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Abstract

Multigene families of CKX genes encode cytokinin oxidase/dehydrogenase proteins (CKX),

which regulate cytokinin content in organs of developing plants. It has already been docu-

mented that some of them play important roles in plant productivity. The presented research

is the first step of comprehensive characterization of the bread wheat TaCKX gene family

with the goal to select genes determining yield-related traits. The specificity of expression

patterns of fifteen formerly annotated members of the TaCKX family was tested in different

organs during wheat development. Based on this, the genes were assigned to four groups:

TaCKX10, TaCKX5 and TaCKX4, highly specific to leaves; TaCKX3, TaCKX6 and

TaCKX11, expressed in various levels through all the organs tested; TaCKX1, TaCKX2.3,

TaCKX2.2, TaCKX2.1, TaCKX2.4 and TaCKX2.5 specific to developing spikes and inflores-

cences; TaCKX9, TaCKX8 and TaCKX7, highly specific to roots. Amplification products of

tested genes were mapped to the chromosomes of the A, B or D genome using T. aestivum

Ensembl Plants. Based on analysis of TaCKX transcripts as well as encoded amino acids in

T. aestivum and Hordeum vulgare the number of CKX genes in wheat was limited to 11 and

new numbering of selected TaCKX genes was proposed. Moreover, we found that there

were developmental differences in expression of TaCKX in the first and the second spike

and expression of some of the genes was daily time dependent. A very high and significant

correlation was found between expression levels of TaCKX7 and TaCKX9, genes specific

to seedling roots, TaCKX1, TaCKX2.1 and TaCKX2.2, specific to developing spikes, and

the group of TaCKX3, 4, 5, 6, 10 and 11, highly expressed in leaves and other organs. The

genes also co-operated among organs and were included in two groups representing youn-

ger or maturating stages of developing plants. The first group was represented by seedling

roots, leaves from 4-week old plants, inflorescences and 0 DAP spikes; the second by

developing spikes, 0 DAP, 7 DAP and 14 DAP. The key genes which might determine yield-

related traits are indicated and their possible roles in breeding strategies are discussed.
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Introduction

Bread/common wheat is a very important crop in global agriculture because its grains are a

worldwide staple food. Its productivity is high, but rising consumption and changing climate

indicate the need of further improvement in yield potential [1]. The genome of this allohexa-

ploid species is complex (2n = 6x = 42), composed of three homologous, diploid genomes

(AABBDD). It is very large (1.7 x 1010 bp/1C), which makes genetic and molecular research as

well as breeding very challenging. Recent development of advanced biotechnology tools indi-

cated the role of specific key genes in wheat and barley for plant productivity (reviewed in

Nadolska-Orczyk et al. [2]). Among those listed are CKX genes. CKX genes form multigene

families in different plant species. In allohexaploid bread wheat (Triticum aestivum L.) 11

TaCKX genes have been identified so far and numbered from TaCKX1 to TaCKX11 (NCBI

databases) and five TaCKX2 (TaCKX2.1 to TaCKX2.5), which have undergone a Triticeae-

specific gene-duplication event [3]. TaCKX1 and TaCKX5 have been cloned by Feng et al. [4]

and by Lei et al. [5]. Both TaCKX2.1 (FJ648070) and TaCKX2.2 (GUO84177) were isolated

and characterized by Zhang et al. [6], and TaCKX2.3, TaCKX2.4 and TaCKX2.5 by Mameaux

et al. [3]. Cloning and preliminary characterization of TaCKX3 were done by Ma et al. [7].

The genes encode cytokinin oxidase/dehydrogenase proteins (CKX), which irreversibly

degrade cytokinins [8–10], and thereby regulate cytokinin content in developing plants.

Their expression is tissue-/organ- and developmentally-specific, suggesting genes’ specific

functions [11, 12]. The detailed biological function of most of the TaCKX genes in wheat is not

known.

Cytokinins (CKs) are known to be key regulators of seed yield in plants [13]. They act

locally or alternatively they function as long distance signaling messengers [14] mediating and

modulating sink strength [15–17]. The level of CKs in developing tissues/organs is regulated

by balancing biosynthesis and degradation, and the CKX enzymes possibly play the principal

role in this regulation [18–20]. The important role of selected CKX genes in cereal productivity

has already been documented. In rice, loss-of-function mutation of OsCKX2 caused an ele-

vated cytokinin level, leading to an increase in reproductive organ number and seeds [21]. The

same was also evidenced by RNAi silencing of the gene expression. In barley, decrease of

expression of HvCKX1 and HvCKX9 by RNAi gene silencing in developing kernels and seed-

ling roots led to an increase of seed and spike number, as well as plant productivity [12, 22,

23]. There are also two known examples of TaCKX variation in wheat leading to higher pro-

ductivity. In the first one the haplotype variant of TaCKX6-D1 was associated with a higher fill-

ing rate and grain size [24, 25]. In the second, the QTL found in recombinant inbred lines

(RILs) containing a higher copy number of TaCKX4 was associated with higher chlorophyll

content and grain size [26].

According to Zalewski et al. [12], expression patterns of HvCKX genes indicated their role

in growth and reproductive development of barley. Thinking about CKX regulation in wheat

we started with the same hypothesis, which had been positively verified for barley. The goal of

this research was to select those TaCKX genes which might regulate yield-related traits in

wheat.

This first-step study on the role of TaCKX genes in plant development and productivity of

wheat presents results on the specificity of the genes’ expression in various organs during

wheat plant development and their co-operation. We also tested daily time dependency and

spike number dependency of expression levels of the tested genes. In our forthcoming papers

we will present phenotypic consequences of the observed TaCKX expression patterns for

yield-related traits in breeding materials as well as the detailed roles of TaCKX1 and

TaCKX2.1/TaCKX2.2 based on RNAi silenced wheat lines.

Specificity of expression of TaCKX family genes in wheat
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Materials and methods

Plant material

The experimental tissue samples were collected from three cultivars of common wheat (Triti-
cum aestivum L.): Kontesa, Ostka and Trappe. Ten seeds from each cultivar were germinated

into Petri dishes for one day at 4˚C and then five days at room temperature in the dark. Six out

of ten seedlings from each Petri dish were replanted into pots with soil. The plants were grown

in a growth chamber under controlled environmental conditions with 20˚C/18˚C day/night

temperatures and a 16 h light/8 h dark photoperiod. The light intensity was 350 μmol� s-1�m-2.

Plants were irrigated three times a week and fertilized once a week with Florovit according to

the manufacturer’s instructions.

