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•  Background and Aims  Vitamin E (tocochromanol) is a lipid-soluble antioxidant and an essential nutrient for 
human health. Among cereal crops, barley (Hordeum vulgare) contains a high level of vitamin E, which includes 
both tocopherols and tocotrienols. Although the vitamin E biosynthetic pathway has been characterized in dicots, 
such as Arabidopsis, which only accumulate tocopherols, knowledge regarding vitamin E biosynthesis in mono-
cots is limited because of the lack of functional mutants. This study aimed to obtain gene knockout mutants to 
elucidate the genetic control of vitamin E composition in barley.
•  Methods  Targeted knockout mutations of HvHPT and HvHGGT in barley were created with CRISPR/Cas9-
enabled genome editing. High-performance liquid chromatography (HPLC) was performed to analyse the content 
of tocochromanol isomers in transgene-free homozygous Hvhpt and Hvhggt mutants.
•  Key Results  Mutagenesis efficiency among T0 regenerated plantlets was 50–65 % as a result of two simultan-
eously expressed guide RNAs targeting each gene; most of the mutations were stably inherited by the next gener-
ation. The transgene-free homozygous mutants of Hvhpt and Hvhggt exhibited decreased grain size and weight, and 
the HvHGGT mutation led to a shrunken phenotype and significantly lower total starch content in grains. HPLC ana-
lysis revealed that targeted mutation of HvHPT significantly reduced the content of both tocopherols and tocotrienols, 
whereas mutations in HvHGGT completely blocked tocotrienol biosynthesis in barley grains. Transient overexpression 
of an HvHPT homologue in tobacco leaves significantly increased the production of γ- and δ-tocopherols, which may 
partly explain why targeted mutation of HvHPT in barley grains did not eliminate tocopherol production.
•  Conclusions  Our results functionally validated that HvHGGT is the only committed gene for the production of 
tocotrienols, whereas HvHPT is partly responsible for tocopherol biosynthesis in barley.

Key words:  Barley (Hordeum vulgare), CRISPR/Cas9, HvHGGT, HvHPT, genome editing, tocopherol, 
tocotrienol, vitamin E.

INTRODUCTION

Vitamin E (tocochromanol) is a potent lipid-soluble antioxidant 
and an essential component of the human diet. Many human 
diseases, such as cardiovascular disease and certain cancers, are 
associated with insufficient vitamin E intake (Bramley et al., 
2000). Because of its beneficial effect, the daily requirement of 
vitamin E for humans has been raised to 15–30 mg (DellaPenna, 
2005). To meet the demand for human consumption, it is neces-
sary to modify the level and composition of vitamin E in food 
crops via genome engineering and precision plant breeding.

Vitamin E is classified into two categories, tocopherols (T) 
and tocotrienols (T3), both of which contain a polar chromanol 
head group linked to an isoprenoid (phytyl) side chain. There 
are four T forms (α-T, β-T, γ-T and δ-T) and four T3 forms 
(α-T3, β-T3, γ-T3 and δ-T3), which are based on the number 

and position of methyl groups on the chromanol head group 
(Schneider, 2005; Falk and Munne-Bosch, 2010). Tocopherols 
and tocotrienols differ in their degree of unsaturation: tocoph-
erols have a fully saturated phytyl tail arising from the C20 
isoprenoid intermediate phytyl diphosphate (PDP); tocotrienols 
have an unsaturated side chain with three trans double 
bonds that is derived from the C20 isoprenoid intermediate 
geranylgeranyl diphosphate (GGDP). Although tocopherol 
and tocotrienol both function as potent antioxidants, they ex-
hibit distinctive biological properties. Tocopherols, typically 
in the α form, are widely distributed in photosynthetic plants, 
whereas tocotrienols occur primarily in the seed endosperm 
of most monocots and a limited number of dicots (Horvath 
et al., 2006; Falk and Munne-Bosch, 2010; Yang et al., 2011). 
In vitro studies indicate that α-tocopherol is the most active 
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form of vitamin E, interacting with the polyunsaturated acyl 
groups of lipids, stabilizing membranes, and scavenging and 
quenching various reactive oxygen species. Therefore, tocoph-
erols play an important role in protecting oxygenic phototrophs 
from lipid peroxidation (Maeda et al., 2005). However, in some 
cases, tocotrienols possess superior biological properties to 
tocopherols, including hypocholesterolaemic, anticancer and 
neuroprotective activities, which are not often observed in to-
copherols (Sen et al., 2007; Aggarwal et al., 2010; Chin et al., 
2016).

Tocopherols and tocotrienols are synthesized in plastids 
of plant cells (Yang et  al., 2011; Lushchak and Semchuk, 
2012) and their biosynthetic pathways have been elucidated 
(Schneider, 2005; Chen et al., 2006). Following the synthesis of 
tyrosine and its derivative 4-hydroxyphenylpyruvate (HPP) via 
the shikimate pathway, p-hydroxyphenylpyruvate dioxygenase 
catalyses the conversion of HPP to homogentisate (HGA). The 
committed step in tocopherol biosynthesis has traditionally 
been considered the condensation of HGA and PDP to form 
2-methyl-6-phytyl-1,4-benzoquinol (MPBQ), as catalysed by 
homogentisate phytyltransferase (HPT). Tocotrienol biosyn-
thesis involves GGDP rather than PDP, which is different from 
that of tocopherol synthesis. GGDP is directly condensed with 
HGA by homogentisate geranylgeranyl transferase (HGGT), 
producing 2-methyl-6-geranylgeranyl-1,4-benzoquinol 
(MGGBQ). In tocopherol and chlorophyll biosynthesis, GGDP 
reductase carries out the conversion of GGDP to PDP (Keller 
et al., 1998). Subsequent reactions in tocotrienol and tocoph-
erol syntheses are similar, including ring methylations and 
ring cyclization, which are catalysed by the common enzymes 
2-methyl-6-phytylbenzoquinone methyltransferase, tocopherol 
cyclase and γ-tocopherol methyltransferase (γ-TMT).

