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during grain maturation. Mutant grains with very low 
MPGA showed delayed germination as compared to grains 
of wild type barley. As grains with high levels of preformed 
phytases would provide more readily available phospho-
rous needed for a fast germination, this indicates that faster 
germination may be implicated in the positive selection of 
the ancient PAPhy gene duplication that lead to the creation 
of the PAPhy_a gene.

Keywords Barley · CRISPR/Cas9 · GCN4/Skn1/RY 
motif · HvPAPhy_a · Mature grain phytase activity · 
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Introduction

Implementation of sequence specific nucleases (SSNs) for 
targeted mutagenesis has now been successfully achieved 
in many important crops (Voytas 2016; Weeks et al. 2016; 
Zhang et  al. 2016a). Targeted mutagenesis relies on the 
ability of SSNs to recognize and cleave a specific site 
within a genome and thereby create a double strand break 
(DSB) at the targeted site. Mutations are then induced dur-
ing the repair of the DSB through the non-homologous 
end-joining pathway of the cell. This repair pathway can be 
imprecise and may result in the generation of mutations at 
the DSB in the form of deletions, insertions and/or substi-
tutions. Presently, nucleases that can be designed to cleave 
at specific sites in a genome include meganucleases, zinc 
finger nucleases, transcription activator-like effector nucle-
ases (TALENs) and clustered regularly interspaced short 
palindromic repeats (CRISPR/Cas9) (Bibikova et al. 2003; 
Bogdanove and Voytas 2011; Epinat et al. 2003; Jinek et al. 
2012).

Abstract In the present study, we utilized TALEN- and 
CRISPR/Cas9-induced mutations to analyze the promoter 
of the barley phytase gene HvPAPhy_a. The purpose of 
the study was dual, validation of the PAPhy_a enzyme as 
the main contributor of the mature grain phytase activity 
(MGPA), as well as validating the importance of a specific 
promoter region of the PAPhy_a gene which contains three 
overlapping cis-acting regulatory elements (GCN4, Skn1 
and the RY-element) known to be involved in gene expres-
sion during grain filling. The results confirm that the bar-
ley PAPhy_a enzyme is the main contributor to the MGPA 
as grains of knock-out lines show very low MGPA. Addi-
tionally, the analysis of the HvPAPhy_a promoter region 
containing the GCN4/Skn1/RY motif highlights its impor-
tance for HvPAPhy_a expression as the MGPA in grains 
of plant lines with mutations within this motif is signifi-
cantly reduced. Interestingly, lines with deletions located 
downstream of the motif show even lower MGPA levels, 
indicating that the GCN4/SKn1/RY motif is not the only 
element responsible for the level of PAPhy_a expression 
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Currently, the most widely used SSNs for targeted 
mutagenesis in plants are TALENs and CRISPR/Cas9 
as molecular constructs for both tools are easy to assem-
ble and can be designed to target almost any location in 
a genome. Even though only recently developed, both 
tools have been used successfully to improve different 
crops, such as the generation of plants resistant to dis-
eases through knock-out of the susceptibility genes in rice 
(Li et al. 2012), and wheat (Wang et al. 2014), generation 
of oilseeds with decreased levels of polyunsaturated fats 
through knock-out of the fatty acid desaturase gene in soy-
bean (Haun et  al. 2014) and Camelina (Jiang et  al. 2016) 
and generation of potatoes with reduced levels of acryla-
mide after frying by knocking-out the vacuolar invertase 
gene (Clasen et al. 2016).

Targeted mutagenesis is primarily used to improve crops 
by knocking-out undesirable genes, but a few reports have 
highlighted its potential for promoter targeting (Duan et al. 
2016; Jia et  al. 2016; Li et  al. 2012). Mutations targeted 
directly to specific promoter sequences of an endogenous 
gene can be used as alternatives to the traditional promoter 
analysis that utilizes the integration of a reporter gene that 
is expressed by an altered promoter of interest. However, 
using targeted mutagenesis to induce mutations directly at 
the promoter site has the advantage that potentially altered 
expression will result in a gene specific phenotype and 
thereby provide information about the impact of the regula-
tory element. Furthermore, lines homozygous for the muta-
tions can be multiplied and maintained and used for fur-
ther experiments investigating the impact of the mutations 
under different conditions.

