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performances of triticale. This approach leads to two 
new, agronomically performant and PHS-resistant triti-
cale cultivars. Today, two breeding triticale lines are 
ready to enter the official registration process.
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Introduction

Triticale (xTriticosecale Wittmack) is a self-pol-
linating cereal originated from artificial allopoly-
ploidizations between the two related species, 
Triticum spp. and Secale cereale L. Most triticale 
cultivars are hexaploid with a genomic constitution 
of 2n = 6x = 42 chromosomes (AABBRR) combing 
the AABB genome of Triticum spp. with the RR 
genome of rye. The synthetic hybrid combines the 
high yield potential and the grain quality of wheat 
with the adaptability, vigor, and resistance to abi-
otic and biotic stresses of rye. Triticale is culti-
vated worldwide on almost four million hectares 
and nearly 90% of the production is concentrated 
in Europe (FAOSTAT 2020). The crop is primarily 
used on-farm as feed for pigs, poultry, and rumi-
nants. Human consumption of triticale is marginal 
because the flour shows relatively poor aptitude for 
bread making (Naeem et al. 2002). Yet, triticale can 
be used for the preparation of cakes, cookies, and 
noodles (McGoverin et al. 2011), or in the brewing 
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industry (Glatthar et  al. 2002). Recently, triticale 
was intensively investigated as a potential energy 
crop (Petersen et al. 2020).

The first triticale cultivars released in the 1970s 
were characterized by elevated diseases resistances, 
but low fertility with high susceptibility to ergot, low 
grain yield, low specific weight, shriveled kernels 
inducing high protein content, excessive height com-
bined with lodging, and the elevated sensibility to 
PHS (Oettler 2005). After 50 years of breeding, most 
early problems have been resolved except for the PHS 
sensitivity. Modern triticale cultivars are agronomi-
cally competitive with wheat and superior to wheat in 
terms of grain yield under biotic and abiotic stresses 
(Blum 2014). The high level of diseases resistance is 
regularly challenged by the emergence of new races 
in pathogen populations (Mergoum et al. 2019; Rod-
riguez-Algaba et al. 2020).

Today, PHS remains a persistent problem in triti-
cale and in other cereal crops. It corresponds to the 
germination of grains in the ear prior to harvest 
(Finch-Savage and Leubner-Metzger 2006). PHS 
infers on seed germination and alters nutritional and 
quality properties (Lemmens et al. 2019). PHS is hold 
responsible for an estimated $ 1 billion annual loss 
worldwide (Black et al. 2006).

In cereals, PHS is controlled by both genetic fac-
tors and environmental conditions. During the late 
maturity stage, an elevated relative humidity, warm 
temperatures, and a reduced partial oxygen pres-
sure stimulate grain germination (Finch-Savage and 
Leubner-Metzger 2006). With the changing global 
climate and the predicted increase of temperature and 
extreme weather events, the occurrence of PHS may 
even increase (Singh et al. 2021). Seed dormancy, the 
capacity of the seed to avoid germination under nor-
mally conducive environmental conditions for seed 
germination (Baskin and Baskin 2004), is recognized 
as one of the main factors in resistance to PHS (Fidler 
et  al. 2018). The hormonal balance between the 
antagonists gibberellic acid (GA) and abscisic acid 
(ABA) complex pathways regulates seed dormancy 
(Gao and Ayele 2014; Tai et al. 2021).

Several studies have identified genes and QTLs 
in common wheat conferring relative tolerance PHS 
(Ali et  al. 2019; Singh et  al. 2021). However, only 
few QTLs or genes have been effectively validated in 
different germplasm groups and in multiple environ-
mental conditions (Vetch et al. 2019).

The TaPHS1 (or TaMFT-3A) is a major gene 
involved in PHS resistance (Mares and Mrva 2014). It 
has been located on wheat chromosome 3AS and was 
identified in the highly dormant wheat variety Zenkou-
jikomugi (Zen) (Mori et al. 2005). This gene encodes 
a homolog of a phosphatidylethanolamine-binding 
protein responding in Arabidopsis to ABA and GA sig-
nals (Xi et al. 2010). Functional sequence variations in 
TaPHS1 have been characterized in diploid, tetraploid, 
and hexaploid wheats (Liu et  al. 2021). Diagnostic 
markers for the gene are available (Jiang et  al. 2018; 
Wang et al. 2020). A second important gene influenc-
ing PHS is TaMKK3 located on the chromosome 4AL 
(Tan et  al. 2006; Shorinola et  al. 2016; Torada et  al. 
2016). This gene encodes a mitogen-activated protein 
kinase (MAPK) kinase 3 involved in Arabidopsis in the 
phosphorylation of important proteins of the ABA sig-
nal transduction pathways (Danquah et al. 2015).

The wheat homeologs of Qsd1 in barley (quantita-
tive trait locus on seed dormancy 1), TaQsd1, encode 
an alanine aminotransferase expressed specifically in 
embryos (Onishi et  al. 2017). The gene, located on 
the chromosomes group 5, regulates the level of seed 
dormancy (Abe et al. 2019).