HGGT and HPT, two committed enzymes in the vitamin E 
biosynthesis pathway, are the main targets for metabolic engin-
eering of both tocopherols and tocotrienols in plants. In dicots, 
such as Arabidopsis, the vitamin E biosynthesis pathway has 
been well established (Collakova and DellaPenna, 2003; Sattler 
et al., 2004; Gilliland et al., 2006; Valentin et al., 2006). Deletion 
in the HPT (VTE2) gene results in total tocopherol deficiency 
in all tissues (Sattler et al., 2004), whereas overexpression of 
Arabidopsis HPT (HPT1) causes a 4.4-fold increase in total 
tocopherol levels in leaves compared to that in the wild-type 
(Collakova and DellaPenna, 2003). Furthermore, the content 
of α-tocopherol has been increased by co-overexpression of 
HPT1 and the gene encoding γ-TMT, resulting in a 12-fold in-
crease in vitamin E activity. However, only modest increases 
in vitamin E contents in the seeds of soybeans (Glycine max) 
and Arabidopsis occurred by enhancing the expression of 
HPT (Savidge et al., 2002; Collakova and DellaPenna, 2003; 
Karunanandaa et al., 2005). HGGT, which probably evolved in 
monocots, is predicted to be functionally divergent from HPT, 
which is conserved in both monocot and dicot species (Cahoon 
et al., 2003). Overexpression of barley HGGT in Arabidopsis, 
soybeans and tobacco results in considerable accumulation of 
total vitamin E, primarily in the form of tocotrienols (Cahoon 
et  al., 2003; Konda et  al., 2020), although expression of 
rice HGGT in soybeans only led to a slight accumulation of 
tocotrienols (Kim et al., 2011). Our recent work has demon-
strated that overexpression of HvHGGT can significantly en-
hance tocotrienol levels and antioxidant activities while altering 

the composition of vitamin E in transgenic barley grains (Chen 
et al., 2017). Moreover, a recent joint linkage and genome-wide 
association study in 5000 lines of US maize (Zea mays) showed 
that allelic variation in 14 genes is responsible for 56–93 % of 
tocochromanol production in grains (Diepenbrock et al., 2017). 
In hexaploid oat (Avena sativa), two of five HPT (VTE2) homo-
logues were identified as highly correlated with tocochromanol 
accumulation through deep sequencing and orthology-guided 
assembly (Gutierrez-Gonzalez and Garvin, 2016). Surprisingly, 
among the three HGGT homologues, one did not correlate with 
tocochromanol content, whereas the others had negative cor-
relation coefficients (Gutierrez-Gonzalez and Garvin, 2016). 
Although transgenic overexpression of HPT or HGGT has been 
conducted to increase vitamin E content or alter the compos-
ition of vitamin E in monocot plants, the lack of functional mu-
tants in the main step of the vitamin E pathway has impeded our 
understanding of tocochromanol biosynthesis in agronomically 
important cereal crops.

Barley (Hordeum vulgare), the fourth most important cereal 
crop in the world, is an excellent source of biologically ac-
tive nutrients, including dietary fibre, β-glucans, phenolic 
acids, sterols, tocopherols and tocotrienols (Andersson et al., 
2008; Cai et al., 2016). Barley and oats contain higher levels 
of tocochromanols compared with other cereals (Gutierrez-
Gonzalez and Garvin, 2016). In particular, barley contains eight 
naturally occurring isomers of tocochromanol, and thus serves 
as a valuable source of vitamin E and an appropriate crop plant 
for genetic manipulation of vitamin E levels and composition. 
Despite the aforementioned progress in studying vitamin E 
biosynthesis in plants, there are few reports on metabolic en-
gineering of tocopherol and tocotrienol biosynthesis in barley, 
which is partly because of the low efficiency of barley trans-
formation and the lack of effective genome engineering tools. 
Recently, the CRISPR/CRISPR-associated protein 9 nuclease 
(Cas9) system has emerged as an efficient and versatile tool for 
genome editing and precision plant breeding (Xie et al., 2015; 
Shen et al., 2018; Cui et al., 2020).

In the present study, barley HvHGGT and HvHPT mutants 
were successfully created with CRISPR/Cas9-enabled genome 
editing for genetic and developmental analyses. Phenotypic 
analysis of grains showed that the transgene-free homozy-
gous Hvhpt and Hvhggt mutants had decreased grain size and 
total starch content. Analysis of vitamin E components re-
vealed that HvHGGT was the only committed gene that pro-
duced tocotrienols, whereas HvHPT was not the only gene that 
controls the synthesis of tocopherols in barley.

MATERIALS AND METHODS

gRNA design and vector construction

Gene sequences of barley HvHPT (HORVU7Hr1G110990) 
and HvHGGT (HORVU7Hr1G114330) were downloaded 
from Ensembl Plants (http://plants.ensembl.org/Hordeum_
vulgare/Info/Index). Based on these sequences, four single 
guide RNAs (gRNAs) were designed and synthesized for 
targeting four distinct protospacer regions using the web tool 
CRISPR-P (http://cbi.hzau.edu.cn/crispr/) (Lei et al., 2014). 
Editing constructs containing the tRNA–gRNA fragment 
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were generated according to the method of Xie et al. (2015). 
The pGTR plasmid was used as a template to amplify the 
gRNA–tRNA fusion. pRGEB32, a binary vector, carries an 
hpt selection marker and a cloning site for insertion of the 
gRNA–tRNA fragment. Two tRNA–gRNA fragments were 
individually cloned into pRGEB32, resulting in two editing 
constructs: PTG-HPT/Cas9 (gRNA1 + gRNA2) and PTG-
HGGT/Cas9 (gRNA3 + gRNA4) (the primers used for the 
DNA constructs are listed in Supplementary Data Table S1 
and detailed sequences of the two PTG constructs are pro-
vided in Table S2). These constructs were sequenced to en-
sure the accuracy of each tRNA–gRNA insert before they 
were electroporated into Agrobacterium tumefaciens strain 
EHA105 for barley transformation.

Plant material and genetic transformation

Wild-type spring barley plants (H.  vulgare L.  ‘Golden 
Promise’), obtained from the Australian Centre for Plant 
Functional Genomics at the University of Adelaide, were 
grown from October to April in experimental fields under 
natural conditions at the Agricultural Experiment Station of 
Zhejiang University, Hangzhou, Zhejiang Province, China. 
Caryopses were harvested 2–3 weeks after pollination. The im-
mature scutella, 1.5–2 mm in size, were obtained from barley 
embryos after removal of the embryo axis and used as explants 
for Agrobacterium-mediated transformation following the 
procedure of Harwood (2014). Transgenic calli were induced 
from infected immature scutella on hygromycin (50 mg L–1) 
containing medium, and plantlets resistant to hygromycin 
were regenerated. Regenerated plants at the seedling stage 
were grown for 12–16 weeks in a growth chamber with a 16-h 
light/8-h night cycle, a temperature of 23  °C and 70  % hu-
midity. Subsequently, transgenic plants were grown until ma-
turity under natural light in 6-inch pots in a glasshouse.

