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Abstract: Grain hardness is an important quality trait of cereals. In the present work, the particle size index (PSI) 
was used to assess the variability in grain hardness of thirteen triticale genotypes, three wheat genotypes and one rye 
genotype grown in two subsequent seasons. The PSI values of the triticale samples ranged between 7.7 to 19.2%, repre-
senting a medium hard to a very hard grain. Moreover, the sequencing of genes in the Hardness (Ha) locus revealed a 
limited genetic variability in the grain hardness genes, namely secaloindoline-a (Sina) and secaloindoline-b (Sinb). Two 
possible new allelic variants were identified, one for each of the secaloindoline genes. The existing variability in the grain 
hardness as well as polymorphisms in its candidate genes are a good starting point for efforts in breeding new varieties 
of triticale with improved grain hardness.
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Triticale (× Triticosecale Wittmack), an inter-genus 
hybrid of wheat and rye, is traditionally considered 
good feed for livestock (Barneveld & Cooper 2002), 
as it is of high nutritional quality and rich in essential 
amino acids (Boros 2002). In the baking industry, 
triticale flour can be an alternative to wheat-rye 
flour mixtures (Peña 2004). Besides the low gluten 
level and its poor quality, which were considered 
major problems of triticale flour, but have recently 
been improved by creating cytogenetically modified 
lines carrying parts of the wheat chromosome 1D 
(Lukaszewski 2000, 2006), grain hardness is yet an-
other trait awaiting to be improved. 

Grain hardness is an economically important trait 
as it determines the potential end-use of the crop. 
It is known to have a direct influence on the milling 
yield, water absorption, damaged starch content and 
fermentation capacity of flours (Simeone & Lafian-
dra 2005). The molecular mechanisms determining 

grain hardness were first described in wheat, when 
Greenwell and Schofield (1986) discovered an in-
verse proportion between the grain hardness and 
the amount of friabilin, a protein complex of 15 kDa, 
found on the surface of starch granules. Giroux and 
Morris (1997) then proved friabilin to be coded by 
the genes of the Ha locus, namely puroindoline-a 
(Pina) and puroindoline-b (Pinb). The grain softness 
protein gene (Gsp-1), another gene of the Ha locus, 
was not proven to have any relationship with the 
grain hardness (Tranquilli et al. 2002) although it is 
highly conserved in the genus Aegilops and Triticum 
(Massa et al. 2004; Gollan et al. 2007) implying some 
evolutionary important function, supposedly, its 
involvement in plant defence mechanisms (Gollan 
et al. 2007). Orthologous genes to puroindolines 
were found in oat (Tanchak et al. 1998; Gazza et al. 
2015); barley (Darlington et al. 2001; Beecher et al. 
2002) and rye (Gautier et al. 2000; Simeone & Lafi-
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andra 2005); their expression products were denoted 
as tryptophanins, hordoindolines and secaloindo-
lines, respectively. In triticale, carrying genomes 
A and B from wheat and genome R from rye, the 
grain hardness genes of genomes A and B were lost 
in evolution, probably as a result of low-copy DNA 
sequences elimination following polyploidisation 
events, therefore, triticale carries the Ha locus on 
chromosomes 5R originating from rye (Gautier et 
al. 2000). Therefore, puroindoline orthologues in 
triticale are denoted as secaloindoline-a (Sina) and 
secaloindoline-b (Sinb) as is the case in rye.

The aim of this work was to study the variability 
of grain hardness and find the potential polymor-
phisms in the candidate genes responsible for the 
grain hardness in the selected triticale genotypes.

MATERIAL AND METHODS

Plant material. Experiments were conducted with 
thirteen samples of hexaploid triticale, three wheat 
samples and one rye sample serving as a reference to 
its parental species (Table 1). All triticale samples are 
part of the ongoing breeding programme at Agrotest 
fyto, Ltd. (Kroměříž, Czech Republic). Moreover, all 
the samples are winter varieties grown at the same 

location to minimise the effect of the environment 
on the tested traits. The allelic status of the secalo-
indoline/puroindoline genes was unknown in all of 
the tested samples.