In the present study we used TALENs and CRISPR/
Cas9 to analyze the promoter of the barley phytase gene 
HvPAPhy_a—thought to be a main contributor to the pre-
formed phytase present in the mature barley grain. Phytases 
are of outmost importance for providing bioavailable phos-
phate for grain germination as they initiate the sequential 
liberation of orthophosphate groups from phytate account-
ing for 70–80% of the total P in the cereal grains (Brinch-
Pedersen et  al. 2002). In the Triticeae tribe including 
wheat, barley and rye, grains contain pre-formed phytases 
accumulated in the aleurone layer and scutellum during 
grain development (Dionisio et al. 2007, 2011). Substantial 
phytase activity is therefore present in mature grains consti-
tuting the mature grain phytase activity (MGPA). By con-
trast, non-Triticeae cereals such as maize, rice and oat have 
very little MGPA and thus for the vital phosphor supply 
during germination, they are fully depending on de novo 
phytase synthesis (Brinch-Pedersen et al. 2014).

Phytase activities in cereals are derived from the mul-
tiple inositol polyphosphate phosphatase (MINPP) HAP 
phytase and the purple acid phosphatase phytases (PAPhy) 
(Dionisio et  al. 2007, 2011). In Triticeae, both consist of 

a set of paralogs: MINPP_a, MINPP_b and PAPhy_a and 
PAPhy_b. Expression analysis have shown that the a-types 
are preferentially expressed during grain filling whereas 
the b-types are preferentially expressed during germination 
(Dionisio et al. 2007, 2011). Purification of phytases from 
wheat bran and germinating barley grains has revealed the 
PAPhy as the major contributor to the MGPA in wheat 
and barley while MINPP only makes a minor contribu-
tion (Greiner et  al. 2000; Madsen et  al. 2013; Nakano 
et  al. 1999). However, the individual contributions from 
PAPhy_a versus PAPhy_b to the MGPA have so far not 
been assessed.

The coding sequences of the two genes are similar but 
the promoter sequences are very different (Online Resource 
1). Promoter analysis using the online tool PlantCare shows 
that both promoters contain a conserved core with two 
TATA-boxes but that the cis-acting regulatory elements 
of the promoters upstream to this are strikingly different 
(Madsen et al. 2013). The PAPhy_b promoters contain ele-
ments responsive to gibberellin and its antagonist abscisic 
acid. These types of arrangements are typical for hydro-
lases expressed during germination. The PAPhy_a promot-
ers contain a conserved arrangement of overlapping cis-act-
ing regulatory elements (GCN4, Skn1 and the RY-element) 
spanning a total of 13  bp. The three elements are known 
to be implicated in gene expression during grain filling 
(Baumlein et  al. 1992; Fauteux and Stromvik 2009; Mul-
ler and Knudsen 1993). Thus, the webtool promoter anal-
ysis of PAPhy_a and PAPhy_b strongly indicate that the 
three overlapping cis-acting regulatory elements (GCN4, 
Skn1 and the RY-element) of PAPhy_a are responsible for 
expression during grain filling and that PAPhy_a therefore 
is the main contributor to MGPA in Triticeae.

The purpose of this study was to use TALENs and 
CRISPR/Cas9 to validate the PAPhy_a enzyme as the main 
contributor of the MGPA and also validate the importance 
of the promoter region of the PAPhy_a gene including the 
three overlapping cis-acting regulatory elements (GCN4, 
Skn1 and the RY-element). We chose HvPAPhy_a as target 
because barley is a well-characterized diploid member of 
the Triticeae tribe with an efficient Agrobacterium-medi-
ated transformation system.

Materials and methods

TALEN and CRISPR/Cas9 assembly and vector 
constructions for plant transformation

The target regions for both TALEN and CRISPR/Cas9 
were in the same area of the HvPAPhy_a promotor (Fig. 1). 
Sequence specific TALEN and CRISPR/Cas9 constructs 
were designed based on the promoter sequence of barley 
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cultivar Golden Promise. The TALEN design and assem-
bly using Golden Gate cloning was previously described in 
detail by Wendt et  al. (2013). We used the TALENs with 
the highest cleavage activity according to a yeast-based 
assay (Wendt et al. 2013). The TALEN arrays were assem-
bled in the truncated pTAL backbone (NΔ152/CΔ63) 
as described by Christian et  al. (2012). The sequences of 
TALEN target sites are shown in Fig. 1a. The left TALEN 
array was assembled into pZHY500 (Zhang et  al. 2013) 
and the right TALEN array was assembled into pZHY501 
(Zhang et  al. 2013). The left TALEN was ligated into 
pTW115 (a gateway compatible entry vector based on 
pZHY013 containing only FokI-left) using the XbaI and 
BamHI restriction sites in both vectors. The right TALEN 
was ligated into pTW116 (a gateway compatible entry vec-
tor based on pZHY013 containing only FokI-right) using 
the XbaI/BamHI and NheI/BglII restriction sites in both 
vectors. The left TALEN array including FokI-left was sub-
sequently cloned into the destination vector pTW155 using 
LR clonase. The vector pTW155 is a plant transformation 
vector, modified from pH2GW7 (Karimi et al. 2002), con-
taining a ubiquitin promoter and NOS terminator for the 
expression of the TALEN array and a hygromycin resist-
ance gene controlled by a 35S promoter for the selection 