Molecular characterization of transgenic plants

Genomic DNA was extracted from leaves sampled from 
putative transgenic regenerants ~4  months after genetic 
transformation; at this stage, plantlets are 8–15  cm high. To 
identify transgenic lines, T0 regenerated plantlets were first 
screened for the presence of the gRNA/Cas9 transgene using 
the primer pair pU3-Forward (5′-TGGGTACGTTGGAAACC
ACG-3′) and pUBI10-Reverse (5′-GTTTGTTGGTCGCCGT
TAGG-3′). PCR was carried out using Taq DNA polymerase 
(Vazyme Biotech, Jiangsu, China) with an XP thermal cycler 
(Bioer Technology, Hangzhou, China). The cycling conditions 
comprised an initial denaturation step at 95 °C for 5 min, fol-
lowed by 32 cycles of 95 °C for 30 s, 60 °C for 30 s, 72 °C 
for 1 min, and a final extension step at 72 °C for 8 min. The 
product was analysed by 1.5 % (w/v) agarose gel electrophor-
esis. To detect mutagenesis at gRNA target sites, DNA samples 
positive for gRNA/Cas9 fragments were again assessed by mu-
tation genotyping using specific primers (Supplementary Data 
Table S3). The PCR product was examined by 2 % agarose gel 
electrophoresis and stained with ethidium bromide to detect 
chromosomal-fragment deletions. To detect indels at desired 

sites, the PCR product was further separated by 14  % SDS-
PAGE (sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis). Selected PCR products were sequenced directly by 
Shanghai Boshang Biology Company (Shanghai, China) or puri-
fied using a DNA Purification Kit (Sangon Biotech, Shanghai, 
China) and then transferred into the pClone007 simple vector 
(TsingKe Biotech, Beijing, China) for TA cloning (TA is short 
for thymine and adenine). Ligation products were transformed 
into the Escherichia coli strain DH5α, and single colonies were 
selected for plasmid isolation and DNA sequencing.

Morphological properties of barley grains

The phenotypic observation of grain development in wild-
type barley and mutants (hvhpt15 and hvhggt13) was per-
formed at 1, 2, 3 and 4 weeks after pollination. Whole grains 
or dehusked grains and their longitudinal section were imaged 
with a trinocular stereo microscope (Nikon, SMZ745T, Japan). 
Mature grains from gRNA/Cas9 transgene-free, homozygous 
T2 mutant lines were used for the analysis of grain width (with 
ImageJ software) and thousand-grain weight.

Mature barley grains were fractured transversely using a razor 
blade and tweezers. The resulting cross-sections of wild-type 
barley grains (outer endosperm regions) and their mutants were 
fixed on an aluminium specimen holder with double graphite 
tape. Samples were sputter-coated (Hitachi E-1010, Japan) 
with gold and examined with a scanning electron microscope 
(Hitachi S-3000N) at 20 kV at room temperature of 25 °C.

Measurement of starch content

Total starch content was determined enzymatically using 
the Total Starch Analysis Kit (Megazyme, Bray, Ireland). The 
amylose content was assayed with the Amylose/Amylopectin 
Assay Kit (Megazyme) based on the glucose oxidase–perox-
idase method, as recommended by the manufacturer.

Gene expression analysis

Tissues from wild-type and transgenic lines were homogen-
ized in liquid nitrogen, and then total RNA was prepared with 
an EZNA Plant RNA kit following the manufacturer’s instruc-
tions (Omega, Norcross, GA, USA). One microgram of total 
RNA was digested with a gDNA Remover Kit and reversely 
transcribed into cDNA in ReverTra Ace qPCR RT Master Mix 
(Toyobo, Kyoto, Japan) in a 20-µL reaction volume. Transcript 
analysis was conducted using semi-quantitative reverse tran-
scriptase PCR (RT-PCR), and HvACTIN was used as the control 
gene for all cDNA samples. The primer sequences for all barley 
genes determined are listed in Supplementary Data Table S4.

Vitamin E measurement by high-performance liquid 
chromatography (HPLC)

Vitamin E was extracted according to previously described 
methods, with minor modifications (Chen et al., 2017). Leaves 

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data


Zeng et al. — Functional dissection of HGGT and HPT in barley932

or mature grains of barley were ground to a fine powder 
in liquid nitrogen, and 50  mg of powder was extracted in 
1.5 mL methanol by vortexing vigorously for 10 min at room 
temperature. The samples were centrifuged at 10 000 g for 
5 min, and the supernatant was transferred to a new tube. The 
pellet was re-extracted twice. All three supernatants were 
pooled, filtered through a 0.22-μm membrane, and dried 
under a vacuum using a centrifugal evaporator (Labconco). 
The residues were dissolved in 100 µL methanol/isopropanol 
(1  : 1, v/v) and centrifuged at 14 000 g for 5 min. Vitamin 
E was determined using an Agilent 1200 HPLC (Agilent 
Technologies) equipped with a Phenomenex Kinetex F5 
100A column (2.6 μm, 150 × 4.6 mm; Phenomenex) and a 
G1321A fluorescence detector. The mobile phase used was 
methanol/H2O (85 : 15, v/v) at a flow rate of 1.0 mL min−1. 
Sample components were detected by fluorescence with ex-
citation at 298 nm and emission at 328 nm (Grebenstein and 
Frank, 2012). Tocopherols and tocotrienols were quantified 
against external standard curves using authentic compounds 
(ChromaDex).

Phylogenetic analysis

The amino acid sequences of HPTs and HGGTs from 
eight plant species (Hordeum vulgare, Triticum aestivum, 
Zea mays, Oryza sativa, Arabidopsis thaliana, Sorghum bi-
color, Brachypodium distachyon and Avena sativa) were used 
to construct a phylogenetic tree. The accession numbers for 
these sequences were retrieved from the Phytozome (v12.1.6), 
UniProtKB or NCBI database. Multiple sequence alignments 
were performed using the Clustal Omega program (https://
www.ebi.ac.uk/Tools/msa/clustalo/), and subsequent phylo-
genetic analysis was conducted using the maximum-likelihood 
method in the MEGA7 program.

