., 1988; Forslund and Jonsson, 1997) or as
osmoprotectants. The latter functions are likely to re-
quire the presence of high amounts of cyanogenic
glucosides in a particular cell type or tissue. This is
often the case as in sorghum (Sorghum bicolor), where
the cyanogenic glucoside content in the tip of young
seedlings reaches 6% of the dry weight (Akazawa et
al., 1960; Halkier and Møller, 1989). When cyanogenic
glucosides are present in high amounts in the edible
parts of crop plants, the cyanogenic potential consti-
tutes a health risk for humans and domestic animals
(Maxwell, 1903; Nelson, 1953; Olūwole et al., 2000). To
increase food and feed safety, it is of interest to be able
to lower the content of cyanogenic compounds in
these plants through classical breeding or molecular
genetics. It is also of great interest to know the effect of
growth conditions on cyanogenic glucoside accumu-
lation to avoid incidences of cyanide intoxication due
to occasionally unexpected high concentrations that
cannot be handled using normal precautionary
measures.

Sorghum synthesizes the cyanogenic glucoside
dhurrin from Tyr. Dhurrin accumulation is highest in
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seedlings (Akazawa et al., 1960; Halkier and Møller,
1989), which because of their cyanide potential can be
lethal to domestic animals (Boyd et al., 1938). The
cyanide content in both seedlings and older plants
depends highly on growth conditions and genetic
background (Boyd et al., 1938; Nelson, 1953; Gilling-
ham et al., 1969; Gorz et al., 1987). Furthermore, there
is a significant turnover of dhurrin even in seedlings
(Bough and Gander, 1971; Adewusi, 1990), suggest-
ing that the dhurrin content could be regulated both
by changes in synthesis and in breakdown. The in
vivo mechanisms for turnover of cyanogenic glu-
cosides remain elusive and do not necessarily involve
degradation by the action of �-glucosidases and
�-hydroxynitrilases as seen after disruption of the
subcellular structure (Jones et al., 2000).

To understand the regulation of dhurrin content in
sorghum, we have chosen to study the biosynthetic
enzymes (Fig. 1). The two first enzymes in the path-
way for dhurrin synthesis, CYP79A1 and CYP71E1,
are membrane-bound P450 enzymes that catalyze
the conversion of Tyr to p-hydroxymandelonitrile,
the aglycone of dhurrin (Sibbesen et al., 1994; Koch
et al., 1995; Kahn et al., 1997; Bak et al., 1998a).
CYP79A1 catalyzes the conversion of Tyr to Z-p-
hydroxyphenylacetaldehyde oxime, which was previ-
ously shown to be the rate-limiting step in dhurrin
synthesis in etiolated sorghum seedlings (Møller and
Conn, 1979; Sibbesen et al., 1995). Because this is the
first committed step in dhurrin synthesis, it is
thought to be a key regulatory point. Not surpris-
ingly, CYP79A1 exhibits high substrate specificity
(Kahn et al., 1999). CYP71E1 catalyzes the subsequent

conversion of Z-p-hydroxyphenylacetaldehyde oxime
to p-hydroxymandelonitrile. This enzyme has lower
substrate specificity (Kahn et al., 1999). Finally, a sol-
uble glycosyltransferase UDP-Glc p-hydroxymandelo-
nitrile glycosyltransferase UGT85B1 (previously
pHMNGT) converts p-hydroxymandelonitrile into
dhurrin (Jones et al., 1999). Studies with microsomal
membranes (conversion of Tyr to p-hydroxyman-
delonitrile) have indicated that the biosynthetic ac-
tivity increases the first 2 d after germination and
that the activity of the enzymes involved and the
dhurrin produced are found in the upper part of
the shoot (Halkier and Møller, 1989).

In the present study, we demonstrate a close rela-
tionship between dhurrin content and CYP79A1 and
CYP71E1 activity in young light-grown sorghum
seedlings. Application of nitrogen fertilizer to older
sorghum plants increases the activity of CYP79A1
and CYP71E1 and is accompanied by an increase in
dhurrin content. At the experimental conditions
tested, the activity of both enzymes correlates with
their mRNA levels, demonstrating that transcrip-
tional regulation of the biosynthetic enzymes is a
major determinant of dhurrin synthesis.

