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Abstract
Sorghum bicolor produces the cyanogenic glucoside dhurrin, a secondary metabolite integral to plant defence and stress
responses. Dhurrin production is both developmentally and environmentally regulated in S. bicolor, with high levels of
variation within and between lines. Such phenotypic variation may result from polymorphic differences or epigenetic modifications in genes associated with cyanogenesis. In this study the chemical 5-Azacytidine was used to assess S. bicolor’s
response to genome-wide demethylation, which had not previously been investigated in the context of cyanogenic glucoside
regulation. Morphological changes, the expression levels of key genes involved in dhurrin synthesis and turnover, and the
cyanogenic potential (HCNp) of leaf tissues were analysed. Treatment resulted in alterations in dhurrin synthesis, gene
expression, and dhurrin levels, suggesting that DNA methylation is involved in the regulation of HCNp in the initial stages
of S. bicolor development. Previously identified EMS mutants from the adult cyanide deficient class (acdc) have been found
to exhibit altered dhurrin concentrations during development. This study shows that acdc mutants possess a CΔT change
in the promoter of CYP79A1, a key gene in dhurrin synthesis, and that this mutation is stably inherited and associated with
the acdc phenotype. To further investigate the role of epigenesis in dhurrin production, we determine the methylation status
of the 250 bp region surrounding the CΔT mutation site in wild-type and mutant plants over two stages of development.
Keywords 5-Azacytidine (5-azaC) · Cyanogenic glucosides · Dhurrin · Inheritance · Methylation · Regulation · Secondary
metabolites
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Introduction
Plant secondary metabolites play important roles in both
defence and stress responses. One such class of metabolites
are the cyanogenic glucosides (CNglcs), produced by over
2600 species of higher plants and one-fifth of crop species
(Gleadow and Møller 2014; Jones 1998). The first CNglc
biosynthesis pathway to be identified was in Sorghum
bicolor (L.) Moench, which produces the CNglc dhurrin
((S)-4-hydroxymandelonitrile-β-d-glucopyranoside) (Bak
et al. 1998; Kahn et al. 1997). Upon tissue disruption dhurrin, normally compartmentalised in the vacuole, becomes
susceptible to the degradative β-glucosidase, dhurrinase,
hydrolysing the compound to release toxic hydrogen cyanide
gas (HCN) in a process known as cyanogenesis. Dhurrin
biosynthesis is catalysed by three enzymes, coded for by
three structural genes: CYP79A1, CYP71E1 and UGT85B1
(Kahn et al. 1997) (Fig. 1a). Following their identification
in S. bicolor, these genes were used to find the cyanogenic
glucoside biosynthesis genes in other crop species, including cassava (Manihot esculenta Crantz), although pathways
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Fig. 1  a Schematic illustrating the steps and enzymes involved in the biosynthesis of dhurrin. Dhurrin biosynthesis begins with an L-tyrosine precursor and is driven by the cytochromes P450
CYP79A1 and CYP71E1 that catalyse the first two steps in the pathway. The UDP-glycosyltransferase UGT85B1 stabilises the p-hydroxymandelonitrile via glycosylation to produce dhurrin. CYP79A1 is the rate-limiting and key enzyme in this pathway (Bak et al. 1998; Halkier and Møller 1989; Kahn et al. 1997), b the dhurrin biosynthesis gene cluster on chromosome 1 in
S. bicolor, which has also been shown to include the MATE2 transporter and glutathione-S-transferase 1 (GST1) (Darbani et al. 2016). CYP71E1, Sb01g001180; CYP79A1, Sb01g001200;
UGT85B1, Sb01g001220; GST1, Sb01g001230; MATE2, Sb01g001240
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between species are not identical (Andersen et al. 2000; Jørgensen et al. 2011; Kannangara et al. 2011). For example,
in cassava two paralogues for each of the three biosynthesis
genes are present, resulting in the production of two CNglcs:
lotaustralin and linamarin. Despite these differences, the first
and key enzymes in the production of CNglcs across species
have been shown to be the CYP79s, which are considered
signature enzymes of cyanogenesis pathways (Gleadow and
Møller 2014).
Dhurrin concentrations are both developmentally and
environmentally regulated in S. bicolor (Gleadow and
Møller 2014). The mature seed is the only part of the plant
that is completely acyanogenic, although dhurrin concentrations rise rapidly following germination, reaching up to
30% of the dry weight of the seedling tip, before decreasing across all tissues as the plant matures (Busk and Møller
2002; Halkier and Møller 1989). Abiotic cues, including
drought and high levels of nitrogen application, will also
increase dhurrin concentrations to different extents between
tissues, albeit only after maximum production rates of the
compound have dropped (Blomstedt et al. 2018; Burke et al.
2015; Busk and Møller 2002; Neilson et al. 2015). In addition, hydrogen cyanide potential (HCNp, the total amount of
cyanide released per mass) can differ markedly both between
and within S. bicolor lines, with individuals showing high
levels of plasticity (Gleadow and Møller 2014). Cyanogenic
glucosides in other species are also spatially and temporally expressed. In cassava CNglcs are found in all tissues,
but synthesis occurs primarily in the shoot before the compounds are transported to the root (Jørgensen et al. 2011). It
is postulated that dhurrin in S. bicolor is primarily synthesised at the base of the stem and is then transported to the
leaves (Busk and Møller 2002), however, further evidence
of this is needed.
Despite the biosynthetic pathway of dhurrin being welldefined biochemically, the molecular regulation of the biosynthetic genes is largely unknown. Utilisation of S. bicolor
for forage is increasing due to its high drought and heat tolerance, as well as its increased suitability for marginal soils in
comparison to maize (Getachew et al. 2016). Consequently,
elucidation of the molecular regulation of the dhurrin pathway becomes pertinent to enable phenotypic predictions
and to prevent livestock poisoning and pasture loss. Busk
and Møller (2002) found dhurrin synthesis to be transcriptionally regulated, although this finding has been difficult to
replicate. However, it has been shown that the biosynthetic
genes, which are clustered on chromosome one in S. bicolor
(Fig. 1b), are co-expressed (Darbani et al. 2016; Takos et al.
2011). Similar gene clusters have been identified in cassava
and the cyanogenic species Lotus japonicus (Takos et al.
2011). Gene clusters are thought to have evolved by gene
duplication followed by acquisition of new functions and
typically contain 3–6 genes key to the biosynthetic pathway
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of the specific metabolite (Nützmann and Osbourn 2014).
Though knowledge of the molecular regulation of these clusters is also lacking, clustering of the cyanogenesis genes
may also have arisen to allow for synchronous regulation via
epigenetic mechanisms, such as DNA methylation.
The role of epigenetic marks, including DNA cytosine
methylation, in development and stress responses across
plant species continues to be a focus of research (Baulcombe and Dean 2014; Kellenberger et al. 2016; Pandey
et al. 2016). Epialleles, alleles variably expressed due to
differences in methylation rather than nucleotide mutations
in the gene, have been found to be involved in heritable phenotypes, including traits of agronomic importance (Amoah
et al. 2012; Sharma et al. 2017; Smith et al. 2010). Plants
methylate cytosines in three sequence contexts: CG, CHG,
and CHH (H = A, C or T) (Gruenbaum et al. 1981) and while
many studies have investigated changes in methylation during plant development, research into the epigenetic regulation of secondary metabolites in cereal crops has predominantly been undertaken in non-cyanogenic species or has
not closely considered cyanogenic genes (Joel 2013; Kou
et al. 2011; Wang et al. 2011). Genome-wide methylation
studies in S. bicolor have examined differences between tissues at single developmental time points (Turco et al. 2017)
or within tissues between different treatments (Olson et al.
2014). Therefore, any methylation changes in the cyanogenesis genes within and between tissues over developmental
time, or in response to environmental factors, have not been
observed.
Dhurrin concentration is dependent on plant age, and
in this study we investigate whether methylation changes
during development. Wild-type S. bicolor seeds were
germinated in the presence of the demethylating agent
5-Azacytidine (5-azaC). 5-azaC is a chemical analogue of
cytosine which is incorporated into the DNA as a substitute for cytosine, while also inhibiting the action of DNA
methyltransferases resulting in genome-wide hypomethylation (Christman 2002). To test the hypothesis that developmental regulation of dhurrin is in part controlled by DNA
cytosine methylation in the early stages of plant growth the
following were measured over a three-week period: genomic
DNA methylation levels, the expression of genes involved in
dhurrin synthesis and turnover, and the HCNp of S. bicolor
seedlings.
In addition, we investigated the inheritance mechanisms
and the regulation of dhurrin synthesis through the use of
EMS mutants generated by TILLING (Blomstedt et al.
2012). In order to analyse the stable inheritance of the adult
cyanide deficient class (acdc) mutation and its association
with the low dhurrin phenotype, three independent mutant
lines with a similar phenotype classified as adult cyanide
deficient class 1–3 (acdc1, acdc2, acdc3) and the totally cyanide deficient 1 (tcd1) mutant were crossed and the progeny
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phenotyped. We also addressed whether the methylation
state of the region surrounding the acdc mutation is important for the temporal and spatial control of dhurrin synthesis.