Assessing grain hardness. The grain hardness was 
assessed in grains from the 2015 and 2016 harvests via 
the particle size index (PSI) method according to the 
AACC 55-30 methodology as described in Faměra et 
al. (2004). The relative moisture of the grain samples 
was measured on an near-infrared (NIR) Inframatic 
9100 grain analyser (Perten Instruments, Hägersten, 
Sweden) and ranged within 11–13% as required for 
the PSI method. Prior to the PSI measurement, 25 g 
of each sample was processed in a KT-3303 labora-
tory mill (Perten Instruments, Hägersten, Sweden) 
equipped with a No. 2 milling head. The PSI was 
measured twice for each sample, using 10 g of meal 
for every run. The meal was sifted through stain-
less steel sieves with 75 µm holes using a Swing 200 
laboratory sifter (Mezos, Hradec Králové, Czech Repub-
lic) set at 180 rpm for 10 min. After sifting, the weight 
of the material that passed through the sieves was as-
sessed and the PSI was determined using the formula: 
PSI % = [weight of the meal that passed through the 
sieve (g)/sample weight (g)] × 100. Based on the de-
termined PSI, the relative grain hardness was assessed 

Table 1. The samples of the winter hexaploid triticale (1–14) wheat (15–16) and rye (17) used in the present study

No. Designation Ancestry
1 1m2-397-15 603-07(= Presto RM1B/*2 Krakowiak)/Valentin
2 1m2-408-15 519-07(= Presto FC1/*1 BOH504)/Valentin
3 1m2-411-15 509-07(= Presto FC1/*2 Krakowiak//BOH504/3/Krakowiak)/Valentin
4 1m2-439-15 Inpetto/UCRL DH 445
5 V1-283-15 BOH504/Mungis//BOH505
6 V1-287-15 BOH504/Mungis//BOH505
7 V1-342-15 629-07 (= RM2/*1 BOH504)/Pawo
8 V1-380-15 BOH504/Mungis//BOH505
9 V3-9a-15 UCR DH 424
10 V1-188-15 Selection from 48M
11 V1-190-15 Selection from 48M
12 KM 686-14 Kitaro/2117-06-A//Avangard
13 KM 690-14 Inpetto/UCRL DH 445
14 wheat Vanessa Rapsodia/SG–S 2040-97 (GRIN: 01C0107410)
15 wheat Matchball Carenius/Boomer (GRIN: 01C0107409)
16 wheat Bohemia (540i/U6192)/(540i/Kontrast) (GRIN: 01C0106924)
17 rye “Doupovské” Gene bank CRI (GRIN: 03C0300435)

Origin of the parental material: UCR – University of California; BOH – Hodowla Roslin Strzelce, breeding institute Borowo, 
Poland; 48M – received from Hodowla Roslin Strzelce, true origin unknown; 2117-06-A – received from Selgen, JSC breeding 
institute in Úhřetice; GRIN – Germplasm Resources Information Network; CRI – Crop Research Institute

https://www.agriculturejournals.cz/web/cjgpb/
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using the criteria described in a study by Hrušková and 
Švec (2009). The PSI values were statistically analysed 
using a two-way ANOVA (analysis of variance) in the 
MS Excel 2016 add-in Solver to determine the effect 
of the genotype and cultivation year.

