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Barley is one of the most important cereals, which is used for breweries, animal
and human feeds. Genetic manipulation of plant hormone cytokinins may influence
several physiological processes, besides others stress tolerance, root formation and
crop vyield. In planta, endogenous cytokinin status is finely regulated by the enzyme
cytokinin dehydrogenase (EC 1.5.99.12; CKX), that irreversible degrades the side
chain of adenine-derived isoprenoid cytokinins. Increasing grain yield by mean of
manipulation of endogenous cytokinin content was assayed by the silencing of the
HvCKX1 gene. Moreover, to elucidate the putative role of HYCKX7 gene on grain
production, knocked-out Hvckx7 mutant plants were generated using the RNA-guided
Cas9 system. Homozygote transgenic plants with silenced HvCKX7 gene and azygous
knock-out Hvckx1 mutants have been selected and analyzed. Both reduced expression
of HYCKX1 gene and CKX activity were measured in different stages of barley grain
development. Phenotyping of the transgenic lines revealed reduced root growth,
however, plants produced more tillers and grains than azygous wild-type controls
and the total yield was increased up to 15 per cent. Although plant productivity was
increased, total grain biomass was decreased to 80% of WT grains. RNA-seq analysis of
knock-down transgenic lines revealed that several important macronutrient transporters
were downregulated in the stage of massive starch accumulation. It suggests that local
accumulation of cytokinins negatively affected nutrients flow resulting in reduced grain
biomass. Obtained results confirmed the key role of HYCKX1 for regulation of cytokinin
content in barley.

Keywords: cytokinin, barley, CRISPR-Cas9, silencing, yield

INTRODUCTION

The small grain cereal model crop barley belongs to the most important cereals grown worldwide.
In terms of acreage, it ranges on ranks fourth in cereal production according to FAO (FAOSTAT).
Due to its high adaptability, it can be grown on different soil types and altitudes. In addition, the
genomic sequence is available (Mascher et al., 2017) and many tools including efficient genetic
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transformation were developed (Hensel et al., 2009). Amongst
adaptation to different biotic and abiotic factors, the increase
in crops productivity is one of the main goals in agriculture.
One very promising tool to improve the plant productivity
is the manipulation of cytokinin (CK) metabolism. The
CKs are naturally occurring hormones, which regulate plant
morphogenesis, flowering, seed development and germination
as well as nutrient uptake into sink organs (Kieber and
Schaller, 2018). Structurally they are either isoprenoid or
aromatic CKs, while the former is found more frequently
in plants (Sakakibara, 2006). Depending on their side-chains
they are further divided into N© —(Az—isopentenyl)—adenine (iP),
trans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin (DHZ). For
instance, tZ- and iP-type CKs are the major forms in Arabidopsis,
whereas substantial amounts of ¢Z-type CKs are found in maize,
rice, and chickpea (Sakakibara, 2006). Genetic engineering of
CK metabolism in model plants reveals enormous potential in
agricultural applications such as remodeling plant architecture,
increasing stress tolerance and enhancing crop yield (Zalabak
etal., 2013).

One of the possibilities how to modify the CK content
is through regulation of IPT gene, coding for isopentenyl
transferase, which catalyzed the rate-limiting step in CK
biosynthesis. This approach was first used in tobacco plants,
where the IPT gene expression was driven by a highly specific
senescence promoter (Senescence associated-gene 2, SAG2) (Gan
and Amasino, 1995). These transgenic tobacco plants exhibited
prolonged photosynthetic life-span resulting in 50% increase of
both dry weights of aerial part and seed yield in comparison to
wild-type plants (Gan and Amasino, 1995; Jordi et al., 2000).
The IPT-based technology was transferred also to agronomically
important crop plants. Despite/whereas the inhibition of
senescence due to IPT overexpression was observed in all
transgenic plants transformed with the SAGI2-IPT construct,
the impact on yield varied between individual crops (Gregersen
et al., 2013). For example, in SAGI2-IPT transgenic wheat, the
delayed senescence had no positive effect on yield parameters
(Sykorova et al., 2008). In opposite, SAGI2-IPT transgenic rice
plants with such a delayed senescence produced a higher number
of seeds and panicles; nevertheless, no effect on total grain yield
was observed as grains were less filled (Lin et al., 2002; Liu et al.,
2010). In summary, along vegetative period is definitely favorable
for higher biomass production but it may be noxious for grain
yield, as the reproductive phase is shortened or onset of nutrient
mobilization from source to sink is shifted (Gregersen et al.,
2013).

Another approach how to increase crop productivity through
the manipulation of CK homeostasis employed the CKX
gene, coding for cytokinin dehydrogenase, which catalyzes the
irreversible degradation of CKs and is thus a key regulator of
the CK content in the plants. In the previous study on Habataki
variety of rice, a crucial role of OsCKX2 in the formation and
control of inflorescence meristem activity was shown. Indeed,
the loss-of-function mutation of this gene led to a significant
increase in grain number (Ashikari et al., 2005). The fundamental
role of CKX enzyme in the formation of inflorescence meristem
was confirmed recently in Arabidopsis, where the double ckx

knock-out led to 55% yield improvement by an increased seed
set per silique (Bartrina et al., 2011). Similarly, RNAi-silencing
of HvCKX1 gene, coding for the CKX enzyme mostly present
in barley aleuronic layer surrounding the endosperm resulted
in higher grain yield (Zalewski et al., 2010). All these studies
underline the crucial role of CKs in developmental processes and
give the example of how the manipulation of a single gene can
positively influence the plant productivity.

The development of targeted mutagenesis based on the Cas9
protein associated with Type II Clustered Regulatory Interspaced
Short Palindromic Repeats (CRISPR) enabled the genome editing
at the specific target site. CRISPR-Cas9 system uses a small
non-coding RNA, known as single guide RNA (sgRNA) to
direct Cas9 nuclease to the DNA target where it generates
double-strand breaks (DSB). These breaks are subsequently
repaired by cells endogenous DNA repair mechanisms, the
non-homologous end-joining (NHE]) or the homology-directed
repair. The preferential NHE] is an error-prone process resulting
in imprecise ligation of double-strand breaks and thus the
creation of nucleotide insertion/deletions at the site of interest
(Voytas, 2013; Puchta and Fauser, 2014). This system offers a
flexible, easy and relatively cheap method for genome editing,
which was recently successfully used in the modification of barley
genome (Lawrenson et al., 2015; Watanabe et al., 2016; Holme
etal,, 2017). In addition, induced mutations were stably inherited
in progeny plants.

In our approach, we used the RNAi-based silencing technique
and RNA-guided Cas9 system to generate transgenic barley
plants with silenced or knocked-out HYCKX1 gene. On several
independent homozygous lines, we described how the HvCKX1
silencing and knock-out influenced the development and yield of
barley plants.

MATERIALS AND METHODS

Preparation of Constructs for Silencing

HvCKX1 Gene

The construct designed for silencing of HvCKXI
(HORVU3Hr1G019850) gene (KD-HvCKX1) consists of
the 5 end of the ORF and 3’ untranslated region (3'UTR)
of HvCKX1 gene (250 bp; Supplementary Figure S1). The
3'UTR region was used to avoid the silencing of orthologous
non-targeted HVCKX genes. The SC_HvCKXI fragment was
synthesized and subcloned into pMA vector by GeneArt (Thermo
Fischer Scientific, Waltham, United States). Subsequently, it
was subcloned into the Gateway entry vector pENTRIA at
restriction sites BamHI and EcoRV. Two copies of SC_HvCKX1
were inserted in the opposite orientation into the vector
pBract207 downstream of the maize UBIQUITIN 1 promoter
(provided by John Innes Centre, Norwich, United Kingdom')
via Gateway LR recombination reaction (Invitrogen, Carlsbad,
CA, United States). The final vector was Sanger sequenced
(SeqMe, Czechia) using three primers (Supplementary Table S1)
to confirm the right orientation of both SC_HvCKXI copies,

'www.bract.org
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and electrotransformed into Agrobacterium  tumefaciens
(A. tum.) strain AGL1 together with the helper vector pSoup.
A. tum. containing pBract207:SC_HvCKX1 was mixed
with glycerol in ratio 1:1 (50% solution, v/v) and stored at
—80°C.