Materials and methods
Genome‑wide demethylation using 5‑Azacytidine
Sorghum bicolor (L.) Moench line BTx623 was used to analyse the effects of the demethylating agent 5-Azacytidine
(5-azaC, A1287, Sigma-Aldrich, Sydney, Australia) on plant
growth, leaf dhurrin concentrations, and the expression of
key genes involved in the dhurrin synthesis and turnover
pathways. An initial germination dose–response gradient of
5-azaC at 0 µM, 25 µM, 50 µM, 100 µM, and 200 µM in ½
strength Murashige and Skoog (MS) media was performed
(data not shown). Based on this, the selected concentrations
with which to proceed were 50 µM and 100 µM of 5-azaC.
For each treatment 120 BTx623 seeds were sterilised then
germinated in petri dishes containing either ½ MS media
(controls), ½ MS media with 50 µM 5-azaC, or ½ MS media
with 100 µM 5-azaC. Petri dishes were placed in a constant
temperature room at 28 °C under a cycle of 16-h light and
8-h darkness.
Seed germination percentage was determined before
seeds were moved to new petri dishes containing fresh
solution daily until 4 days post germination (dpg), at which
stage 70 seedlings of each treatment were randomly selected,
washed thoroughly with MilliQ H
 2O, and transferred to individual pots and grown in greenhouse facilities at Monash
University according to Blomstedt et al. (2018). Plants were
randomised spatially, rotated, and watered to saturation
every second day to ensure water was never limited. Plants
were harvested at 7dpg, 14dpg, and 21dpg, with 20 plants of
each treatment randomly selected and harvested at the first
two time-points, while 20 replicates of the control treatment
and 23 replicates of the 50 µM and 100 µM 5-azaC treatments were harvested at the final time-point. Both height
and leaf number were measured, with three leaf-discs (6 mm
diameter) taken from the youngest unfurled leaf for HCNp
analysis, with HCNp assayed as per Gleadow et al. (2012).
HCNp is the total amount of HCN evolved from hydrolysis
of the entire content of endogenous cyanogenic glucosides
and is used as a proxy for dhurrin, such that each mg of HCN
is equivalent to 11.5 mg of dhurrin. The remainder of the
tissue from the same leaf was snap frozen in liquid nitrogen
and stored at − 80 °C until required for further analysis. Frozen tissue was pooled into three replicates for each treatment
and harvest time-point, with the pooled tissue then divided
into two for DNA and RNA analysis.
Genomic DNA was extracted using a modified CTAB
method (Allen et al. 2006). The 5-methylcytosine level of
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the extracted gDNA was quantified using the 5-mC DNA
ELISA Kit (Zymo Research, California, USA) using standards of known methylation levels as per the manufacturer’s instructions. Three biological replicates and standards
were run in technical duplicates with the colour allowed to
develop for one hour before the plate was read on a spectrophotometer at 410 nm (BMG FLUOstar Galaxy, MTX Lab
systems, USA).