Transient gene expression in tobacco leaves

A full-length coding sequence of an HPT homologue 
(HORVU2Hr1G117600) was amplified (primers are listed in 
Supporting Data Table S3) using RT-PCR from mRNAs ex-
tracted from grains (14 d after pollination) of barley (‘Morex’) 
and cloned into the pH7FWG2.0 vector under control of the 35S 
promoter. The resulting DNA construct was electroporated into 
Agrobacterium tumefaciens strain EHA105. Agrobacterium 
cultures, carrying the empty vector (pH7FWG2.0) and 35S: 
HORVU2Hr1G117600 were infiltrated into 1-month-old to-
bacco (Nicotiana benthamiana) leaves using a needleless syr-
inge. The plants were incubated at 24  °C under a 16-h/8-h 
light–dark cycle. Five days after infiltration, the control and 
infiltrated leaves were collected for tocochromanol extraction 
and HPLC analyses.

Statistical analysis

All experiments were repeated at least three times. The 
data shown represent the mean ± s.e. Asterisks indicate a 

significant difference between the wild-type and mutant 
plants at *P < 0.05 or **P < 0.01, as determined by Student’s 
t-tests.

RESULTS

Design and delivery of PTG editing constructs into barley plants

Genomic sequences of barley HPT (HvHPT, HORVU7Hr1G110990) 
and HGGT (HvHGGT, HORVU7Hr1G114330) genes from the 
Ensembl Plants database showed that HvHPT (6481 bp) has 12 
exons and 11 introns and that HvHGGT (4747 bp) has 14 exons 
and 13 introns (Fig. 1A, B). To effectively carry out targeted mu-
tations of these two genes, four single gRNAs were designed to 
target specific sites in the protein-coding region with low sequence 
homology (Fig. 1A, B; Supplementary Data Fig. S1A). gRNA1 
and gRNA2 were expected to target the first and second exons of 
HvHPT, respectively, whereas gRNA3 and gRNA4 were designed 
to target the first two exons of HvHGGT. As shown in Fig. 1C, two 
gRNAs were assembled into a single vector using the polycistron 
tRNA–gRNA (PTG) strategy (Xie et al., 2015), generating two 
constructs, PTG-HPT/Cas9 and PTG-HGGT/Cas9 (Table S2), 
for barley transformation and genome editing. The two constructs 
were independently transformed into immature barley embryos 
via Agrobacterium-mediated transformation. We obtained ~700 
and 550 embryo-derived calli exhibiting hygromycin resistance 
for the PTG-HPT/Cas9 and PTG-HGGT/Cas9 constructs, respect-
ively. A total of 26 primary plantlets for PTG-HPT/Cas9 and 17 
for PTG-HGGT/Cas9 were regenerated from the transformed calli 
(Table S5).

Targeted mutagenesis of HvHPT and HvHGGT induced by 
CRISPR/Cas9 in the T0 generation

To examine targeted mutagenesis in T0 plants, the targeted 
protospacer regions of HvHPT and HvHGGT were amplified by 
PCR for DNA sequencing (10–15 amplicons per primary mutant 
plant; see Supplementary Data Table S3 for primer sequences), 
and the resulting sequences were aligned against the wild-type 
DNA sequence. The sequencing data revealed 13 mutant lines 
for Hvhpt and 11 for Hvhggt (Table S5). Mutagenesis effi-
ciency among T0 regenerated plantlets was 50–65 % as a result 
of two simultaneously expressed gRNAs targeting each gene. 
In the PTG-HPT/Cas9 transgenic lines (Fig.  2A), site-specific 
indels (insertions and deletions) occurred at 0–7  bp upstream 
of the protospacer-adjacent motif (PAM) or at imprecise sites, 
thus eliminating PAMs or a genomic sequence far from PAMs. 
A fragment deletion of up to 746 bp at a single target site was 
also observed in line hpt15. Among the 13 Hvhpt mutant lines, 
targeted mutagenesis at gRNA1 target sites was much higher 
than that at gRNA2 sites (Fig. 2A), indicating wide variation in 
gRNA1 and gRNA2 mutagenic efficiency. In the PTG-HGGT/
Cas9 primary transgenic lines (Fig.  2B), single-base substitu-
tions or small indels (+1, −1 or −2 bp) were only observed at the 
gRNA4 target site. Notably, all of these small indels occurred 
specifically 3 bp upstream of the PAM. Among all T0 Hvhggt 
mutant plants, no mutation was detected at the gRNA3 target site 
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(Fig. 2). In general, the mutations induced in the barley HvHPT 
and HvHGGT genes consisted predominantly of 1-bp indels.

Quantitative analysis of the T0 mutant plants showed that the 
mutation rate induced by gRNA4 (64.7 %) was much higher 
than those induced by gRNA1 (46.2 %) and gRNA2 (11.5 %) 
and that gRNA3 did not induce indels at the target site (Table 1). 
No homozygous mutations were identified in T0 mutant plants 
(Table 1). As heterozygous plants may also be chimeric, het-
erozygosity and chimerism cannot readily be distinguished in a 
given plant. Therefore, all of the primary mutant lines for Hvhpt 
and Hvhggt were categorized as heterozygous/chimeric. These 
results indicated a high percentage of heterozygous/chimeric 
mutants in the T0 generation and that the four gRNAs varied in 
genome-editing performance, suggesting that gRNA design is 
important for mutagenesis efficiency.

Characterization of chimeric lines in T0 transgenic plants and 
selection of ‘transgene-free’ homozygous barley mutants

To investigate whether chimeras were present in a tiller or 
multiple tillers of a mutant line, genomic DNA from four dif-
ferent tillers of each T0 mutant plant was extracted, and the 
target sites were individually sequenced (Fig. 3A). The wild-
type sequence was found in all tillers (Fig. 3B, C). In line hpt11, 
mutation types varied among the four tillers, but each tiller had 
only one mutation type (Fig. 3B). This result suggested the ex-
istence of chimeras among the different tillers. However, one to 
five different mutation types were detected in individual tillers 
of the line hggt15 (Fig. 3C), suggesting that this phenomenon 

could be present not only in different tillers but also in leaves 
from the same tiller. Among 13 hpt mutants and 11 hggt mu-
tants, at least seven lines were chimeric (Fig. 2). Overall, more 
than half of the mutant plants were chimeric, and chimeras 
were found in the same tiller or different tillers.