Molecular analysis of grain hardness genes. The 
grain samples were sprouted on wet filter paper in 
Petri dishes. After approximately 7 days, 100 mg of 
each sample was harvested for DNA isolation using 
a DNeasy Plant Mini Kit (Qiagen, Hilden, Germa-
ny) following the manufacturer’s instructions. The 
concentration and purity of the isolated DNA was 
measured using a Picopet 1.0 (Picodrop, Cambridge, 
United Kingdom). The candidate genes for the grain 
hardness were analysed via PCR (polymerase chain 
reaction). The primers Pina-D1F/Pina-D1R and 
Pinb-D1F/Pinb-D1R by Massa et al. (2004) and the 
primers Sinb-F/Sinb-R by Li et al. (2006) were used 
in this study to obtain the full-length sequences of 
the grain hardness candidate genes (Table 2). The 
PCR reactions in the volume of 25 µl containing 
0.5 U Taq polymerase (Promega, Madison, USA), 
a 1× aliquot buffer, 0.1 mmol/L of each deoxynu-
cleotide (Promega), 0.3 mol/L of each primer and 
20 ng of the template DNA were conducted in a 
T3 thermocycler (Biometra, Göttingen, Germany). 
The cycling conditions for the Pina-D1F/Pina-D1R 
and Pinb-D1F/Pinb-D1R primers were 94 °C for 
4 min followed by 35 cycles of 94 °C for 1 min, 58 °C 
for 90 s, and 72 °C for 2 min with an extension for 
10 min at 72  °C. The cycling conditions for the 
Sinb-F/Sinb-R primers were 94 °C for 3 min followed 
by 36 cycles of 94 °C for 45 s, 55 °C for 45 s, 72 °C 
for 1 min, with an extension for 10 min at 72 °C. The 
PCR products were run on a 1.5 % agarose gel in a 
1× standard Tris Acetate-EDTA buffer. 

Sequence analysis. The selected samples were 
further analysed by sequencing. The selection was 

based on the PSI values and samples from all the grain 
hardness categories were included to see if there is 
a difference in the allelic status of their Ha locus. 
Based on these criteria, triticale samples 4, 5 and 10, 
as well as wheat sample 14 and rye sample 17 were 
selected. Prior to the sequencing, the PCR products 
were purified using an Invisorb Fragment CleanUp kit 
(Stratec Molecular, Berlin, Germany). The purified 
products were sequenced (Macrogen, Amsterdam, 
Netherlands). 

The amplification product of the Pina-D1F/Pina-
D1R primers proved to be a mixture of at least two 
PCR products very close in size. The PCR products 
of this marker were cloned to separate them from 
each other using a pGEM-T Vector System (Promega) 
following the protocol described by Trojan et al. 
(2014). Products of length 160 bp (plasmids without 
insert) + the length of the original PCR product 
(515 bp) were identified as the recombinant prod-
ucts and sequenced (Macrogen). In total, fourteen 
recombinant products were sequenced. 

The obtained sequences were analysed using the 
BLAST (Basic Local Alignment Search Tool) algo-
rithms (blast.ncbi.nlm.nih.gov/Blast.cgi) and The 
National Center for Biotechnology Information 
(NCBI) database GenBank.

RESULTS

Assessing grain hardness. The grain hardness 
was measured in two subsequent harvests (2015 
and 2016) using the PSI method. The medium hard, 
hard and very hard samples have been identified. 
The average PSI in the 2015 and 2016 harvests was 
13.3% and 12.9%, respectively. The highest PSI was 
in sample No. 5 in both observed harvests, while 
the lowest PSI was identified in sample No. 4 in the 
2015 harvest and sample No. 17 in the 2016 harvest 

Table 2. The primers used in this study to amplify the puroindoline and secaloindoline genes

Target gene Primer name Primer sequence Product size 
 (bp) Reference

Pina/Sina
Pina-D1F 5'-GGTGTGGCCTCATCTCATCT-3'

515a Massa et al. (2004)Pina-D1R 5'-AAATGGAAGCTACATCACCAGT-3'

Pinb/Sinb

Pinb-D1F 5'-AATAAAGGGGAGCCTCAACC-3'
525a Massa et al. (2004)Pinb-D1R 5'-CGAATAGAGGCTATATCATCACCA-3'

Sinb-F 5'-GAGCCTCAACCCATCTATTCATC-3' 548b Li et al. (2006)
Sinb-R 5'-CAAGGGTGATTTTATTCATAG-3'

aexpected size of the product in Triticum aestivum; bexpected size of the product in × Triticosecale Wittmack
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(Table 3). The influence of both the harvest year and 
the sample (genotype) were found to be statistically 
significant at a 5% level of significance (Table 4). 