RNA extraction and quantitative PCR
RNA was extracted from the frozen leaf tissue using a Sigma
Spectrum Plant Total RNA kit (Sigma-Aldrich, Sydney,
Australia). On-column DNase digestion was carried out
for all samples according to Appendix 1 of the manufacturer’s instructions. cDNA was synthesised from the total
RNA using SuperScript III First-Strand Synthesis System
for RT-PCR (Invitrogen, Melbourne, Australia) and an oligo
dT primer. Transcript levels of CYP79A1 (Sb01g001200)
and NIT4B2 (Sb04g026940) normalised to Ubiquitin (UBT,
Sb01g030340) and Actin (Sb01g010030) (Paolacci et al.
2009) were determined by quantitative PCR (qPCR) using
a Rotor-Gene 6000 (Qiagen, Melbourne, Australia). Forward
and reverse primers (Sigma, Sydney, Australia) specific for a
region in the 3′ end of each gene sequence were used (Supplementary Table S1). SensiMix SYBR Green No ROX kit
(Bioline, Sydney, Australia) was used for the qPCR as per
the manufacturer’s instructions. Each biological replicate
was run in triplicate along with a set of standards specific
for the gene being analysed. Each RNA preparation (the
RNA used to create the cDNA) was also checked for DNA
contamination by using crude RNA as the template and
determining if amplification occurred. Relative expression
was calculated as mean normalised expression (MNE) as
per Simon (2003).

Plant growth and phenotyping
To characterise the low cyanogenic mutants, crosses were
made within near isogenic lines of the mutants (acdc1 ×
acdc2; acdc1×acdc3; acdc2× acdc3; tcd1×acdc1) and
between the mutants and the wild-type line (S. bicolor (L.)
Moench line BTx623). Seeds from individual crosses were
collected and F
 1 plants grown and allowed to self-fertilise
with flower heads bagged to prevent cross-pollination. F2
seeds were collected and sown in individual trays containing Debco seed raising mix and perlite (2:1, v/v). All
plants were grown at Monash University greenhouse facilities according to Blomstedt et al. (2018). Three leaf-discs
(6 mm diameter) from the youngest unfurled leaf were taken
from F1 and F2 plants at the 7-leaf stage of development for
HCNp analysis, with HCNp assayed as per Gleadow et al.
(2012). From the F2 populations, individuals were selected
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that were homozygous for the mutation for use in future
experiments. In addition, sibling lines that segregate in the
F2 but no longer carry the mutation were also selected and
used as controls. Mutant and sibling lines have previously
been backcrossed to wild-type BTx623 S. bicolor to remove
background mutations, with no phenotypic differences seen
in the mutant plants other than the altered cyanogenic status.

Amplification and sequencing of the promoter
region to confirm presence/absence of mutation
Genomic DNA was extracted from frozen leaf tissue of
homozygous acdc1, acdc2 and acdc3 mutants, and BTx623
plants as per the modified CTAB protocol (Allen et al.
2006). Based on sequence data from the S. bicolor genome
sequence (Phytozome http://phyto  z ome.jgi.doe.gov/)
a ~ 1.4 kb region upstream of CYP79A1, including the putative site of the acdc mutation, was amplified by PCR. Primers specific for this region were designed using PerlPrimer
(Marshall 2004) and supplied by Sigma-Aldrich (Sydney,
Australia) (Supplementary Table S2). PCR reactions were
set up using the proofreading Pfu DNA polymerase (Promega, Sydney, Australia) according to the manufacturer’s
instructions, and amplified on a Mastercycler thermocycler
(Eppendorf, Sydney, Australia) as follows: initial denaturation: 2 min, 95 °C; denaturation: 30 s, 95 °C; annealing:
30 s, 54 °C; extension: 2.5 min, 72 °C, for 35 cycles; final
extension: 5 min at 72 °C. Reactions were purified using the
Wizard SV Gel and PCR Clean-Up System (Promega, Sydney, Australia). Purified fragments were sequenced in both
forward and reverse directions using the BigDye Terminator
v3.1 Cycle Sequencing kit according to the manufacturer’s
instructions (Applied Biosystems 3730 Genetic Analyzer;
Melbourne, Australia). Sequence analysis was performed
with Chromas (Technelysium, Brisbane, Australia) and
BioEdit (Ibis Biosciences, California, USA).