Preparation of HvCKX1 Knock-Out

Construct

The generation of the HvCKXI-specific Cas9 construct was
essentially done as described previously (Budhagatapalli
et al, 2016). The target sequence for the guide RNA has
been selected within the first exon of HvCKXI gene using
DESKGEN KNOCKIN tool>. For easy screening of the
transformants, the guide RNA sequence contains a BsaHI
restriction site, close to the protospacer adjacent motif (PAM)
motive. Gene-specific oligos (Supplementary Table S2) were
annealed and integrated into the Bsal-digested pSH91 vector.
The guide RNA-Cas9 expression cassette was sequenced by
Sanger sequencing and subcloned into the p6i-d35S-TE9
vector (DNA-Cloning-Service, Hamburg, Germany) using Sfil
restriction enzyme giving rise to plasmid pGH437 (KO-CKX1).
Transfer into A. tum. strain AGL1 was performed as described
above.

Preparation of HvCKX1 Target Construct

and Transient Expression Tests

In order to test the activity of the KO-CKX1 construct, transient
expression assays in barley leaves were conducted according
to Budhagatapalli et al. (2016). For this purpose, the guide
RNA target site of HvCKXI together with its PAM sequence
(annealed oligos; Supplementary Table S2) was integrated into
EcoRI/BamHI-sites of the pNB1 vector using standard cloning
procedures, generating the plasmid pGH314. After Sanger
sequencing, the pGH314 was used for transient expression
tests via particle bombardment of barley leaves (Budhagatapalli
et al, 2016). Leaf explants of 6-7 days old seedlings were
transiently transformed using a PDS-1000/He Hepta™ device
equipped with an 1100 psi rupture disk (Bio-Rad, Munich,
Germany). Each set of explants were co-bombarded twice
using pGH314, pGH437 (KO-CKX1) and pNB2 (constitutive
mCherry for normalization) vectors (Budhagatapalli et al,
2016) with a total amount of 16-19 pg plasmid DNA, then
incubated at room temperature for 1 day before assaying for
fluorescence.

The frequency of KO-CKX1 construct induced mutation
was determined from the ratio between the number of yellow-
(YFP) and red-fluorescent (mCherry) cells. For this, a total
of six barley leaves were co-bombarded with the respective
constructs and analyzed with a fluorescent microscope [Zeiss
LSM780 confocal laser microscope (Carl Zeiss, Jena, Germany)].
YFP fluorescence was visualized using 514 nm laser line in
combination with 517-560 nm bandpass; mCherry fluorescence
was visualized with a 561 nm laser line in combination
with 570-620 nm bandpass. The experiment was repeated
twice.

Zhttps://www.deskgen.com/guidebook/ki.html

Plant Material and Barley Transformation

Procedures

Plants of the spring barley cultivar Golden Promise (wild-type;
WT), were grown in phytotron with the photoperiod of
15°C/16 h/light and 12°C/8 h/dark. The light source was a
combination of mercury tungsten lamps and sodium lamps
providing the intensity of 500 wmol m~2 s~! at the level of
plant tops. Plants were cultivated in a 2:1 mixture of soil and
perlite (Perlit Ltd., Czechia) and were fertilized every 14 days with
YaraMila Complex (AgroCS, Czechia). Transgenic barley plants
with the silenced HvCKX1 gene (KD-CKX1) were prepared from
immature embryos according to Harwood et al. (2009). Hvckx1
mutant plants (KO-CKX1) were generated at IPK Gatersleben as
published previously (Hensel et al., 2008). All transformants were
selected on 50 mg L~ ! hygromycin.

Screening of Transformants With
Silenced HYCKX1 Gene

T0, T1, and T2 generation of transgenic plants were screened for
the presence of both copies of SC_HvCKX1 (sense and antisense).
The leaves of transgenic barley plants were harvested and used
for the isolation of genomic DNA (gDNA) (Edwards et al., 1991).
Sense and antisense SC_HvCKX1 was amplified using GoTaq
polymerase (Promega, Madison, United States) with specific
primers and PCR conditions (Supplementary Tables S1, S4).
The PCR products were assessed by agarose gel electrophoresis
and compared with 1 kb Plus DNA marker (Thermo Fischer
Scientific, Waltham, MA, United States). Products of a 298 and
477 bp indicated the presence of sense and antisense component
of SC_HvCKX1.

TO transgenic plants, positive for the presence of both
SC_HvCKX1 copies, were harvested and all grains from one
to two spikes (around 30 grains) were put to the soil to
produce T1-plants, which were subsequently screened for the
presence of the SC_HvCKXI. The transgenic progeny with
3:1 segregation (presence/absence of transgene) were grown
to maturity; 15 to 20 T2-embryos from one spike of each
plant were isolated and incubated 14 days on the regeneration
medium with hygromycin for selection (50 mg L~!) in the
environmental chamber with the photoperiod of 24°C/16 h/light
and 22°C/8 h/dark (160 umol m~2 s~1). As a negative control,
embryos isolated from WT barley plants were incubated under
the same conditions. The T1 transgenic plants, giving 100%
regeneration from T2-embryos under the selection pressure were
identified as putative homozygotes. For confirmation, all T2
plants are grown from one spike of putative homozygotes where
screened for the presence of both copies of SC_HvCKXI to
confirm the zygosity.

T2 seedlings of all selected transgenic lines were submitted
for copy number analysis by iDNA Genetics service (Norwich,
United Kingdom?).

Screening of Hvckx1 Mutant Plants
Genomic DNA was prepared from young seedling (Pallotta et al.,
2000). Between 50 and 100 ng of isolated gDNA was used

3http://www.idnagenetics.com
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into 20 wL PCR reaction. Products were amplified by GoTaq
polymerase with sets of primers detailed in Supplementary
Table S2 to test the presence of binary vector and PCR conditions
(Supplementary Table S4). The reaction products were purified
using PCR purification kit (Machery-Nagel, Diiren, Germany)
used for amplicon restriction analysis (PCR/RE), visualized on
1% agarose gel containing ethidium bromide and sequenced.

Primary transformants containing the KO-CKX1 construct
were tested for possible mutations on the target site. The 756 bp
PCR product, covering part of the first HvCKXI exon, was
digested with BsaHI (Thermo Fischer Scientific, Waltham, MA,
United States). Amplicons with mutations on the target site
gave the restriction digest products of 582, 114, and 59 bp
and non-mutated amplicons products of 355, 228, 114, and
59 bp. PCR products, positive for the mutation, were cloned
into a pGEM-T vector (Promega, Madison, United States). After
blue-white selection, plasmid DNA was isolated from 10 positive
clones and Sanger sequenced. Alternatively, PCR products were
sequenced directly, excluding the cloning step (in a subsequent
generation).

T1 and T2 generation of Hvckx] mutant plants were
screened by the same procedure described above. Azygous plants
containing the same mutation in both alleles, but did not contain
the KO-CKX1 T-DNA were identified as homozygote lines and
used for further analysis.

Assessment of DNA Ploidy

DNA ploidy levels were inferred from the relative fluorescence
intensities of PI-stained nuclei using flow cytometry (Shapiro,
2003). Small pieces of leaf tissue were chopped in a Petri
dish containing 500 pL of Otto I buffer (0.1 M citric acid,
0.5% Tween 20). The crude suspension of isolated nuclei was
filtered through a 50-pum nylon mesh. 1 ml of Otto II buffer
(0.4 M NayHPOy), supplemented with 50 pg mL~! RNase and
50 jbg mL~! propidium iodide, was added. Relative fluorescence
intensity of at least 3,000 nuclei was recorded using Partec PAS
flow cytometer (Partec GmbH, Miinster, Germany) equipped
with a high-pressure mercury arc lamp. Data were analyzed
using the FlowMax software (Partec, GmbH, Miinster, Germany).
The gain of the instrument was adjusted the way that the
peak representing control plant G0/G1l nuclei appeared on
channel 100.

qPCR Analysis

Plant material collected from 1-week old roots and spikes
of BBCH stages 49 [booting: first awns visible (in awned
forms only)], 59 (end of heading: inflorescence fully emerged),
71 (watery ripe: first grains have reached half their final
size), and 75 (medium milk: grain content milky, grains
reached final size, still green), grown in phytotron under
the conditions described above, were harvested, frozen in
liquid nitrogen and lyophilized 2-3 days by ScanVac Freeze
Dryer (Labogene, Denmark). The lyophilized material was
homogenized by vibration mill. Total RNA was isolated by
RNAqueous® Total RNA Isolation kit (samples from roots)
according to supplier’s manual (Thermo Fischer Scientific,
Waltham, MA, United States). Alternatively, RNA was isolated

using TRI-reagent (samples from spikes; Thermo Fischer
Scientific, Waltham, MA, United States). cDNA was obtained
from 2 pg of total RNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Fischer Scientific, Waltham, MA,
United States), then amplified by qPCR in 5/10 pL reaction
mixtures containing TagMan Gene Expression Master Mix
or Power SYBR Green PCR Master Mix (Thermo Fischer
Scientific, Waltham, MA, United States), 300 nM of each
primer and, when the TagMan chemistry was used, 250 nM
of specific 5'end 6-carboxyfluorescein (FAM) dye and 3’end
5(6)-carboxytetramethylrhodamine (TAMRA) quencher.
Reactions were run in a StepOnePlus™ or ViiA7 Real-Time
PCR Systems using the default program (Thermo Fischer
Scientific, Waltham, MA, United States). For 5 wL reaction,
pipetting was performed automatically by pipetting robot
Agilent Bravo 04318-201 (Agilent Technologies, Santa Clara,
CA, United States). Primers and TagMan probes were designed
using Primer Express 3.0 software (Thermo Fischer Scientific,
Waltham, MA, United States; Supplementary Table S3). The
most consistently expressed genes in targeted tissue were
selected by Genevestigator software (Hruz et al., 2008) and
used as reference genes (Actin - HORVU2Hr1G004460;
Elongation factor 2 - HORVU5Hr1G116580.8; ATP-binding
gene — HORVU3Hr1G022710; Nucleic acid binding gene -
HORVU1Hr1G061690.2). Five to eight biological and two
technical replicates were measured per each transgenic barley
line. Relative gene expression was determined by the AACt
method.

