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Many important food crops produce cyanogenic glucosides
as natural defense compounds to protect against herbivory
or pathogen attack. It has also been suggested that these
nitrogen-based secondary metabolites act as storage
reserves of nitrogen. In sorghum, three key genes,
CYP79A1, CYP71E1 and UGT85B1, encode two Cytochrome
P450s and a glycosyltransferase, respectively, the enzymes
essential for synthesis of the cyanogenic glucoside dhurrin.
Here, we report the use of targeted induced local lesions in
genomes (TILLING) to identify a line with a mutation result-
ing in a premature stop codon in the N-terminal region of
UGT85B1. Plants homozygous for this mutation do not pro-
duce dhurrin and are designated tcd2 (totally cyanide defi-
cient 2) mutants. They have reduced vigor, being dwarfed,
with poor root development and low fertility. Analysis using
liquid chromatography–mass spectrometry (LC-MS) shows
that tcd2 mutants accumulate numerous dhurrin pathway-
derived metabolites, some of which are similar to those
observed in transgenic Arabidopsis expressing the
CYP79A1 and CYP71E1 genes. Our results demonstrate
that UGT85B1 is essential for formation of dhurrin in sor-
ghum with no co-expressed endogenous UDP-glucosyltrans-
ferases able to replace it. The tcd2 mutant suffers from
self-intoxication because sorghum does not have a feedback
mechanism to inhibit the initial steps of dhurrin biosynthe-
sis when the glucosyltransferase activity required to com-
plete the synthesis of dhurrin is lacking. The LC-MS analyses
also revealed the presence of metabolites in the tcd2 mutant
which have been suggested to be derived from dhurrin via
endogenous pathways for nitrogen recovery, thus indicating
which enzymes may be involved in such pathways.

Keywords: Cyanogenic glucoside � Detoxification � Dhurrin �

Metabolic turnover � Sorghum � UDP-glycosyltransferase.

Abbreviations: CN–-N/N%, allocation of nitrogen to dhurrin;
EMS, ethyl methanesulfonate; ER, endoplasmic reticulum;
Fv/Fm, variable fluorescence/maximal fluorescence; HCNp,

hydrogen cyanide potential; LC-MS, liquid chromatog-
raphy–mass spectrometry; NO3

–-N/N%, allocation of nitro-
gen to nitrate; tcd2, totally cyanide deficient mutant; TCD2,
sibling line to the mutant; TILLING, targeted induced local
lesions in genomes; UGT, UDP-glycosyltransferase.

Introduction

Cyanogenic glucosides are classified as phytoanticipins, and are
widespread throughout the plant kingdom, constituting a de-
fense against herbivores and pests (Møller 2010a, Møller 2010b,
Gleadow and Møller 2014). The detailed study of cyanogenic
glucoside biosynthesis was first undertaken in Sorghum bicolor
(L. Moench), and the basic biochemical pathway has since been
shown to be very similar across many plant species (reviewed in
Gleadow and Møller 2014). In sorghum, the cyanogenic gluco-
side dhurrin is derived from the amino acid L-tyrosine by the
sequential action of two Cyt P450s, CYP79A1 and CYP71E1, to
produce an a-hydroxynitrile (Sibbesen et al. 1995, Kahn et al.
1997, Bak et al. 1998), which is then glucosylated by a UDP-
glucose:p-hydroxymandelonitrile-O-glucosyltransferase
UGT85B1 (Jones et al. 1999, Hansen et al. 2003) (Fig. 1). The
glucosylation stabilizes the labile cyanohydrin. The Cyt P450s
form part of a metabolon that is anchored within the endo-
plasmic reticulum (ER), and the pathway is highly channeled
through the metabolon to prevent accumulation of reactive
and toxic intermediates that are formed during synthesis
(Møller and Conn 1980, Jørgensen et al. 2005, Nielsen et al.
2008, Jensen et al. 2011, Laursen et al. 2015). CYP79A1 catalyzes
the first step in dhurrin synthesis, the conversion of L-tyrosine
into p-hydroxyphenylacetaldoxime (Sibbesen et al. 1995),
which is rate limiting and shows high substrate specificity
(Kahn et al. 1999, Busk and Møller 2002). In contrast, in vitro
studies suggest that UGT85B1 possesses broader substrate spe-
cificity, but it has been proposed that in planta substrate spe-
cificity is high (Kristensen et al. 2005, Morant et al. 2007).
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Fig. 1 Dhurrin biosynthesis in sorghum and the formation of products derived from the different intermediates as part of the detoxification
processes or as putative turnover products identified in the tcd2 mutant in the present study. Solid arrows signify previously assigned reactions
and products. Dashed arrows are putative reactions proposed based on the current study. Structure numbers refer to Fig. 6 and Table 1. Listed
compounds were previously identified in Kristensen et al. (2005) (Arabidopsis 2x) or in Pičmanová et al. (2015) (sorghum).
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Genes from the sorghum pathway for biosynthesis of dhur-
rin have been transferred to other species, including
Arabidopsis thaliana, Nicotiana tabacum (tobacco), Vitis vini-
fera (grapevine) and Lotus japonicus (Lotus) (Bak et al. 2000,
Tattersall et al. 2001, Kristensen et al. 2005, Franks et al. 2006).
When all three biosynthetic genes, CYP79A1, CYP71E1 and
UGT85B1, were inserted into normally acyanogenic
Arabidopsis, transgenic plants accumulated up to 4% dry
weight dhurrin with only minor effects on plant morphology
(Bak et al. 1999, Tattersall et al. 2001, Kristensen et al. 2005).
Dhurrin accumulation in these transgenic Arabidopsis plants
also conferred resistance to flea beetles (Tattersall et al. 2001).
However, when genes encoding the two Cyt P450s, but not
UGT85B1, were transformed into Arabidopsis, transgenic
plants (designated Arabidopsis 2x) were stunted and grew
poorly. These transgenic plants did not accumulate dhurrin,
but liquid chromatography–mass spectrometry (LC-MS) ana-
lysis showed the presence of several novel metabolites, which
were probably detoxification products of the oxime and cyano-
hydrin (p-hydroxymandelonitrile) intermediates of the dhurrin
pathway (Kristensen et al. 2005) (Fig. 1). These studies indi-
cated that the sequential action of CYP79A1, CYP71E1 and
UGT85B1 enables dhurrin synthesis in Arabidopsis without ac-
cumulation of intermediates or by-products that are deleteri-
ous to growth (Kristensen et al. 2005). Similar results were
observed for transformation of the genes encoding dhurrin bio-
synthesis into tobacco, grapevine or Lotus, indicating that none
of the co-expressed endogenous UDP-dependent glycosyltrans-
ferases (UGTs) was capable of glycosylating the cyanohydrin,
hydroxymandelonitrile (Franks et al. 2006, Morant et al. 2007).