Molecular analysis of selected markers. The PCR 
primers Pina-D1F/Pina-D1R and Pinb-D1F/Pinb-D1R 
were used to obtain the full-length Pina/Sina and Pinb/
Sinb genes, respectively. All the samples showed an 
amplification product of an expected size about 520 bp 
for both the Pina/Sina (Figure 1) and Pinb/Sinb genes 
(Figure 2). Moreover, all the tested wheat samples showed 
extra amplification products of a size about 650 bp when 
using the Pinb-D1F/Pinb-D1R primers. The identity of 
these extra products was not further analysed. Similar 
results were obtained for the amplicons of the Pina-
D1F/Pina-D1R primers. When carefully separated on 
the agarose gel, each of the amplicons was found to 
consist of two very close and yet separate bands cor-
responding to two amplicons differing in size by ap-
proximately 50 bp (Figure 3). The use of the Sinb-F/
Sinb-R PCR primers designed to specifically detect the 
Sinb gene by Li et al. (2006) led to the amplification of 
a fragment of an expected size about 550 bp in all the 
samples tested, although for all the wheat samples, the 
signal was weaker accompanied by an extra amplifica-
tion product of a size about 350 bp (Figure 4). 

Sequence analysis. The cloned sequences of the 
Pina-D1F/Pina-D1R amplicons were compared with 

Table 3. The grain hardness of the tested samples from 
the 2015 and 2016 harvests measured as a particle size 
index (PSI)

No. Designation
PSI (%)

2015 2016 average
1 1m2-397-15 15.0b 13.8b 14.4b

2 1m2-408-15 16.0b 11.8c 13.9b

3 1m2-411-15 13.3b 12.9b 13.1b

4 1m2-439-15 19.2a 17.4a 18.3a

5 V1-283-15   9.9c   7.7c   8.8c

6 V1-287-15 11.1c   8.3c   9.7c

7 V1-342-15 11.2c 12.3c 11.7c

8 V1-380-15 11.1c 13.8b 12.5b

9 V3-9a-15 13.8b 13.7b 13.7b

10 V1-188-15 13.4b 10.3c 11.8c

11 V1-190-15 11.0c   9.6c 10.3c

12 KM 686-14 13.6b 15.1b 14.3b

13 KM 690-14 14.5b 13.2b 13.8b

14 wheat Vanessa 15.0b 16.6a 15.8b

15 wheat Matchball 10.5c 10.4c 10.4c

16 wheat Bohemia   9.9c 12.8b 11.3c

17 rye “Doupovské” 17.2a 20.0a 18.6a

The superscript letters represent the grain hardness categories 
based on the PSI values: amedium hard, bhard, cvery hard fol-
lowing the criteria by Hrušková and Švec (2009)

Table 4. The effect of the harvest year, sample (genotype) and their interaction on the grain hardness measured as a 
particle size index (PSI) – the statistical evaluation using a two-way ANOVA

Source of variability DF SS MS F P value Critical F (α = 0.05)
Harvest year   1     2.28 2.28   56.11 1.08E-08*** 4.13
Sample (genotype) 16 485.74 30.36 746.12 1.73E-38*** 1.95
Interaction 16   76.31 4.77 117.22 5.58E-25*** 1.95
Error (residual) 34     1.38 0.04
Total 67 565.72        

SS – sum of squares; DF – degrees of freedom; MS – mean square; F – test criteria value; α – level of significance, ***P ≤ 0.001

Figure 1. Pina and Sina detection using primers Pina-D1F/Pina-D1R – product approximately 550 bp in size
M – size marker, the numbers correspond to the sample numbers from Table 1
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the Genbank database and the sequences with the best 
hits by means of the percent identity are summarised 
in Table 5. From fourteen analysed sequences, five 
of them gave the best alignment with the Sina gene 