RNA-Seq Analysis

Barley spikes of BBCH stages 49 (booting) and 59 (heading) from
the plants grown in the field were used as samples. Three pg
of total RNA from each sample, extracted with RNAqueous kit
(Thermo Fischer Scientific, Waltham, MA, United States) and
treated with TURBO DNA-free kit (Thermo Fischer Scientific,
Waltham, MA, United States) was used for cDNA library
preparation by Illumina® TruSeq® Stranded mRNA Sample
Preparation Kit (Illumina, Madison, WI, United States). Library
concentration was assessed with a Kapa Library Quantification
Kit (Roche, Basel, Switzerland) and all libraries were pooled to a
final 8 pM concentration for cluster generation and sequencing.
The clusters were generated using an Illumina® TruSeq® SR
Cluster Kit v3 cBot HS and sequenced on HiSeq SR Flow Cell
v3 with a HiSeq 2500 Sequencing System. Three independent
libraries were prepared for each genotype in each time-point (3
pooled spikes in each).

The reads generated by sequencing were mapped to
the reference genome of Hordeum_ 082214v1.30 (Ensembl
Plants) using the STAR 2.4.2a (Dobin et al., 2013) with
default parameters. Reads quantification was processed by
featureCounts, subread-1.5.2 (Liao et al., 2014) against GTF/GFF
file Hordeum_vulgare.082214v1.30.gtf (Ensembl Plants) with
respect to the stranded library. The tests for differential gene
expression were performed using the DESeq2 package (Love
et al., 2014) implemented in R (R Development Core Team,
2008). The classification of differentially expressed genes was
performed online by MapMan Mercator tool (Lohse et al., 2014).
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CKX Enzyme Activity Assay

To measure CKX activity, proteins were extracted from
homogenized lyophilized plant material (grown in phytotron),
collected from 1-week old roots and spikes of BBCH stages
49 (booting), 59 (heading), 71 (watery-ripe), and 75 (medium
milk), with 0.2 M Tris/HCI buffer (pH 8.0) containing 150 mM
NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.1% Triton X-100
(v/v) and leupeptin (10 pM). Cell debris was removed by
centrifugation at 21,000 x g for 10 min at 4°C. The protein
content was estimated following the Bradford method with
bovine serum albumin as a standard (Bradford, 1976). The
CKX activity was determined by spectrophotometric assays
by the end-point method, where the absorbance of Schiff
base of aldehyde originated from cytokinin side chain and
p-aminophenol is determined at 352 nm (Frébort et al., 2002).
Between 200 and 500 pg of total proteins were incubated
for 2-8 h in 0.5 mL reaction mixtures containing 100 mM
Mcllvaine buffer (pH 7.5), 0.1 mM Né6-isopentenyladenine (iP)
as a substrate and 0.6 mM 2,6-dichlorophenolindophenol as
an electron acceptor at 37°C. Five to eight biological and two
technical replicates were measured per each transgenic barley
line.

Cytokinin Detection

Spikes of plants grown in phytotron collected in BBCH
stages 49 (booting), 59 (heading), and 71 (watery-ripe) and
plants grown in the field, collected in stages 49 and 59,
were immediately frozen in liquid nitrogen and lyophilized.
Lyophilized material (25 mg) was ground by vibration mill
and extracted overnight with 1.5 mL of Bieleski solvent at
—20°C, followed by an additional re-extraction in 0.5 mL of
the same solvent for 1 h at —20°C (Bieleski, 1964). Stable
isotope-labeled cytokinin internal standards were added
before extraction. Cytokinins were purified using SCX SPE
columns and quantified by liquid-chromatography-positive-
electrospray-tandem mass spectrometry in multiple reaction
monitoring modes (Novak et al, 2008). UHPLC-MS/MS
experiments were performed using NEXERA X2 liquid
chromatograph coupled with MS-8050 (Shimadzu, Japan) via
an electrospray interface. Chromatographic separation was
performed using reversed-phase analytical column (BEH Cl18,
2.1 mm x 50 mm, 1.7 mm; Waters), column thermostat was
set at 40°C. Solvent A was 15 mM formic acid adjusted to
pH 4.0 by ammonium hydroxide. Solvent B was methanol.
Gradient elution was performed at a flow rate of 0.5 mL
min~!: 0 min, 10% B; 0-8 min linear gradient to 50% B
followed by 5 min equilibration to initial conditions. The
mass spectrometer settings were as follows: mode ESI+,
capillary voltage 0.6 kV, source temperature 400°C, desolvation
temperature 250°C, desolvation gas flow 3 L min~!. Five to eight
biological replicates were measured per each transgenic barley
line.

Hydroponic Experiment
The grains were germinated and grown for 3 days on
wet paper tissues in the phytotron with a photoperiod

of 24°C/16 h/light and 22°C/8 h/dark. Developed plantlets
were put into a piece of foam and dipped in a pot
containing Hoagland’s solution (Hoagland and Arnon, 1950).
The solution was replaced every 2-3 days. The plants were
cultivated for 4 weeks in the environmental chamber with
a photoperiod of 15°C/16 h/light and 12°C/8 h/dark and
the shoots and roots harvested in three-time points (7, 14,
and 28 days after germination). The roots were stored in
30% ethanol and analyzed by Epson Perfection V700 Photo
Scanner. Total length and area of roots were determined using
WinRHIZO software (Régent Instruments, Québec, Canada).
Subsequently, the roots and shoots of analyzed plants were
dried 24 h on 50°C and weighed. Nine biological replicates
for each transgenic barley line were analyzed at each time
point.

Yield Experiments

For greenhouse experiments conducted in the years 2014
and 2015, 25 of transgenic or control plants were grown in
the greenhouse with a photoperiod of 24°C/16 h/light and
22°C/8 h/dark. Plants were cultivated in a 2:1 mixture of soil and
perlite (Perlit Ltd., Czechia) and were fertilized every 14 days with
YaraMila Complex (AgroCS, Czechia). The mature plants were
harvested and the following yield parameters were determined:
number of spikes per plant, number of grain per plant, the
weight of grains per plant and thousand grain weight (TGW).
The collected spikes from each plant were threshed on a threshing
machine and the number of grains calculated on the automatic
counter.

The field trials were conducted on area belonging to Palacky
University in Olomouc from 2016 to 2017. Plants were grown
with a density of 200 plants m~2 in plots 1.2 m x 21 m
(each of transgenic lines in one plot). The weight of grains
per square meter was calculated according to the formula:
0.4 (0.2) x TGW x germination rate/100. The planting was
performed by tractor and mature plants were harvested by a
combine harvester. The plants were assessed for the following
parameters: number of spikes per plant (calculated before
harvesting, 50 plants per each line), total yield per square meter
and TGW.

Statistics Analysis

All analyses were performed with Statistica v.13.3 (TIBCO
Software Inc.). Normality of the data was established by the
Shapiro-Wilk test. The non-parametric Kruskal-Wallis ANOVA,
followed by multiple comparisons of mean ranks was used to
compare the differences between groups.