The aim of this study was to assess the efficiency 
of PHS resistance genes transferred from wheat to 
triticale on pre-harvest sprouting and seed dormancy 
in triticale. For this, we first compared different meth-
ods for the evaluation of PHS resistance in cereals 
to identify the easiest and fastest but still reliable 
method in a triticale breeding context. In a second 
step, we have introduced three wheat resistance genes 
from the A and B genomes (TaPHS1, TaMKK3, and 
TaQsd1) into triticale by marker-assisted interspecific 
backcrossing. In a third step, we evaluated the impact 
of wheat PHS resistance QTLs and combinations of 
QTLs on both the level of PHS and on seed germi-
nation in triticale. Our final aim was to create new 
triticale varieties with an increase level of PHS resist-
ance while maintaining an elevated yield and disease 
resistance potential.

Materials and methods

Plant material and origin of PHS resistance QTLs

The Japanese red spring wheat variety Zenkoujik-
omugi (Zen) bears the PHS resistance QTL TaPHS1, 

  60   Page 2 of 19



Mol Breeding (2022) 42:60

1 3
Vol.: (0123456789)

located on chromosome 3AS (Mori et al. 2005). The 
Australian wheat variety AUS1408 carries also the 
TaPHS1 (Lin et  al. 2018) and two other resistance 
QTLs TaMKK3 on chromosome 4AL and TaQsd1 on 
chromosome 5BL (Tan et al. 2006). Cosinus is a triti-
cale variety bred by KWS LOCHOW GMBH (Ger-
many) and registered in 2010.

Markers of PHS resistance QTLs

For all three QTLs, we dispose of tightly linked 
molecular markers. The TaPHS1 of cultivar Zen 
can be detected by the SSR marker barc57 (primers 
5’-GCG ACC ACC TCA GCC AAC TTA TTA TGT-
3’ and 5’-GCG ACC ACC TCA GCC AAC TTA 
TTA TGT-3’) (Kottearachchi et  al. 2006). The sizes 
of the expected fragments are not mentioned in the 
original publication.

The PCR marker ZXQ118 (primers 5’-CTG ACT 
GAT ATA CGG CAA TC-3’ and 5’-ATG TGA TTG 
GTT GAT CAA GCG-3’) validated by Zhang et  al. 
(2008) identifies the QTL located on chromosome 
4AL of Aus1408. In a preliminary test, we have vali-
dated the lengths of the DNA fragments in the resist-
ant (Aus1408) and in the susceptible triticale parental 
line Cosinus.

The SSR markers wmc118, barc59, and gwm497, 
linked to the QTL of chromosome 5BL of Aus1408, 
as proposed by Tan et  al. (2006) resulted non-poly-
morphic fragments compared to Cosinus. We opted 
therefore for the marker wmc783 (primers 5’-AGG 
TTG GAG ATG CAG GTG GG-3’ and 5’-TCT TCC 
TTC TCC TGC CGC TA-3’) that maps between 
barc59 and gwm497 (Somers et  al. 2004). This 
marker enabled us to distinguish the amplified frag-
ments on 2.5% agarose gel from resistant Aus1408 
and susceptible Cosinus. For all the three markers, 
the annealing temperature was 60 °C.

DNA extractions, PCR amplifications, and nucleic 
fragments analyses are described in Moullet and 
Schori (2014). The exact DNA fragments length 
of the PCR products were not determined. Usually, 
we only scored the polymorphisms on agarose gels 
(Fig. 1).

Embryo rescue

Embryo rescue methods are used in interspecific 
crosses to raise plants from non-viable seeds. This 
approach also allows reducing the generation time by 
up to 2 months.

In the present, the developing caryopses were 
harvested from main spikes at 17 or 18  days after 

Fig. 1  PCR profile showing the polymorphism between the 
parental lines (Aus1408, Zen, Cosinus), the lines with particu-
lar PHS resistance QTLs derived from the genotypes 47 and 

54 and the breeding lines using the primers: A/ barc57 for 
TaPHS1 (3AS), B/ ZXQ118 for TaMKK3 (4AL) and wmc783 
for TaQsd1 (5BL)
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fecundation, surfaced-sterilized first in 100% ethanol 
for 30 s, and then in a solution of sodium hypochlo-
rite containing 4% (w/v) chlorine and 0.4% tween 20 
for 15 min. Subsequently, the seeds were rinsed five 
times in sterile distilled water. Immature embryos (2 
to 3  mm size) were aseptically excised from young 
caryopses, placed scutellum-side up on plant induc-
tion MS medium (Murashige and Skoog  1962) sup-
plemented with l-asparagine 150  mg/lt, thiamine 
hydrochloride 16  mg/lt, and AIA 0.1  mg/lt. After 
incubation for 5  days at 10  °C, the embryos were 
incubated at 23 °C for 3 to 7 days until the plantlets 
were grown to 1 to 2 cm long. These plantlets were 
immediately transplanted into soil.