Plant family 1 UGTs catalyze glycosylation of a plethora of
bioactive natural products (Osmani et al. 2009). They consti-
tute a highly divergent, multienzyme family (Paquette et al.
2003, Bowles and Lim 2010). Glycosylation serves to stabilize
and thereby secure safe storage of a wide range of primary and
secondary metabolites. Plant family 1 glucosyltransferases are
characterized by a 44 amino acid sequence in the C-terminal
domain of the protein, termed the putative secondary plant
glycosyltransferase (PSPG) motif, which is involved in binding
the sugar donor (Paquette et al. 2003, Osmani et al. 2009,
Bowles and Lim 2010). Outside this region there is little se-
quence similarity across UGTs, and substrate specificity
cannot be predicted from sequence alignments. Homology
modeling of UGT85B1 against determined crystal structures
from characterized UGTs has indicated that a specific 33
amino acid sequence, termed Loop B, may have a role in asso-
ciating the UGT with the P450s and is important in facilitating
metabolon formation (Thorsøe et al. 2005, Osmani et al. 2009).
Alignment of the Loop B sequence of sorghum UGT85B1 with
the equivalent region in UGTs from two other cyanogenic spe-
cies, cassava (Manihot esculenta; UGT85K4 and UGT85K5;
Kannangara et al. 2011) and almond (Prunus dulcis;
UGT85A19; Franks et al. 2008), results in relatively high se-
quence similarity (75–80%), supporting the hypothesized role
in the metabolon.

Use of targeted induced local lesions in genomes (TILLING;
Till et al. 2003) has enabled mutations in the genes encoding

the first Cyt P450 of the pathway to be identified in
L. japonicus (Takos et al. 2010) and Sorghum bicolor
(Blomstedt et al. 2012). A number of sorghum lines possessing
mutations in the coding region of the UGT85B1 gene were also
obtained (Blomstedt et al. 2012). In the current report we
demonstrate that sorghum plants homozygous for a mutation
resulting in a premature stop codon in the coding sequence of
UGT85B1 are totally deficient in dhurrin synthesis. In
concordance with our earlier study (Blomstedt et al. 2012),
we designate this mutant as tcd2 (totally cyanide deficient
mutant line type 2).

Results

Identification of the mutation in tcd2

TILLING analysis identified several sorghum lines with muta-
tions in the gene encoding the family 1 glucosyltransferase
UGT85B1 (Blomstedt et al. 2012). Sequencing of the
UGT85B1 gene from the tcd2 line identified a mutation result-
ing in a C to T change that generates a stop codon at Q149* in
the deduced protein sequence (Supplementary Fig. S1). No
difference was seen in the nucleotide (data not shown) or the
deduced protein sequence of TCD2-sibling lines compared with
the parental control line (Supplementary Fig. S1). A protein
BLAST search of the sorghum genome (http://phytozome.jgi.
doe.gov/pz/portal.html#!search) using the full-length UGT85B1
coding sequence identified >200 UGTs present in sorghum,
based mainly on identity within the PSPG motif. In contrast,
when the Loop B sequence was used in the protein Blast search
only four UGTs were identified. Protein sequence alignment of
UGT85B1 with the four additional UGTs, as well as UGTs from
the cyanogenic species, cassava and Lotus, showed 45–50%
identity overall (Supplementary Fig. S2; Supplementary
Table S1A), with variable homology in the Loop B region, ran-
ging from 35% to 67% (Supplementary Fig. S2;
Supplementary Table S1B). It is noteworthy that none of
the additional four UGTs from sorghum is located on chromo-
some 1, where the CYP79A1, CYP71E1 and UGT85B1 genes
required for dhurrin synthesis are clustered. Gene clustering is
thought to promote co-regulation of expression and metabo-
lon formation (Takos et al. 2011).

Growth characteristics of the tcd2 mutant
sorghum line

Analysis of growth parameters showed that tcd2 plants homo-
zygous for the UGT85B1 mutation had reduced stature and
vigor compared with TCD2 sibling and parental control lines
(Fig. 2A, B; Supplementary Table S2). When harvested 8
weeks post-germination, tcd2 plants were significantly shorter
compared with the parental control and TCD2 sibling lines
(P< 0.001). Mutant tcd2 plants also exhibited a significant de-
crease (P< 0.05) in leaf surface area, leaf length and width
compared with parental controls and TCD2 siblings (Fig. 2C;
Supplementary Table S2). No statistically significant difference
in total shoot or root mass between lines was found in plants
harvested 8 weeks post-germination (Fig. 2B). In plants
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harvested 10 weeks post-germination, the tcd2 plants were sig-
nificantly smaller than parental controls (Fig. 2A, D). The TCD2
siblings were intermediate in size between the tcd2 plants and