The following tissue samples in three biological replicates from each cultivar were collected:

5-day-old seedlings roots, well-developed leaves from 4-week-old plants (the longest leaf); 5–6

cm long inflorescences and spikes: 0 days after pollination (0 DAP), first spike 7 DAP (I), sec-

ond spike 7 DAP (II) and 14 DAP. All these samples were collected at 9:00 am. Additionally,

the first 7 DAP spikes were collected at three time points: 9 am, 12 pm and 3 pm. The collected

material was frozen in liquid nitrogen and kept at -80˚C until use.

RNA extraction and cDNA synthesis

Total RNA from all collected tissues was extracted using TRI Reagent (Sigma-Aldrich) accord-

ing to the manufacturer’s protocol. The purity and concentration of the isolated RNA were

determined using a NanoDrop spectrophotometer (NanoDrop ND-1000) and the integrity

was checked by electrophoresis on 1.5% (w/v) agarose gels. To remove the residual DNA the

RNA samples were treated with DNase I, RNase-free (Thermo Fisher Scientific). Each time

1 μg of good quality RNA was used for cDNA synthesis using the RevertAid First Strand

cDNA Synthesis Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. The

obtained cDNA was diluted 20 times before use in RT-qPCR assays.

Quantitative RT-qPCR

RT-qPCR assays were performed for 15 target genes. Primer sequences designed for each gene are

shown in S1 Table. All real-time reactions were performed in a Rotor-Gene Q (Qiagen) thermal

cycler using 1x HOT FIREPol EvaGreen qPCR Mix Plus (no ROX) (Solis BioDyne), 0.2 μM of

each primer, and 4 μl of cDNA in a total volume of 10 μl. Each reaction was carried out in 3 bio-

logical and 3 technical replicates at the following temperature profile: 95˚C– 15 min initial dena-

turation and polymerase activation (95˚C– 25 s, 62˚C– 25 s, 72˚C– 25 s) x 45 cycles, 72˚C– 5 min,

with melting curve at 72–99˚C 5 s per step. The expression of TaCKX genes was calculated

according to the two standard curves method using ADP-ribosylation factor as a normalizer.

Relative expression was related to mean expression of TaCKX3 measured in all organs and

set as 1.00. Additionally, all data were counted in relation to the organ correction factor

(OCR), which was the quotient of Ct number of the reference gene in the cDNA sample

divided by the average Ct number for all samples.

Statistical analysis was performed using Statistica 13 (StatSoft) software. The Kruskal-Wallis

test was used to verify the significance of the relative expression differences at the confidence level

p<0.05. Correlations coefficients were determined using correlation matrices (Pearson test).

Sequence data and phylogenetic analysis

Homologous sequences were retrieved from Ensembl Plants database [27]. The alignments of

TaCKX and HvCKX amino acid sequences was conducted using the MAFFT version 7

Specificity of expression of TaCKX family genes in wheat

PLOS ONE | https://doi.org/10.1371/journal.pone.0214239 April 10, 2019 3 / 20

https://doi.org/10.1371/journal.pone.0214239


program [28, 29]. The maximum likelihood phylogenetic tree was done on alignments of full-

length protein sequences using MEGA X performed with the JTT model and 1000 bootstrap

replicates [30].

Results

The family of TaCKX genes in wheat

According to the NCBI database and references there are 15 TaCKX genes; 11 of them are

numbered from TaCKX1 to TaCKX11 (Table 1). In the case of TaCKX2 five duplicates

(TaCKX2.1 to TaCKX2.5) are identified [3, 6]. Specific primers for expression analysis were

designed for all of them, including TaCKX2 duplicates. Based on T. aestivum IWGSC assembly

(Ensembl Plants [27]), the three groups of transcripts: TaCKX2.1, TaCKX2.2, TaCKX2.4 and

TaCKX6D1; TaCKX2.3, TaCKX2.5 and TaCKX6a02 as well as TaCKX7 and TaCKX8 were

located to the same homeoparalogues. Suggested names are: TaCKX2.2 for the first group,

TaCKX2.1 for the second and TaCKX7 for the third as indicated in the Table 1. The amplified

regions of the genes were located to the following chromosomes: TaCKX1 to chromosomes

3A, 3B, 3D; TaCKX2.2, TaCKX2.1 and TaCKX4 to chromosomes 3B, 3D; TaCKX5 to chromo-

some 3B. The TaCKX6 amplification product is located to chromosomes 1A, 1B, 1D and these

locations are different from the TaCKX6-D1b and a alleles, which is 3D [24] and from the

TaCKX6a02 allele located to the 3DS [25]. There is no pairwise homology among them. Inves-

tigated by us TaCKX7 is located to chromosomes 6B and 6D, TaCKX9 to chromosomes 7A,

7B and 7D, and TaCKX11 to chromosome 2A. According to NCBI T. aestivum genome assem-

bly the primers for TaCKX3 gene amplification hybridized with chromosome 7B and for

TaCKX10 with 1A, 1B and 1C (not showed).

The distance tree of pairwise comparison (Figs A-N in S1 File) revealed that homologues

of TaCKX1 were located on chromosomes 3A, 3B, 3D (T. aestivum genome assembly) with

identity of 98% of whole sequences (100% cover). The gene is highly homologous to Aegilops
tauschii cytokinin dehydrogenase 1-like (99% cover/98% identity), Secale cereale ScCKX1 (45%

cover/97% identity), Hordeum vulgare CKX1 (100% cover/94% identity) and Zea mays CKX1
(57% cover/84% identity). The TaCKX2.2 isolated by Zhang et al. [6] is proved to be located

on 3D and their homologue on 3B has 95% identity and on 3A 92% identity. The gene is highly

homologous to A. tauschii cytokinin dehydrogenase 2-like (95% cover/96% identity), H. vulgare
CKX2.2 (93% cover/92% identity), Z. mays CKX5 (83% cover/77% identity), and Oryza sativa
(85% cover/79% identity). Moreover, TaCKX2.2 is 91% identical (under 38% cover) to S. cer-
eale ScCKX2.2. The third TaCKX2.1, for which primers were designed based on JF293079 [3]

has highest cover/identity with 3D (97/100%) and lower with 3B (94/95%) and 3A (87/91%) T.

aestivum Esembl Plants and is highly homologous to A. tauschii cytokinin dehydrogenase 2-like
(96% cover/99% identity).

The primers for TaCKX3 were designed based on the JN128585 sequence isolated by Song

et al. [31] hybridized with NCBI LS992099 from T. aestivum NCBI genome assembly (not

showed) and showed 99% identity with TaCKX3 (GQ925404) isolated by Ma et al. [7]. The

whole sequence located on chromosome 7B has 99% identity to the sequence from T. aestivum
IWGSC assembly chromosome 7B and 98% identity with 76% cover with 7A. The closest

orthologues among other cereal species are: A. tauschii cytokinin dehydrogenase 11 (96%

cover/95% identity), S. cereale ScCKX11 (72% cover/95% identity), H. vulgare (64% cover/93%

identity), Z. mays CKX10 (74% cover/86% identity), and O. sativa (75% cover/87% identity).