Assessment of methylation status using bisulfite
conversion
Seeds from the wild-type line BTx623, mutant line acdc1,
and mutant sibling line ACDC1 were sterilised before being
germinated in petri dishes on filter paper wetted with MilliQ H2O. Petri dishes were placed in a constant temperature room at 28 °C in complete darkness until 3dpg where
root and shoot tissues were separated, randomly pooled into
0.200 g of each tissue and snap frozen in liquid N for later
analysis. Additional seeds of the three lines were placed
in individual pots and grown in the glasshouse (Blomstedt
et al. 2018) for 5 weeks, at which point tissue was taken
from the roots and the youngest unfurled leaf and snap frozen in liquid N. Bisulfite conversion was completed with
the EZ DNA Methylation Kit (Zymo Research, California,
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USA) as per the manufacturer’s instructions using 500 ng of
genomic DNA (CTAB extraction as above). A region of the
CYP79A1 5′ regulatory region for both converted and unconverted DNA was amplified (Supplementary Table S3a). An
unmethylated region of the ASA1 gene from Arabidopsis
was used as a control for complete bisulfite conversion (Supplementary Table S3b). PCR reactions were set up using
KAPA2G Robust DNA Polymerase (Sigma-Aldrich, Sydney,
Australia) according to the manufacturer’s instructions and
amplified on a Mastercycler thermocycler (Eppendorf, Sydney, Australia) as follows: initial denaturation: 3 min, 95 °C;
denaturation: 15 s, 95 °C; annealing: 15 s, 56 °C; extension:
15 s, 72 °C, for 40 cycles; final extension: 30 s at 72 °C.
Amplified PCR fragments were gel purified and sequenced
as described in "RNA extraction and quantitative PCR" section. Sequence analysis was undertaken using KISMETH
software (http://katahdin.mssm.edu/kismeth/revpage.pl).

Statistical analysis
The statistics package SigmaPlot Version 12.2 (Systat Software, California, USA) was used for statistical analyses by
two-way ANOVA and also unpaired t tests in GraphPad
Prism (California, USA). For all tests, a p-value of < 0.05
was considered significant. In the presence of an interaction,
post-hoc comparisons were undertaken using Tukey’s test
or Dunn’s test.

Results
Growth effects of the demethylating agent
5‑Azacytidine treatment on S. bicolor seedlings
An examination of the effects of 5-azaC at 0 µM, 25 µM,
50 µM, 100 µM, and 200 µM on the growth of S. bicolor
line BTx623 was conducted. The dose–response gradient
of 5-azaC showed that both roots and shoots decreased in
length as 5-azaC concentrations increased but no signs of
phytotoxicity could be seen below 200 µM, a result consistent with previous sorghum studies (Turco et al. 2017).
Further experiments were conducted using concentrations
of 50 µM and 100 µM 5-azaC. No differences in the percentage of germinated seeds between treatments were seen
at either 24, 48, 72, 96, or 120 h post imbibition, with over
85% of seeds having germinated across all treatments by
120 h (Supplementary Fig. S1). Plant height and leaf numbers were measured at 7 days post germination (dpg), 14dpg,
and 21dpg (Table 1). The principal observation was that
plants grown under 5-azaC were significantly shorter than
the control lines at all harvest time-points (P < 0.001; Fig. 2).
There was no significant difference in the level of height
reduction between the 50 µM and 100 µM 5-azaC treatments
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Table 1  Height and leaf number of control and 5-azaC treated S.
bicolor plants
Control
H1–7dpg
Unfurled leaf no.
Furled leaf no.
Height (cm)
H2–14dpg
Unfurled leaf no.
Furled leaf no.
Height (cm)
H3–21dpg
Unfurled leaf no.
Furled leaf no.
Height (cm)

50 µM 5-azaC

100 µM 5-azaC

1.9 ± 0.08a
1.2 ± 0.08
4.2 ± 0.2a

1.0 ± 0.0b
1.0 ± 0.0
1.7 ± 0.06b

1.0 ± 0.0b
1.0 ± 0.0
1.2 ± 0.06b

3.0 ± 0.00a
2.0 ± 0.00
10.4 ± 0.13a

3.0 ± 0.00a
2.0 ± 0.09
5.8 ± 0.40b

3.2 ± 0.0b
1.9 ± 0.1
4.8 ± 0.6b

5.0 ± 0.00a
1.8 ± 0.10
17.4 ± 0.25a

4.9 ± 0.07a
1.52 ± 0.1
11.8 ± 0.7b

5.3 ± 0.09b
1.52 ± 0.1
11.4 ± 0.7b

Data denotes mean ± SE (H1 and H2 n = 20; H3 control n = 20,
5-azaC treatments n = 23). Rows marked with identical letters are not
significantly different at P < 0.05, analysed using ANOVA and Tukey’s test

(Table 1). Treatment with 5-azaC resulted in a slight delay
in development; while there was no difference in the number of furled leaves between treatments at any harvest, both
5-azaC treatments resulted in significantly fewer unfurled
leaves at 7dpg. However, this developmental delay was brief
and by 14 and 21dpg, plants grown under 50 µM 5-azaC had
the same number of unfurled leaves as the control plants.
Plants grown under 100 µM 5-azaC had significantly higher
numbers of unfurled leaves than both the controls and 50 µM
5-azaC treated plants (P < 0.05) at the final two harvests. No
other morphological differences were seen between treatments (Fig. 2).