the parental controls, with significant differences among lines
in all parameters measured, except stem width and the width of
leaf III (Fig. 2; Supplementary Table S2).
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Fig. 2 (A) Phenotype of parental control, TCD2 sibling control and tcd2 sorghum plants recorded 10 weeks after germination; (B) mean mass ± 1
SE (g dwt) of shoots and roots measured 8 and 10 weeks after germination, respectively. (C) Rose plots of key biometric data obtained 8 and 10
weeks post-germination. For each parameter, values were normalized against the largest numerical value (shown in parentheses) obtained for
either parental, TCD2 or tcd2 plants. Means that were significantly different are indicated with an asterisk (see Supplementary Table S1 for a full
statistical analysis). The parental control line is the line used in the initial EMS study (Blomstedt et al. 2012), the tcd2 line is acyanogenic and has a
mutation in UGT85B1, and TCD2 is the cyanogenic sibling to tcd2, selected for wild-type UGT85B1.
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Several additional parameters were used to evaluate the
growth rate and biomass partitioning, and these indicated
that the tcd2 line was negatively affected by the mutation in
UGT85B1. The major difference was seen in specific root length
(SRL) where tcd2 roots were significantly shorter than parental
controls at both harvest times (Fig. 2C, D; Supplementary
Table S3). The root : shoot ratio of tcd2 plants was also signifi-
cantly lower than that of both the parental controls and the
TCD2 sibling line in plants harvested 10 weeks post-germin-
ation (Fig. 2D; Supplementary Table S3). In plants harvested
8 weeks post-germination, the relative growth rate (RGR), the
specific leaf area (SLA) and the leaf area ratio (LAR) of the tcd2
plants were significantly reduced compared with the parental
control plants. These differences were not observed in plants
harvested 10 weeks post-germination (Fig. 2D; Supplementary
Table S3). The net assimilation rate (NAR) and leaf weight ratio
(LWR) did not differ between tcd2 and the parent control line
at the two harvest points (Supplementary Table S3). The over-
all differences in plant growth of various lines are illustrated in
the rose plots, where the tcd2 plants exhibit a much reduced
plot area (Fig. 2C, D).

To determine whether the tcd2 mutant was affected in
photosynthetic capacity, an analysis of the pigment levels and
PSII efficiency was conducted. At both harvest points, no signifi-
cant differences were observed between tcd2 and parental or
TCD2 control lines with respect to carotenoid concentrations,
Chl a/b ratios or Chla + Chlb concentrations (Supplementary
Table S4). The efficiency of PSII, measured by Fv/Fm, also did not
vary for leaf I or leaf III of either harvest time point for the tcd2
plants. However, the Fv/Fm of leaf III in both parental and TCD2
control lines harvested 10 weeks post-germination was reduced
compared with the tcd2 plants, although this reduction was only
significant in the tcd2 and parental control line comparison
(P< 0.01; Supplementary Fig. S3). Reproductive potential was
also impaired in tcd2 mutants compared with the TCD2 siblings.
Seed set was lower and, while seeds were viable, the germination
rate was also lower (data not shown).

Dhurrin, nitrate and nitrogen determination

The dhurrin concentration of the leaf blade, leaf sheath and
roots was measured as the amount of hydrogen cyanide (HCN)
produced following complete b-glucosidase-mediated hydroly-
sis of the dhurrin, also referred to as the HCN potential (HCNp).
The HCNp detected in leaf, sheath and root tissues of tcd2
plants was not significantly different from background
(<0.01 mg g–1), showing that plants homozygous for the
Q149* mutation lack the capacity to accumulate dhurrin
(Fig. 3A). In contrast, the HCNp in the leaf blade and leaf
sheath of the parental and TCD2 control plants was 0.5–
1.3 mg g–1 dry mass in plants harvested 8 weeks post-germin-
ation, decreasing to lower levels (0.01–0.04 mg g–1 dwt) in
plants harvested 10 weeks post-germination (Fig. 3A).
Interestingly, in the roots of parental and TCD2 control
plants, the HCNp did not decrease between the two harvest
time points to the same degree as observed in the leaves and
sheath. The total amount of dhurrin represented by equivalents
of HCN in the shoots and roots was calculated at each harvest

time by multiplying HCNp by the dry mass of each organ
(Fig. 4A). There was no significant difference in the total
amount of dhurrin in the parent and TCD2 plants. The total
content of dhurrin in the shoot of the parent and TCD2 plants
decreased strongly from 8- to 10-week-old plants, whereas the
total dhurrin content of the roots was not significantly different
for either line (Fig. 4A).

The nitrate concentration in plants harvested 8 weeks post-
germination showed no significant difference in any of the
tissue types and plant lines investigated (Fig. 3B). However, in
plants harvested 10 weeks post-germination, nitrate levels in
the leaf blade of the parental and TCD2 controls were reduced
whilst nitrate levels in the tcd2 mutant remained at levels
observed in the 8-week-old plants. This difference in nitrate
levels was even more pronounced in the leaf sheath, resulting
in a significant difference between the parental and TCD2 con-
trols and the tcd2 mutant plants (Fig. 3B). A marked reduction
in nitrate concentration in roots of parental and TCD2 controls
between harvest time points was also observed, but not in the
roots of tcd2 plants. Calculation of the total nitrate content of
the shoots and roots of the plants showed that the shoots
contained at least 4-fold more nitrate than the roots for all
plants (Fig. 4B). In plants harvested 8 weeks post-germination,
the total nitrate content of the tcd2 shoots was significantly less
(70%) than in the shoots of the parental control (P = 0.013)
whereas the total nitrate content of the TCD2 shoots was not
significantly different from that of the parental control or the
tcd2 plants (Fig. 4B). The total nitrate content of the shoots of
tcd2 plants increased with time so that in plants harvested 10
weeks post-germination there was no significant difference in
the total nitrate content in the shoots of the three lines. The
total amount of nitrate in the roots of the tcd2 plants in plants
harvested 8 weeks post-germination was 75% less than in the
parental control plants (Fig. 4B). In plants harvested 10 weeks
post-germination, the parental control plants had double the
total root nitrate content compared with the content in plants
harvested 8 weeks post-germination. Yet the total root nitrate
content of the tcd2 and TCD2 plants was approximately 80%
lower than that of the parent plants and the nitrate concen-
tration of the tcd2 roots did not change between the harvest
time points (Fig. 4B).