The primers for TaCKX4, isolated by Song et al. [31] and deposited in NCBI as an unveri-

fied accession, hybridized with the closest homologue found on chromosome 3B T. aestivum
IWGSC assembly (99% cover/99% identity) and 3D (100% cover/94% identity). Close

Specificity of expression of TaCKX family genes in wheat
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Table 1. Comparison of analysed wheat TaCKX gene family members published in NCBI with Ensemble Plants (IWGSC assembly) databases. Primers for amplifica-

tion were designed based on accession numbers of the genes in NCBI (in bold).

Gene (suggested annotation

in bold)

Former

annotation

Accesion numer

NCBI or Ensembl

Plants

Chrom.

location

No. of exons/ coding

exons

Protein

(aa)

Amplicon length

(bp)

Refer. (query

cover/

ident. %)

TaCKX1 JN128583 - - 501 188 [31]

TraesCS3A02G109500 3A 3 524 188 (100/98)

TraesCS3B02G128700 3B 3 524 188 (100/98)

TraesCS3D02G111300 3D 3 524 188 (100/98)

TaCKX2.11 TaCKX2.31 JF293079 - - 553 144 [3]

TraesCS3A02G311000 3A 3 567 na (87/91)

TraesCS3B02G161100 3B 3 578 144 (94/95)

TraesCS3D02G143600 3D 3 551 144 (97/100)

TaCKX2.51 JN381556 - 3 545 147 [3]

TraesCS3A02G311000 3A 3 567 na (41/91)

TraesCS3B02G161100 3B 3 578 na (41/100)

TraesCS3D02G143600 3D 3 551 na (41/97)

TaCKX6a021 NI 3D - - na [25]

TraesCS3D02G143600 3D 3 551 na (100/99)

TaCKX2.22 TaCKX2.12 FJ648070 3D� - 547 205 [6]

TraesCS3A02G311100 3A 3 552 na (91/92)

TraesCS3B02G161000 3B 3 547 205 (99/99)

TraesCS3D02G143300 3D 3 547 221 (96/95)

TraesCS3D02G143500 3D 3 547 224 (100/94)

TaCKX2.22 GU084177 3D� - 547 175 [6]

TraesCS3A02G311100 3A 3 552 na (96/92)

TraesCS3B02G161000 3B 3 547 175 (97/95)

TraesCS3D02G143300 3D 3 547 175 (100/99)

TraesCS3D02G143500 3D 3 547 175 (97/95)

TaCKX2.42 JN381555 - 3 552 220 [3]

TraesCS3A02G311100 3A 3 552 na (53/100)

TraesCS3B02G161000 3B 3 547 na (53/94)

TraesCS3D02G143300 3D 3 547 na (53/94)

TraesCS3D02G143500 3D 3 547 na (53/94)

TaCKX6D12 JQ797673 3D� 3 545 155 [24]

TraesCS3A02G311100 3A 3 552 na (44/94)

TraesCS3B02G161000 3B 3 547 na (44/97)

TraesCS3D02G143300 3D 3 547 na (44/99)

TraesCS3D02G143500 3D 3 547 na (44/99)

TaCKX3 JN128585 - - - 150 [31]

TraesCS7A02G536900 7A 3 516 na (76/98)

TraesCS7B02G455000 7B 4 516 na (98/99)

TaCKX4 JN128586 - - - 112 [31]

TraesCS3B02G525300 3B 5 525 111 (99/99)

TraesCS3D02G475800 3D 5 525 112 (100/94)

TaCKX5 NI 3B - - 150 [5]

TraesCS3A02G321100 3A 5 530 144 (95/95)

TraesCS3B02G344600 3B 5 531 150 (98/100)

TraesCS3D02G310200 3D 5 531 na (90/96)

(Continued)
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orthologues of the gene were A. tauschii CKX4-like showing 94% identity under 97% cover, H.

vulgare CKX4 with 89% identity under 98% cover and Lolium perenne with 85% identity and

under 82% cover.

Homologous copies of TaCKX5 isolated by Lei et al. [5] have been localised on chromo-

somes 3A, 3B and 3D, however primers hybridized with 3B and the only amplification product

was 150 bp long. Closest orthologues were A. tauschii with 96% identity and 90% cover, S. cer-
eale with 96% identity and 73% cover, O. sativa CKX5-like, Sorghum bicolor CKX5, Z. mays
CKX4b, Panicum hallii CKX5 and Setaria italica CKX5, all with identity 77–78% and 78–80%

cover.

TaCKX6 analysed in this paper was isolated by Song et al. [31] and based on T. aestivum
IWGSC assembly mapped to chromosomes 1A, 1B and 1D. In Table 1 two additional,

described in the literature, TaCKX6 genes were included: TaCKX6-D1b [24] and TaCKX6a02
[25]. However transcript of the first one was located to the TaCKX2.2 and the second to the

TaCKX2.1 of chromosome 3D. The closest homologue of TaCKX6 was T. aestivum CKX8
sharing 98% identity under 89% cover of the sequences. Very close orthologues were: H. vul-
gare CKX3 with 94% identity, L. perenne CKX6 with 96% identity and Z. mays CKX6 sharing

81% identity under 83% cover. The closest homologues of TaCKX-D1b and a alleles was

TaCKX2.2 sharing 98% identity under 43% cover. Their close orthologues were A. tauschii

Table 1. (Continued)

Gene (suggested annotation

in bold)

Former

annotation

Accesion numer

NCBI or Ensembl

Plants

Chrom.

location

No. of exons/ coding

exons

Protein

(aa)

Amplicon length

(bp)

Refer. (query

cover/

ident. %)

TaCKX6 JN128587 - - - 182 [31]

TraesCS1A02G159600 1A 5 522 182 (99/97)

TraesCS1B02G176000 1B 6/5 522 182 (94/98)

TraesCS1D02G157000 1D 5 522 182 (100/99)

TaCKX73 TaCKX73 JN128588 - 1 534 144 [31]

TraesCS6A02G185800 6A 1 533 na (100/96)

TraesCS6B02G214700 6B 1 533 na (100/96)

TraesCS6D02G172900 6D 2 467 na (87/97)

TaCKX83 JN128589 - 1 534 198 [31]

TraesCS6A02G185800 6A 1 533 na (100/96)

TraesCS6B02G214700 6B 1 533 198 (100/99)

TraesCS6D02G172900 6D 2 467 198 (87/96)

TaCKX9 JN128590 - 1 262 278 [31]

TraesCS7A02G363400 7A 2 551 278 (100/95)

TraesCS7B02G264400 7B 2 540 278 (100/99)

TraesCS7D02G359700 7D 2 532 278 (98/96)

TaCKX10 JN128591 - - - 167 [31]

TraesCS1A02G234800 1A 6/5 521 na (96/99)

TraesCS1B02G248700 1B 5 521 na (96/99)

TraesCS1D02G237200 1D 5 521 na (96/99)

TaCKX11 JN128592 - - 245 184 [31]

TraesCS2A02G378300 2A 5 528 184 (99/97)

�—primary mapped
1,2,3 –located in the same gene respectively; NI—no identified;—no information; na–not amplified

https://doi.org/10.1371/journal.pone.0214239.t001
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CKX2-like with 99% identity and 43% cover and H. vulgare CKX2.2 with 88% identity under

69% cover. The closest homologue of TaCKX6a02 was T. aestivum CKX2.1 with 99% identity

under 100% cover.