of transgenic plants. The right TALEN was cloned into 
pTW156, a minimal destination plasmid for the cloning of 
the right TALEN array into an ubiquitin promoter and NOS 
terminator cassette. The right TALEN array (including 
FokI-right and flanked by an ubiquitin promoter and NOS 
terminator) was ligated into pTW155 using the SacI and 
ApaI restriction sites on both plasmids. The resulting plas-
mid contains both TALEN arrays individually expressed 
by a ubiquitin promoter and NOS terminator within the 
T-DNA of the plant transformation vector (Fig. 1a).

For the CRISPR/Cas9 a synthetic guide RNA (sgRNA) 
(5′-GGA CGC CTA CGT CTC ATG CA 3′) was designed to 
target the GCN4/Skn1/RY motif (Fig. 1b), and cloned into 
the entry vector pJG85 under the expression of the wheat 
U6 polymerase III promoter (TaU6). In a second plasmid 
(pJG80), a wheat codon optimized Cas9 (TaCas9) was 
cloned under the expression of the ZmUbi1 promoter. 
Using Gateway cloning, pJG85 and pJG80 were cloned 
into the destination vector pANIC6A (Mann et  al. 2012) 
(Fig. 1b). The T-DNA of pANIC6A also contains a hygro-
mycin resistance gene controlled by the rice actin 1 pro-
moter and a Porites porites red fluorescent protein gene 
controlled by the Panicum virgatum PvUbi1 promoter 
(Fig. 1b).

     DrdI GACNNNNNNGTC  
AGAACATGAGCCATGCATGAGACGTAGGCGTCCAAACTTTGGCTAGCGCAGC 

     NsiI   ATGCAT 
             DrdI  GACNNNNNNGTC

   TGT

   TGTAGAACATGAGCCATGCATGAGACGTAGGCGTCCAAACTTTGGCTAGCGCAGC 

FokIFokIZmUBI ZmUBIHygR NOS   NOS N NC C

T-DNA border T-DNA border

(A) 

(B) 

I 

II 

I 

II 

HygR PvUBI pporRFP NOS ZmUBI TaCas9 NOS TaU6 gRNA

T-DNA border T-DNA border

Fig. 1  Schematic presentation of the T-DNA in the vector con-
structs used for TALEN- and CRISPR/Cas9-induced mutations. 
Both constructs contain the selection gene for hygromycin resistance 
(HygR). a (I) T-DNA of the TALEN-construct. Both TALEN arrays 
are flanked by a Zea mays ubiquitin (ZmUBI) promoter and a NOS 
terminator. (II) The DrdI restriction site used to detect mutations at 
the target site. Sequences in bold and underlined represent the bind-
ing sites of the two TALENs. b (I) T-DNA of the CRISPR/Cas9 
construct containing the reporter gene for red fluorescence protein 
pporRFP controlled by the Panicum virgatum ubiquitin (PvUBI) pro-

moter and a NOS terminator, the TaCas9 nuclease (codon optimized 
for Triticum aestivum) controlled by the Zea mays ubiquitin promoter 
and terminated by the NOS terminator and the Triticum aestivum U6 
promoter controlling the gRNA. (II) The NsiI restriction site used to 
detect mutations at the target site in  T0 and the DrdI restriction site 
used in combination with the NsiI restriction site to detect mutations 
at the target site in  T1- and  T2-progeny. The PAM is indicated in ital-
ics and the bold and underlined sequence represents the sgRNA bind-
ing site
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The plant transformation vectors were subsequently 
transformed into the Agrobacterium strain AGL0 using 
the freeze/thaw method. Positive colonies were selected 
on medium with rifampicin (25  µg/ml) and the selection 
antibiotic of the vectors i.e. spectinomycin (50 µg/ml) for 
the TALEN conctruct and kanamycin (50  µg/ml) for the 
CRISPR/Cas9 conctruct.

Plant transformation

Barley cultivar Golden Promise was grown in growth 
cabinets at 15 °C during the day and 10 °C at night with a 
16 h light period and a light intensity of 350 µ E m−2 s−1. 
Immature embryos isolated 12–14  days after pollination 
were used for Agrobacterium-mediated transformation fol-
lowing the procedure of Holme et  al. (2012). Callus was 
induced on infected immature embryos on hygromycin-
containing medium, and plantlets resistant to hygromycin 
were regenerated.