In terms of total nitrogen content, no significant difference
was found for elemental nitrogen in the leaf blade, leaf sheath
and roots of the tcd2 mutant and the parental and TCD2 con-
trol plants in 8-week-old plants (Fig. 3C). At 10 weeks post-
germination, the tcd2 plants had higher levels of elemental ni-
trogen in all tissue compared with the parental and TCD2 sib-
ling control lines, although the difference was only statistically
significant (P< 0.05) between the mutant and control lines for
leaf sheath and roots (Fig. 3C). When the total nitrogen con-
tent of the shoot and root tissue was calculated per plant for
the two harvest time points, the shoot nitrogen content of tcd2
plants was 70% and 60% less than in the parent, respectively
(Fig. 4C). Interestingly, the total nitrogen content of the TCD2
shoots was not significantly different from that of the parental
control or the tcd2 plants at either harvest time (Fig. 4C). The
total amounts of nitrogen in the root of the parent, TCD2 and
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tcd2 plants reflect the same trends as the shoots, but with a
quarter of the nitrogen content (Fig. 4C).

Nitrogen allocation

The proportion of nitrogen allocated to dhurrin formation
(represented by CN–-N/N%; Fig. 5A) and the proportion of

nitrogen allocated to nitrate (represented by NO3
–-N/N%;

Fig. 5B) were calculated for the leaf blade, leaf sheath and
roots for all plants from the two harvest time points. Overall,
the proportion of nitrogen allocated to dhurrin formation in
the parental and TCD2 control plants was higher in the roots
than in the shoots (Fig. 5A). The shoot and root CN–-N/N%
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weeks after germination. Values are the mean (± 1 SE) data for n = 4 plants. Letters indicate a significant difference at P< 0.05, using Tukey’s tests.
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decreased with time. The proportion of nitrogen allocated to
nitrate differed depending on the tissue type. In the leaf blade,
NO3

–-N/N% was not significantly different between plant lines
at the two harvest time points 1 (P = 0.516) and 2 (P = 0.239;
Fig. 5B). In the leaf sheath, there appeared to be a decrease in
the NO3

–-N/N% allocation over time for the parent and TCD2
plants, while the NO3

–-N/N% remained high in the tcd2 line
(Fig. 5B), but this difference was not significant (8-week-old
plants, P = 0.494; 10-week-old plants, P = 0.143). There was no
significant difference in the proportion of nitrogen allocated to
nitrate in the roots of the three lines harvested 8 and 10 weeks
post-germination (P = 0.117 and P = 0.995, respectively).

Liquid chromatography–mass spectrometry
(LC-MS) analysis

Leaf tissue metabolites, extracted in MeOH, were analysed by
LC-MS, and the resulting metabolite profiles of the parental and

TCD2 control plants and the tcd2 mutant showed distinct pat-
tern differences (Fig. 6). The proposed and confirmed identifi-
cation of the compounds present is shown in Table 1, and the
structures of the subset of metabolites identified in the tcd2
plants are shown in Fig. 1. The parental and TCD2 control
plants displayed a major component eluting at 5.6 min, repre-
senting dhurrin (m/z 334, [M+Na]+), which was absent from
the tcd2 plants (Fig. 6). Likewise, the three dhurrin glucosides
identified by Pičmanová et al. (2015) in the sorghum BTx cul-
tivar were present in the control plants (compounds 15–17),
but absent from the tcd2 mutant. The 8-week-old parental
control plants lacked two compounds assigned as caffeoylated
dhurrin in the BTx line (Pičmanová et al. 2015), but they were
present in the 2 week older control plants (8.6 and 8.9 min, data
not shown) and absent from the tcd2 mutant. The tcd2 mutant
line, on the other hand, contained a number of constituents
previously identified as detoxification products derived from
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the biosynthetic intermediates of the dhurrin pathway in the
Arabidopsis 2x plants expressing only CYP79A1 and CYP71E1
but not UGT85B1 (Kristensen et al. 2005) (Fig. 1). More specif-
ically, the tcd2 line contained relatively high amounts of
p-glucosyloxyphenylmethanol (2.7 min, m/z 309) (5), p-
glucosyloxybenzoylglucose (2.9 min, m/z 485) (10) and p-
glucosyloxybenzoic acid (3.5 min, m/z 323) (6). Interestingly,
the latter was also found in the parental and TCD2 control
plants, although in smaller concentrations. In Arabidopsis
these are all derived from p-hydroxybenzaldehyde, which is
released concomitantly with HCN from the unstable cyanohyd-
rin p-hydroxymandelonitrile, the product of CYP71E1 (Bak et al.
2000, Kristensen et al. 2005). The tcd2 mutant plants also con-
tained five additional compounds at m/z 485 with different
retention times (11–14 and 19). These compounds were not
detected in the non-mutated parent, TCD2 sibling plants or the
Arabidopsis 2x transgenic plants. At least four of these com-
pounds may be assigned as either diglucosides or glucose-
caffeic acid (CA) esters as supported by the presence of a
major fragment ion for these compounds at m/z 347, corres-
ponding to [Glc-Glc-H2O+Na]+ or [Glc-CA-H2O+Na]+

(Pičmanová et al. 2015). The glucosylated aglycon is likely to
be p-hydroxybenzoic acid as in peak 6 and 7, m/z 323, and
indeed compound 11 displays m/z 323 as a fragment ion, as
does p-glucosyloxybenzoylglucose. Compound 13 displays the
fragment m/z 185, corresponding to [Glc-H2O+Na]+, demon-
strating that this compound is a diglucoside rather than a
caffeoylated glucoside. Knowing that dhurrin glucosides and
prunasin glucosides (Neilson et al. 2011) elute closely together
and caffeoylated dhurrin significantly later, the closely eluting
compounds 11–14 are suggested to be diglucosides and com-
pound 19 a caffeoylated glucoside. The remainder of the sug-
gested structures for the compounds listed in Table 1 and
Fig. 1 are based on the fact that in the applied analytical
system glucosides containing a free carboxylic acid group dis-
play molecular ions as both [M+Na]+ and [M+2Na-H]+, as
seen for the known compounds 1, 2, 6 and 18 (Table 1).
Arabidopsis 2x plants contain two more detoxification prod-
ucts, giving rise to signals at m/z 323, one likewise derived from
p-hydroxybenzaldehyde (p-hydroxybenzoylglucose, compound
7) and another derived from the CYP79A1 product, p-hydro-
xyphenylacetaldoxime (p-glucosyloxyphenylethanol; Fig. 1).