The sequences of TaCKX7 and TaCKX8 isolated by Song et al. [31] were located to the

same TaCKX7 gene and their primers hybridized with 6B and 6D, and shared 100% cover with

chromosomes 6A and 6B, however with lower, 96% identity. Very close orthologues were: A.

tauschii CKX6-like with 96% similarity under 100% cover, H. vulgare CKX7 with 99% cover

and 90% identity, and Z. mays CKX7, S. bicolor CKX7, S. italica CKX7, P. halli CKX7, all with

77–78% identity under 93–95% cover.

Other TaCKX genes isolated by Song et al. [31] and analysed in this paper are TaCKX9,

TaCKX10 and TaCKX11. Based on T. aestivum IWGSC assembly primers for the first one

hybridized to chromosomes 7A, 7B and 7D. The second one was in silico amplified on chro-

mosomes 1A, 1B and 1D, according to NCBI T. aestivum genome assemble (not showed) but

not to IWGSC assembly. Close orthologues to TaCKX9 were: H. vulgare CKX10 showing 95%

identity under 71% cover, A. tauschii cytokinin dehydrogenase 10-like (99% cover/97% iden-

tity), and Z. mays CKX10, S. italic CKX10 and P. halli CKX10 with 83–84% identity and under

95–96% cover. The TaCKX10 sequence had 100% cover and 99% identity to chromosomes 1A,

1B and 1D according to NCBI T. aestivum genome assemble but 99% cover and 96% identity

according to IWGSC assembly. Close homologues to TaCKX10 were: A. tauschii cytokinin
dehydrogenase 9 (96% cover/99% identity), H. vulgare CKX3 (96% cover/99% identity), H. vul-
gare CKX2 (98% cover/96% identity), which was further annotated as HvCKX9 [3], Brachypo-
dium distachyon CKX9 (96% cover/90% identity), O. brachyantha CKX9 (96% cover/85%

identity), O. sativa chromosome 5 (97% cover/86% identity), O. sativa CKX9 (96% cover/86%

identity), Sorghum bicolor CKX9 (95% cover/83% identity), Setaria italica CKX9 (95% cover/

84% identity).

The TaCKX11 sequence had 99% cover and 97% identity with the corresponding region of

chromosome 2A. Very close orthologues of the gene were: A. tauschii CKX8-like with 95%

identity, under 99% cover and H. vulgare CKX8 (81% cover/95% identity), B. distachyon
CKX8-like (97% cover/86% identity), O. sativa CKX8 (100% cover/83% identity), P. hallii
CKX8-like (95% cover/82% identity), S. italica CKX8 (97% cover/83% identity).

Phylogenetic comparison of proteins encoded by TaCKX and HvCKX
The proteins encoded by TaCKX2.3, TaCKX2.5 and TaCKX6a02 grouped together in close

association with the protein encoded by HvCKX2.1 (S2 Table and S1 Fig). Hence the genes

were assigned as TaCKX2.1. Another group composed of TaCKX2.1, TaCKX2.2, TaCKX2.4

and TaCKX6D1 was associated with HvCKX2.2. Based on this four wheat genes coding these

proteins were assigned as TaCKX2.2. The proteins encoded by TaCKX7 and TaCKX8 grouped

together in association with the protein encoded by HvCKX7. Hence the genes were assigned

as TaCKX7.

The TaCKX genes are more or less specifically expressed in different tissues

during plant development

Specificity of TaCKX genes’ expression was tested in 5-day-old seedling roots, well-developed

leaves from 4-week old plants, 5–6 cm long inflorescences, and 0 DAP, 7 DAP, 14 DAP spikes.

The expression data are shown as relative values related to the mean expression of TaCKX3 in

all organs tested designated as 1.0. The most highly and specifically expressed gene was

TaCKX10 (Fig 1). The relative expression level of the gene ranging from 21.54 to 38.75 in well-

developed leaves of 4-week-old plants depended on the cultivar tested. The differences in

Specificity of expression of TaCKX family genes in wheat
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expression between cv. Kontesa and cvs. Ostka and Trappe were significant. The gene was also

expressed in 0 DAP spikes with about a 40 times lower level compared to leaves (0.63–1.04).

The next gene in order of expression level was TaCKX5, which showed the highest expres-

sion in well-developed leaves (13.78–22.90) and then in 0 DAP spikes (1.19–1.90), inflores-

cence (0.88–0.96) and seedling roots (0.33–0.60) depending on the cultivar. There were

significant differences in expression of the gene among cultivars in seedling root, leaf and 0

DAP spike.

Fig 1. Specificity of TaCKX family gene expression in developing tissues/organs. The genes are annotated as suggested in Table 1 with the corresponding

NCBI accession number in brackets. The relative expression of the genes was measured in: seedling root, well-developed leaf from 4-week-old plant,

inflorescence, 0 DAP, 7 DAP and 14 DAP spikes in three cultivars, Kontesa, Ostka, Trappe. The level of expression was related to the mean expression of

TaCKX3 in all organs tested set as 1.00. The order of the genes is from the highest to the lowest expression, taking into consideration the specificity of

expression. �–significant differences at P<0.05.

https://doi.org/10.1371/journal.pone.0214239.g001
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TaCKX1 was highly and specifically expressed in developing spikes with the highest expres-

sion level in 14 DAP spikes ranging from 6.96 in cv. Kontesa to 9.79 in cv. Ostka through 4.49

to 6.11 in 7 DAP spikes and from 2.11 in cv. Ostka to 2.73 in cvs. Kontesa and Trappe in 0

DAP spikes. Very low expression, below 0.2, was found in seedling roots and leaves. There

were significant differences in expression of TaCKX1 in developing spikes as well in seedling

roots among the cultivars.