Because chimeras were observed in T0 transgenic lines, the 
inheritance and consistency of targeted mutations were further 
analysed in the T1 generation. To assess whether the gRNA/
Cas9 transgene was able to induce new mutations in progeny 
plants, we chose seedlings of the T1 generation that were de-
rived from one tiller of a chimeric primary transgenic line 
(hggt15-3) (Fig. 3C). Most mutation types of the T0 plants were 
faithfully inherited in the T1 generation, such as a 1-bp (+A, 
+T or +C) insertion (Supplementary Data Fig. S2). However, 
not all mutation types were transmitted from the T0 to T1 gen-
eration, including base substitutions (A/G and G/A), which 
were not detected in the latter generation (Fig. S2). Notably, 
trans-generational editing occurred in T1 plants, and the pres-
ence of the gRNA/Cas9 transgene induced new mutation 
types at target sites, including 1- to 5-bp deletions (−G, −CG, 
−GCCG, −GGCTC), 2-bp insertions (+TT) and T/C substitu-
tions, although no new mutations occurred in transgene-free 
plants (Fig. S2). Therefore, plants with the gRNA/Cas9 trans-
gene displayed more mutation types compared with the gRNA/
Cas9-free plants, suggesting that it is necessary to obtain 
transgene-free plants for fixed mutations.

To avoid possible new mutation types produced in gRNA/
Cas9 transgenic plants, homozygous mutations for HvHPT or 
HvHGGT without any transgenic elements were screened in the 
T1 plants via PCR and DNA sequencing. Among at least 44 
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plants of each T1 line tested, 12–27 plants without the Cas9 
transgene were obtained for each mutant line (Table 2). There 
were 14 Cas9-free homozygotes for hpt mutants, including 
seven hpt15 plants [large-fragment deletion (−746  bp)], five 
hpt14 plants [9-bp deletion (−CGAAACGGG)] and two hpt11 
plants [1-bp indel (+G or −A)]. The number of Cas9-free homo-
zygotes for hggt5, hggt10, hggt13 and hggt15 lines were 15, 
14, 15 and seven, respectively (Table  2). Notably, all of the 
transgene-free hggt homozygotes displayed only a 1-bp indel 
(+T, +A, or −G). Therefore, ‘transgene-free’ homozygous 
Hvhpt and Hvhggt mutants with different mutation types were 
obtained in the T1 generation.

Amino acid sequence analysis and phenotypic observation of 
Hvhpt and Hvhggt homozygous mutants

DNA sequencing analysis showed that hpt11 carried a single 
nucleotide insertion, leading to a nonsense mutation at amino 
acid (aa) 14 (GAA to TGA; Glu to stop) of the 399-residue 
polypeptide (Fig. 4A). For hpt15, a 50-aa deletion occurred at 
amino acid position 3 and a 2-aa deletion occurred at amino acid 
94 (Fig. 4A). Regarding hggt13 and hggt15, a single nucleotide 
insertion of A or T resulted in a nonsense mutation at amino 
acid 56 (AAA to TAA, Lys to stop) of the 408-residue poly-
peptide (Fig. 4A). These deletion, frameshift or in-frame muta-
tions caused truncation near the N-terminus or led to missense 
mutations in the respective peptides. These two transgene-free 
homozygous hpt lines (hpt11 and hpt15) and two hggt mutant 
lines (hggt13 and hggt15) were used for further study.

Phenotypic observation of T2 mutant plants revealed that the 
developing grains of the hggt13 homozygous mutant possessed 
a severely shrunken phenotype, whereas the grain size of the 
hpt15 mutant was slightly reduced in comparison to that of 
the wild-type (Fig. 4B). Further analysis of the mature grains 
showed that the average grain width decreased by 3–4  % in 
hpt mutants and by 15–19 % in hggt mutants compared to that 
of the wild-type (Fig. 4C). Moreover, 1000-grain weights were 
decreased by 5–11 % in hpt mutants and by 37–38 % in hggt 
mutants (Fig.  4D). Therefore, both homozygous mutations, 
particularly the Hvhggt mutation, significantly decreased grain 
size and weight, indicating a significant role of HvHPT and 
HvHGGT in barley grain development.

Additionally, scanning electron microscopy of cross-
sections of the grains showed that the grain husk of hggt mu-
tants was shrunken in comparison with that of the wild-type 
and hpt (Fig.  5A, C, E). Furthermore, the starch granules 
of hggt mutants were irregularly arranged compared with 

that of the wild-type and hpt (Fig. 5B, D, F). Because grains 
consist mainly of starch, we presumed that the shrunken 
kernel phenotype of the Hvhggt mutant might be related to 
starch accumulation in barley. To investigate the effects of 
HvHPT and HvHGGT mutation on starch levels, the con-
tents of total starch and amylose were determined for the 
mature barley grains. The results showed that the total starch 
content decreased significantly by 10–13 % in hpt mutants 
and by 27–30 % in hggt mutants compared with that of the 
wild-type (Fig. 5G). However, the ratio of amylose to total 
starch content was not significantly different between that of 
the wild-type and the mutants (Fig 5H). The above results 

Table 1.  The mutagenesis frequencies of HvHPT and HvHGGT 
gene mutations in the T0 generation.

Gene gRNA ID WT Homozygous Heterozygous/ 
chimeric

HvHPT gRNA1 53.8 % ND 12 (46.2 %)
gRNA2 88.5 % ND 3 (11.5 %)

HvHGGT gRNA3 0 ND ND
gRNA4 35.3 % ND 11 (64.7 %)

ND, not detected.

A

B

WT

Hvhpt11 (T0, gRNA1 site)

Hvhggt15 (T0, gRNA4 site)

DNA extraction

1 2 3 4

DNA sequencing

+A   (2/4)
WT   (2/4)

WT   (2/3)

WT   (4/5)

WT   (1/5)

WT (1/10)
+T  (9/10)

C/G,+T (1/9)
A/G  (1/9)
–G    (1/9)
WT   (1/9)

+T   (5/9)

+T  (7/13)
+A  (1/13)

+A   (3/9)
+C   (1/9)

+T   (3/9)

WT   (2/9)

A/G,+C(1/13)
A/G (2/13)
G/A (1/13)
WT (1/13)

–A   (4/5)

A/G   (1/5)