RESULTS

The cyanide potential of sorghum increases rapidly
during germination and early seedling formation, af-
ter which it declines with plant age (Fig. 2). The cya-
nide potential per plant peaks 4 d after germination
(Fig. 2A). At this time point, the rate of dhurrin syn-
thesis and breakdown are equal. When measured per

Figure 1. The biosynthetic pathway for the cy-
anogenic glucoside dhurrin in sorghum.
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milligram of fresh plant material, the cyanide poten-
tial peaks already 2 d after germination (Fig. 2B).

To determine whether the enzyme activities asso-
ciated with dhurrin synthesis are major determinants
of cyanide potential, microsomes were isolated from
sorghum seedlings at different developmental stages,
and their biosynthetic activity was assessed by ad-
ministration of precursors. The microsomes convert
Tyr into p-hydroxymandelonitrile, which dissociates
into p-hydroxybenzaldehyde and hydrogen cyanide
(Fig. 1; Halkier and Møller, 1989). Cyanide produc-
tion from Tyr reflects the combined catalytic activity
of the multifunctional cytochromes P450, CYP79A1
and CYP71E1. The activity of CYP71E1 was mea-
sured separately by administration of its substrate
p-hydroxyphenylacetaldoxime to microsomes (Kahn
et al., 1997). In all cases tested, the activity of
CYP71E1 was higher than the combined activity of
the enzymes (Fig. 3A). The biosynthetic pathway is
highly channeled with no accumulation of the aldo-
xime (Møller and Conn, 1980). Therefore, cyanide
production from Tyr reflects the activity of CYP79A1.
The activity of both enzymes as measured per milli-
gram of plant material increased until d 2 after ger-
mination, after which it declined (Fig. 3A). Thus, the
enzyme activities of CYP79A1 and CYP71E1 both

peak the same day as the cyanide potential per mil-
ligram of plant material (Fig. 2B). CYP79A1 and
CYP71E1 are membrane-bound proteins. In accor-
dance, their activity as a function of seedling age is
also presented per milligram of microsomal protein
(Fig. 3B). The content of membrane protein per mil-
ligram of fresh plant material is lowest immediately

Figure 3. The effect of seedling age on activity and amount of
CYP79A1 and CYP71E1 in sorghum microsomes. A, Enzyme activity
per milligram of fresh plant material; B, enzyme activity per milli-
gram of microsomal protein; and C, western-blot analysis of the
content of CYP79A1 and CYP71E1 with equal amounts of microso-
mal protein applied to each lane. Microsomes were prepared from
whole seedlings except roots. The combined activity of CYP79A1
and CYP71E1 was measured with Tyr as substrate, and the activity of
CYP71E1 was measured with (Z)-p-hydroxyphenylacetaldoxime as
substrate. The cyanohydrin formed as the final product of the enzy-
matic reactions was hydrolyzed in alkali and cyanide release mea-
sured as described in “Materials and Methods.”

Figure 2. The effect of seedling age on cyanide potential in sorghum.
The cyanide potential is shown per plant (A) and per milligram of
plant material (B; fresh weight). Seeds were imbibed in water for 3 h,
and seedlings were grown for the time periods indicated. Cyanide
potential in the whole plant except roots was measured as described
in “Materials and Methods.”
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after germination, and this shifts the enzyme activity
maximum to 1 d after germination when calculated
based on the same amount of microsomal protein.