Interestingly, TaCKX3 was expressed in all organs tested. The highest expression level of

the gene was in leaves, ranging from 3.28 to 3.43 in cvs. Ostka and Trappe and to more than

twice as high (8.39) in cv. Kontesa. Similarly, the relative expression level was above 1.0 in 14

DAP spikes and there were no significant differences among cultivars, and in 0 DAP spikes of

cv. Trappe. There was a lower expression level in 7 DAP spikes (0.31–0.49), inflorescence

(0.19–0.31) and the lowest in the seedling roots (0.05–0.12). Significant differences in expres-

sion levels among cvs. Kontesa, Ostka and Trappe were found in all organs tested excluding 14

DAP.

TaCKX2.1 (JF293079) was highly and specifically expressed in developing spikes with the

highest expression level in 7 DAP and 14 DAP spikes ranging from 4.11 in 14 DAP cv. Kontesa

to 5.80 in 7 DAP cv. Trappe. There were significant differences in level of expression among

the cultivars. Low expression (0.43–0.61) was found in 0 DAP spikes.

TaCKX4, TaCKX2.2(FJ648070), TaCKX2.2(GU084177), TaCKX2.2(JN381555), TaCKX2.1
(JN381556), TaCKX6, TaCKX11, TaCKX9, TaCKX7(JN128589) and TaCKX7(JN128588) were

low-expressed genes. The highest expression of the first one was in leaves (1.73–2.68). The

gene was also expressed in other tested organs although at a very low level, from 0.01 in roots

of cv. Ostka to 0.26 in 14 DAP spikes of cv. Kontesa. There were significant differences among

the cultivars for almost all genes tested. TaCKX2.2(FJ648070), TaCKX2.2(GU084177),

TaCKX2.2(JN381555) and TaCKX2.1(JN381556) were specifically expressed in generative

organs: inflorescences and developing spikes, with much higher expression values in the sec-

ond one. The relative expression of TaCKX2.2(FJ648070) in inflorescence ranged from 0.02 in

cv. Kontesa to 0.11 in cv. Ostka, while for TaCKX2.2(GU084177) it was from 0.05 in cv. Kon-

tesa to 0.16 in cv. Ostka. The expression patterns of TaCKX2.2(FJ648070) varied in 0 DAP

spikes, showing the highest level in cv. Kontesa (0.21) and the lowest in cv. Ostka (0.10). Rela-

tive expression of the gene in 7 DAP spikes was about 3 times higher in cvs. Ostka and Trappe,

but it was lower in cv. Kontesa. The highest expression of TaCKX2.2(FJ648070) observed in 14

DAP spikes ranged from 0.70 in cv. Kontesa to 1.12 in cv. Trappe. There were significant dif-

ferences in the level of expression between cv. Kontesa and the two other cultivars.

The expression of TaCKX2.2(GU084177) in 0 DAP spikes was from 0.24 in cv. Kontesa up

to 0.34 in cv. Ostka. In 7 DAP spikes the expression was about 4 times higher and in 14 DAP

spikes about 8 times higher compared to 0 DAP spikes. There were significant differences in

expression in all organs excluding 14 DAP among cultivars tested. The expression of

TaCKX2.2(JN381555) and TaCKX2.1(JN381556) was very low, below 0.5 in developing spikes

for the first one and below 0.1 for the second.

TaCKX6 was expressed in all organs tested, showing a higher expression level in leaves

(0.77–1.13) and about twice as low in 14 DAP spikes (0. 35–0.54). Interestingly, expression

level of the gene was relatively high in the roots, ranging from 0.23 in cvs. Kontesa and Ostka

to 0.36 in cv. Trappe. There were significant differences of the gene expression among cultivars

in all organs tested excluding 0 DAP.

Similar to TaCKX6, TaCKX11 was expressed in all organs tested, with expression levels

ranging from 0.04 to 0.07 in inflorescences and 7 DAP spikes, about 0.1 in roots and 14 DAP

spikes, 0.18 to 0.36 in 0 DAP spikes, up to 0.33–0.73 in leaves. There were significant differ-

ences of expression levels among cultivars in all organs.

Specificity of expression of TaCKX family genes in wheat
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TaCKX9, TaCKX7(JN128589) and TaCKX7(JN128588) were specifically expressed in roots

showing low, from 0.09 in cv. Ostka to 0.27 in cv. Trappe and significant differences among

cultivars for the first one; very low, from 0.03 to 0.06 for the second and minimal expression,

below 0.012 for the third gene.

There were differences between TaCKX expression levels in the first and

the second spike

The differences in expression levels of TaCKX were measured in the first (I) and the second

(II) 7 DAP spikes of plants from the three cultivars tested (Fig 2). There were significant differ-

ences in expression levels of I and II spikes in the case of TaCKX1, TaCKX2.1(JF293079) and

TaCKX2.2(FJ648070) in the three cultivars tested and TaCKX2.2(GU084177) and TaCKX3 in

cvs. Kontesa and Trappe. Low expressing genes (TaCKX4, TaCKX5, TaCKX6, not showed) dif-

fer in expression in both spikes depending on the cultivar. In most cases expression levels of

the genes in the I spikes were higher than in the II spikes. Opposite results were observed for

TaCKX2.1(JF293079) and TaCKX2.2(FJ648070).

TaCKX level of expression was daily time dependent

Daily time dependence of expression level was measured in 7 DAP spikes I collected at 9:00

am, 12:00 pm and 3:00 pm in the three tested cultivars (Fig 3). There were significant differ-

ences among daily time expression for all tested TaCKX genes and in all three or two cultivars

tested. No significant differences were observed for TaCKX1 expression in cv. Kontesa and

TaCKX4 expression (not showed) in cv. Ostka.

Co-operation of TaCKX genes among themselves and among organs

Correlation coefficients among TaCKX gene expression through investigated organs are pre-

sented in Table 2. The highest correlations were found between TaCKX9, TaCKX7(JN128589)

Fig 2. TaCKX gene expression in the first (I) and the second (II) developed 7 DAP spike in three cultivars, Kontesa, Ostka, Trappe. The level

of expression was related to the mean expression of TaCKX3 set as 1.00. �–significant differences at P<0.05.

https://doi.org/10.1371/journal.pone.0214239.g002
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and TaCKX7(JN128588) (0.99–1.0) and TaCKX4 and TaCKX5 (0.99). Very high coefficients

were found in the group of TaCKX3, TaCKX4, TaCKX5 and TaCKX6 (0.79–0.93) and in the

group of TaCKX1, TaCKX2.2(FJ648070) and TaCKX2.2(GU084177) (0.87–0.90) and between

TaCKX2.1(FJ648070) and TaCKX 2.1(JN381556) (0.93). Slightly lower correlations from 0.55

to 0.83 were among TaCKX1and all clones of TaCKX2.1 and TaCKX2.2. Similar level of corre-

lation coefficients ranging from 0.71 to 0.91 were observed among TaCKX11, TaCKX10 and

TaCKX3, 4, 5, 6. Moreover, TaCKX6 correlated with TaCKX3, TaCKX4, TaCKX5 at the level

of 0.79, 0.89 and 0.87 respectively. There were also significant negative correlation coefficients

between TaCKX1 and TaCKX5 at the level of -0.43 and TaCKX1 and TaCKX10 at -0.39.