Fig. 2  Representative examples of growth differences between wildtype S. bicolor BTx623 control plants and plants treated with either
50 µM or 100 µM 5-azaC at a harvest 1 (7 days post germination—
dpg), b harvest 2 (14dpg), and c harvest 3 (21dpg). Treatment with
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Genome‑wide methylation levels of 5‑azaC treated
S. bicolor leaf tissue
To confirm that the 5-azaC treatments had caused hypomethylation of the genome, total cytosine methylation (5-methylcytosine, 5mC) levels of control and 5-azaC treated S.
bicolor plants, line BTx623, were quantified via an ELISA.
The first two harvests (7dpg and 14dpg) saw significantly
lower percentages of methylation in plants treated with
either concentration of 5-azaC (P < 0.001), compared with
control plants (Fig. 3). The difference in methylation levels
between the 50 µM and 100 µM 5-azaC treatments was not
significant. By 21dpg the difference in average methylation levels between plants treated with 5-azaC had reduced
and the difference between the control and 50 µM 5-azaC
treatments was no longer significant, although the 100 µM
5-azaC treatment still had significantly lower levels of methylation than the controls.

Effect of demethylation on HCNp in S. bicolor leaf
tissue
Cyanide assays were undertaken for all treatments at all
time-points to correlate DNA methylation levels with HCNp.
The greatest difference occurred at 7dpg where the 5-azaC
treated plants had 30% higher HCNp than control plants
(Fig. 4). By 14dpg HCNp had decreased across all treatments
although plants grown under 50 µM 5-azaC had a significantly higher HCNp than both other treatments (P < 0.001),
while those grown under 100 µM 5-azaC had significantly
lower HCNp than both other treatments (P < 0.001). By the
final harvest (21dpg) HCNp had decreased in both the control and 50 µM 5-azaC treated plants to equal the HCNp of

5-azaC had the greatest effect on plant height. Leaf development was
delayed by both concentrations of 5-azaC at Harvest 1, although this
delay was brief with leaf numbers becoming consistent across treatments by the second harvest
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Transcript expression levels of key genes governing
dhurrin synthesis and nitrogen turnover
To determine whether the expression of two genes involved
in the dhurrin synthesis and turnover pathways were altered
in the leaf tissue by 5-azaC treatments, relative transcript
levels of CYP79A1 (the gene encoding the rate-limiting
enzyme in the dhurrin biosynthetic pathway (Busk and
Møller 2002)) and NIT4B2 (involved in both the dhurrin
detoxification and endogenous turnover pathways (Jenrich
et al. 2007)) were measured and normalised to Ubiquitin and
Actin. At 7 and 14dpg plants treated with 5-azaC had significantly greater levels of CYP79A1 expression (Fig. 5a). However, by 21dpg there were no significant differences between
treatments. No significant differences in NIT4B2 expression
Fig. 3  Genome-wide 5-methylcytosine levels (%) of leaf tissue in
S. bicolor (BTx623) controls in comparison to plants treated with
50 µM or 100 µM 5-azaC. Both concentrations of 5-azaC significantly decreased the percentage of genome-wide 5-methylcytosine
until 14 days post germination (dpg). By 21dpg the 50 µM treatment
was not significantly different to the controls, though the 100 µM
treatment continued to have lower 5-methylcytosine levels. Data
denotes mean ± SE (n = 3). Columns marked with identical letters are
not significantly different at P < 0.05, analysed using ANOVA and
Tukey’s test

Fig. 4  Leaf hydrogen cyanide (HCN) potential (mg g−1 dry weight)
of S. bicolor (BTx623) controls in comparison to plants treated with
50 µM or 100 µM 5-azaC. Data denotes mean ± SE (H1 and H2
n = 20; H3 control n = 20 and 5-azaC treatments n = 23). Columns
marked with identical letters are not significantly different at P < 0.05,
analysed using ANOVA and Tukey’s test

plants treated with 100 µM 5-azaC, with no significant differences in HCNp seen between any treatment.

Fig. 5  Relative transcript levels of a CYP79A1 (Sb01g001200) and b
NIT4B2 (Sb04g026940) normalised to Ubiquitin (Sb01g030340) and
Actin (Sb01g010030) in leaf tissue of S. bicolor (BTx623) controls
in comparison to plants treated with 50 µM or 100 µM 5-azaC. Data
denotes mean ± SE (n = 3). Columns marked with identical letters are
not significantly different at P < 0.05, analysed using ANOVA and
Tukey’s test. No significant differences were seen between NIT4B2
expression levels
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levels were seen at any harvest time point or between treatments (Fig. 5b).