RESULTS

Transgenic Barley Plants With Silenced

HvCKX1 Gene

The KD-CKX1 construct was designed to efficiently target the
variable 3’end of the HvCKX1 transcript sequence to exclude
silencing of any other member of the barley CKX family
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(Supplementary Figure S2). A total of 22 primary transgenic
plants were generated by A. tum.-mediated transformation
of barley immature embryos. While 18 plants successfully
integrated both inverted repeats, two plants contain only
one repeat and two plants contain none of the fragments
(Supplementary Figure S3). The estimation of ploidy revealed
amongst the 18 positive tested plants, 6 were tetraploid and
consequently excluded from further analysis. Out of twelve
progeny, eight families segregated in a 3:1 (presence/absence
of T-DNA) Mendelian fashion. After transgene confirmation
in T2 generation, four homozygous transgenic lines were
selected (marked as 5.8, 4.3, 17.10, and 21.4). Two lines
(5.8, 4.3) containing one transgene copy in their genome
were evaluated for HvCKX1I transcript level and specific CKX
enzymatic activity in four developmental stages of barley grains,
BBCH scale 49 [booting: first awns visible (in awned forms
only)], 59 (end of heading: inflorescence fully emerged), 71
(Watery ripe: first grains have reached half their final size),
75 (Medium milk: grain content milky, grains reached final
size, still green) (Enz and Dachler, 1997) and in 1-week-old
roots. As a control, progeny of transgenic line, from which
transgene was segregated out in T'1 generation, were used (named
as azygous control). Reduction of HvCKXI expression as well
as CKX enzymatic activity was confirmed in both transgenic
lines in stage 75 (Figure 1). In stages 59 and 71, HvCKX1
expression and enzymatic activity was significantly decreased
only in line KD-CKX1 5.8 (Figure 1). As the level of silencing
and CKX activity varied between the two tested lines, two other
homozygous transgenic lines, marked as 17.10 (two transgene

copies) and 21.4 (one transgene copy) were added for further
analysis.

The expression of the most abundant HvCKX and HvIPT
genes (coding for proteins which regulate the synthesis of
cytokinins) were determined as well (genes were selected
according to Mrizova et al., 2013). No significant changes in the
expression could be observed between homozygous transgenic
plants and control plants neither in HvCKX genes nor IPT genes
(Supplementary Table S5). These results confirmed that only
HvCKX1 gene was targeted and silenced.

Generation of Hvckx1 Mutant Barley
Plants

The target sequence used to guide Cas9 endonuclease was
selected at the beginning of the first HvCKXI exon. None of
the known HvCKX genes can be targeted by the selected guide
RNA because of high diversity in this region (nucleotides 40-60
of HvCKXI gene). Blast search against the barley genome gave
20 putative hits with homologies of 14 to 18 nucleotides of the
guide®. Detailed sequence analysis revealed that none of the 20
putative off-targets could be targeted by the guide RNA/Cas9
complex because of the lack of the NGG PAM site in close
vicinity to the binding motif (Supplementary Figure S4). The
functionality of the prepared KO-CKXI1 construct was validated
using a transient expression assay (Budhagatapalli et al., 2016).
Co-bombardment of barley leaves with HvCKX1-specific Cas9
endonuclease and pNBI1-HvCKX] target construct containing

“http://webblast.ipk-gatersleben.de/barley_ibsc/viroblast.php

I 58

43
V/1CTRL

0.8 -
0.6 4

04 o+ %

Relative HvCKX1 expression
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FIGURE 1 | Relative HYCKX1 expression (A) and specific CKX activity (pkat/mg; B) in the roots and spikes of KD-CKX1 lines at different stages of development.
Expression and activity were measured in 1 week-old roots (1-w-0-R) and four developmental stages of KD-CKX1 lines (5.8 and 4.3) and control plants (CTRL).
Developmental stages are named according BBCH scale: stage 49 [booting: first awns visible (in awned forms only)]; stage 59 (end of heading: inflorescence fully
emerged); stage 71 (watery ripe: first grains have reached half their final size); stage 75 (medium milk: grain content milky, grains reached final size, still green); EMB,
embryo; AL, aleuronic layer. Values are mean + SE (n = 5). A non-parametric Kruskal-Wallis Anova & Median test analysis was performed followed by a post hoc
multiple comparison of mean rank (Statistica v.13.3); significantly different from the control at *p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001. For (A),
normalization was done in relation to two reference genes: Actin (HORVU2Hr1G004460) and Elongation factor 2 (HORVU5Hr1G116580.8). Results were expressed
as fold change relative to the expression of HYCKX1 gene in the CTRL grown in the same conditions.

e:\‘)
= 6@9

Frontiers in Plant Science | www.frontiersin.org

November 2018 | Volume 9 | Article 1676


http://webblast.ipk-gatersleben.de/barley_ibsc/viroblast.php
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Holubova et al.

Altered Cytokinin Status

TABLE 1 | Relative cleavage activity of KO-CKX1 construct in transiently transformed barley epidermal cells.

Target gene Constructs used Experiment YFP cells mCherry cells Ratio YFP/mCherry
cells (%)
HVCKX1 PTARGET-ckx1 1 ihl ihl 100.0
+KO-CKX1 2 24 28 85.7
Average 18+9 20 + 11 92.8

PAM led to relative cleavage activity of 92.8% expressed as the
ratio between YFP/mCherry positive cells (Table 1).

Subsequently, 29 primary transformants were generated
by A. tum.-mediated transformation of barley immature
embryos. Out of 29 transgenic plants, 6 were tetraploids and
therefore excluded from further analysis. Resulting 23 primary
transformants were evaluated for the presence of mutations
in the target sequence based on PCR/RE analysis with BsaHI
restriction enzyme. A mutation was revealed in 15 out of 23
primary transformants (Supplementary Figure S5). Sequencing
of the target region confirmed the genetic modification in
all 15 transgenic plants (Figure 2). Mutations were detected
3 nucleotides upstream of PAM sequence. In 9 out of 15
mutated lines, genetic modification occurred in both alleles
because none of the 10 analyzed subclones contained WT
or any other sequence (Figure 2A). The loss of Hvckxl
function was caused by deletions ranging in size from 1 to
17 bp or by 1 bp insertion (Figure 2), while the deletion of
1 bp was found in all other plants. Mutations induced frame
shifts, leading to the presence of a premature stop codon or
the production of non-sense protein (Figure 2C). Overall, 6
independent mutations occurred in 15 transgenic events. Four
homozygous Hvckxl mutant plants (named as 37.8, 39.4, 40.4,
and 48.1) were selected based on sequence analysis in T1
transformants and used for further evaluation. Prior to sequence
analysis, T1 transformants were validated for the presence of
T-DNA and those which lost the transgene by segregation
were used for further sequencing analysis. Since the induced
mutation does not interfere with the expression of the HvckxI
gene, the expression level was not measured in the mutant
plants.

CKX Activity During Grain Development
In KD-CKX1 lines CKX activity was estimated in two
independent experiments. In the first experiment, spikes of
BBCH stages 49 (booting), 59 (heading), 71 (watery ripe), and
75 (medium milk) (Enz and Dachler, 1997) and 1-week-old
roots of two KD-CKXI1 lines 5.8 and 4.3 were evaluated
(Figure 1B). KD-CKXI1 line 5.8 had significantly decreased
CKX activity (to 20-60%) in all tested samples in comparison
with azygous control. However, in KD-CKX1 line 4.3 CKX
activity significantly declined just in 1-week-old roots (to 66%
of control activity), but was comparable to the activity of
azygous control in spikes of all tested developmental stages
(Figure 1B).

In the second experiment, three developmental stages (49,
59, and 71) were estimated in four KD-CKX1 (5.8, 4.3, 17.10,
and 21.4), and three KO-CKX1 mutant lines (48.1, 40.4, and

39.4) as well as azygous segregants (Figure 3). CKX activity was
significantly decreased in KD-CKX1 lines 5.8 and 17.10 and in
all KO-CKX1 mutant lines in three stages tested. KD-CKX1 lines
21.4 and 4.3 showed significantly reduced CKX activity in stages
59 and 49, and 59, respectively. In stages 49 and 59, enzymatic
activities declined to 30-38% and 48-63% of the enzymatic
activity in control lines, for KO-CKX1 mutants and KD-CKX1
lines, respectively. The highest difference between silenced and
knock-out mutants was detected in stage 71. While CKX activity
of KO-CKX1 mutants was reduced to 9% of the control plant
activity, in the KD-CKX1 lines it decreased only slightly to
almost 80% of control lines CKX activity. The CKX activity was
comparable between experiments in KD-CKX1 lines 5.8 and 4.3.
Overall, these results confirmed the function of the KD-CKX1
construct, where silencing was the most efficient in KD-CKX1
line 5.8. In KO-CKX1 mutant lines, enzymatic activity stayed
stable during development, confirming the successful knock-out
of HvCKX1 gene.