+A   (1/3)

hpt11–1

WT

hggt15–1

hggt15–2

hggt15–3

hggt15–4

hpt11–2

hpt11–3

hpt11–4

C

Fig. 3.  Primary transgenic plants are mostly chimeric at the target sites of 
HvHPT or HvHGGT. (A) Extraction of genomic DNA from four different til-
lers of each mutant plant for sequencing. (B) Mutation patterns of four indi-
vidual tillers detected in the T0 hpt11 mutant. (C) Mutation patterns of four 
individual tillers detected in the T0 hggt15 mutant. WT, wild-type; single-base 
substitutions are shown in blue type; the PAM motif is shown in red type; inser-
tions are shown with lowercase letters (subscript); and deletions are indicated 

by underscoring.
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Fig. 4.  Amino acid sequence analysis and grain phenotypic observation of barley hpt and hggt mutants. (A) Amino acid sequence analysis of barley hpt and hggt 
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Table 2.  Selection and characterization of ‘transgene-free’ homozygous barley mutants

T-DNA constructs T1 mutant lines No. of plants 
tested

No. of Cas9-free 
plants

No. of heterozygotes 
(Cas9-)

No. of homozygotes 
(Cas9-)

Mutation pattern of  
homozygotes (Cas9-)

PTG-HPT/Cas9 hpt11 146 27 4 2 +1 bp (+G); −1 bp (−A)
hpt14 54 12 7 5 −9 bp (−CGAAACGGG)
hpt15 48 21 13 7 −746 bp (large-fragment deletion)

PTG-HGGT/Cas9 hggt5 52 15 0 15 +1 bp (+A); +1 bp (+T); −1 bp (−G)
hggt10 50 16 2 14 +1 bp (+A); −1 bp (−G); +1 bp 

(+A)/ −1 bp (−G)
hggt13 44 15 0 15 +1 bp (+T)
hggt15 54 17 4 7 +1 bp (+A)
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suggested that HvHGGT is involved in starch accumulation 
in barley grains.

CRISPR/Cas9-induced mutations significantly altered vitamin E 
contents in mature grains of T2 homozygous mutants

To investigate whether CRISPR/Cas9-mediated targeted 
mutagenesis of HvHPT and HvHGGT affected the vitamin E 
metabolic pathway, tocochromanols were extracted from the 
T2 mature grains of homozygous mutants and analysed using 
HPLC for the contents of eight vitamin E isomers (Fig. 6A-E). 

As shown in Fig.  6A, the peaks of the eight isomers varied 
greatly in wild-type barley (the peaks for γ and α isomers were 
predominant, whereas the δ and β peaks were much smaller). 
Peaks in the hpt11 and hpt15 mutant lines were similar (Fig. 6B, 
C). The peaks for γ-T and α-T were smaller than those in the 
wild-type, and a modest decline was observed for δ-T3, β-T3, 
γ-T3 and α-T3 peaks. Notably, peaks for the four isomers of 
tocotrienol were almost undetectable in both the hggt13 and the 
hggt15 mutant lines, whereas peaks for the four isomers of toc-
opherol were similar to those in the wild-type (Fig. 6A, D, E).

Quantitative analysis confirmed that α-T3 was the predominant 
form of vitamin E in wild-type barley, followed by γ-T3, α-T, γ-T 
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Fig. 5.  Morphology of cross-section of grains and the content of total starch and amylose in barley. Scanning electron micrographs of barley grains in the wild-
type (WT) (A and B), hpt (C and D), and hggt (E and F) mutants. (G) Total starch content (%). (H) Amylose content (%). Mature grains of the WT, and hpt and 
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and β-T3 and that the contents of the β-T and δ isoforms were 
very low (Supplementary Data Table S6). Mutations in HvHPT 
significantly decreased the tocopherol content by 36–57 % and 
tocotrienol content by 13–23 % (Fig. 6F, G). Isoforms α and γ were 
still the major isoforms of vitamin E in lines hpt11 and hpt15, and 
the contents of α-T, γ-T and γ-T3 were reduced by 25–43, 68–88 
and 32–50 %, respectively (Table S6). In contrast, no significant 
difference was observed for α-T and γ-T contents in HvHGGT mu-
tant lines compared with that of the wild-type (Fig. 6F; Table S6). 
Because α-T and γ-T account for 95 % of the total tocopherols, we 
found no significant difference in total tocopherol content between 
wild-type and hggt mutants. Nonetheless, the tocotrienol content 
did decrease to almost zero in the hggt mutant lines (Fig. 6G), 
indicating that HvHGGT is the gene responsible for the synthesis 
of tocotrienols in barley grains. Indeed, the mutation in HvHGGT 
almost completely blocked tocotrienol biosynthesis but did not af-
fect tocopherol biosynthesis. In contrast, the mutation in HvHPT 
did not completely block tocopherol biosynthesis in barley grains. 
One possible explanation is the existence of an HPT homologue 
or the existence of other pathway genes in the barley genome that 
contribute to tocopherol biosynthesis.

Phylogenetic and functional analyses of HPT and HGGT 
homologous genes in barley

To determine whether an unknown homologue of HvHPT 
for tocopherol biosynthesis exists in the barley genome, we 
searched the barley genome database and identified a coding 
sequence (HORVU2Hr1G117600) that shared 79.8  % nu-
cleotide identity (73.3  % amino acid identity) with HvHPT 
(Supplementary Data Fig. S1B). Furthermore, the translated 
amino acid sequence contained a UbiA prenyltransferase do-
main that is conserved in both HPT and HGGT proteins (Fig. 
S1). Phylogenetic analysis of the amino acid sequences indi-
cated that HPT and HGGT belonged to two specific subgroups 
with distinct clustering (Fig. S3). Among the eight species 
examined, HPTs were found in both monocots and dicots, 
whereas HGGTs were present only in the monocots assessed. 
The sequence similarity of barley HPT to that of wheat and 
oat HPT was higher than that of the Brachypodium, Sorghum, 
maize and rice genes, although the deduced amino acid se-
quence of HORVU2Hr1G117600 was closest to that of the rice 
HPT among monocots. We isolated the full-length cDNA of 
HORVU2Hr1G117600 via reverse transcription from mRNAs 
extracted from the barley grains (14 d after pollination). To test 
whether the possible HPT homologue (HORVU2Hr1G117600) 
has a potential role in tocopherol biosynthesis, we performed 
transient overexpression of HORVU2Hr1G117600 in tobacco 
leaves by agro-infiltration. HPLC analysis showed that α-T 
and γ-T were the major tocopherol isoforms of vitamin E in 
tobacco leaves, and overexpression of HORVU2Hr1G117600 
significantly increased the production of γ- and δ-tocopherol 
isoforms (Fig. S4). This result suggested that the HPT homo-
logue (HORVU2Hr1G117600) may function in tocopherol bio-
synthesis in barley grains.