Fig. 6 Metabolite profiling of leaf tissue from 8-week-old parent (black), TCD2 (blue) and tcd2 (red) plants analyzed by LC-MS. TIC, total ion
chromatograms; EIC, extracted ion chromatograms of relevant m/z values. Note the different scales on the y-axes. Compound assignments are
shown in Table 1.
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One of these constituents was also present in low amounts in
the tcd2 and parental control plants, but it could not be de-
finitively determined which one of the two. However, p-hydro-
xybenzoylglucose (compound 7) is the most likely candidate as
this and compound 6 are presumably precursors of the previ-
ously mentioned p-glucosyloxybenzoylglucose (10) found in
high amounts in the tcd2 mutant. Another major constituent
present in the sorghum parental control line was p-glucosylox-
yphenylacetic acid (2), which has been suggested to be a prod-
uct of an endogenous pathway for dhurrin turnover (Jenrich
et al. 2007, Pičmanová et al. 2015). Interestingly, this compound
was also present in the tcd2 plants, although in much lower
concentrations. In the tcd2 plants this compound may be a
detoxification product derived from p-hydoxyphenylacetaldox-
ime, although it is not found in the Arabidopsis 2x plants. The
presence of this detoxification product in the tcd2 sorghum
plants, but not in Arabidopsis 2x, may reflect a difference in
the detoxification response to perturbation of an endogenous
pathway in sorghum compared with an introduced pathway in
Arabidopsis.

Three compounds, in addition to those listed above, were
identified in the sorghum BTx cultivar, namely dhurrin amide
(4) and dhurrin acid (1) proposed to be formed by conversion
of the nitrile functional group of the dhurrin molecule into
amide and carboxylic acid functional groups, respectively, and
caffeoyl-dhurrin acid (18). In the tcd2 line, compounds 1 and 18

were present in concentrations comparable with parental and
TCD2 control plants, but the dhurrin amide was only detected
in the control plants. A new compound with the same m/z
value as caffeoyl-dhurrin acid could be detected in all plants
(9), and, based on retention time and molecular ion and frag-
ment data, this is suggested to be dhurrin acid glucose (e.g. a
diglucoside).

Discussion

An ethyl methanesulfonate (EMS) mutagenesis and TILLING
program resulted in the identification of a number of sorghum
mutant lines with alterations in cyanogenic capacity. We have
previously characterized tcd type 1 mutants with mutations in
CYP79A1, which encodes the first committed step in dhurrin
synthesis in sorghum (Blomstedt et al. 2012). Other acyano-
genic variants were identified with disruptions in the
UGT85B1 gene which encodes a UDPG-dependent family 1
glycosyltransferase (Blomstedt et al. 2012). In contrast to
CYP79A1 mutants, which were phenotypically close to
normal (Blomstedt et al. 2012), many of the UGT85B1
mutant plants were stunted, with such poor seed set that
they could not be easily maintained. The tcd2 line characterized
in the experiments reported here also grows poorly, but plants
exhibited self-fertility and produced a small number of seeds.
This line was thus maintained and offspring were characterized.

Table 1 Dhurrin pathway-related metabolites identified by LC-MS analysis

Peak no. Compound tR (min) Ma (m/z) Fragment(s) (m/z)

1 Dhurrin acid 1.5 353 (375) 185

2 p-Glucosyloxyphenylacetic acid 5.3 337 (359) 185

3 Dhurrin 5.6 334 185; 307

4 Dhurrin amide 1.4 352 185

5 p-Glucosyloxyphenylmethanolb 2.7 309 185

6 p-Glucosyloxybenzoic acid 3.5 323 (345) 185

7 p-Hydroxybenzoyl glucosec 5.0 323 n.d.