Besides, TaCKX2.1(FJ648070) and TaCKX2.1(JN381556) negatively correlated with TaCKX5,

10 and 11 at the level of -0.38 to -0.49.

Correlation coefficients of TaCKX gene family expression among organs are presented in

Table 3 and a graphic presentation of co-operation of TaCKX genes in the investigated organs

is shown in Fig 4. There were two groups of developing tissues/organs showing high correla-

tion of TaCKX gene expression. The first one groups seedling roots, leaves from 4-week-old

plants, inflorescences and 0 DAP spikes in which correlations of gene expression ranged from

0.31 to 0. 69 for the three cultivars tested. The second groups developing spikes, 0 DAP, 7 DAP

and 14 DAP. In this group the lowest correlation coefficient for TaCKX gene expression was

between 0 DAP and 7 DAP spikes (0.58), higher between 0 DAP and 14 DAP (0.66), and the

highest between 7 DAP and 14 DAP (0.84).

Discussion

New nomenclature of selected TaCKX
The nucleotide sequences of NCBI accessions: FJ648070, GU084177, JN381555 and JQ797673

previously annotated as TaCKX2.1, TaCKX2.2, TaCKX2.4 and TaCKX6D1 respectively, were

Fig 3. Daily time expression of TaCKX family genes in 7 DAP spikes for relatively high expressing genes. The first spikes were collected at 9:00

am, 12:00 pm and 3:00 pm from three cultivars, Kontesa, Ostka, Trappe. The level of expression was related to the mean expression of TaCKX3 set

as 1.00. �–significant differences at P<0.05.

https://doi.org/10.1371/journal.pone.0214239.g003
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located to the same homeoparalogues in wheat A, B and D subgenomes: TraesCS3A02G311100,

TraesCS3B02G161000 TraesCS3D02G143300 and TraesCS3D02G143500. Proteins encoded

by the genes were phylogenetically closely associated with the protein encoded by HvCKX2.2
therefore our suggested name for these homeoparalogues is TaCKX2.2. Similarly, accessions

JF293079 and JN381556 previously annotated as TaCKX2.3 and TaCKX2.5 were located, along

with reported by [25] TaCKX6a02, to the same homeoparalogues TraesCS3A02G311000,

TraesCS3B02G161100 and TraesCS3D02G143600. Proteins encoded by the genes were phyloge-

netically closely associated with the HvCKX2.1 encoded protein. Hence, the wheat homeoparalo-

gues were assigned as TaCKX2.1. The accessions JN128588 and JN128589, previously assigned

Table 3. Correlations coefficients of TaCKX gene family among organs in three cultivars (N = 45).

Leaf Inflorescence 0 DAP 7 DAP 14 DAP

Seedling root 0.31� 0.69�� 0.45�� no no

Leaf 0.43�� 0.35� no no

Inflorescence 0.44�� no no

0 DAP 0.58�� 0.66��

7 DAP 0.93��

no—lack of correlation

�- significant at p<0.05

��- significant at p<0.01

https://doi.org/10.1371/journal.pone.0214239.t003

Fig 4. Graphic presentation of co-operation of TaCKX genes in the investigated organs in three cultivars tested. The genes with the highest expression in

tested tissue/organ are at the top of the lists. Correlations of TaCKX gene expression within an organ are marked by lines and among organs by green and white

boxes and blue line.

https://doi.org/10.1371/journal.pone.0214239.g004
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as TaCKX7 and TaCKX8, were highly similar to homeoparalogues TraesCS6A02G185800,

TraesCS6B02G214700 and TraesCS6D02G172900. The genes-encoded proteins were phyloge-

netically close to HvCKX7, therefore our suggested name for the gene is TaCKX7. The similari-

ties of proteins encoded by barley and wheat CKX genes as well as discussed below expression

patterns and expression correlations of wheat CKX genes supported suggested by us numbering

of CKX genes in wheat. The number of 11 CKX genes in wheat and barley are coherent for the

both species.

Specificity of expression of TaCKX family genes and phylogenic analysis

Considering the specificity of expression, the TaCKX genes can be assigned to four groups:

TaCKX10, TaCKX5 and TaCKX4 were highly specific to leaves, TaCKX1, TaCKX2.1 and

TaCKX2.2 to developing spikes, TaCKX9 and TaCKX7 to roots, and TaCKX3, TaCKX6,

TaCKX11 are more or less expressed through the all organs tested.

The first two genes from the group specific to leaves, TaCKX10 and TaCKX5 have the high-

est expression level among tested organs of developing wheat plants. Based on T. aestivum
genome assembly data the amplification product of the TaCKX10 gene isolated by Song et al.

[31] was proved to be located to chromosomes 1A, 1B, 1D and was one of few TaCKX, which

was most likely expressed from three homologous genomes. Function of the gene is not char-

acterized. A very close homolog of TaCKX10 found in databases is H. vulgare CKX9, formerly

annotated as HvCKX2, and this gene has been previously characterized [12, 23, 32]. In the last

report anti-HvCKX9 antibodies predominantly detected proteins in the leaf vasculature; how-

ever, according to Zalewski et al. [12] expression of HvCKX9 was highest in 14 DAP kernels,

30-fold higher than in other tissues of two barley cultivars. Overexpression of the gene under a

constitutive promoter caused very slow growth and plants died without flowering [32]. In con-

trast, the phenotypic result of HvCKX9 silencing by stable, Agrobacterium-mediated RNAi was

a higher number of seeds and higher grain yield [23]. Very close homology of TaCKX10 with

HvCKX9 (96% identity under 98% cover) and the proteins encoded by these genes might sug-

gest similar functions; however, expression patterns of these orthologues, although measured

in the same organs during wheat and barley plant development, were completely different.

The same function of TaCKX10 is expected to be different from the known function of

HvCKX9.

The starters for TaCKX5 were found to hybridized to 3B and might be expressed only from

this genome. The closest homologues of the investigated TaCKX5 were CKX5 orthologues

belonging to several species: S. cereale, S. brachyantha, S. bicolor, S. italica, B. distachyon as well

as CKX5-like O. sativa. None of them has been analysed. Nonetheless, TaCKX5 seemed to be a

very important element of the family, also showing the highest expression among the others in

seedling roots and inflorescences and very high, just after TaCKX1, in 0 DAP spikes.