To further determine whether HORVU2Hr1G117600 
or HGGT contributes to tocopherol biosynthesis in barley, 
we examined their expression in the leaves and grains 

of hpt mutants. The results showed that the expression 
of HORVU2Hr1G117600 and HGGT was only found in 
grains, but not in leaves of the wild-type and mutant lines 
(Supplementary Data Fig. S5A). Furthermore, analysis of leaf 
tocochromanols showed a significant decrease in the total toc-
opherol content in line hpt15 of 41 % of that in the wild-type, 
and no tocotrienols were detected in hpt15 or the wild-type 
(Fig. S5B). Regardless, tocopherols still accumulated in hvhpt 
mutants when HvHGGT and HORVU2Hr1G117600 were not 
expressed in leaves, suggesting that they may not contribute to 
vitamin E biosynthesis in barley leaves. Taken this evidence to-
gether, HORVU2Hr1G117600 may share HvHPT function in 
barley grains, but not in leaves, implying that other biosynthesis 
pathway-related genes might be involved in the accumulation 
of tocopherols in barley (Fig. 7).

DISCUSSION

Targeted mutagenesis of HPT and HGGT genes in barley via 
CRISPR/Cas9-mediated genome editing

Barley is a transformation-recalcitrant species, for which 
genome editing is often an inefficient, laborious and time-
consuming process. To improve editing efficiency, we used 
the PTG strategy (Xie et al., 2015) and employed two gRNAs 
to target HvHPT or HvHGGT to increase the success rate. 
Mutagenesis efficiency among T0 regenerated plantlets was 
50–65 % (Supplementary Data Table S5), which is comparable 
to that of a previous study on barley using the Agrobacterium-
mediated transfer of the Cas9 construct, with a frequency of at 
least 78  % of Cas9-induced mutations in the primary gener-
ation (Kapusi et al., 2017), but it is higher than the other three 
studies in barley, which yielded mutation rates of only 10–23, 
44 and 14–25 %, respectively (Lawrenson et al., 2015; Holme 
et  al., 2017; Yang et  al., 2020). Another important utility of 
two gRNAs for targeting one gene is to achieve chromosomal-
fragment deletion between two gRNA target sites, which has 
been shown in barley (Kapusi et al., 2017). In our study, the 
targeted mutation efficiency of the four gRNAs we designed 
varied greatly (Table 1). For HPT, because the mutation effi-
ciency of gRNA2 was much lower than that of gRNA1, more 
transgenic lines were needed to increase the odds of achieving 
fragment deletion. For HGGT, gRNA3 caused no indels at the 
target site. Recently, a transient assay system using protoplasts 
was used to identify the most effective gRNA candidate or 
gRNA combinations before transformation (Liang et al., 2017), 
which would further contribute to improving editing efficiency 
for crop species, such as maize, barley and wheat.

Stable inheritance of target gene mutations is a major advan-
tage of utilizing the CRISPR/Cas9 system for genome editing 
and precision breeding. In agreement with the previous studies, 
we noticed that small indels were the most frequent type of 
mutation induced by CRISPR/Cas9, and most of the mutations 
found in T0 barley plants were inherited by the T1 generation 
(Fig. 2; Supplementary Data Fig. S2) (Feng et al., 2014; Zhang 
et al., 2014; Lawrenson et al., 2015). However, a few mutation 
types, such as the base substitution (A/G) that occurred in the 
T0 generation, were absent in the T1 generation (Fig. S2). It 
is possible that this type of mutation existed in somatic cells, 
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which do not contribute to germ-line development. Because 
more than half of the T0 mutant plants were chimeric (Figs 2, 
3), the T1 segregation patterns derived from the T0 chimeras will 
be diverse and unpredictable. In the T0 generation, the CRISPR/
Cas9-induced targeted gene modification events may occur 
relatively late in callus development and/or present multiple 
cells with different genetic transformation events incorporated 
during the production of a single transformant. In contrast, 
transgenic plants with only one type of mutation probably re-
sulting from a single genetic transformation and mutation event 
occurred in a single embryogenic barley cell.

Additionally, plants with an active gRNA/Cas9 transgene 
might generate more mutation types than transgene-free plants 
in subsequent generations (Supplementary Data Fig. S2). Such 
a situation confirms that the CRISPR/Cas9 system has the sus-
taining ability to continue gene editing as long as the target 
site is the wild-type (Feng et  al., 2014; Zhang et  al., 2014). 
Usually, gRNA/Cas9 DNA is randomly integrated into the 
plant genome after entering the nucleus, which may increase 
the chance of off-target mutation (Lawrenson et al., 2015), in-
duce gene inactivation or instability, and trigger regulatory con-
cerns regarding genetically modified organisms (Jones, 2015). 
Therefore, it is necessary to remove the gRNA/Cas9 transgene 
to fix the targeted mutation and to generate transgene-free 
plants for breeding purposes. Fortunately, exogenous elem-
ents, such as single gRNA, Cas9 and the associated selectable 
marker can be readily removed in later generations via gen-
etic segregation through selfing or backcrossing. Thus far, the 
CRISPR/Cas9 system has been applied to a variety of plant spe-
cies to generate transgene-free plants, such as rice (Li et al., 
2016; Shen et al., 2018), wheat (Liang et al., 2017) and barley 

(Lawrenson et  al., 2015; Holme et  al., 2017; Kapusi et  al., 
2017; Yang et al., 2020) among others. In the present study, we 
successfully performed targeted mutagenesis of two committed 
genes in vitamin E biosynthesis in barley via CRISPR/Cas9-
mediated genome editing. Transgene-free homozygous Hvhpt 
and Hvhggt mutants could be utilized to understand the genetic 
control of vitamin E composition in monocots.