Cytokinin Analysis

Next, we analyzed the CK content of our HvCKX1 silenced or
knock-out plants in the phytotron and under field conditions. As
a control, azygous plants were used. CKs were measured in spikes
of field-growing plants at stages 49 (booting) and 59 (heading);
for plants grown in phytotron, spikes were harvested at stages 49,
59, and 71 (watery ripe) (Figures 4, 5).

In field experiment, there was an increase of cis-zeatin
(cZ)-type CKs (including c¢Z free base, c¢Z riboside, ¢Z
monophosphate) (by 50%) in both tested KD-CKX1 lines (5.8
and 17.10) and trans-zeatin (tZ)-type CKs (including tZ free base,
tZ riboside, tZ monophosphate and tZ9-glucoside) in KD-CKX1
line 5.8 (by 30%) in stage 49 (Figure 4A). In stage 59, there was a
small decrease in tZ-type CKs in both silencing lines (30%). Other
types of CKs were in both KD-CKX1 lines comparable to azygous
control plants (Figure 4B).

In greenhouse experiments, endogenous CK content was
evaluated in 3 KD-CKX1 (5.8, 4.3, and 17.10) and two KO-CKX1
mutant lines (39.4, 40.4; Figure 5). Level of cZ-type CKs was
increased in all tested lines (up to 50%) at stage 49, in two KD-
CKX1 lines (5.8 and 17.10; up to 40%) at stage 59, and in two
KD-CKX1 lines (5.8 and 17.10; double) at stage 71. Level of
tZ-type CKs was enhanced in five lines (KO-CKX1 39.4, 40.4;
KD-CKX1 5.8, 4.3, 17.10; up to 70%) at stage 49, in one line (KO-
CKX1 40.4; up to 130%) at stage 59, and in five lines (KO-CKX1
39.4, 40.4, 48.1; KD-CKX1 5.8, 4.3; up to 1,000%) at stage 71.
However, a decrease of tZ was also observed in one KD-CKX1
line (17.10) in stages 59 and 71. Isopentenyl-adenine (iP)-type
of CKs (including iP free base, iP riboside, iP monophosphate
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A
WT GTGTTACTGGTCGCTCTGATCACCGCGGCGTCTCCTACGGCGCACGGCCAGACGTGGCAC
36 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
48 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
51 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
37a GTGTTACTGGTCGCTCTGATCACCGCGGACGTCTCCTACGGCGCACGGCCAGACGTGGCAC +1
37b GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
39%9a GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
39b GTGTTACTGGTCGCTCTGATCACCGCGG--TCTCCTACGGCGCACGGCCAGACGTGGCAC -2
40a GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
40b GTGTTACTGGTCGCTCTGATC-—--—-—-——-—-——————-——~-— GGCGCGCGGCCAGACGTGGCAC -17
43a GTGTTACTGGTCGTTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
43b GTGTTACTGGTCGCTCTGATCACCGCGGTCGTCTCCTACGGCGCACGGCCAGACGTGGCAC +1
45a GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
45b GTGTTACTGGTCGCTCTGATCACCGCGGCCGTCTCCTACGGCGCACGGCCAGACGTGGCAC +1
49%a GTGTTACTGGTCGCTCTGATCACCGCGGTCGTCTCCTACGGCGCACGGCCAGACGTGGCAC +1
49b GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
B
46 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
50 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
52 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
53 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
57 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
61 GTGTTACTGGTCGCTCTGATCACCGCGG-GTCTCCTACGGCGCACGGCCAGACGTGGCAC -1
(o
WT MAIVHVLLVALITAASPTAHGQTWHGDLAALAAAGKLRSDPNATLAASTDFGNITAALPA~
37a MAIVHVLLVALITADVSYGARPDVARRPRGARRGRQAPQRPQRHPGGLHGLRQHHRGAPG~
43b MAIVHVLLVALITAVVSYGARPDVARRPRGARRGRQAPQRPQRHPGGLHGLRQHHRGAPG~
45b MAIVHVLLVALITAAVSYGARPDVARRPRGARRGRQAPQRPOQRHPGGLHGLRQHHRGAPG~
39%9a MAIVHVLLVALITA-
39 MAIVHVLLVALITAVSYGARPDVARRPRGARRGRQAPQRPQRHPGGLHGLRQHHRGAPGG~
40b MAIVHVLLVALIGARPDVARRPRGARRGRQAPQRPQRHPGGLHGLRQHHRGAPGGRAVPV~
FIGURE 2 | Modification of HYCKX1 sequence induced by the KO-CKX1 construct in primary transgenic mutant plants. HvCKX7 sequence alignment of the nine
mutants, where the mutation occurred in both alleles (A); six mutants, where the mutation occurred in one allele (B) and WT HvCKX17 sequence. Deduced amino
acid sequences of the mutant proteins (C). The red sequence represents the Cas9 target site and underlined italics sequence represents BsaH| restriction site. The
number of nucleotides deleted (dashed) or inserted (blue color) is shown to the right side of each sequence. The names of the lines are shown to left site of each
sequence, where (a) and (b) of the lines 37, 39, 40, 43, 45, 49 represent two different sequences occurred. The red triangle indicates the DSB induction site.

and iP9-glucoside) was increased in three lines (KO-CKX1 39.4
and 40.4; KD-CKXI1 5.8; by 60%) at stage 49, and in one line
(KD-CKX1 5.8; by 60%) at stage 59. In stage 71, level of iP-type
CKs was in all lines decreased or comparable to control plants.
Dihydrozeatinriboside (DHZ)-type CKs was increased in five
lines (KO-CKX1 39.4, 40.4; KD-CKX1 5.8,4.3, 17.10; up to 250%)
at stage 59, and three lines (KO-CKX1 39.4, 40.4; KD-CKX1 5.8;

up to 160%) at stage 71. In stage 49, DHZ-type CKs was not
detectable. The full details of the measurements can be found in
Supplementary Tables S6, S7.

In general, the silencing or knock-out of HvCKXI gene
resulted in an increase of total CK endogenous content.
However, there were differences between individual CK types and
lines.
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FIGURE 3 | Specific enzymatic CKX activity (pkat/mg) in the spike of KD-CKX1 and KO-CKX1 transgenic lines at different stages of development. Activity was
measured at three developmental stages of KD-CKX1 lines (5.8, 4.3, 17.10, and 21.4), KO-CKX1 mutant lines (39.4, 40.4, and 48.1) and control plants. Stages are
named according BBCH scale: stage 49 [booting: first awns visible (in awned forms only)]; stage 59 (end of heading: inflorescence fully emerged); stage 71 (watery
ripe: first grains have reached half their final size). Values are mean + SE (n = 5 to 8). A non-parametric Kruskal-Wallis Anova & Median test analysis was performed
followed by a post hoc multiple comparison of mean rank (Statistica v. 13.3); *p < 0.01, **p < 0.001, ***p < 0.0001, ****p < 0.00001.
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FIGURE 4 | Relative cytokinin content in the spikes of two KD-CKX1 lines grown in the field. Cytokinins were measured in stage 49 [booting: first awns visible (in
awned forms only)] (A) and stage 59 (end of heading: inflorescence fully emerged) (B) of two KD-CKX1 lines (5.8 and 17.10). Data are expressed as percentage of
the values obtained for the control plants (CTRL) that were set up to 100%. Values are means + SE. c¢Z includes cZ free base, cZ riboside and c¢Z monophosphate;
tZ includes tZ free base, tZ riboside, tZ monophosphate and tZ9-glucoside; iP includes iP free base, iP riboside, iP monophosphate and iP9-glucoside. cZ,
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Effect of HvCKX1 Silencing and

Knock-Out on Root Growth and Shoot
Biomass

Plants of one azygous control line, two KD-CKX1 lines (5.8 and
17.10) and four KO-CKX1 mutants (37.8, 39.4, 40.4, and 48.1)
were grown hydroponically to determine whether the decreased
HvCKXI1 activity might influence root growth. Roots and shoots

of plants grown in hydroponic conditions were harvested 1, 2,
and 4 weeks after germination on wet filter paper. Total root
length (TRL), total surface area (TSA) and dry weight of the roots
(DWR) and shoots (DWS) were determined (Figures 6A-C).
Significantly reduced root growth of 1-week-old plants was seen
just in KO-CKX1 mutant lines 37.8 (all parameters decreased)
and 39.4 (TRL decreased). In 2-week-old plants significantly
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FIGURE 5 | Cytokinin content in the spikes of KD-CKX1 and KO-CKX1
mutant lines during three developmental stages of plants grown in the
phytotron. Cytokinins were measured in stage 49 [booting: first awns visible (in
awned forms only)] (A), stage 59 (end of heading: inflorescence fully emerged)
(B) and stage 71 (watery ripe: first grains have reached half their final size) (C)
of three KD-CKX1 lines (5.8, 17.10, and 4.3) and two KO-CKX1 mutant lines
(39.4 and 40.4). Data are expressed as percentage of the values obtained for
the control plants (CTRL) that were set up to 100%. Values are means =+ SE.
cZ includes cZ free base, cZ riboside and ¢Z monophosphate; tZ includes tZ
free base, tZ riboside, tZ monophosphate and tZ9-glucoside; iP includes iP
free base, iP riboside, iP monophosphate and iP9-glucoside; cZ, cis-zeatin;
tZ, trans-zeatin; iP, isopentenyladenine; DHZ, dihydrozeatinriboside.