8 Unidentified 5.2 309 185

9 Dhurrin acid glucosidec 1.9 515 (537) 347

10 p-Glucosyloxybenzoyl glucoseb 2.9 485 185; 323

11 6-Glucosidec,d 4.3 485 (507) 323; 347

12 7-glucosidec,d 4.9 485 ND

13 7-Glucosidec,d 5.1 485 185; 347

14 6-Glucosidec,d 5.3 485 (507) 347

15 Dhurrin glucoside 5.6 496 ND

16 Dhurrin glucoside 5.8 496 ND

17 Dhurrin glucoside 6.0 496 ND

18 Caffeoyl-dhurrin acid 7.4 515 (537) 347

19 Caffeoyl-6c,d 8.0 485 (507) 347

Compound numbers refer to chromatograms in Fig. 6, and the chemical structures are shown in Fig. 1.
a m/z values: molecular ions detected as either [M+Na]+ or ([M+2Na-H]+).
b Compounds detected in the tcd2 mutant and transgenic Arabidopsis 2x plants, but not in sorghum control plants.
c Suggested compound identities based on retention times, molecular ion m/z values, fragment data and co-occurrence with other compounds as explained in the
text. The remainder of the compounds were identified by a combination of molecular ion m/z values, fragments and a direct comparison either with extracts of
Arabidopsis 2x (Kristensen et al. 2005) or with tR values from Pičmanová et al. (2015) who used the same analytical method. In the table, only key fragments relevant
for identification are mentioned.
d Compounds detected only in the tcd2 mutant.
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Sorghum plants homozygous for the Q149* premature stop
codon mutation in UGTB81 (tcd2) are devoid of dhurrin.
Morphological and chemical analyses of the plants were carried
out at two harvest time points, as it is known that there are
spatial and temporal changes in dhurrin, nitrates and total ni-
trogen during sorghum development (Miller et al. 2014). Key
growth parameters determined at the two different harvest
time points (8- and 10-week-old plants) showed that the tcd2
plants display a stunted phenotype, with poor root growth and
an altered nitrogen content compared with the control plants.
This is particularly evident 10 weeks post-germination, where
the tcd2 plants show decreased growth, with a significantly
reduced root : shoot ratio compared with parental control
lines or TCD2 siblings lacking the Q149* mutation. However,
the tcd2 plants contained the same Chl concentration and had
similar Fv/Fm levels to the parental and TCD2 control plants,
indicating that their photosynthetic apparatus was not signifi-
cantly impaired compared with the parental and TCD2 control
plants. It should be noted that the 10 weeks post-germination
parental and TCD2 control plants analyzed had booted, i.e.
switched to a reproductive state (Vanderlip 1993), whereas
the tcd2 plants had not. The older leaves of the parental and
TCD2 control plants had begun to senesce whereas leaf I and III
of the tcd2 plants were still photosynthetically active. This sug-
gests that the developmental program in the tcd2 mutant
plants was substantially delayed. HCN released from the cyano-
hydrin formed and aldoximes released from the incomplete
channeling of the pathway intermediates inhibit the mitochon-
drial electron transport chain. We propose that the delay in
growth and development is a consequence of the extra re-
sources required for metabolic detoxification of the HCN
released and for transport and storage of intermediates pro-
duced as a result of the incomplete dhurrin biosynthesis path-
way. Growth and development could also be affected by the
inability of the tcd2 mutant to balance the supply of reduced
nitrogen via endogenous turnover of dhurrin (Pičmanová et al.
2015). Transgenic Arabidopsis 2x plants expressing CYP79A1
and CYP71E1, but not UGT85B1, also exhibited poor growth
and reduced seed set (Kristensen et al. 2005). In these trans-
genic plants, CYP79A1 and CYP71E1 were expressed using the
strong Cauliflower mosaic virus 35S promoter (Kristensen et al.
2005). In contrast, in the tcd2 mutant, which formed the basis
for our current studies, the native CYP79A1 and CYP71E1 pro-
moters were driving the expression. In both plant species, lack
of UGT85B1 activity resulted in plants with a stunted growth
phenotype.

The LC-MS analyses of the tcd2 sorghum mutant demon-
strated a number of interesting aspects of dhurrin biosynthesis
and turnover. First, the presence of substantial amounts of de-
toxification products and the stunted growth phenotype of the
tcd2 mutants indicate that the sorghum plant does not have an
‘emergency brake’ (feedback mechanism) to inhibit the initial
steps of dhurrin biosynthesis when the glucosyltransferase ac-
tivity required to complete the synthesis of dhurrin is lacking.
Previous studies have shown that expression of CYP79A1 and
CYP71E1 in young sorghum plants is largely controlled at the
transcriptional level (Busk and Møller 2002). Such an

emergency brake would thus be expected to have resided in
controlling elements in their native promoter sequences. In the
absence of an efficient feedback mechanism, the labile cyano-
hydrin is continuously produced, causing self-toxicity and
growth retardation. The clustering of the genes involved in
biosynthesis of cyanogenic glucosides may have evolved to
reduce the risk of such self-toxicity effectively by optimizing
the channeling of the intermediates through the entire path-
way, possibly by minimizing the chances of chromosomal re-
arrangements if individuals hybridize with other plants which
are polymorphic with respect to synthesis of cyanogenic gluco-
sides (Takos et al. 2011, Takos and Rook 2012). This may also
explain why a single highly specific glycosyltransferase in sor-
ghum mediates the interaction with CYP79A1 and CYP91E1 to
produce dhurrin, despite our observation that the sorghum
genome database with the UGT85B1 sequence shows that
there are >200 genes encoding family 1 UGTs present in the
sorghum genome. Several of these UGTs would be expected to
be highly promiscuous detoxification enzymes able to glucosy-
late compounds not normally encountered in the plant (Jones
et al. 1999, Thorsøe et al. 2005, Hansen et al. 2009). Likewise,
generation and characterization of transgenic plants expressing
CYP79A1 and CYP71E1 showed that no endogenous co-ex-
pressed UGTs in Arabidopsis, tobacco or in grapevine hairy
root cultures were capable of glycosylating the cyanohydrin
intermediate of the dhurrin pathway. This is in spite of the
presence of UGTs able to glucosylate efficiently the toxic inter-
mediates accumulating when an incomplete dhurrin pathway
was expressed, as was also observed with the tcd2 mutant line in
the current study (Bak et al. 2000, Tattersall et al. 2001, Franks
et al. 2006). The relative importance of the substrate specificity
of UGT85B1, compared with the requirement for tight spatially
and temporally controlled association of UGT85B1 with the
metabolon to avoid disruption of the dhurrin pathway is yet
to be determined.

Clustal alignments reveal that there are no other UGTs in
sorghum with >50% amino acid sequence identity to
UGT85B1. It is known that sequence identity measures are
not a good predictor of function for UGTs. However, homology
modeling of UGT85B1 against plant UGTs for which the crystal
structure has been determined has identified a number of re-
gions that are implicated in acceptor molecule recognition and
binding (Thorsøe et al. 2005, Osmani et al. 2009). These model-
ing experiments have also suggested that Loop B, which is
located in the N-terminal domain of the UGT involved in gly-
cosylation of cyanohydrins in different plant species, is import-
ant for protein–protein interactions during metabolon
formation (Franks et al. 2008, Osmani et al. 2009, Kannangara
et al. 2011). Our results show that a tight interaction of the
membrane-bound Cyt P450s with the UGT is important to
avoid escape and dissociation of the cyanohydrin before gluco-
sylation. In Arabidopsis 2x plants, significant amounts of side
products were derived from the oxime intermediate
(Kristensen et al. 2005), whereas in the tcd2 mutant the major-
ity of detoxification products known from Arabidopsis were
derived from the cyanohydrin as shown in Fig. 1. This could
reflect that the CYP79A1 : CYP71E1 ratio in the transgenic
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Arabidopsis plants was out of balance or that the native lipid
environment in the sorghum ER membrane facilitates a stron-
ger interaction between the Cyt P450s. However, as pointed
out, the sorghum-specific p-glucosyloxyphenylacetic acid may
be derived from the oxime in the mutant, meaning that some of
this first intermediate may likewise have escaped in sorghum.