Molecular analysis

Plant material for molecular analysis was collected from 
leaves of  T0,  T1-and  T2-progenies. Genomic DNA was 
isolated using the FastDNA™ Kit (MP Biomedicals). 
A PCR/Restriction screen assay was used to identify 
the mutations. A PCR-product of 1051  bp containing 
the TALEN target site was amplified using the forward 
primer: 5′-taatctggccgaaccttgtta-3′; and the reverse primer: 
5′-agaatcaatgccttgccatc-3′. Phusion High-Fidelity DNA 
Polymerase (Thermo Scientific) was used for these PCR-
reactions according to the manufacturer’s instructions. 
The PCR-products were digested for 1 h at 37 °C with the 
restriction enzymes for the restriction site sequences pre-
dicted to be disrupted by the TALENs (DrdI) or Cas9 (for 
 T0: NsiI and for segregation analysis of  T1-plants: NsiI 
and DrdI) (Fig. 1). Both restriction enzymes cut the PCR-
product into two fragments of almost the same size (DrdI: 
529 and 522  bp; NsiI: 524 and 527  bp). Digestion pro-
files were analyzed on 1% agarose gels. Undigested bands 
were gel purified (GenElute™ Gel Extraction Kit, Sigma-
Aldrich) and cloned using the TOPO  Zeroblunt® cloning 
kit (Invitrogen). For each PCR product amplified from the 
 T0-plants, 4–10 clones were picked and sequenced. Cloned 
products were sequenced and analyzed by alignment to 
the wild type. For  T1- and  T2-progenies, the amplified 
PCR product was isolated, cloned and sequenced without 
prior digestion by restriction enzymes. The presence of the 
T-DNA in  T1- and  T2-progenies of mutated  T0-plants was 
assessed by PCR amplification of the hygromycin resist-
ance gene using the forward primer 5′-actcaccgcgacgtct-
gtcg-3′ and the reverse primer 5′gcgcgtctgctgctccata’3 

to amplify a 727-bp fragment of the hpt gene (Vain et al. 
2003).

Phytase activity in grains of mutated  T1‑lines

Phytase activity was analyzed in crude protein extracts from 
milled mature  T2-grains of  T1-lines according to Brinch-
Pedersen et  al. (2000) and Engelen et  al. (1994). Random 
samples of 20–25 grains from each  T1-line were milled and 
the flour used for phytase activity assays. Average phytase 
activity in grains of all plants was determined from four 
repetitions.

Promoter analysis

Cis-acting regulatory elements within the first 325  bp of 
the HvPAPhy_a promoter were identified using the online 
tool PlantCare (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/).

Evaluation of barley mutant oxygen consumption 
during germination

Respiration of barley grains from the control (non-mutated 
wild type) and the two mutation  T1-lines L1 and L3 was 
measured via a Q2 instrument (http://www.astec-global.
com). The principles of the instrument in relation to grain 
respiration are described in Bradford et al. (2013). For each 
barley line, respiration of 15 individual grains was meas-
ured. With the purpose of using grains with an approxi-
mate uniform grain weight and embryo development, the 
grains were individually weighed before the experiment 
(Fig. 4). Each grain was placed in a 1.5 ml well contain-
ing 0.7 ml of a water solidified with 1% agar, prepared as 
described by Erlang-Nielsen (2014). The covering of the 
well has a membrane containing a metal organic dye that 
changes its fluorescence properties in proportion to the 
oxygen concentration. As the grain respires, it depletes 
the oxygen in the sealed well, and thereby increases the 
fluorescence of the dye. Measurements of oxygen relative 
content in all wells were automatically determined every 
half hour. The measurements were performed at 20 °C for 
108 h.

Statistics

The Welch’s t-test for unequal variances was employed in 
the mature grain phytase activity experiments to test signifi-
cant differences in mature grain phytase activities between 
the non-transformed control plants and  T2-grains from the 
mutated  T1-lines.

http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html/
http://www.astec-global.com
http://www.astec-global.com
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Results

Selection of  T1‑ and  T2‑lines homozygous for mutations 
induced by TALENs and CRISPR/Cas9

Sequence specific TALENs and CRISPR/Cas9 were 
designed to target and induce mutations within a region 
of the HvPAPhy_a promoter thought to be impor-
tant for expression of the gene. For the knockout of the 
HvPAPhy_a gene we relied on the generation of large 
deletions extending from the targeted area within the 
promoter into the coding region of the HvPAPhy_a gene 
instead of targeting the coding sequence directly. In 
this way we would be sure that no truncated gene was 
expressed leaving traces of activity.