The protein level of CYP79A1 and CYP71E1 per
milligram of microsomal protein as a function of
seedling growth was investigated using western blot-
ting (Fig. 3C). The protein level of CYP79A1 and of
CYP71E1 correlates well with the corresponding en-
zyme activities (Fig. 3B). Thus, no obvious evidence
for regulation of enzymatic activity by post-
translational modification or by the presence of in-
hibitors is evident. CYP79A1 and CYP71E1 mRNA
levels during seedling growth were measured by
northern blotting with equal amounts of total RNA
applied to each lane (Fig. 4). Their expression levels
showed the same overall pattern and matched the
pattern of the corresponding enzyme activities and
protein levels (Fig. 3). The timing of the mRNA levels
points to transcriptional regulation as a major deter-
minant of enzyme activity and suggests that dhurrin
synthesis in sorghum seedlings is regulated by the
rate of de novo synthesis of the biosynthetic
enzymes.

The effect of mineral salts on dhurrin synthesis in
sorghum was studied using sorghum plants at dif-
ferent developmental stages (Fig. 5). In seedlings up
to 8 d of age, growth in the presence of different
mineral salts did not cause an increase in cyanide
potential when calculated per milligram of fresh
plant material (Fig. 5A) or when calculated per plant
(Fig. 5B). The CYP79A1 and CYP71E1 genes may
already be transcribed at maximal rate in seedlings,
thereby preventing further induction. As an alterna-
tive, limitations in the pool of free Tyr or other effec-
tors may prevent increased synthesis. In contrast to
seedlings, application of nitrogen fertilizer in the
form of potassium nitrate to 5-week-old (60-cm-tall)
sorghum plants resulted in a pronounced increase in
cyanide potential (Fig. 5, C and D). The cyanide
potential of the whole plant was increased by a factor
of 7. The increase in cyanide potential was not a

simple salt stress response, because neither potas-
sium chloride (Fig. 5) nor potassium phosphate (data
not shown) exerted any measurable changes in cya-

Figure 4. The effect of seedling age on mRNAs encoding CYP79A1
and CYP71E1 in sorghum. Total RNA was isolated and analyzed by
northern blotting. Equal amounts of RNA were applied to all lanes as
measured by ethidium bromide staining. The blots were hybridized
with the CYP79A1 and the CYP71E1 probes as indicated.

Figure 5. The effect of nitrate on cyanide potential in sorghum plants
at different developmental stages. A and B, Seeds were imbibed in
water for 3 h, and seedlings were grown for the time periods indi-
cated in water (�—�), 25 mM KCl (E—E), or 25 mM KNO3 (�—�).
C and D, Plants were grown for 35 d in soil. Watering was then
continued with H2O (�—�) or changed to 25 mM KCl (E—E) or 25
mM KNO3 (�—�) for the time period indicated. The cyanide poten-
tial in the whole plant except roots was measured as described in
“Materials and Methods.”
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nide potential in comparison with untreated plants.
The salt concentration necessary to induce the cya-
nide potential is difficult to assess in soils. Therefore,
the experiment was repeated using plants that were
grown as above but removed from the soil, and their
roots gently were washed before placing them in
water, 25 mm potassium chloride, or 25 mm potas-
sium nitrate. This experiment resulted in the same
increase in cyanide potential upon nitrate adminis-
tration as observed with plants grown in soil (data
not shown). The increase in cyanide potential was the
same when the plants were placed in 10 to 50 mm
nitrate, showing that full induction of dhurrin syn-
thesis is achieved already at 10 mm nitrate (data not
shown). Despite the observed increase in cyanide
potential in 5-week-old plants upon nitrate adminis-
tration, the cyanide potential per milligram of plant
material only reached about 2% to 3% of the maxi-
mum concentration in seedlings (Figs. 2A and 5).