In the present study we found that tcd2 plants did not
accumulate dhurrin glucosides and caffeoylated dhurrin. This
provides evidence that these compounds are formed by gluco-
sylation and caffeoylation of pre-formed dhurrin, respectively.
On the other hand, it appears that the enzymes performing
these glucosylations and caffeoylations are quite promiscuous,
as demonstrated by the presence of diglucosides or caffeic acid
esters of p-hydroxybenzoic acid (m/z 485 peaks present in sor-
ghum tcd2 but not Arabidopsis 2x) and a presumed dhurrin
acid glucoside (m/z 515, compound 9).

Analysis of the HCNp, nitrate and nitrogen composition of
the tcd2, TCD2 and parent lines also showed that blocking
dhurrin synthesis alters the nitrogen status of the tcd2
mutant. In 10-week-old plants there was an increase in the
nitrate concentration, particularly in the leaf sheath of tcd2. It
is possible that this is due to the release and detoxification of
cyanohydrin-derived HCN and detoxification of the oxime,
which leads to production of free NH4

+. This will decrease
the nitrate reductase activity by feedback regulation and thus
cause accumulation of any nitrate taken up through the roots
in the tcd2 plants. However, an alternative explanation may be
the smaller tcd2 plant size, as there was no significant difference
in the total nitrate content of the tcd2 plants compared with
control plants. The small size of the tcd2 mutant may also ac-
count for the finding that there is no significant difference in
total nitrogen of any of the lines, despite the high nitrogen
concentration of the tcd2 mutant at the second harvest com-
pared with the control plants. Nitrate fertilizer has been shown
to increase dhurrin content in sorghum, possibly via increased
transcription of the biosynthetic genes (Busk and Møller 2002,
Hayes et al. 2015, Neilson et al. 2015).

Cyanogenic glucosides are suggested to serve as nitrogen
storage compounds (Møller 2010b, Gleadow and Møller 2014,
Pičmanová et al 2015) in addition to their role in plant defense.
Sorghum is known to metabolize dhurrin continuously during
growth (Adewusi 1990, Busk and Møller 2002), with the rate of
catabolism exceeding that of biosynthesis as plants mature,
leading to a decrease in total dhurrin content (Busk and
Møller 2002, Miller et al. 2014). This was also demonstrated
in the present study by the decrease in total dhurrin content
in the shoots of 10-week-old compared with 8-week-old sor-
ghum plants. The endogenous turnover of cyanogenic gluco-
sides to recover nitrogen was originally suggested to proceed via
b-glucosidase- and a-hydroxynitrilase-catalyzed release of HCN
according to the classical bioactivation pathway. This would be
followed by b-cyanoalanine synthase- and nitrilase-mediated
production of ammonia and incorporation into amino acids
according to the general plant pathway for detoxification of
HCN concomitant with ethylene formation (reviewed by
Bjarnholt and Møller 2008). This is supported by a recent
genome-wide association study showing that dhurrin content

is associated with single nucleotide polymorphisms in regions
where the closest genes are the two dhurrinases (b-glucosi-
dases) responsible for dhurrin bioactivation (Hayes et al.
2015). Alternatively, nitrogen recovery may proceed via path-
ways that avoid release of toxic HCN. Picmanova et al. (2015)
proposed three turnover or ‘recycling’ pathways for cyanogenic
glucosides that would allow tight control of the defense re-
sponse of the plant as well as preventing self-intoxication due
to the release of toxic HCN during nitrogen recovery. In sor-
ghum, such pathways involve dhurrin amide and dhurrin acid
or p-glucosyloxyphenylacetic acid as products and intermedi-
ates proposed to be produced by enzymes acting directly on
dhurrin without preceding hydrolysis by dhurrinases (Jenrich
et al. 2007, Pičmanová et al. 2015). The finding that tcd2 plants
contain only trace amounts of p-glucosyloxyphenylacetic acid
compared with the higher amounts present in the parent and
TCD2 plants supports that this compound is indeed derived
from dhurrin in the wild-type plant. The minute amounts of the
compound detected in the mutant could, as mentioned above,
be produced as a detoxification of the oxime intermediate. On
the other hand, dhurrin acid and its derivatives were found in
similar concentrations in the tcd2 mutant and parent and TCD2
plants, suggesting that these compounds are not derived from
dhurrin as otherwise proposed by Pičmanová et al. (2015). A
plausible explanation is that the production of these com-
pounds from dhurrin in the parental control plants proceeds
via the bioactivation pathway and formation of the cyanohyd-
rin, which is the end-product of biosynthesis in the mutant
plants. This is supported by the finding that parental and
TCD2 plants contain appreciable amounts of glucosylated p-
hydroxybenzoic acid (Fig. 1), presumably a detoxification prod-
uct of p-hydroxybenzaldehyde formed concomitantly with
HCN release from the cyanohydrin. In conclusion, LC-MS ana-
lysis of the UGT mutant supports that the compounds previ-
ously suggested by Pičmanová et al. (2015) and Jenrich et al.
(2007) to be turnover products of dhurrin are in fact so, and
that more than one such turnover pathway may be operating in
sorghum. However, the results also suggest that the earlier
hypotheses that nitrogen recovery from cyanogenic glucosides
takes place via release of HCN are at least partly true. More
experiments are required to elucidate the exact nature of the
different pathways, and the tcd2 line, described here, as well as
the tcd1 line mutated in the first gene of the dhurrin biosyn-
thetic pathway (Blomstedt et al. 2012), will be useful for such
studies.