Primary transformants  (T0) were generated by Agro-
bacterium-mediated transformation with the TALEN 
and CRISPR/Cas9 constructs illustrated in Fig.  1a, b, 
respectively. A total of 47 and 64 hygromycin resist-
ant  T0-plants were generated from 750 to 320 embryos 
transformed with the TALEN- and CRISPR/Cas9 con-
structs, respectively. Mutations were identified by PCR/
Restriction digest analysis (PCR/RE). Based on this 

analysis, 43 and 44% of the  T0-plants obtained with the 
TALEN- or CRISPR/Cas9-constructs were considered 
mutated (Online Resource 2). Undigested PCR-products 
were isolated and TOPO cloned from 15  T0-plants with 
mutations induced by each of the TALEN or CRISPR/
Cas9 construct. From each  T0-plant, 4–10 TOPO clones 
were picked and sequenced. Based on these sequences, 
five  T0-plants with TALEN-induced mutations and four 
 T0-plants with CRISPR/Cas9-induced mutations show-
ing only one or two mutated alleles were self-pollinated 
(Table 1). Progenies were subsequently analyzed for seg-
regation of the alleles using PCR/RE in order to identify 
 T1-lines homozygous for the mutations present in the 
 T0-plants. The PCR-products from the  T1-lines identified 
as homozygous were sequenced to confirm that they were 
homozygous for the mutation (for examples see Online 
Resource 3). Interestingly, two of the  T0-plants selected 
for further propagation and already identified as homozy-
gous mutants in the  T0-generation  (T0 2–01 and  T0 4–01, 
Table 1) was confirmed to be homozygous mutants in the 
 T1-progeny analysis (Table 1). The generation of inherit-
able homozygous mutations as early as in the first gen-
eration has also been observed in several other targeting 

Table 1  Sequences of  T0-plants selected for further propagation and the sequences of the  T1-and  T2-progenies homozygous for specific muta-
tions selected for promoter analysis

a Correspond to line numbers in Figs. 2, 3 and 4
b A mutation not present in  T0 was identified in  T1 and inherited to  T2
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mutation studies (Zhang et al. 2014; Ma et al. 2015). In 
parallel with the segregation analysis, the corresponding 
 T1-progenies were also tested for the presence of T-DNA 
using PCR with primers for the hygromycin resistance 
gene. When possible only T-DNA-free  T1-lines were 
selected (for examples see Online Resource 3). The latter 
was not always possible due to poor grain setting, so for 
some mutant lines selection of lines without T-DNA was 
postponed to the  T2-generation (See Online Resource 3).

The twelve mutated  T1-lines that were selected 
(Table  1) showed mutations also identified in their par-
ent lines. The only exception was line L2 where a new 
mutation was identified in the  T1-progeny. This indicates 
that the CRISPR/Cas9 construct remained active dur-
ing the development of  T0-plant 8–01 and induced a new 
mutation in the wild type chromosome in tissue also par-
ticipating in the production of the gametes. All twelve 
selected  T1-lines were self-pollinated and the sequencing 
of  T2-progeny confirmed the inheritance of the mutations 
to the  T2-generation.

Phytase activities in grains of  T1‑lines homozygous 
for mutations

The region from position −188 to −244 of the different 
homozygous mutations found in the twelve  T1-lines are 
shown in Fig.  2. This region includes three overlapping 
regulatory elements consisting of the GCN4-like ele-
ment with the sequence TGA GCC A (also identified as 
TGA GTC A), the Skn1-like element with the sequence 
GCCAT (also identified as GTCAT) and the RY-element 
with the sequence CAT GCA TG. These three elements 
(Fig.  2a) are known to be important for seed specific 
expression (Baumlein et al. 1992; Fauteux and Stromvik 
2009; Madsen et  al. 2013; Muller and Knudsen 1993). 
As only the smaller mutations of −1 to −31  bp can be 
fully displayed in Fig. 2b, a schematic presentation of the 
mutations of the different lines and their position in rela-
tion to the HvPAPhy_a genomic clone are illustrated in 
Fig. 3. The area of the HvPAPhy_a clone affected by the 
mutations is shown in Fig.  3b covering the first 325  bp 
of the promoter and the first 160 bp of the first exon. The 
positions of the two TATA-boxes and a G-box within this 
part of the promoter are also shown.

One of the most important findings of this study comes 
from the large deletions found in line L1 and L2. Line L1 
contains a 362 bp deletion from −270 bp of the promoter 
into the first 93 bp of exon1 and line L2 contains a dele-
tion of 387 bp from −229 bp of the promoter into the first 
158 bp of exon1 of the HvPAPhy_a gene (Fig. 3c). These 
lines show very low MGPAs of 30 and 80 FTU/kg flour, 
respectively, as compared to the wild type control with 

a MGPA of 1910 FTU/kg flour (Fig. 3d). Thus the dele-
tions within these lines clearly confirm that the PAPhy_a 
phytase of barley is the main contributor to the phytase 
activity of the mature grains. The residual MGPA still 
present in the grains of these lines could be caused by 
a weak expression of the HvPAPhy_b gene during grain 
development (Dionisio et al. 2011) and the HvMINPP_a 
phytase gene which is also expressed in the mature barley 
grains at a low level (Dionisio et al. 2007).