Not surprisingly, the activity of CYP79A1 and
CYP71E1 is lower in 5-week-old plants than in seed-
lings. The colorimetric assay for determination of
cyanide was not sensitive enough to detect biosyn-
thetic activity in microsomes isolated from these
older plants. Instead, the biosynthetic activity was
measured by administration of [UL-C14]-labeled Tyr
to the microsomes and by detection of the interme-
diates formed by radio thin-layer chromatography
(TLC). Using this more sensitive method, CYP79A1
and CYP71E1 activity was found in microsomes iso-
lated from the stem of the plants but not in micro-
somes isolated from leaves, leaf sheets, or roots (Fig.
6A). In 5-week-old plants, the cyanide potential per
milligram of fresh plant material is 0.08 nmol in
stems, whereas it is 0.05 nmol in leaves (Fig. 6B).
Overall, about one-third of the cyanide potential of
the plant resides in the leaves. The presence of bio-
synthetic activity in the stem indicates that dhurrin
may be transported from stem to leaves. Upon ad-
ministration of nitrate to the plants, the enzymatic
conversion of Tyr into p-hydroxymandelonitrile by
the microsomal system isolated from stems was
strongly increased (Fig. 6A), suggesting that the in-
crease in dhurrin content is the result of increased
biosynthetic capacity. This was clearly reflected by
increases in the cyanide potential of stems and leaves
to 0.6 and 0.4 nmol mg�1 plant material, respec-
tively. To investigate whether the increase in bio-
synthetic activity was achieved by up-regulation of
the mRNA level of the biosynthetic enzymes, the
amount of CYP79A1 mRNA was measured by quan-
titative reverse transcription PCR. In each PCR re-
action, the actin gene was also amplified as an in-
ternal control. In control experiments, the relative
amplification of the actin and CYP79A1 cDNA was
found to be constant over two decades of cDNA
concentrations. Both primer sets were placed over
introns to amplify the cDNA without interference
from contaminating genomic DNA in the RNA

preparation. The amount of CYP79A1 mRNA in-
creased in response to nitrate (Fig. 7), suggesting
that also during nitrate induction, the synthesis of
dhurrin is regulated at the transcriptional level and,
thereby, linked to de novo synthesis of the biosyn-
thetic enzymes.

Germination of sorghum seeds in a nitrate-
containing medium did not result in an increase in
the cyanide potential of 8-d-old seedlings (Fig. 5). In
contrast, treatment of 8-d-old seedlings with nitrate
for 1 week did result in an increased dhurrin content
in 15-d-old plants (data not shown). To elucidate at
which point during seedling development CYP79A1
and CYP71E1 synthesis become responsive to nitrate,
sorghum seedlings at different ages were treated
with nitrate for 24 h, followed by measurements of
the level of CYP79A1 and CYP71E1 mRNA. As pre-

Figure 6. The effect of nitrate on induction of CYP79A1 and
CYP71E1 catalytic activity and cyanide potential in different parts of
5-week-old sorghum plants. A, Microsomes were prepared from
different plant parts, and their ability to convert 14C-labeled L-Tyr to
p-hydroxymandelonitrile was analyzed by phosphor image-TLC of
enzymatic reaction mixtures as described in “Materials and Meth-
ods.” E, No microsomes added; �, positive control using micro-
somes prepared from 2-d-old sorghum seedlings; CHO, p-hydro-
xybenzaldehyde (degradation product of p-hydroxymandelonitrile);
OX, Z-p-hydroxyphenylacetaldehyde oxime; and TYR, L-Tyr (which
stays at the origin of the TLC plate). B, The cyanide potential of leafs
and stems measured after growth in the absence and presence of
KNO3 as described in “Materials and Methods.” In all experiments
shown, the induction period used was 12 d.
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viously shown (Fig. 4), the mRNA level was strongly
induced during early germination, but no further
up-regulation by nitrate was observed (d 1 and 2). In
seedlings more than 8 d old, nitrate treatment re-
sulted in a marked increase in the mRNA levels of
CYP79A1 as well as CYP71E1 (Fig. 8).

DISCUSSION

The content of the cyanogenic glucoside dhurrin in
light-grown sorghum seedlings shows a transient in-
crease during germination (Figs. 2 and 3). When mea-
sured per plant, the cyanide potential peaks at d 4
after germination. When measured per milligram of
fresh plant material and per milligram of microsomal
protein, the cyanide potential peaks at d 2 and 1,
respectively. A transient increase has previously
been reported by Akazawa et al. (1960). In the
present study, we have investigated the two multi-
functional cytochrome P450 enzymes that convert
Tyr to p-hydroxymandelonitrile, the aglycone of
dhurrin. We demonstrate that the transient increase
in cyanide potential correlates with the activity of the
biosynthetic enzymes (Fig. 3). In older sorghum
plants, the enzymes are induced by nitrate applica-
tion that also results in an increased dhurrin level
(Figs. 5 and 6). These results point to the biosynthetic
enzymes as the major determinant of cyanide poten-
tial in sorghum compared with the rate of cyanogenic
glucoside degradation.