decreased root growth was observed in both KD-CKXI lines
(all parameters decreased) as well as in KO-CKX1 mutant
line 37.8 (all parameters decreased) and 40.4 (TRL and TSA
decreased). Analysis of 4-week-old roots showed significantly

reduced roots growth in KD-CKX1 line 5.8 (all parameters
decreased) and KO-CKX1 mutant lines 40.4 (TRL, DWR were
decreased). Reduced shoot biomass was seen in KO-CKX1 lines
37.8 (all plants) and 48.1 (3-week-old plants) and KD-CKXI1 lines
5.8 (2- and 3-week-old plants) and 17.10 (2-week-old plants)
(Figure 6D). In summary, these results showed that reduced CKX
activity negatively influence root growth of barley plants, but the
effect varied between individual lines and it was dependent on the
developmental stage of plants.

Effect of HvCKX1 Silencing and

Knock-Out on Yield

Plants of KD-CKX1 lines 5.8, 17.10, KO-CKX1 mutant lines
37.8, 39.4, 40.4, and 48.1 and azygous control line were grown
in a greenhouse (GH; 25 plants per each line) to evaluate the
yield parameters such as: numbers of spikes and grains, total
yield per plant and TGW. In addition, KD-CKX1 lines 5.8, 17.10
and azygous control plants were grown in the field. In field
experiments spike number (50 plants per each line), TGW and
yield per m? were evaluated. In GH experiment, KD-CKX1 line
5.8 produced about 10% more spikes and 40% more grains per
plant compared to control plants (Figure 7A) and the total yield
increased to almost 120% of the control (Figure 7B). Plants of
KD-CKX1 17.10 line produced about 10% more spikes, but the
grain number and total yield per plants were identical to those
of control plants (Figure 7). However, TGW decreased to 80
and 93% of control plants for lines KD-CKX1 5.8 and 17.10,
respectively (Figure 7B).

Similar to GH experiments, plants of KD-CKX1 lines 5.8 and
17.10 which were grown in the field produced up to 10% more
spikes in the year 2016 (Figure 8A). Total yield per m? was
increased up to 120 and 139% in 2016 and up to 118 and 136%
in 2017 in comparison with control plants, for lines KD-CKX1
5.8 and 17.10, respectively (Figure 8C). The TGW of KD-CKX1
plants were slightly reduced up to 97% in 2016 and to 92% in 2017
in comparison to control plants (Figure 8B).

In summary, silencing of HY*CKX1 gene negatively influences
the yield of transgenic plants; although significant differences in
some yield parameters were detected.

Transcriptome Analysis of KD-CKX1

Lines

According to our hypothesis downregulation of HvCKX1 during
spike and grain development lead to larger grains, we were
analyzing differentially expressed genes during booting (stage 49)
and inflorescence emergence (stage 59) of two KD-CKXI1 lines
5.8 and 17.10, which were the most affected in yield parameters.
Eighteen libraries were prepared from the plants growing in the
field (2016) and sequenced. Transcriptome sequencing produced
a total of 1,119,044,252 pair-end reads, which were mapped to
the reference genome of barley cv. Morex. Of the total 26,066
annotated genes, 108 and 45 genes were significantly altered
(adjusted P-value < 0.01; —2 < log2 Fold Change > 2) in
their expression compared to control, in stage 49 of KD-CKX1
lines 5.8 and 17.10, respectively (Supplementary Table S8).
In stage 59, 151, and 118 genes were significantly changed
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FIGURE 6 | Phenotyping of the root system of different KD-CKX1 and KO-CKX1 lines growing hydroponically. Total root length (A), total root surface area (B), dry

weight of the roots (C) and dry weight of the shoots (D) of the KD-CKX1 plants (5.8 and 17.10), KO-CKX1 mutant lines (37.8, 39.4, 40.4, and 48.1) and control

plants (CTRL). Plants were grown in hydroponic conditions in Hoagland solution in phytotron (photoperiod of 24°C/16 h/light and 22°C/8 h/dark) and harvested after
one (1-w-0), two (2-w-0) and four (4-w-0) weeks. Total root length and total root surface area were determined with WinRHIZO software. Values are mean + SE

(n

—-Wallis Anova & Median test analysis was performed followed by a post hoc multiple comparison of mean rank (Statistica v. 13.3);
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FIGURE 8 | Yield parameters of KD-CKX1 lines grown under field conditions.
Spike number per plant (A), TGW (B) and yield per m? (C) were established in
KD-CKX1 lines (5.8 and 17.10) and control plants (CTRL) in 2016 and 2017.
Data are expressed as percentage (%) of the value obtained for CTRL, which
was set up to 100%. Values are mean + SE (n = 50). A non-parametric
Kruskal-Wallis Anova & Median test analysis was performed followed by a
post hoc multiple comparison of mean rank (Statistica v. 13.3); *p < 0.01,
**p < 0.001.

compared to control (adjusted P-value < 0.01; —2 < log2 Fold
Change > 2), for lines KD-CKX1 5.8 and 17.10, respectively
(Supplementary Table S9). We found transcripts significantly
up- or down-regulated in the two chosen lines and developmental
stages. If one compares the differentially altered genes between

the two stages only 10% for line 5.8 are identical. For the second
line, 17.10, the expression of 29% of the transcripts present was
identically altered in both stages of spike development. (adjusted
P-value < 0.01; —2 < log2 Fold Change > 2) for stages 49
and 59, respectively (Table 2). Among the most upregulated
genes in both stages belong genes functionally annotated to
play a role in RNA and DNA regulation, and hormone
metabolism. The most down-regulated genes were functionally
categorized into transport, abiotic stress response, peroxidases,
metal-handling, signaling and others (Table 2). Four of the most
differentially expressed genes, one potassium transporter, pectin
methylesterase inhibitor, FMN-oxidoreductase and replication
protein A (for stages 49 and 59) were verified in lines 5.8 and
17.10 by qPCR (Supplementary Tables S8, S§9), confirming the
results from RNAseq analysis.

DISCUSSION

In cereals yield results from the number of spikelets per unit crop
area, number grains per spikelet and grain size. While number
of spikelets and number of grains are determined very early in
barley development, grain size can be influenced at later stages
of plant development (Sreenivasulu and Schnurbusch, 2012).
Endogenous cytokinin is one of such grain size influencing factor.
Indeed, several studies confirmed that the amount of cytokinin
is a limiting factor for yield (for review see Jameson and Song,
2016).

Silencing or Knock-Out of HYCKX1
Influence Endogenous HvCKX1

Expression

In order to increase cytokinin during grain development by
abolishment of the cytokinin-degrading enzyme, CKX1, we used
a reverse-genetics approach to study gene function in more
detail. In the present work, we used RNAi-based silencing
technique as well as the guide RNA/Cas9 system to elucidate
the role of HvCKXI gene during grain production in barley.
Our experiments aimed to specifically target the single HvCKX1
gene. A previous study used a similar silencing approach, but
with a fragment targeting a 450 bp fragment of the conserved
part amongst barley CKX genes (Zalewski et al., 2010). Since
the expression of the silencing cassette leads to the formation
of double-stranded RNA, which is processed to small interfering
RNA (siRNA), it cannot be excluded that other barley CKX genes
were downregulated as well. The used silencing method employs
the hairpin RNA, consisting of inverted repeat of a gene fragment
separated by intron, which, with regards of sequence similarity,
specifically target mRNA (Wesley et al., 2001). The effectiveness
of silencing is based on length of a gene fragment, with the best
suitable fragment lengths between 300 and 600 bp (Helliwell
and Waterhouse, 2003). Considering the high homology between
barley CKX genes, we used a 250 bp gene fragment, consisting of
the 3'UTR, as the most variable part of the HvCKX sequences.
To avoid undesirable silencing of non-targeted genes, it was
established the rule to do not have blocks of sequence similarity
of over 20 bp (Helliwell and Waterhouse, 2003), as shown in
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TABLE 2 | Functional annotation of most differentially expressed genes (adjusted
p-value < 0.01) generated according to Mercator tool (Lohse et al., 2014) in
transgenic barley spikes of KD-CKX1 lines (5.8 and 17.10) compared to control
plants, collected in different development stages 49 (booting) and 59 (heading),
according to BBCH code for cereals.