The remaining ten lines only contain mutations within 
the promoter. Mutation lines L3 to L10 all have signifi-
cantly lower MGPAs as compared to the non-mutated 
control (Fig.  3d). Line L3 contains a large deletion of 
110 bp ranging from position −213 to −321 plus a 4 bp 
insertion at position −321 (Fig. 3c) and has a low MGPA 
of 213  FTU/kg flour (Fig.  3d). This indicates that this 
area of the promoter which includes the three overlap-
ping elements (GCN4/Skn1/RY) is very important for the 
expression level of the HvPAPhy_a phytase gene. Like-
wise, mutation line L4 with a smaller deletion of 31 bp 
ranging from position −213 to −243 also deleting the 
(GCN4/Skn1/RY) motif shows a low MGPA of 490 FTU/
kg flour. Therefore, the low MGPA of lines L3 and L4 
could indicate (as we were expecting) that the deletion 
of the GCN4/Skn1/RY motif causes large reductions in 
MGPA. However, for both lines nucleotides upstream and 
downstream of this motif are also deleted which could 
also be important for the expression of the gene (Figs. 2, 
3). In support of this, line L5 with a 21 bp deletion of the 
promoter (position −203 to −222) that includes only the 
last G in the RY element but does not affect any nucleo-
tide of the GCN4 and Skn1 elements, still shows a very 
low MGPA of 172  FTU/kg flour (Fig.  3d). In addition, 
line L6 and L7 containing deletions of 14 and 4 bp both 
starting five nucleotides downstream of the GCN4/Skn1/
RY motif show low MGPAs of 488 and 213  FTU/kg 
flour, respectively (Fig. 3d). Thus, positions downstream 
of the GCN4/Skn-1/RY motif are very important for the 
expression level of the HvPAPhy_a gene in the mature 
grain.

The GCN4/Skn1/RY motif is, however, also important 
for the MGPA level as lines L8, L9 and L10 with mutations 
affecting almost exclusively the GCN4/Skn-1/RY motif, all 
show significantly lower MGPAs than the wild-type control 
(Fig. 3d). Lines L8 and L9 contain deletions and insertions 
ranging from positions −219 to −230 and −220 to −230, 
respectively (Fig. 2). These lines show MGPAs of 855 and 
1247  FTU/kg flour, respectively. Furthermore, line L10 
having a −11 bp deletion spanning the whole GCN4/Skn-1/
RY motif except for the first and last bp (−222 to −232, 
Fig. 2b) show a MGPA of 1163 FTU/kg flour.

Lines L11 and L12 only have a single bp insertion and 
deletion at position −225 and −224, respectively, which 



117Plant Mol Biol (2017) 95:111–121 

1 3

result in changes at the 3′end of the RY element (CAT GCA 
ATG and CAT GCA G instead of CAT GCA TG) (Fig.  2). 
These two mutated lines do not show significant differences 
in MGPA levels as compared to the wild type control. This 
could indicate that the last two nucleotides of RY-element 
are not critical for the function of element as previously 
found by Reidt et al. (2000).

Overall, the mutations within the promoter area show 
that all lines with a very reduced MGPA as compared to 
the wild type (L3 to L7), contain deletions which include 
the four base pair deletion of line L7 starting five nucle-
otides downstream of the GCN4/Skn1/RY motif (−218 
to −215, Fig.  2b). This could indicate the presence of an 
additional element which in combination with the GCN4/
Skn1/RY motif is important for the full expression of the 
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HvPAPhy_a gene in the developing grain. However, no 
homology to currently known regulatory elements could be 
identified in this area.

Evaluation of barley mutant oxygen consumption 
during germination

The influence of MGPA levels on the time period required 
for germination was investigated using homozygous 
 T2-grains from mutation lines L1 and L3 showing MGPA 
of 30 and 213  FTU/kg flour, respectively, and compared 
to the germination of grains from the wild type control 
with a MGPA of 1910  FTU/kg flour. The fitted curves 
in Fig.  4 show the respiration pattern of grains from the 
three lines as an average of the 15 grains for each line. The 
grains from the non-mutated wild type reach R50 (the time 
required for the seed to reduce the initial oxygen level by 
50%) after approximately 44 h, whereas grains from mutant 
line L1 reach R50 after approximately 46  h. Grains from 
mutant line L3 reach R50 after 52 h. The delay in reduction 
in the initial oxygen level gets more pronounced between 
the grains from the three lines with time. The grains from 
the non-mutated line have reduced the initial oxygen level 
by 100% after 72 h. In mutant line L1 and L3, these were 
84 and 88 h, respectively.