A closer analysis shows that, although the activity
of both CYP79A1 and CYP71E1 changes during ger-
mination (Fig. 3), the activity of the first enzyme in
the pathway is always rate limiting. This is an effi-
cient way of avoiding accumulation of toxic interme-
diates in dhurrin synthesis (Fig. 6). It requires a tight
coregulation of the two enzyme activities and is fur-
ther secured by metabolic channeling (Møller and
Conn, 1980). In agreement with this, only minute
amounts of the intermediates are found when radio-
labeled Tyr is administered to sorghum seedlings
(Conn, 1973). The UDP-Glc:p-hydroxymandelo-

nitrile-O-glucosyltransferase (UGT 85B1) that cata-
lyzes the final glucosylation step has been cloned and
shown to have higher activity than the two P450
enzymes (Jones et al., 1999). The routinely observed
lack of accumulation of p-hydroxymandelonitrile in
vivo supports the notion that this enzyme is always
present in excess (Conn, 1973). In vivo, the glucosyl
transferase may attach to the membrane-bound cyto-
chrome P450s to create a metabolon as observed in
flavonoid synthesis (Burbulis and Winkel-Shirley,
1999). The entire pathway for dhurrin synthesis has
recently been transferred from sorghum to Arabidop-
sis using genetic engineering (Tattersall et al., 2001).
Dhurrin synthesis in the transgenic Arabidopsis
plants also showed strong metabolic channeling.

During sorghum seedling development (Fig. 3) and
upon the application of nitrate (Fig. 5), the measured
enzyme activities of CYP79A1 and CYP71E1 were
found to correlate well with the corresponding
mRNA levels (Figs. 4 and 8), indicating that their
activity in planta is controlled at the transcriptional
level and most likely by common transcriptional con-
trol mechanisms. Precedences for such type of regu-
lation in the biosynthesis of aromatic compounds are
the prechorismate pathway, where the mRNA levels
of all but the first enzyme (3-deoxy-d-arabino-

Figure 8. The effect of nitrate on CYP79A1 and CYP71E1 mRNA
levels in sorghum seedlings of different ages. Seeds were imbibed
and germinated in water for the time periods indicated and then
incubated in 25 mM KCl or 25 mM KNO3 for 24 h. Total RNA was
isolated and analyzed by northern blotting. A, Hybridization with a
probe for CYP79A1. B, Hybridization with a probe for CYP71E1. C,
Ethidium bromide staining of the RNA (only ribosomal RNA is visi-
ble) to confirm that the same amount of RNA was applied to each
lane.

Figure 7. Nitrate induction of CYP79A1 mRNA in 35-d-old plants.
The plants were grown for 35 d in soil where after they were watered
with 25 mM KNO3 or 25 mM KCl for 2 or 5 d. Total RNA was
extracted from leaf and stems and used for reverse transcription PCR
with CYP79A1 and ac1 actin-specific primers. The primers were
placed over introns to exclude amplification from contaminating
genomic DNA. Equal amounts of each cDNA was used for PCR.
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heptulosonate 7-phosphate synthase) appear to be
regulated in concert (Görlach et al., 1994; Herrmann,
1995). In carrot (Daucus carota), the enzyme activities
necessary for anthocyanin synthesis are all up-
regulated when anthocyanin synthesis is induced,
but it is not known whether this reflects regulation at
the transcriptional level (Glassgen et al., 1998). It
would be interesting to determine in more detail how
the regulation of the dhurrin synthesizing enzymes
at the transcriptional level is achieved. An obvious
target for regulation at the enzyme level would be
feedback inhibition of the first committed and also
rate-limiting enzyme CYP79A1 by its product
p-hydroxyphenylacetaldehyde oxime. Feedback inhi-
bition of CYP79A1 is not observed with the sorghum
in vitro system (Møller and Conn, 1979) but is ob-
served with the corresponding enzymes CYP79E1
and CYP79E2 in seaside arrow grass (Triglochin ma-
ritima; Cutler et al., 1981; Nielsen and Møller, 1999).
The CYP79E1 and CYP79E2 enzymes responsible for
Tyr metabolism in seaside arrow grass show 49%
sequence identity to sorghum CYP79A1 (Nielsen and
Møller, 2000).