Number of
affected genes

BIN (class) Description

Stage 49 (booting: first awns visible (in awned forms only))

Upregulated

17 Hormone metabolism: jasmonate 1
synthesis/degradation

26 Miscellaneous: protease inhibitor/seed 1
storage/lipid transfer protein

27 RNA: regulation of transcription 2

28 DNA: regulation; repair 2

35 Not assigned: unknown; transposon and 11

retrotransposon protein
Downregulated

20 Stress: abiotic 1

26 Miscellaneous: gluco-, galacto-, and 1
mannosidases

35 Not assigned: no ontology, 1

pentatricopeptide repeat-containing protein

Stage 59 (end of heading: inflorescence fully emerged)

Upregulated
20 Stress: biotic 3
26 Miscellaneous: plastocyanin-like 1
27 RNA: regulation of transcription 3
28 DNA: regulation; repair 2
34 Transport: sugars; p- and v-ATPase’s 3
35 Not assigned: unknown; transposon and 12
retrotransposon protein
Downregulated
10 Cell wall: pectinesterase 1
15 Metal handling: binding, chelation and 3
storage
16 Secondary metabolism: phenylpropanoids, 4
lignin biosynthesis
17 Hormone metabolism: ethylene synthesis, 1
degradation
20 Stress: abiotic 6
21 Redox. regulation: thioredoxin 1
22 Polyamine metabolism: degradation 1
26 Miscellaneous: peroxidases; glutathione S 16
transferases; oxidases — copper, flavone;
O-methyl transferases
27 RNA: regulation of transcription 2
29 Protein degradation: cysteine protease 2
30 Signaling: receptor kinases 4
31 Cell: organization 1
33 Development: late embryogenesis 2
abundant; storage proteins
34 Transport: miscellaneous; Major Intrinsic 8
Protein; ABC transporters and multidrug
resistance system; potassium; phosphate;
nitrate; sugars
35 Not assigned: unknown; no ontology 16

Detailed information of the genes is provided in Supplementary Tables S8, S9.

the alignment. Very efficient silencing level ranging from 45
to 93% was obtained during all developmental stages analyzed
using presented SC_KD-CKXI1 construct. It is comparable or
better than data already published by different research groups,
which employed the same silencing vector but targeting different
sequences in the barley genome (Stanley et al., 2011; Moore,
2012). Moreover, the silenced lines obtained in the frame of our
study were stable through several generations.

The significant differences in HvCKX1 expression and activity,
and thus also in phenotype, were observed between individual
tested silenced lines. Since the initiation of the silencing
mechanism must exceed a certain threshold to become effective
(Lechtenberg et al., 2003) one would expect multi-copy plants
to have a higher silencing efficiency. However, an increased
expression of the transgene can also lead to the silencing of
the transgene cassette and thus to the inhibition of the desired
effect. This is often the case when plants become homozygous in
subsequent generations and thus double their copy number.

Such differences in the transgene expression of independent
lines could also be caused by transgene construct fidelity or
positional effect (Matzke and Matzke, 1998; Wakimoto, 1998;
Kooter et al., 1999). Both copy number analysis and PCR analysis
determined that 3 silencing lines contained one copy (5.8,4.3, and
21.4) and 1 line (17.10) two copies of the full silencing cassette,
which indicated that different expression pattern and different
phenotype between the line 17.10 and other lines could be related
to transgene copy number. Moreover, several studies showed that
transgene expression level is dependent on site of integration and
that some integration events could give partial spatial expression
manner resulting from heritable form of gene silencing (Kooter
etal., 1999; Day et al., 2000). Despite the place of integration into
the genome was not determined in the frame of the present study,
we can hypothesize that the different silencing level between
tested homozygous lines might be due to positional effect of
random integration of T-DNA into plant genome as well as to
multiple transgene copies.

To completely abolish the HYCKX1 expression the innovative
guide RNA/Cas9 system was used. This very efficient technique
enables specific genome modification at target site (Jinek
et al., 2012). This highly universal technology was previously
successfully used in monocotyledonous plants including wheat
(Cermdk and Curtin, 2017) and barley (Lawrenson et al., 2015;
Watanabe et al., 2016; Holme et al., 2017).

At the time of mutant generation, little information was
available to select efficient guide RNAs for plants. All online
tools such as Deskgen or WU-CRISPR were based on human
or animal systems, being thus only partially suitable for making
reliable forecasts for plants. Therefore, the previously developed
transient expression test system was used for pre-validation
(Budhagatapalli et al., 2016). The system relies on the fact that
improperly repaired double-strand breaks restore functionality
of the YFP reporter gene and its fluorescence can be evaluated
as a direct signal. The efficiency of ~93% achieved there was
even higher than the guide RNA for GFP used to establish the
system, which achieved an activity of 31% in barley. A guide RNA
selected for GFP-transgenic tobacco reaching ~75% efficiency in
the transient expression system showed also high activity in stable
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transgenic tobacco plants (Schedel et al., 2017). Indeed, 12 out of
15 analyzed tobacco plants exhibited a genomic modification at
the target site, corresponding to an activity of 80%.

Here we successfully generated 15 Hvckx] mutants using this
technology and confirmed that mutations were stably inherited
in the next generation. Efficiency of mutation was comparable or
better than previous studies (Lawrenson et al., 2015; Watanabe
et al., 2016; Holme et al., 2017; Kumar et al., 2018). This
data also confirmed our results obtained with the transient
expression test system and therefore underpin that it is a useful
tool for validation of site-directed mutagenesis constructs. All
mutations were observed at 3 bp upstream of PAM sequence
and led to frameshift and creation of premature stop codons or
production of non-sense protein. These data are in accordance
with previous studies (Lawrenson et al., 2015; Kapusi et al.,
2017). The most frequent mutation detected in primary mutants
was 1-bp deletion (100%), followed by 1-bp insertion (27%)
suggesting that mutation were created due to NHE]. The fact
that a 20-nucleotide long sequence used as navigator for Cas9
occurs several times in a large plant genome like barley may imply
the possibility of putative off-targets. To check this fact in silico
analysis were performed. A blast search against the barley genome
revealed no potential off-target sites since all sequences that had
homologies to gRNA had no NGG PAM. Therefore we did not
follow this aspect in more detail.

As expected, complete knock-down of HYvCKX1 could further
reduce total CKX activity in the developing spike (stage 49) or the
developing grain (stage 71).

Silencing or Knock-Out of HYvCKX1 Alter
CKX Activity and Cytokinin Homeostasis

of the Plant

The function of CKX proteins is to irreversibly degrade CKs,
therefore downregulation or knock-down of HvCKXI gene
should alter CK homeostasis in the barley plant. We previously
demonstrated that HvCKX1 expression peaks in older leaves,
roots and developing grain (Mrizova et al., 2013). Consequently,
CKX activity and CK levels were measured in this developmental
stages. The CKX activity was downregulated in both KD-CKX1
and KO-CKXI1 mutant lines. However, differences between
silenced and mutated lines were observed in the stage 71 (up to
91% comparing to 20% decrease for KO-CKX1 and KD-CKX1
lines, respectively). These results indicated that both silencing
and knock-out of HYCKX1 gene were an efficient strategy to alter
endogenous CK content in barley.

CK content was measured in plant material of KD-CKX1
lines 5.8 and 17.10, collected from field (same as was later
used for RNAseq analysis) as well as in plants of KD-
CKX1 and KO-CKX1 mutant lines grown in phytotron in
control conditions. We could observe that the total CK
content increased during barley development in all analyzed
lines and control. However, differences between individual
cytokinin forms were noticeable. For example, the content of
cZ-type CKs decreased during development contrary to tZ-type
CKs, which increased. This observation is in the correlation
with previous study on barley, that suggested main role of

¢Z in early stage of kernel development and tZ in later
stages (Powell et al,, 2013). Moreover, total CK content was
higher in most of the KD-CKX1 and KO-CKX1 mutant lines
during all tested stages in comparison to control plants. The
increase of CK content was mainly related to the accumulation
of ¢Z- and tZ-type CKs, which are predicted as the most
important CK forms at the stage of kernel development (Powell
et al., 2013). Similar trends were observed between field- and
phytotron-grown plants, especially in stage 49; however, small
differences were noticed in stage 59. These could be explained
by different environmental conditions in both experiments.
Indeed, CKs are known to be influenced by abiotic and biotic
stresses (Bielach et al., 2017), which could led to changes
in their level between plants grown in the field and in the
phytotron.