Discussion

In the present study we used TALEN- and CRISPR/Cas9-
induced mutations to investigate the significance of the 
HvPAPhy_a gene and specific sequences within the pro-
moter associated with the regulation of phytase activity in 
the mature grain.

A prerequisite of this study was the transmission of the 
TALEN- and CRISPR/Cas9-induced mutations to the next 
generations. In a previous study we used a TALEN con-
struct with both TALEN monomers controlled by a single 
35S promoter, resulting in all  T0-plants showing mosaic 
mutation distribution (Wendt et al. 2013), and no transmis-
sion of the mutations to the next generation. However, in 
the present study, using the ZmUbi promoter to drive the 
expression of each TALEN monomer, TALEN-induced 
mutations found in the  T0 generation were stably transmit-
ted to subsequent generations. Similar to the present study, 
constructs with a promoter (35S and/or ubiquitin) in front 
of each TALEN monomer were found to result in TALEN-
induced mutations with inheritance in barley (Gurushidze 
et al. 2014), rice (Li et  al. 2012; Zhang et al. 2016b) and 
maize (Char et al. 2015). This implies that a stronger pro-
moter activity than a single 35S-promoter might be needed 
in cereals to ensure high expression in the reproductive tis-
sue and inheritance of TALEN-induced mutations. Yet, the 

inclusion of a ubiquitin promoter in front of each TALEN 
monomer might not be crucial as successful OsBADH2 
knockouts with inheritance to the next generation were 
obtained with one ubiquitin promoter driving the expres-
sion of the two TALEN monomers (Shan et  al. 2015). A 
similar construct was also successfully used to induce 
knock-outs of all three homoeoalleles Tamlo genes in wheat 
which were all inherited to the next generation (Wang et al. 
2014).

The CRISPR/Cas9 induced mutations of the present 
study were also stably inherited to the next generation in the 
plants selected for further propagation. The use of both a 
TALEN- and a CRISPR/Cas9 construct targeting the same 
promoter area generated  T1-lines with a higher diversity of 
mutations than when only one of the SSNs was used. Inter-
estingly, the TALEN- and the CRISPR/Cas9 constructs 
used in the present study resulted in almost the same muta-
tion efficiencies (43 and 44%, respectively). These high fre-
quencies and the fact that restriction sites were identified 
right at the predicted cleavage sites of both SSNs facilitated 
the selection of  T1-lines homozygous for mutations. As 
mentioned above inheritance of TALEN-induced mutations 
in barley was previously demonstrated using microspore 
derived haploid callus to knockout a GFP-gene (Gurush-
idze et al. 2014). Also, stable inheritance of CRISPR/Cas9-
induced mutations in barley was previously reported using 
immature embryos as starting material (Lawrenson et  al. 
2015; Kapusi et al. 2017). In the study by Lawrenson et al. 
(2015) the target was the HvPM19 gene encoding a puta-
tive plasma membrane protein expressed during embryo 

Fig. 4  Oxygen consumption curves for three barley lines imbibed at 
20 °C. The initial oxygen percentage is normalized to 100% (equiva-
lent to 21% air composition). R50 is the time required for the seed to 
reduce the initial oxygen level by 50%. Solid line wild type, dotted 
line mutation line L1, dashed line mutation line L3. The table shows 
the range of grain weight for the three plant lines used for the germi-
nation assay



119Plant Mol Biol (2017) 95:111–121 

1 3

development and dormancy (Ranford et  al. 2002). How-
ever, as not all copies of the gene were targeted in the same 
mutant plant, no phenotype was reported. In the study by 
Kapusi et al. (2017) the target was the putative barley endo-
N-acetyl-β-D-glucosaminidase gene. No phenotype has so 
far been reported for the plants generated in that study.

The most noticeable phenotypes in the present study 
were the dramatically reduced MGPAs in grains of two 
 T1-lines, L1 and L2, both carrying knocked-outs of the 
HvPAPhy_a gene caused by deletions spanning parts of 
the promoter and the first exon. The MGPA was reduced 
from 1910  FTU/kg flour in wild type to 30 and 80  FTU/
kg in line L1 and L2, respectively. This clearly confirms 
HvPAPhy_a’s role as the main contributor to the MGPA 
in barley, while the other phytases present in barley ─ 
HvPAPhy_b, MINPP_a and MINPP_b—make very lit-
tle contribution to the MGPA. Orthologous of all four 
genes have been identified in several Triticeae tribe cere-
als including Triticum aestivum and Secale cerale (Dioni-
sio et  al. 2011, 2007; Madsen et  al. 2013) and therefore, 
PAPhy_a might be the main mature grain phytase in these 
species too.