Similar to cyanogenic glucoside biosynthesis, the
membrane-bound steps in synthesis of glucosinolates
are catalyzed by two cytochrome P450 enzymes
(Halkier and Du, 1997; Bak et al., 1998b, 2001; Hansen
et al., 2001a). In Arabidopsis, cytochrome P450 en-
zymes belonging to different CYP79 subfamilies
(http://www.biobase.dk/P450) have been shown to
catalyze the conversion of different parent amino
acids including chain-elongated forms into the cor-
responding oximes (Mikkelsen et al., 2000; Wittstock
and Halkier, 2000; Hansen et al., 2001b). The second
cytochrome P450 involved in glucosinolate synthesis
is thought to convert the oxime to a nitrile oxide that
is nonenzymatically converted into an alkyl thiohy-
droximate. For the Trp-derived indol glucosinolates,
CYP83B1 has recently been identified as the enzyme
catalyzing this process in Arabidopsis (Bak and Fey-
ereisen, 2001; Bak et al., 2001; Hansen et al., 2001a).
The flux of indole-3-acetaldoxime through CYP83B1
apparently serves to regulate the in vivo level of the
indole-3-acetaldoxime-derived plant hormone indole-
3-acetic acid (Bak and Feyereisen, 2001; Feyereisen et
al., 2001). Transgenic Arabidopsis plants expressing
sorghum CYP79A1 efficiently convert Tyr into p-
hydroxyphenylacetaldehyde oxime, which is then
converted to p-hydroxybenzyl glucosinolate with a
resulting 3- to 4-fold increase in the total glucosinolate
content of the plant (Bak et al., 1999).

p-Hydroxybenzylglucosinolate is not produced in
wild-type Arabidopsis plants, and the production of
high amounts of this new glucosinolate is not fol-
lowed by a concomitant reduction in the level of en-
dogenous glucosinolates. This indicates that glucosi-
nolates do not exert feedback inhibition on the CYP79
enzymes. The most likely explanation for the dramatic
increase in glucosinolate content in the transgenic

Arabidopsis plants expressing CYP79A1 is that the
enzymes converting p-hydroxyphenylacetaldehyde
oxime to the glucosinolate show broad substrate spec-
ificity and are present in a large excess. As an alter-
native, the overexpression of CYP79A1 leads to an
up-regulation of the subsequent enzymes. In contrast
to the demonstrated coupling between Trp-derived
glucosinolates and indole-3-acetic acid, no evidence
is currently available to suggest that the enzymes
involved in cyanogenic glucoside production serve to
regulate the synthesis of other important com-
pounds, which would require an even more complex
overall fine tuning of their activity.