The primers for the third gene specific to leaves, TaCKX4 [31], based on T. aestivum
IWGSC assembly, hybridized to chromosome 3B and 3D. The gene was not homologous to

TaCKX4-1 to 4–3 copies characterized by Chang et al. [26], which were located to chromo-

some 3A. However, TaCKX4 investigated by us was orthologous to A. tauschii CKX4-like with

94% identity, H. vulgare CKX4 with 89% identity and L. perenne CKX4 with 85% identity, sug-

gesting that the number of the gene is correct. According to Song et al. [31], expression of

TaCKX4 was very low during reproductive development, which was in agreement with our

data. The authors also found a low mRNA level in flag leaves, which differs from our results,

probably because the developmental stage of well-developed leaves from young plants used by

us was not comparable with the developmental stage and role of flag leaves. The only research

on the role of TaCKX4-1 to 4–3 was reported by Chang et al. [26], who merged copy number

Specificity of expression of TaCKX family genes in wheat

PLOS ONE | https://doi.org/10.1371/journal.pone.0214239 April 10, 2019 14 / 20

https://doi.org/10.1371/journal.pone.0214239


variation with grain weight and chlorophyll content in the RIL population. Unexpectedly, the

two-copy locus of TaCKX4 corresponded to higher chlorophyll content and grain weight com-

pared to null or three-copy genotypes. These data are difficult to interpret, since we know

nothing about expression of these copies of the TaCKX4 gene. Higher copy number should

correlate with higher expression and should increase CKX enzyme activity and irreversible

cytokinin degradation. Since an increased level of CKs delays senescence and causes nutrient

mobilization [33], which positively affects grain yield, one should expect that higher copy

number should be negatively associated with chlorophyll content compared to the null pheno-

type. Anyway, TaCKX4 investigated in this study was not comparable with three-copied

TaCKX4, since the genes were not homologous and were located on different genomes.

The second group of TaCKX genes which were highly and specifically expressed in develop-

ing spikes were represented by TaCKX1,TaCKX2.1and TaCKX2.2. Amplicon hybridization with

T. aestivum IWGSC assembly data showed that the TaCKX1 was expressed from chromosomes

3A, 3B, 3D and both TaCKX2.1 and TaCKX2.2 from chromosomes 3B and 3D. Similar to our

data, TaCKX1 was the most highly expressed gene in developing spikes among the six tested by

Song et al. [31] and the only one with high expression in mature and senescing flag leaves. Expres-

sion measured by semi-quantitative RT-PCR proved that the gene was not expressed in root,

sheath, and leaf [4]. Phylogenetic analysis showed that TaCKX1 shares high sequence similarity

with other CKX1-type orthologues from A. tauschii CKX1-like, S. cereale ScCKX1, H. vulgare
CKX1, and lower with Z. mays CKX1. Analysis of the transcript level of HvCKX1 in different

organs of developing barley plants showed a similar pattern of expression to wheat [12]. The level

of transcript was the highest in 14 DAP spikes and was lower in 7 DAP and 0 DAP spikes. Stable

RNAi silencing of HvCKX1 expression was associated with decreased CKX enzyme activity in

developing spikes leading to a higher number of seeds and higher plant productivity [22]. Taking

into account the high similarity of CKX1 orthologues, especially HvCKX1, which additionally

showed close similarity to TaCKX1 in wheat expression pattern in developing plants of barley, we

might expect an important role of TaCKX1 in common wheat productivity.

Former annotated five duplicates of TaCKX2: TaCKX2.3, TaCKX2.2, TaCKX2.1, TaCKX2.4
and TaCKX2.5 showed 2, 4, 8, 20 and 100 times lower expression respectively than in the case

of TaCKX1. Profiles of expression of investigated by us genes are close to the result of TaCKX2
and TaCKX1 presented by Song et al. [31], however the levels of expression are not comparable

since expression pattern for former five duplicates was not investigated. Semi-quantitative

analysis proved high expression of two TaCKX2 genes in young spikes and culms [6]. More-

over, there was a positive correlation between expression level of both genes and grain number

per spike in 12 wheat varieties. As discussed for TaCKX4, we should expect a negative correla-

tion between these traits. Phylogenetic analysis showed that TaCKX2.2 is most closely related

to A. tauschii CKX2-like, H. vulgare CKX2.2 and S. cereale ScCKX2.2 as well as sharing very

high sequence similarity to TaCKX2.2(JN381555). Proteins encoded by TaCKX2.2(FJ648070),

TaCKX2.2(GU084177) were found to be most closely related to OsCKX2 and have been

located in clustered clade I of monocots [6] and according to our results to HvCKX2.2. These

data did not confirm the investigation by Mameaux et al. [3] showing that TaCKX2 has five

duplicated copies, since all three clones are located in one TaCKX2.2 gene. The most similar

sequence to TaCKX2.2 found in databases was the TaCKX6-D1b allele isolated and analyzed

by Zhang et al. [24]. Their expression patterns were similar, however differ from TaCKX6
investigated in this research.

The TaCKX9, TaCKX7(JN128589) and TaCKX7(JN128588) expression was highly specific

to seedling roots, but very low compared to other TaCKX in other organs tested including

roots. Despite their very high correlation coefficient of expression (0.99–1.00), the genes were

expressed from different chromosomes, 7A, 7B and 7D as well as 6B and 6D, respectively.
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Both, TaCKX9 and TaCKX7 were expressed from genome D, which was shown to play a cru-

cial role in the increased lateral root number [34]. According to phylogenetic analysis the most

closely related orthologues of TaCKX7 was H. vulgare CKX7 as well as protein encoded by the

gene and for TaCKX9 A. tauschii, CKX10-like. None of these genes have been analysed.

TaCKX3, TaCKX6 and TaCKX11 were more or less expressed through all the organs tested.

TaCKX3 used in our research was isolated by Song et al. [31] and expression of the gene inves-

tigated by the same group was reported as very low during both reproductive stage and flag

leaf development. The data are comparable with ours for developing spikes, but are not com-

parable in the case of leaves, which differ in stages of plant development. Because TaCKX3 was

expressed through the all organs tested, showing an average expression level among TaCKX
genes, we set relative expression as 1.00 for the mean TaCKX3 expression measured in all

organs. The highest relative expression of the gene, ranging from 3 to 8, was revealed in well-

developed leaves and was around 1.0 in 14 DAP and 0 DAP spikes. There are notably large dif-

ferences between the high expression level of the gene in leaves of the old cultivar Kontesa and

the modern cultivars Ostka and Trappe. Highly homologous and mapped to the same chromo-

some 7B, TaCKX3 isolated by Ma et al. [7] had no signal peptide at the N terminus, which

means that the gene functions in the cytoplasm. Very close orthologues of TaCKX3 were A.

tauschii CKX11, S. cereale CKX11 and one clone of H. vulgare. 97% similarity was shown by O.

sativa CKX11-like and Z. mays CKX10. Despite close similarity of TaCKX3 to CKX11 ortholo-

gues, TaCKX11 showed a different pattern of expression and chromosome localisation com-

pared to TaCKX3. The closest orthologue to TaCKX11 was H. vulgare CKX8, sharing 95%

similarity as well as protein encoded by the gene; less close was orthologue of Z. mays CKX12.