Reduced CKX Activity Influence Root
System and Plant Productivity

The alteration of endogenous content by mean of silencing
or knocking-out HvCKXI1 gene resulted into two important
phenotypic trait changes in barley. Firstly, the root system of
KD-CKX1 and KO-CKX1 mutants was inhibited, and secondly,
plant productivity of KD-CKX1 lines was enhanced compared
to the WT plants. It is well known that CK negatively influence
the root growth (Werner et al., 2003). In our study, alteration of
the transgenic root system architecture was markedly obvious at
2-4th week after germination in both KD-CKX1 and KO-CKX1
mutant lines. This corresponds well with the temporal regulation
of HvCKX1 gene expression in the barley roots, as previously
shown (Mrizovd et al., 2013). Thus, the negative effect of HvCKX1
silencing and knock-out on root development is the strongest
at these stages, decreasing later during root development, when
plants are most probably able to compensate the leakage of CK
degradation.

Studies on Arabidopsis ckx3ckx5 double mutant (Bartrina
et al, 2011) and Habataki variety of rice with non-functional
OsCKX2 gene (Ashikari et al, 2005) revealed that higher
accumulation of CKs in the inflorescence meristem had a positive
effect on plant yield as a consequence of increased production
of reproductive organs. In our study, HvCKXI silencing and
knocking-out increased the production of spikes, resulting in
higher yield due to higher grain number. However, the weight of
thousands grains was decreased. These results were observed with
KD-CKX1 plants grown both in greenhouse and in field. Hence,
the mechanisms how CKs regulate grain yield in transgenic
barley seem to be different from that seen in rice or Arabidopsis.
Increased tillering could be positively affected by higher CK
amount due to its decreased degradation. Spring barley starts to
produce tillers within 2-3 weeks after germination (Anderson
et al, 1995), which, as already mentioned, correspond with
the maximal expression of HvCKX1 gene in the roots. This
suggested a transfer of CK from roots to shoots. That hypothesis
is supported by the predicted apoplastic localization of HvCKX1
as well as the fact, that CKs are mobile phytohormones, which are
transported through the xylem (Kudo et al., 2010). Whereas in
previous possible transport system for CKs were characterized in
Arabidopsis (Gillissen et al., 2000; Biirkle et al., 2003; Cedzich
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et al., 2008), such information is still missing for crops, such as
barley.

Although spike and grain number increased in KD-CKX1
lines, the average of thousand grain weight decrease to 80%
of the control plants mass. This result is in agreement with
previous study dealing with three barley cultivars (Powell et al.,
2013). Indeed, the cultivar with the highest grain number had
the highest CK content at the stage of starch accumulation,
nevertheless, the same cultivar had the lowest average grain
mass compare to other cultivars (Powell et al., 2013). However,
mechanisms of regulation of grain yield by CKs remain still
unexplained.

A contradictory study showed that silencing of the HvCKXI
gene led to both increased grain number and increased thousand
grain weight (Zalewski et al, 2010). A possible explanation
to this discrepancy might reside in the specificity of the
silencing cassette used in the two different studies, and the
lack of correlation between HvCKXI transcript accumulation
and CKX activity. Whereas we designed a silencing cassette
to specifically target HvCKX1 gene, this was not the case in
the other study. Also, a higher decrease in the overall CKX
activity in the study of Zalewski et al. (2010) compared to
our study might indicate that other CKX genes were also
probably targeted to silencing. Therefore the possible decreased
expression level of other CKX genes might have influenced
the CK homeostasis in the whole plant resulting in different
phenotype. Study of Zalewski et al. (2010) also presented data
obtained from heterozygous TO and T1 generations and no
information concerning ploidy of plants was given; also the
results might have been misinterpreted.

Differentially Regulated Transcripts
Identified by RNA-seq

To get deeper insights in the regulatory network of
CK-dependent grain development, RNA-seq analysis in samples
from KD-CKXI1 lines of stages 49 [booting: first awns visible
(in awned forms only)] and 59 (end of heading: inflorescence
fully emerged) were analyzed. The number of differentially
expressed genes in stage 59 was almost twice as higher as in
stage 49. Stage 59 is characterized by endosperm development
and differentiation. Endosperm provides the nutrients to the
developing and germinating embryo and thus participated
in total grain mass (Sabelli and Larkins, 2009). Our analysis
revealed the downregulation at stage 59 of genes encoding
major nutrient transporters (phosphate; nitrate, and potassium).
Decreased nutrients flow due to decreased transport probably
led to decreased grain mass. Such a negative regulation of
nutrients transporters by CKs has already been reported in
Arabidopsis (Brenner et al., 2005; Sakakibara et al., 2006; Nam
et al,, 2012). Beside the genes coding for transporters also genes
coding for seed storage proteins, pectinesterase inhibitor and
lignin biosynthesis enzyme were downregulated at the same
stage. The mentioned seed storage proteins are predicted to
belong to protein superfamily of cupins, which have, similarly to
pectinesterase inhibitor and lignin, a role in cell wall structure
(Dunwell, 1998; Jolie et al., 2010). The composition of cell

wall determines it susceptibility toward nutrients. Additionally,
correlation between cell wall-related enzymes and grain biomass
was previous showed in barley (Ghaffari et al, 2016; Zhang
et al.,, 2016). Thus, these genes most probably participate in the
resulting phenotype of our KD-CKX1 lines.

Among genes, which were significantly upregulated, we
identified genes coding for TCP transcription factor and
plantacyanin, a plastocyanin-like protein. TCP domain was
previously found in proteins which have function in cell division
(Cubas et al., 1999). They have been characterized to play a role
during formation of shoot meristem and development of shoot
lateral organs (Koyama et al., 2007). Plantacynin has role in
reproduction through regulation of pollination. In Arabidopsis,
plants overexpressing this gene had reduced seed set (Dong
et al., 2005). However, roles of TCP transcription factor and
plantacyanin in crop plants could differ from that described in
Arabidopsis; therefore additional investigation on barley or other
crops would be necessary to reveal their connection with CKs and
regulation of grain production.

In both tested stages we also observed the downregulation
of genes encoding proteins related to abiotic stress. Crosstalk
between CK and abiotic stress is well known (reviewed in Bielach
etal., 2017). Previous studies on Arabidopsis, tobacco and barley,
where the endogenous content of CKs was modified through
regulation of IPT or CKX genes showed a negative role of CK
in response to stress (Nishiyama et al., 2011; Mackovd et al., 2013;
Pospisilova et al., 2016).

We initially hypothesized that as the HYCKX1I gene expression
reaches a maximum in aleurone layer and mature embryos, the
accumulation of endogenous CKs resulting from the silencing
of this gene would increase grain filling and consequently
the grain weight. However, our data contradict to proposed
hypothesis. Enhanced CK level due to the HvCKX1 silencing
increased tillering but decreased grain weight. Our results
suggested that as the role of CKs in this process integrates several
mechanisms, including regulation of cell division, nutrient
transport and cell wall composition. Nevertheless, additional
studies of grain composition are necessary to support our
findings. Our stable transgenic lines can serves as a potential
tool to study local CK maxima and their effect on productivity
under different conditions, e.g., limited nitrogen supply or
water deficiency. As the barley is important crop model
for Triticeae tribe, such experiments which will follow CK
alteration in more temporarily and spatially regulated manner are
desirable.

CONCLUSION

In the present study, we successfully generated homozygous
transgenic plants with silenced and knock-out HvCKX1 gene
and decreased accumulation of HvCKX1 protein, which is
an important negative regulator of CK content especially
in developing grains and roots. As expected, decreased
accumulation of HvCKXI1 caused probably a local accumulation
of CKs which resulted in reduced development of the root
system. Unexpectedly, higher productivity of the prepared
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KD-CKX1 lines was achieved by formation of more tillers and
subsequently more grains. Such a trait induced by a single
gene knock-down/out could be beneficial for improvement of
crop plants by the genetic manipulation. However, thousand
grains weight decreased in HvCKXI silenced transgenic plants
in comparison to the control plants, indicating that mechanisms
by which the CKs regulate grain production are very complex
employing macronutrient transporters, cell wall modification
enzymes, regulators of cell division, etc. Additional studies
exploiting genetic manipulation with CKX genes in barley are
necessary to obtain highly profitable barley plants, which will
produce the grains of at least the same quality as the donor
Golden Promise plants.

Moreover, we used the novel techniques of genome editing
employing guide RNA/Cas9 system and successfully knocked-out
the target gene. This powerful tool together with obtained
findings open the new possibilities to modify the grain yield
in crops, which is with regards of global climate changes and
intensively growing population desirable.
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