It has long been known that the dhurrin content of
sorghum depends on the amount of nitrate available
(Maxwell, 1903; Pinckney, 1924; Boyd et al., 1938;
Nelson, 1953; Gillingham et al., 1969). Here, we show
that the biosynthetic enzymes for dhurrin are in-
duced by nitrate (Fig. 5) and are important determi-
nants of the elevated dhurrin level in the plants. The
CYP79A1 and the CYP71E1 genes were not nitrate-
inducible until d 8 after germination (Fig. 8), indicat-
ing age-dependent regulation of the genes. The sor-
ghum caryopsis contains only low amounts of
dhurrin (Erb et al., 1981). In accordance, the rate of
dhurrin synthesis during early seedling development
is very high. It is likely that the genes are already
transcribed at such a high rate during the first days
after germination that no further induction is feasi-
ble. However, nitrate-induction may also depend on
an age-specific factor. The latter possibility is sup-
ported by the finding that the site of dhurrin synthe-
sis changes with age. In sorghum seedlings, dhurrin
is synthesized in the shoot tip (Halkier and Møller,
1989), whereas the present study has shown that
synthesis in 5-week-old plants take place in the stem
(Fig. 6). The induction of dhurrin synthesis by nitrate
raises the question of whether dhurrin serves as a
nitrate sink. Ample turnover of dhurrin with break-
down rates reaching up to 34% of the synthesis rate
has been reported in sorghum seedlings (Bough and
Gander, 1971; Adewusi, 1990). In the present study,
we found that in the period from a few days after
seed germination to 5-week-old plants (Figs. 2 and 3),
dhurrin catabolism exceeds de novo synthesis. Deg-
radation products of dhurrin may serve as precursors
for Asn (Jones, 1979; Piotrowski et al., 2001) or
ubiquinone synthesis (Møller and Conn, 1979).

There is a great agronomical interest in lowering
the dhurrin content of sorghum to avoid cyanide
poisoning of domestic animals feeding on sorghum
and to increase fungal resistance. It was previously
shown that at least five genes condition dhurrin con-
tent of sorghum (Gorz et al., 1987). Our findings
point to the CYP79A1 gene as an important target for
manipulation of dhurrin synthesis. This could be
done by using CYP79A1 as a molecular marker in
traditional breeding for selecting sorghum with
lower dhurrin synthesis. This would imply finding
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sorghum plants with lower expression of CYP79A1
or with a mutation that renders the gene inactive.
Another possibility is to reduce dhurrin synthesis in
transgenic plants (Casas et al., 1993; Zhao et al., 2000)
using RNA interference technology (Smith et al.,
2000) with CYP79A1 as target. A new interesting way
to inactivate CYP79A1 is by chimeratherapy (Zhu et
al., 1999). If desired, the nitrate-responsive promoter
element(s) of CYP79A1 may be identified and elimi-
nated, to obliterate fluctuations in cyanide potential
as a result of fertilizer application. In any case, a
lower activity of CYP79A1 would lead to a lower
cyanogenic potential of sorghum because this en-
zyme catalyzes the rate-limiting step in the synthesis
of dhurrin. In addition, there would be no accumu-
lation of the toxic intermediates because CYP79A1 is
the first enzyme in the committed pathway for
dhurrin synthesis.

MATERIALS AND METHODS

Plant Material

Seeds of sorghum (Sorghum bicolor L. Moench cv Sordan 1000) were
imbibed in water (3 h, room temperature) and sown in vermiculite or soil.
Seedlings and plants were grown in the light.

One-day-old seedlings to be used to study the effect of application of
nitrogen fertilizer were grown in vermiculite supplied with 25 mm KNO3 for
the time indicated. Seedlings for control experiments were grown in ver-
miculite supplied with either 25 mm KC1 or water. To study the effect of
application of nitrogen fertilizer on 5-week-old plants, seeds were sown in
pots containing 600 mL of soil (Weibulls enhetsjord K, Hammenhög, Swe-
den). Water was applied as required for optimal plant growth. After 5
weeks, the plants were watered with 200 mL of 25 mm KNO3 every 2nd d.
Control plants were watered with 200 mL of 25 mm KC1 or water. Har-
vested plant material was weighed, homogenized in liquid N2, and stored at
�80°C.

Determination of Dhurrin and Cyanide Content

To extract dhurrin, the plant material was boiled (5–10 min) in 90% (v/v)
MeOH (approximately 10 mL g�1 plant material). The extraction was car-
ried out twice, and an aliquot (10 �L) of the combined supernatants was
used for determination of dhurrin by a method modified from Halkier and
Møller (1989). In brief, 200 �g of almond �-glucosidase (Type II, Sigma, St.
Louis, MO) in 200 �L of 50 mm MES (pH 6.5) was added to the extract in an
Eppendorf tube (1.5 mL). The tube was immediately closed and incubated (2
h, 30°C), and the sample was frozen (liquid N2). NaOH (40 �L, 6 m) was
added to each frozen sample. After an additional incubation period (20 min,
room temperature), the cyanide released was determined spectrophoto-
metrically as described by Halkier and Møller (1989), except that the ab-
sorption was measured at 585 and 750 nm.