(triticale and rye) or the Pina gene (wheat). In the 
case of the cloned sequence 4-2 (MN457918) there 
is a 99% match to the KC784350 sequence (the Sina 
gene obtained from the triticale described by Gasparis 
et al. (2013)) with two mismatches in their align-
ment. The translated MN457918 was aligned with 
the respective Sina protein sequence (AGO65289) 
to reveal that one of the observed single nucleotide 
substitutions leads to a conservative substitution 
(i.e., substitution to an amino acid with similar bio-
chemical properties) of L to I (i.e., leucine to iso-
leucine) at position 9 of the AGO65289 sequence. 
The second observed single nucleotide substitution 
leads to the substitution of W to R (i.e., tryptophan 
to arginine) corresponding to position 68 in the 
amino acid sequence of AGO65289. In the case of 
the cloned sequence 4-3 (MN457919) there is again 
a 99% match to the KC784350 sequence. The only 
mismatch in their alignment is a synonymous substi-
tution without any effect on the amino acid sequence 
of the respective protein. The same Sina sequence 
was aligned to the cloned sequence 5-1 (MN457923) 
with a 100% match in the aligned region. Moreover, 
nine of the analysed sequences gave the best match 
with some variant of the Gsp-1 gene. These findings 
point to a high sequence identity with the analysed 
DNA sequences.

Figure 2. Pinb and Sinb detection using primers Pinb-D1F/Pinb-D1R – product approximately 500 bp in size
M – size marker, the numbers correspond to the sample numbers from Table 1

Figure 3. The detailed electrophoretic separation of the 
Pina/Sina amplification product in the selected samples 
showing two separate amplification products around 
500 and 550 bp
M – size marker, the numbers correspond to the sample 
numbers from Table 1

Figure 4. Pinb/Sinb amplification using primers Sinb-F/Sinb-R – product 550 bp in size
M – size marker, the numbers correspond to the sample numbers from Table 1
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The sequences of the Pinb-D1F/Pinb-D1R and Sinb-
F/Sinb-R amplicons were aligned as they were both 
supposed to amplify the Pinb gene or its orthologue 
Sinb in the triticale. The pairwise alignment of the 
Pinb-D1F/Pinb-D1R and Sinb-F/Sinb-R amplicons 
proved their identity even though only the Pinb-D1F/
Pinb-D1R primers amplified the whole gene sequence 
of Pinb or Sinb, hence, their amplicons were selected 
for further studies (data not shown). The compari-
son of the Pinb-D1F/Pinb-D1R amplicon sequences 
with the GenBank (Table 6) proved the alignment of 
all three triticale sequences to the triticale Sinb gene 
sequence KC784351. The alignment of KC784351 and 
MN457933 (sequence of triticale sample 10) revealed 
one single nucleotide substitution and one nucleotide 
deletion in the MN457933 sequence. The translated 
MN457933 sequence was aligned with the respective 
protein sequence of KC784351 (AGO65290) to ana-
lyse the effect of the observed mutations. The single 
nucleotide substitution is a synonymous substitution 
without any effect to the amino acid sequence of the 
resulting protein, while the single nucleotide deletion 
leads to a frameshift mutation in the coding region of 
Sinb gene. The frameshift causes a change in the amino 
acid sequence of the Sinb protein starting from resi-
due 138 in its amino acid sequence and its premature 
termination (Figure 5).

DISCUSSION

Cereals used in the food industry need to fulfil 
numerous qualitative requirements including grain 
hardness which is known to have an impact on the 
milling efficiency, flour quality and technological 
properties of the resulting doughs (Dennett & Tre-
thowan 2013). Grain hardness represents one of the 
limiting factors of flour use, hence, triticale flours are 
suitable for products in which flours of softer wheats 
are traditionally used, such as cookies (Leon et al. 
1996) and cakes (Oliete et al. 2010), although triticale 

flour was even successfully used in bread-making, 
where flours from harder wheats are preferred (Győri 
et al. 2009). Introducing triticale flours into the baking 
industry is desirable mainly for its high nutritional 
value rich in essential amino acids (Doxastakis et 
al. 2002). Moreover, the use of triticale flours could 
be economically attractive as triticale exhibits high 
yields in less favourable growing conditions as well 
as the possibility to further increase this yield by 
conventional breeding techniques (Bassu et al. 2011). 