TaCKX6 investigated by us, isolated and shown as the third highly expressed TaCKX in

developing spikes by Song et al. [31], in our case was the seventh one taking into account the

level of expression, and showed higher expression in leaf, 14 DAP spikes and seedling roots

than in other organs tested. These results are not comparable because of using different

objects/cultivars, organs, reference genes, number of tested TaCKX genes and the way of

counting results. The coding sequence of TaCKX6 used by us was located on chromosomes

1A, 1B and 1D, but it was not similar to TaCKX6-D1b or -D1a isolated and characterized by

Zhang et al. [24]. Haplotype TaCKX6-D1a has an 18 nt deletion compared to TaCKX6-D1b,

and its expression was negatively associated with higher grain weight. Performed by us tran-

script analysis revealed that TaCKX6-D1 is indeed the TaCKX2.2 and is located on chromo-

some 3. Another TaCKX6 allele associated with grain size, filling rate and weight, TaCKX6a02
[25] was located on chromosome 3DS, but again was not similar to the one investigated by us

or TaCKX6-D1. Performed by us transcript analysis revealed that TaCKX66a02 is in fact the

TaCKX2.1 which was located on chromosome 3D. Results of alignment proved that all three

TaCKX6 genes differed in their close relationship with other TaCKX genes and their ortholo-

gues. The TaCKX6 located on 1D was the closest homologue of T. aestivum CKX8, sharing

98% identity under 89% cover of the sequences. The closest orthologue was H. vulgare CKX3
with 94% identity and L. perenne CKX6 with 96% identity. Z. mays CKX6 shared 81% identity

under 83% coverage. The TaCKX-D1 located on 3D was the closest homologue of TaCKX2.2,

sharing 98% identity, and TaCKX2.1 with 97% identity, and under 43% cover for both. Their

close orthologues were A. tauschii CKX2-like with 99% identity and 43% cover and H. vulgare
CKX2.2 (69% cover/88% identity). The closest homologue of TaCKX6a02 located on 3D was

T. aestivum CKX2.1(JF293079) with 99% identity under 100% cover. Summarizing alignment

and phylogenetic tree analysis, TaCKX6 investigated by us was among TaCKX3, 5, 4, 8, 9 and

the closest to other CKX6 orthologues. Since TaCKX6 is not the same as TaCKX6-D1 charac-

terized by Zhang et al. [24] as well as TaCKX6-D1a by Lu et al. [25], the genes probably would

not share the same function.
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Developmental and daily time dependence of TaCKX expression levels and

their co-operation

The TaCKX1, TaCKX2.2 and TaCKX2.1 genes, which are specific to developing spikes, and

unspecific but well expressed in this organ TaCKX3 were shown to be developmentally and

daily time dependent. The level of expression of TaCKX1 and TaCKX3 was significantly higher

in the first 7 DAP spikes comparing to the second 7 DAP spikes in two or three cultivars and

the result was opposed to TaCKX2.1. Similar data were observed for daily time expression of

TaCKX1, TaCKX2.1 and TaCKX3 in 7 DAP spikes, which was highest at 9:00 am, lower at 3:00

pm and lowest at 12:00 pm and various for TaCKX2.1. These differences in developmental and

daily time expression of TaCKX2.1 and TaCKX2.2 as well as their different levels of expression

indicate that detailed functions of the TaCKX2 genes might be different. The data of respec-

tively high and specific expression of TaCKX1, TaCKX2.1 and TaCKX2.2 genes were compati-

ble with their strong correlation coefficients of expression in investigated organs assuming

their powerful cooperation in spike development. Daily time dependence of expression in 7

DAP spikes was also significant for TaCKX3 and low expressing genes. These data showed that

developmental and daily time expression of most TaCKX genes was cultivar independent, but

some of them are developmentally and day-time insensitive.

Besides the very high correlation coefficients of expression in the group of spike-specific

genes the correlation was also very high among leaf-specific genes: TaCKX4, TaCKX5,

TaCKX10 and highly expressed in this organ TaCKX3. Generally we showed that there were

two groups of TaCKX genes which positively cooperate in developing wheat plants. The first

groups genes expressed in organs from young plants: seedling roots, leaves from 4-week-old

plants, inflorescences and 0 DAP spikes. The second group includes TaCKX genes expressed

in developing spikes of maturing plants: 0 DAP, 7 DAP and 14 DAP, reaching a very high cor-

relation coefficient.

Differential expression of the genotypes

Although the expression patterns of individual TaCKX genes are tissue- and developmentally-

specific, their expression levels measured in individual organs in most cases significantly differ

among three cultivars used in the experiments. These differences are more distinct in the

larger group of breeding material (not published yet) and might be result of various alleles of

the tested genes, indicating for possible selection of these alleles of interest for breeding.

Looking for TaCKX genes regulating yield-related traits

The goal of this research was to select those TaCKX genes which might regulate yield-related

traits in wheat. To achieve the goal we hypothesized that expression patterns of TaCKX genes

indicate their role in growth and reproductive development. The same hypothesis for HvCKX
genes has been positively verified for barley [12]. The data with barley showed that RNAi

silencing of HvCKX genes that are highly and specifically expressed in developing spikes led to

higher productivity [22, 23]. This effect was the consequence of a decreased level of expression

of selected HvCKX genes, which was associated with a decrease of CKX enzyme activity. Since

CKX enzyme irreversibly degrades cytokinins, a decreased level of expression of the TaCKX
genes in selected organs is expected to increase cytokinin content. High levels of CKs promote

numerous developmental features, which in the case of rice [21] and barley spikes [22, 23] led

to higher grain numbers. Assuming this, yield-related traits in wheat might be regulated most

of all by those TaCKX genes which are specifically expressed in developing spikes. We found

three of 11 newly numbered, TaCKX1, TaCKX2.2 and TaCKX2.1, highly specific to
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inflorescences and developing spikes and a fourth, TaCKX3, which is not specific but is rela-

tively highly expressed in the same organs. As discussed above, a positive effect of these genes

on yield-related traits might operate on similar mechanism as in barley or rice. We chose two

ways to reach this goal and positively verify the hypothesis. The first is to decrease selected

gene expression by direct silencing, as was done in barley or rice. The second one is to look for

natural variation of expression of these genes in generative organs among wheat genotypes.

Preliminary, not yet published results prove that both ways might lead to the goal. Moreover,

the first way provides us well-characterized material for detailed, functional analysis of the

silenced genes. The second way gives us an opportunity to select non-GMO breeding lines for

breeding purposes.
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