Microsomal Preparations

Microsomes were prepared from the harvested frozen plant material
(0.1–10 g) as described by Halkier and Møller (1989) with the following
modifications: After homogenization and addition of isolation buffer, the
homogenates were cleared by centrifugation (10,000g, 10 min, 4°C). The
microsomal pellet was recovered from the supernatant by centrifugation
(100,000g, 1 h, 4°C), resuspended in 50 mm Tricine (pH 7.9)/2 mm dithio-
threitol, microdialyzed (1 h, 4°C, N2 atmosphere; Busk and Pagès, 1997)
against 50 mm Tricine (pH 7.9)/2 mm dithiothreitol, and frozen (liquid N2).
Protein concentration was determined according to Bradford (1976).

Enzyme Assays and Western Blots

Reaction mixtures (total volume, 200 �L) contained 10 to 50 �g of
microsomal protein (10 �L of the microsomal preparation), 1 mm substrate,
1.5 mm NADPH, and 50 mm Tricine (pH 7.9). The assay mixtures were
incubated (30 min, 30°C) in a closed Eppendorf tube. Control samples were
without addition of substrate. The samples were frozen in liquid N2 after
incubation, and the cyanide content was measured (Halkier and Møller,
1989). Radioassays (total volume, 12.5 �L) contained 12 �g of microsomal
protein, 18 �m [UL-14C]labeled Tyr (specific activity of 443 Ci mmol�1), 1.2
mm NADPH, and 50 mm Tricine (pH 7.9). After incubation (1 h, 30°C), the
composition of the reaction mixture was analyzed by TLC (Bak et al., 1998a).

Western blotting of microsomal proteins was carried out using polyclonal
chicken antibodies raised against purified and electroeluted recombinant
CYP79A1 (Sibbesen et al., 1994) and CYP71E1 (Bak et al., 1998a).

RNA Purification, Northern Blotting, and Reverse
Transcription PCR

Plant tissue was homogenized (liquid N2) with a mortar and pestle and
RNA purified with the Trizol Reagent according to the instructions of the
manufacturer (Invitrogen, Carlsbad, CA). For northern blotting of total RNA
(Sambrook et al., 1989), probes were isolated by agarose gel electrophoresis
and labeled with the Random Primed DNA Labeling Kit (Roche Molecular
Biochemicals, Summerville, NJ) and [�-32P]dCTP.

Reverse transcription was done with 2 to 5 �g of RNA (Wang and Mark,
1990). One-tenth of the volume of the reaction was used for PCR with the
primers 5�-TGGACAACCCGTCGAACGCCGTG and 5�-GAGCTTCGG-
AATGTCCGACTCCTGCA for the CYP79A1 mRNA (Koch et al., 1995) and
the primers 5�-ACGGCCTGGATGGCGACGTACATG and 5�-GCAGAAG-
GACGCCTACGTTGGTGAC for the sorghum ac1 actin gene (GenBank ac-
cession no. X79378). PCR reactions with [�-33P]dCTP (Cirera et al., 1998)
were carried out using a Thermocycler Omnigene (Hybaid, Ashford, Mid-
dlesex, UK) with initial denaturation at 95°C for 2 min, followed by 25 cycles
of 95°C for 5 s and 65°C for 5 s. Final elongation was 72°C for 5 min.

One-half of the volume of each PCR reaction was electrophoresed on a
5% (w/v) acrylamide gel (19:1 Acryl:bis) in 1� Tris-borate/EDTA. The gel
was dried, and the radioactive bands were detected and quantitated on a
Storm 840 phosphor imager (Molecular Dynamics, Sunnyvale, CA).
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