Distinctive functions of HvHPT and HvHGGT in barley vitamin E 
biosynthesis

In the vitamin E biosynthetic pathway, HPT catalyses the com-
mitted step of tocopherol biosynthesis to produce MPBQ, and 
HGGT catalyses tocotrienol biosynthesis to produce MGGBQ 
(Schneider, 2005; Chen et al., 2006). Tocopherol biosynthesis 
has been characterized in the dicot Arabidopsis thaliana. 
Because of the absence of a tocotrienol pathway in Arabidopsis, 
mutations in HPT (VTE2) result in total tocopherol deficiency in 
all tissues, as well as reduced seed longevity (Sattler et al., 2004; 
Yang et al., 2011). In contrast, studies regarding the vitamin E 
biosynthetic pathway in monocots are extremely limited be-
cause of the lack of functional mutants. Our results showed 
that the HvHGGT knockout resulted in undetectable levels of 
tocotrienols in barley grains without affecting the tocopherol 
content (Fig.  6), indicating that HvHGGT encodes the only 
committed enzyme that controls the step for GGDP condensa-
tion with HGA to produce tocotrienols in barley. Furthermore, 
the developing grains of hggt mutants exhibited a shrunken 
phenotype and low total starch content (Figs 4, 5), implying that 
the HvHGGT mutation may also influence starch biosynthesis 

PDP PDPTocopherol:

Tocotrienol:

Wild-type

∑T = 0 ∑T ≠ 0 decreased ∑T3 = 0

Mutants

HGA HGA GGDP

HGGTHPT and ?HPT (VTE2)

hpt (vte2) hpt hggt

Dicot (arabidopsis) Monocot (Barley)

Fig. 7.  Vitamin E biosynthesis in barley and Arabidopsis. HPT (homogentisate phytyltransferase) and HGGT (homogentisate geranylgeranyl transferase) are the 
committed-step enzymes for the biosynthesis of tocopherols and tocotrienols, respectively. The question mark indicates an HPT homologue or other vitamin E 
biosynthesis pathway-related genes that may participate in tocopherol production in barley and other monocots. HGA, homogentisate; PDP, phytyl diphosphate; 
GGDP, geranylgeranyl diphosphate; T, tocopherol; T3, tocotrienol; hpt, HPT mutant; vte2, HPT mutant in Arabidopsis; hggt, HGGT mutant. Red circles represent 

tocopherols; blue triangles represent tocotrienols.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcaa115#supplementary-data


Zeng et al. — Functional dissection of HGGT and HPT in barley 941

during grain development. In comparison, the targeted mutation 
of HvHPT significantly reduced the content of both tocopherol 
and tocotrienol (Fig. 6). In Arabidopsis, a mutation to the HPT 
(VTE2) gene results in total tocopherol deficiency in seeds and 
seedlings, and the vte2 mutants display severe seedling growth 
defects during germination (Sattler et al., 2004). As major lipid-
soluble antioxidants in chloroplasts, tocopherols play specific 
functions in the plant redox-active pathway (Sattler et al., 2004). 
Additionally, tocopherol is required for the plant response to 
most abiotic stresses, such as high-intensity light stress (Havaux 
et al., 2005; Maeda and DellaPenna, 2007). In barley, the re-
duced tocopherol level in the hpt mutants may lead to a par-
tially disrupted redox-active pathway and to tolerance to abiotic 
stresses, which might indirectly influence the accumulation of 
tocotrienol during grain development.

Because the knockout of HvHPT reduced the tocoph-
erol content ~50 % compared to that of the wild-type grains 
(Fig.  6), HvHPT is partly responsible for tocopherol biosyn-
thesis in barley, implying that potential HvHPT homologues 
or other genes might be involved in tocopherol production 
in barley. In oats, five different homologues/paralogues of 
the HPT gene were expressed and two of them were identi-
fied as highly correlated with tocopherol accumulation by 
deep sequencing and orthology-guided assembly (Gutierrez-
Gonzalez et al., 2013; Gutierrez-Gonzalez and Garvin, 2016). 
Based on the barley genome database, a possible HvHPT 
homologue, HORVU2Hr1G117600, was found and it was spe-
cifically expressed in the barley grains (Supplementary Data 
Fig. S5). Transient overexpression of HORVU2Hr1G117600 
in tobacco leaves significantly increased the production 
of γ- and δ-tocopherol isoforms (Fig. S4), suggesting that 
HORVU2Hr1G117600 may share the HvHPT function. This 
result may partly explain why the targeted mutation in HvHPT 
did not eliminate tocopherol production in barley grains.

Although HORVU2Hr1G117600 was not expressed in leaves, 
tocopherol still accumulated in considerable amounts in the leaves 
of hpt mutants, suggesting that HORVU2Hr1G117600 may not 
contribute to tocopherol biosynthesis in barley leaves. A recent 
study showed that many novel genes involved in fatty acid metab-
olism, chlorophyll metabolism and chloroplast function were po-
tentially involved in the variation of tocopherol content in maize 
kernels (Wang et al., 2018). Interestingly, in a joint linkage and 
genome-wide association study of 5000 US maize lines revealed 
a lack of association between the HPT locus and tocopherol traits 
(Diepenbrock et  al., 2017). In contrast, two novel large-effect 
loci (chlorophyll biosynthetic genes por1 and por2) were identi-
fied as strongly correlated to tocopherol content in maize grains. 
These two genes encode homologues of protochlorophyllide re-
ductase, which is involved in a highly regulated step in chloro-
phyll biosynthesis. Other studies have also noted that tocopherol 
biosynthesis is related to the chlorophyll biosynthesis pathway 
(Valentin et al., 2006; Zhang et al., 2015; Wang et al., 2018). 
Regarding the potential role of HORVU2Hr1G117600 on toc-
opherol biosynthesis in grains but not in leaves, we propose that 
other non-tocopherol pathway-related genes might be involved in 
the accumulation of tocopherols in barley.

HGGT is predicted to be functionally divergent from 
HPT, which is conserved in both monocot and dicot species 
(Cahoon et  al., 2003). Overexpression of monocot HGGT in 
Arabidopsis can functionally replace HPT in the biosynthesis 

of vitamin E (Yang et  al., 2011). However, we detected no 
HvHGGT expression in barley leaves, even though tocoph-
erol was still synthesized in considerable amounts in hpt mu-
tant lines (Supplementary Data Fig. S5). The results suggested 
that HvHGGT cannot replace the tocopherol biosynthesis func-
tion of HvHPT in barley. Our study functionally validated that 
HvHGGT is the only gene committed to produce tocotrienols, 
whereas HvHPT is partly responsible for tocopherol biosyn-
thesis in barley. Hence, the vitamin E biosynthetic pathway has 
diverged between dicots and monocots, and the HPT homologue 
(HORVU2Hr1G117600) or other biosynthesis pathway-related 
genes may participate in the metabolic fluxes of tocopherol ac-
cumulation in barley and other monocots (Fig. 7). Therefore, 
this study expands our understanding of the vitamin E biosyn-
thesis pathway in agronomically important cereal grains.
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