Materials and Methods

Plant material

Selected plant lines used in this study were the tcd2 mutant, identified by

TILLING (Blomstedt et al. 2012), and two control lines, the non-mutated par-

ental line and the TCD2 sibling line (a segregating population without the

mutation from the original selection; Dahmani-Mardas et al. 2010). Parent,

TCD2 and tcd2 plants (n = 4 plants per harvest) were grown in individual

pots containing 1 : 2 perlite : seed raising mix (Exfoliator and Debco Pty Ltd.,

respectively), supplemented with a slow release fertilizer (Grow Coat 5 g per 12

liters of soil) under glasshouse conditions with a natural photoperiod from
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September to December (approximately 14 h day/10 h night) and 26 ± 7�C

day/20 ± 5�C night temperatures with relative humidity of 52 ± 14% and

59 ± 12%, respectively. Plants were harvested 8 weeks (harvest time point 1)

or 10 weeks (harvest time point 2) after seed germination. These two time

points were chosen to capture the HCNp in control plants before and after

the developmentally controlled reduction in dhurrin (Miller et al 2014).

Parameters measured at the time of harvest were: sheath height, sheath

width, leaf number, leaf blade length, leaf blade width, total leaf surface

area, and Fv/Fm as an estimate of the PSII photosynthetic efficiency. Leaf

length, leaf width and Fv/Fm measurements were carried out using the young-

est fully expanded leaf (leaf I) and a slightly older leaf (leaf III). The plants were

divided into sections representing the leaf blade, leaf sheath and root tissues,

dried at 50�C and weighed before determination of dhurrin, nitrate concen-

trations, total carbon–nitrogen levels and metabolite profiling. For compari-

son by LC-MS analysis Arabidopsis plants expressing CYP79A1 and CYP71E1

(2x plants) were grown as described (Kristensen et al. 2005), and tcd2 and

TCD2 plants were grown for 2 weeks on soil in pots (greenhouse, 28�C), and

the above-ground parts of the plants were harvested and immediately ex-

tracted as described below.

Determination of cyanide potential (HCNp)

Dhurrin concentration was measured in the leaf blade, leaf sheath and roots

based on their HCNp as determined following addition of an excess amount of

b-glucosidase (b-D-glucoside glucohydrolase, Sigma, EC 3.2.1.21) to ensure com-

plete hydrolysis of dhurrin in the accurately weighed dried ground tissue

sample. Evolved HCN was captured in an NaOH solution and measured as

NaCN in a colorimetric assay (Gleadow et al. 2012b). Total HCN (mg) released

and the corresponding dhurrin content in shoots and roots were calculated

from the total mass of the tissue.

LC-MS analysis

Leaf blade and leaf sheath from 8- and 10-week-old plants (harvest time points

1 and 2, respectively) were weighed and homogenized in liquid N2. Samples

(100–200 mg, accurately weighed dried tissue) were boiled in 85% MeOH

(500 ml, 3 min) and immediately cooled on ice. Rosette leaves of Arabidopsis

2x plants and 2-week-old freshly harvested tcd2 and TCD2 plants were extracted

whole in the same manner. The homogenate was centrifuged (10 min, 3,000�g)

and aliquots (20ml) were diluted with H2O (40 ml) and filtered through a mem-

brane by centrifugation. LC-MS analysis was carried out by injection of aliquots

(0.1 and 2 ml) into an Agilent 1100 Series LC (Agilent Technologies) linked to a

Bruker HCT-Ultra ion trap mass spectrometer (Bruker Daltonics) (Gleadow

et al. 2012a).

Nitrate and total nitrogen analysis

The content of soluble nitrate in plant material was measured using ground

dried tissue (15 mg) (Cataldo et al. 1975). The concentration of total elemental

nitrogen was measured using ground dried plant material (5 mg) with an

Elementar Vario Micro Cube, CHNS analyzer with acetanilide (Merck) as an

internal standard.

Allocation of nitrogen to dhurrin and nitrate

To determine if the allocation of nitrogen to dhurrin (CN–-N/N%) or nitrate

(NO3
– -N/N%) varies between the mutant line and the non-mutated parental

line, the following calculations were made:

CN�� N=N%¼ ½ðCN�ðmg g�1 dwtÞ �14=26Þ=Total nitrogen ðmg g�1Þ�100

NO3
��N=N%¼ ½ðNO3

�ðmg g�1 dwtÞ �14=62Þ=Total nitrogen ðmg g�1Þ�100

Identification and characterization of the
mutation in UGT85B1

Genomic DNA was extracted from plant tissue using the MagAttract

DNA extraction kit (Qiagen) and UGT85B1-specific primers (designed to the

50- and 30-untranslated regions) used to amplify and sequence the 1,595 bp full-

length gene (For 50-GGGGTCGGGGATATTGTATT-30 and Rev 50-CAGAACCA

CTTATTGCAAACTC-30). PCR conditions were: 95�C for 5 min, 95�C for 30 s,

54�C for 30 s, 72�C for 2.5 min for 35 cycles; 72�C for 10 min; 4�C hold. The

resulting PCR product (�1.6 kbp) was gel purified (Promega Wiazard Kit) ac-

cording to the manufacturer’s instructions and sequenced using the Applied

Biosystems PRISM BigDye Terminator Mix. A BlastP protein search was con-

ducted using the Sorghum genome database at Phytozome 10.2 (http://phy-

tozome.jgi.doe.gov/pz/portal.html#!search) and NCBI databases (http://www.

ncbi.nlm.nih.gov/) (June 8, 2015).

Statistical analysis

Results were analyzed using GraphPad Prism 5 (GraphPad Software Inc.). Data

sets were tested for normality and homogeneity of variances prior to analysis.

Data that were not normally distributed were log transformed. Comparison of

two treatment groups was performed using a Student’s t-test. A one-way ana-

lysis of variance (ANOVA) was performed on groups of plants that had more

than two treatment groups. Means that were significantly different were com-

pared post-hoc using Tukey’s t-tests. Different letters in the figures indicate

means of significant difference. Mean values are followed by one standard error

of the mean (± 1 SEM). Rose plots were created in Microsoft Excel after normal-

izing the data to the maximum value for each trait.

Supplementary data

Supplementary data are available at PCP online.
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