The targeted area included the three GCN4/Skn-1/RY 
overlapping elements which are the only known elements 
important for seed specific expression within the promoter 
of the PAPhy_a genes of Triticeae (Madsen et  al. 2013). 
The GCN4 and the Skn-1 elements are often present either 
separately or together in promoters of genes encoding seed 
storage proteins (Fauteux and Stromvik 2009; Juhasz et al. 
2011; Muller and Knudsen 1993; Onate et  al. 1999; Wu 
et al. 1998, 2000). The RY-element is present in many pro-
moters of seed-specific genes in both dicots and monocots 
and is thought to be a positive regulator of seed-specific 
expression and a negative element repressing expression 
in non-seed tissues (Baumlein et  al. 1992; Forster et  al. 
1994; Fujiwara and Beachy 1994). While lines with muta-
tions within this motif showed significant reduction in 
MGPA, our results indicate that the GCN4/SKn1/RY ele-
ments are not the only elements responsible for the level 
of HvPAPhy_a expression during seed maturation. Lines 
with deletions starting five nucleotides downstream of the 
GCN4/Skn1/RY motif showed even lower mature grain 
phytase activity levels. Specifically deletions including the 
four nucleotides at position −218 to −215 (GTAG) seems 
to be crucial for the level of phytase activity in the mature 
grain. As no known regulating elements could be identi-
fied in this area of the promoter, further studies will have 
to verify if these nucleotides are part of an element regu-
lating the level of HvPAPhy_a expression. Since PAPhy_a 
phytase accumulates in the aleurone layer and scutellum 
during grain development (Dionisio et al. 2011), other cis-
acting elements regulating aleurone and scutellum specific 
expression may be present.

The presence of off-target mutations cannot be ruled 
out without complete sequencing of the genome of each 
of these independent mutant lines. Thus, we cannot defini-
tively show that the phenotypes we observe are due to the 
observed mutations in HvPAPhy_a. However, since almost 
all the mutated lines generated in this study have a signifi-
cant effect on the MGPA we argue that off-targets within 
the genome by either TALENs or CRISPR/Cas9, if they 
exist, do not affect the phenotypes.

The plant lines with mutations causing very low phytase 
activities of this study could help unravel the reason why 
members of the Triticeae tribe possess an extra phytase 
gene (PAPhy_a) not present in other cereals. The addi-
tional phytase type PAPhy_a present in Triticeae is thought 
to have evolved by a single-gene segmental duplication of 
the ancestral PAPhy gene about 32–54  million  years ago 
(Madsen et al. 2013). The reason for an evolutionary posi-
tive selection of this extra phytase gene in the Triticeae is 
unknown. Several studies have shown that high phospho-
rus content of seeds allow a faster seed germination and a 
faster seedling establishment which ultimately will result in 
higher yield (Grant et al. 2001; Robinson et al. 2012; White 
and Veneklaas 2012). As the preformed grain phytases syn-
thesized by the PAPhy_a gene result in an early phospho-
rous supply, we compared the germination time of grains 
from non-mutated lines and grains from mutant lines 
exhibiting very low MGPA. We observed delayed germina-
tion in mutated lines with low MGPA. Future studies using 
the mutation lines of the present study could help reveal if 
seedling establishment and grain yield is also affected by 
the preformed phytase from the PAPhy_a gene or if other 
factors are responsible for the positive selection of the extra 
PAPhy gene.

In conclusion, this study confirms that the PAPhy_a 
enzyme of barley is the main contributor to the MGPA. 
The analysis of the HvPAPhy_a promoter area containing 
the GCN4/Skn1/RY regulatory elements for seed specific 
expression shows that these elements are important but that 
other elements are required to obtain MGPA levels as high 
as the wild type. The MGPA of the Triticeae species have 
a very important influence on the nutritional value of the 
grains. Humans and monogastric animals basically have 
no phytase activity in their digestive tract and the MGPA 
is therefore entirely responsible for providing bio-availa-
ble phosphate from the phytic acid in the grains (Brinch-
Pedersen et al. 2014). However, higher MGPA levels than 
present in most Triticeae cereals are required to avoid 
the supply of extra rock phosphate to the feed. Knowl-
edge about the exact gene responsible and its regulation is 
therefore valuable when attempting to increase the MPGA 
levels either through traditional breeding or biotechnol-
ogy approaches. Further studies identifying all promoter 
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elements important for the MGPA levels would promote 
these approaches.
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