The grain hardness assessed by the PSI method 
was within the range of 8.8% to 18.3% (Table 3) cor-
responding to a very hard, hard or medium hard 
grain using the criteria by Hrušková and Švec (2009). 
These values seem to be somewhat lower than those 
obtained by Ramírez et al. (2003), whose triticale 
samples had a PSI from 15.4% to 21.8%. A lower PSI, 
hence a harder grain, is a prerequisite for a high mill-
ing efficiency and the subsequent use in the milling 
and baking industries (Dennett & Trethowan 2013). 
In an older study by Williams (1986), 280 triticale 
samples exhibited a PSI from 7.8% to 34.6% point-
ing to the existing variability of grain hardness in 
the triticale. Our results suggest that this variability 
might be determined by the genotype of a variety, 
environmental factors as well as combination of 
both, even though these findings would need to be 
confirmed in larger data sets (Table 4). Similar results 
were obtained for its parental species; in wheat, both 
the genotype and interaction of the genotype with 
the environmental factors were the source of the 
variability in the grain hardness (Oury et al. 2015), 
while, for rye, only environmental factors were found 
to be statistically significant (Hansen et al. 2004).

On a molecular level, grain hardness in the triti-
cale is associated with the Ha locus on the short 
arm of chromosome 5R and its genes Sina and Sinb. 
From ten triticale sequences analysed for the Sina 
gene, three of them gave the best alignment with the 
Sina gene (KC784350) isolated from the triticale cv. 

Figure 5. The alignment of the translated nucleotide sequence MN457933 (Query) of the Sinb gene with the Sinb protein 
sequence AGO65290.1
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Wanad (Gasparis et al. 2013). However, only MN457918 
(sequence of triticale sample 4) carries a single nucleo-
tide substitution that translates to a non-conservative 
substitution in the amino acid sequence of the Sina 
protein. The W to R substitution at position 68 of the 
Sina protein is located in the tryptophan-rich domain 
(TRD) which is highly conserved in puroindolines 
and its orthologues (Gautier et al. 2000). The TRD of 
puroindolines plays an important role in the bond of 
puroindolines to starch granules (Jing et al. 2003; Wall 
et al. 2010) as it binds to the polar lipids on the surface 
of starch granules (Greenblatt et al. 1995). Therefore, 
the observed substitution might possess an important 
effect on the protein function. Seven out of ten triticale 
sequences supposed to amplify the Sina gene gave the 
best alignment with some variant of the Gsp-1 gene 
(Table 5). The amplification of Gsp-1 gene with prim-
ers designed for the puroindoline-like sequences can 
be explained by their high sequential homology. The 
detection of the Gsp-A1 gene (EU835980), a copy of 
Gsp-1 in the A genome, leads to the assumption that 
unlike the Pina and Pinb genes, the Gsp-1 gene was 
conserved in the A genome of the triticale as is the 
case in wheat (Jolly et al. 1996; Gollan et al. 2007). In 
the case of the Sinb gene sequences, all three triticale 
sequences aligned with the Sinb sequence KC784351 
described by Gasparis et al. (2013) in the triticale cv. 
Wanad. In the MN457934 sequence, corresponding 
to Sinb of triticale sample 10, the single nucleotide 
deletion leads to a frameshift mutation in the coding 
region of Sinb gene. The frameshift causes a change 
in the amino acid sequence of the Sinb protein start-
ing from residue 138 in its amino acid sequence and 
its premature termination (Figure 5). However, the 
possible functional effect of this change in the amino 
acid sequence of Sinb is unclear as it is located on the 
very end of the protein.

This work shows the existing variability in the grain 
hardness among the tested triticale cultivars. The molec-
ular analysis of the grain hardness genes displayed their 
high sequential homology to previously documented 
sequences revealing limited variability on a molecular 
level. However, two possible new allelic variants were 
identified, one for both the Sina and Sinb gene. 
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