Phenotyping of the acdc mutation and association
of genotype with phenotype
Three independent mutant lines with a similar phenotype
classified as adult cyanide deficient class 1–3 (acdc1, acdc2,
acdc3) and the totally cyanide deficient 1 (tcd1) mutant
were used to investigate the low cyanogenic phenotype.
The acdc1-3 lines are thought to be developmentally regulated mutants, in that the shoot tissue is only cyanogenic
when the plant tissue is young (Blomstedt et al. 2012, 2018).
Expression of CYP79A1 in the acdc lines is equivalent to
wild-type plants upon germination before rapidly decreasing to below wild-type levels (Supplementary Fig. S2). No
mutations have previously been found in the coding regions
of the dhurrin biosynthetic genes in the acdc1-3 mutants.
However, in this study sequence analysis identified a CΔT
change (typical of EMS treatment) 1188 bp upstream of the
ATG start codon in the CYP79A1 promoter region (Supplementary Fig. S3). The identical mutation found in the
promoter region of the acdc1-3 lines together with their low
cyanide phenotype suggests that this region is involved in the
developmental regulation of CYP79A1. The tcd1 mutation is
also a CΔT but is located in the coding region of CYP79A1
resulting in a proline to leucine (P414L) change rendering
the enzyme non-functional (Blomstedt et al. 2012).
To determine if there was an association between the
mutation identified in the acdc S. bicolor lines and the low
cyanogenic status of these plants, the HCNp was determined for the F1 progeny of crosses between BTx623 and
each of the mutants, and from crosses between the mutants
(tcd1 × acdc and acdc × acdc). The F
 1 individuals from the
crosses between the mutants and BTx623 are all heterozygous for the identified mutation and all have relatively high
HCNp (Fig. 6a). The HCNp of the progeny from the crosses
between the mutants were significantly lower than the HCNp
of the progeny from crosses with BTx623 (Fig. 6a). The
low HCNp of the individuals from tcd1 × acdc1 indicates
that these lines are not complementary, confirming the
hypothesis that the acyanogenic phenotype of acdc lines
is due to, or strongly linked, to the C∆T mutation in the
promoter region. To confirm that the C∆T mutation co-segregates with the acdc1-3 phenotype, the HCNp was compared with the genotype at the mutation site for a sample
of acdc × BTx623 plants in the F2 generation (n = 45). The
HCNp of plants heterozygous for the CΔT mutation was
not significantly lower than homozygous wild-type plants
(P = 0.209), potentially due to the large variability in HCNp
for these plants (Fig. 6b). However, homozygous mutants
were found to have significantly lower HCNp than both
homozygous wild-type and heterozygous plants (P < 0.0001)
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Fig. 6  a Hydrogen cyanide (HCN) potential (mg g−1 dry weight) of
F1 progeny from crosses between sorghum BTx623 and the totally
cyanide deficient 1 (tcd1) and adult cyanide deficient class (acdc)
mutants and between the two different mutant lines (tcd1 × BTx623
n = 20; acdc × BTx623 n = 44; tcd1 × acdc n = 12; acdc × acdc n = 14).
b HCN potential (mg g−1 dry weight) of a total of 45 F2 individuals from a BTx623 × acdc cross showing the association between
genotype at the acdc CΔT mutation and HCN potential. Homozygous
mutant (TT; n = 7) plants had much lower HCN potential than both
homozygous (CC; n = 29) wild-type and heterozygous (CT; n = 9)
plants. Data denotes mean ± SE, different letters indicate significant
differences determined by unpaired t test

(Fig. 6b). This suggests that the C∆T mutation itself, or a
closely linked regulatory region, lowers the expression of
CYP79A1 substantially.

Analysis of methylation of CYP79A1 promoter
in acdc mutation region during development
Bisulfite sequencing of a 250 bp region surrounding the
acdc1 CΔT mutation revealed that the BTx623 has a CHG
methylation site where the acdc mutant CΔT EMS mutation has converted this methylated cytosine to a thymine
(Fig. 7). No further differences in the methylation pattern
of shoot and root tissues between or within lines were
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Fig. 7  Schematic representation showing the methylation status of a
250 bp region surrounding the acdc C∆T mutation in the CYP79A1
putative 5′ regulatory strand in a wild-type (BTx623), b sibling
(ACDC1); and c mutant (adult cyanide deficient class 1—acdc1)
root and shoot tissues. The mutant line lacks a CHG methylation
site where the mutation has converted the cytosine to a thymine. No
changes in methylation were seen between plants that were 3-days

old or 5-weeks old, or between root and shoot tissues. All CG methylation sites were found the be methylated, while all CHH sites were
unmethylated. CG methylation site = dark grey circles; CHG methylation site = light grey circles, CHH methylation site = black circles. Filled and empty circles denote methylated and unmethylated
cytosines, respectively

found. Furthermore, no changes in methylation state were
seen between tissues harvested at 3dpg, when HCNp was
at its peak, or 5-weeks post germination when HCNp had
decreased and the acdc1 line had become acyanogenic in
the leaf tissue. All CG and half of the CHG sites were
found to be methylated, while all CHH sites were unmethylated. As no phenotypic or genotypic differences between
the acdc1-3 lines were detected, only the acdc1 line was
used for methylation analysis.

Expression of key cyanogenesis gene, CYP79A1,
and HCNp altered by genome‑wide demethylation
in S. bicolor

Discussion
Cyanogenic glucosides (CNglcs) are fundamental in the
defence and stress responses of many plant species. However, concentrations of the compounds can differ widely
between tissues and display high levels of plasticity
throughout plant development and in response to environmental cues, even amongst genetically identical individuals (Gleadow and Møller 2014). Despite the biosynthesis
and degradation pathways being well defined biochemically, the molecular mechanisms underlying regulation of
the CNglc dhurrin in the important cereal crop S. bicolor
remain largely unknown. Dhurrin production in S. bicolor
is developmentally regulated, with high levels being produced during the seedling germination stage, while also
being environmentally upregulated in adult plants by
abiotic factors such as drought and nitrogen fertilisation
(Blomstedt et al. 2018; Neilson et al. 2015; O’Donnell
et al. 2013). An understanding of the mechanisms regulating cyanogenesis would allow for improved phenotypic
profiling and therefore toxicity predictions, both critically
important in reducing livestock illness and pasture loss.

This study examined the role of DNA methylation in S.
bicolor development and the regulation of dhurrin biosynthesis with a focus on the key gene associated with dhurrin
production, CYP79A1. It was demonstrated that non-specific DNA demethylation induced by two different levels of
5-azaC altered the growth of S. bicolor plants in the early
stages of development, with significant differences in height
between the control plants and those treated with 5-azaC. A
slight delay in leaf production was also observed between
treated and control plants in the initial stages of growth,
though the reduction in unfurled leaves was transient and
by 14dpg there was little difference in leaf number between
any of the treatments. This reduction in height and differences in leaf development between treatments was consistent
with findings undertaken in cereals, Arabidopsis, and other
species such as the Brassicaceae oilseeds, where hypomethylation was seen to reduce plant growth, including inducing
dwarfism in rice (Oryza sativa), while also altering phytomorphology and developmental timing (Fieldes et al. 2005;
Finnegan et al. 1996; Kellenberger et al. 2016; Kim et al.
2008; Sano et al. 1990). The level of growth delay in plants
treated with 50 µM or 100 µM 5-azaC was similar, with the
lack of height and growth differences between 5-azaC treatments being likely due to plant growth parameters having a
sigmoidal dose–response relationship to 5-azaC hypomethylation (Amoah et al. 2012).
At 7dpg and 14dpg plants treated with 5-azaC had significantly greater levels of CYP79A1 expression in leaf tissue
compared to control plants. As DNA methylation predominantly represses gene expression (Finnegan et al. 2000),
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higher expression of the dhurrin biosynthesis gene would
be expected in a hypomethylated genome if CYP79A1 is in
fact regulated via this mechanism. By the final harvest methylation levels of the 5-azaC treated plants had increased and
CYP79A1 expression was equal across all treatments. This
increase in methylation by 21dpg may have resulted from the
restoration of cytosine methylation patterns via METHYLTRANSFERASE1 (MET1) (Saze 2008). As S. bicolor grows
rapidly during the first month of development, rounds of
mitotic replication are high, thus reducing the amount of
5-azaC maintained in the genome, eliminating methyltransferase inhibition, and allowing genome-wide methylation
to be reinstated. Another possibility is that dhurrin acts in
a negative feedback loop, with the higher concentration of
the secondary metabolite seen in the treatment groups ultimately facilitating repression of the gene and resulting in
transcript levels equivalent to the control group by the final
harvest (Fig. 8).
In sorghum, leaf number is used as a determination of
ontogeny, where plants with the same leaf number will have
comparable dhurrin levels (Miller et al. 2013). In general,

dhurrin concentrations decrease as leaf numbers increase.
Leaf development was slightly delayed in the initial growth
of 5-azaC treated plants with a minor reduction in the number of unfurled leaves, though the dhurrin levels were substantially higher than control plants. Though leaf development was comparable in 5-azaC treated plants by the second
harvest (14dpg), HCNp and CYP79A1 expression remained
significantly higher in the 5-azaC treatments than in the controls in both the first two harvests. This indicates that there
is potential for DNA methylation to affect cyanogenesis in
S. bicolor leading to an increase in dhurrin levels. However, due to demethylation occurring throughout the genome
the genes and signalling pathways that are being affected
and potentially influencing the cyanogenesis genes and the
upregulation of CYP79A1 cannot be definitively stated.
At 14dpg higher CYP79A1 expression in the 100 µM
5-azaC treatment did not result in higher dhurrin concentrations, with HCNp being significantly lower than the control.
Specialised metabolites are often found to be controlled at
the transcriptional level in plants (Colinas and Goossens
2018). There is evidence that CYP79A1 is regulated at the

Fig. 8  Representation of the potential effects of 5-azaC on cyanogenesis in S. bicolor. 5-azaC inhibits DNA methyltransferases causing genome-wide hypomethylation, including in the dhurrin biosynthetic and turnover genes (dotted lines). This results in increased
expression of CYP79A1, leading to higher dhurrin concentrations in
young plants. Elevated dhurrin levels may then trigger a feedback
loop resulting in down-regulation of the dhurrin biosynthesis genes
and induction of the turnover genes in the endogenous turnover
pathway (dashed lines), leading to less production and higher turnover of dhurrin. The rapid turnover of dhurrin would account for the
lack of correlation between CYP79A1 relative transcript levels and

HCNp seen in the plants treated with 100 µM 5-azaC at 14dpg. While
NIT4B2 was not found to change in expression during these stages of
development or between treatment groups, it is possible that one or
more of the other genes involved in the endogenous turnover pathway
was affected. NIT4B2 is also involved in the detoxification of HCN
released within the plant as a result of the reaction between dhurrin and dhurrinase, and genes in this pathway may also be affected.
Information on the genes involved in the turnover and detoxification
pathway is based on Bjarnholt et al. (2018); Jenrich et al. (2007);
Nielsen et al. (2016). GSTL glutathione transferase of the lambda
class (Bjarnholt et al. 2018)
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transcriptional level in S. bicolor (Busk and Møller 2002).
However, these results have been difficult to replicate, particularly in older plants when both dhurrin concentrations
and CYP79A1 expression are low. Therefore, it is possible
that transcript levels of CYP79A1 are not corresponding to
HCNp leading to the discrepancy seen between the two in
the 100 µM 5-azaC treatment. An increase in dhurrin turnover rate would also account for the substantial decline in
HCNp seen in the treatment groups despite higher CYP79A1
expression. No significant differences in expression levels
of the turnover gene NIT4B2 (involved in multiple dhurrin
turnover pathways) were seen at any harvest time point or
between treatments, suggesting that cytosine methylation
does not play a role in the regulation of this gene. While
NIT4B2 expression was not seen to change in response to
5-azaC treatment, this may not be the case for the other
genes involved in the dhurrin turnover pathway (Fig. 8).

Stable inheritance of acdc phenotype
and methylation state of the mutation region
The adult cyanide deficient class (acdc) mutants exhibit
reduced dhurrin synthesis in mature plants. This is a valuable trait for animal forage production as cyanide can protect young seedlings from predation while adult plants have
reduced toxicity. It is known that the mutation resulting in
the S. bicolor acyanogenic tcd1 line is due to a CΔT change
within the coding region of CYP79A1, which renders the
CYP79A1 enzyme non-functional (Blomstedt et al. 2012).
The inability of the acdc × tcd1 to restore wild-type function
indicates that the CYP79A1 allele is also affected in the acdc
type mutants. Following germination the acdc1 mutant has
reduced CYP79A1 expression in comparison to wild-type
lines (Supplementary Fig. S2). Sequence analysis showed
that the mutation associated with this acdc phenotype is an
EMS generated C∆T mutation ~ 1.2kbp upstream of the
CYP79A1 transcription start site (Supplementary Fig. S3),
while there was no mutation in the acdc CYP79A1 coding
 2 generations of
sequence. Through the analysis of F
 1 and F
different crosses we showed that this C∆T mutation is stably
inherited and co-segregates with the adult cyanide deficient
phenotype. The presence of the same lesion in all three independent acdc mutants suggests that this region may be a
hotspot for EMS mutation (Henry et al. 2014).
As the acdc mutation in the 5′ regulatory region of the
CYP79A1 gene causes an early decrease in CYP79A1 expression and HCNp in the mutant lines during development,
bisulfite sequencing was undertaken to investigate whether
cytosine methylation is altered in this region. Besides the
C∆T mutation site, no differences in methylation were seen
between wild-type and acdc1 plants in either root or shoot
tissues, even though these tissues differ in dhurrin concentrations in comparison to each other and over the course of
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development. It is possible that a mutation, as yet unidentified, is tightly-linked to the C∆T site and is influencing
CYP79A1 regulation, or that the C∆T mutation itself may
reside in an important binding site for a transcription regulator that can influence regulatory protein binding and subsequent gene expression, leading to the reduced expression of
CYP79A1 and the sudden drop in HCNp seen in the mutant
line. This information is currently being incorporated into
experiments analysing the regulation of CYP79A1.
Genes of the CNglc biosynthetic pathway have been
found to be clustered in S. bicolor, cassava and L. japonicus
(Takos et al. 2011). While the mechanisms that form these
clusters of non-homologous genes in eukaryotes are largely
unknown, there have been several proposed selective advantages of clustering in cyanogenic species. Clustering enables
the genes to be inherited as a functional unit, clustering of
genes in pathways where toxic intermediates are involved
ensures they are inherited together, and clustered genes can
be regulated synchronously (Chu et al. 2011). Synchronicity
of regulation is imperative in S. bicolor as the gene products function together as a metabolon to facilitate metabolic
channelling of toxic intermediates (Laursen et al. 2016).
Groups of genes in clusters which are functionally
related may reside in epigenetic control regions where they
are co-ordinately regulated by DNA methylation. Such coordinated regulation mechanisms may be linked to environmentally induced epigenetic transgenerational inheritance.
Stress priming related to cyanogenesis has been found to
be heritable across generations. For example, cyanogenic
wild lima beans (Phaseolus lunatus) that are heavily damaged by herbivory, produce progeny with increased levels of
β-glucosidase activity compared to control plants (Ballhorn
et al. 2016). Although the mechanism for this inheritance
was not studied, Ballhorn et al. (2016) hypothesise that epigenetic factors are at play. The results of the study presented
here support the hypothesis that methylation levels are
involved in the regulation of dhurrin production, although
conclusions as to all genes and signalling pathways that are
being altered cannot be definitively stated due to the stochastic nature of 5-azaC demethylation. Further studies are
required to determine whether environmental factors influence the methylation state of the dhurrin producing genes.
Understanding the molecular regulation of cyanogenesis in S. bicolor will enable plant toxicity to be predicted
more accurately and could reveal similarities in regulation between other cyanogenic species. This information
may well allow for the manipulation of HCNp and overall improvement of S. bicolor and other cyanogenic crop
species.
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