Transfer of PHS resistance genes into triticale

The transfer of PHS resistance genes from wheat vari-
eties Zen and AUS1408 to triticale variety Cosinus is 
displayed in Fig.  2. In a first step, we have crossed 
Aus1408 and Zen in order to combine all three QTLs 
in the same wheat background (ZenAus). From 960 
self-pollinated ZenAus plants F2, 8 homozygous 
plants for all three QTLs of interest were selected by 
marker-assisted selection (MAS). One hundred spikes 
out of these plants were fecundated with pollen of the 
triticale cultivar Cosinus to produce more than 1850 
seeds. The germination faculty of 1000 hybrid seeds 
was assessed yet all tested seeds were non-viable. 
Eight plants (F1) have been recovered by embryo 
rescue on mature seeds. The hybrids were sterile but 
a subsequent fecundation of 50 emasculated spikes 
with Cosinus pollen produced 50 seeds. Using MAS, 
we could identify six plants (BC2F1) fully fertile car-
rying all three QTLs of interest. After a series of four 
backcrosses with Cosinus, we obtained the ZAC lines 
(Zen × Aus × Cosinus). In all backcrosses, plants were 
recovered using the embryo rescue technique. Res-
cued plants were used as female plants in the follow-
ing backcross cycle.

Male and female plants for the crossing experi-
ment were grown under controlled conditions in a 
phytotron after vernalization for 6  weeks in a cold 
chamber at 4 °C. By this procedure, we obtained two 
generations per year.

The progeny of two BC4F1 plants (namely line 
47 and line 54) were analyzed with markers to iden-
tify those plants containing none (-/-/-), one (3AS/-/-, 
-/4AL/-, and -/-/5BL), two (3AS/4AL/-, 3AS/-/5BL, 

and -/4AL/5BL), or all three (3AS/4AL/5BL) 
homozygote QTLs. For most combinations of QTLs, 
two lines were obtained. Only one line could be 
obtained for the genotypes 3AS/-/- and 3AS/-/5BL 
of line 54, 3AS/4AL/- of both lines 47 and 54, and 
-/4AL/5BL of line 47. Seeds from single plants were 
multiplied in field microplots (BC4F3 in 2015).

PHS resistance evaluation

To evaluate PHS resistance (Kumar et al. 2010), ten 
intact spikes from ten plants of each genotypes from 
line 47 have been grown in the field and collected at 
full maturity. Quickly after harvest, the spikes were 
soaked for 5  h in tap water, then placed on a layer 
of 3.5 cm moist sand, and covered by jute bags in a 
shaded greenhouse at 20 to 30 °C (Fig. 3). An auto-
matic watering system wetted the ears 7 times a day 
with 5 mm tap water.

Three scoring methods for PHS resistance have 
been compared (Fig. 4) to find the most reliable and 
in the same time the most accurate method. The first 
method estimates the number of emerging plantlets 
on a visual scale from 1 to 9, with 1 for none and 9 
for complete germination. The integration of the ger-
mination score with time gives the spike germination 
index (SGI) using the following equation:

where yi is the score for PHS at the ith day and ti − t 
i+1 the number of days between two consecutive 
observations.

The second and the third methods were to count 
the proportion of germinated seeds per number of 
spikelets (method 2) or per number of seeds (method 
3) after 8 days of incubation.

After evaluation, we opted for the visual estimation 
of germination with the calculation of the SGI every 
day over 14  days as the most accurate and quickest 
scoring method of triticale germination.

Seed dormancy scoring

Dormancy was evaluated on freshly harvested seeds 
collected in the centre of the spike of each genotype. 
Overall, 50 seeds, namely two from 25 spikes were 
collected. The seeds were placed with the crease fac-
ing down on a thick filter paper in a Petri dish and 3 ml 

SGI =
∑

(yi + yi+1) ∗ (ti − ti+1)∕2
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of sterile distilled water was added. Subsequently, the 
plate was incubated in the dark at either 10 or 30 °C. 
Every third day, 0.5 ml at 10 °C and 1 ml at 30 °C of 
sterile distilled water was added to keep the filter moist. 
Once a day at approximately the same time for 2 weeks, 
grains presenting 1 to 2  cm long coleoptile were 
counted and discarded. The dormancy of seeds were 
finally expressed as the weighted germination index 

(WGI). The WGI was calculated according to Nyachiro 
et al. (2002) using the following equation:

where n is the number of germinated seeds at day ni 
while N is the number of total seeds and the integer is 
the daily weighting factor.

WGI = {14 ∗ n1 + 13 ∗ n2 +⋯ + 1 ∗ n14}∕N

Zen (3AS) x Aus1408 (4AL + 5BL)
AABBDD AABBDD

MAS 

ZenAus (3AS + 4AL + 5BL)  x Cosinus (AABBRR) F1
AABBDD

potential translocations
embryo rescue + MAS BC1F1 (AABBDR)

embryo rescue + MAS BC2F1
(AABBRR +/-
D chromosomes)

embryo rescue + MAS BC3F1 (AABBRR)

ZAC (3AS + 4BL + 5BL) BC4F1 (AABBRR)
AABBRR

embryo rescue + MAS 

QTLs effect evaluation Breeding for PHS resistance
genotypes 47 and 54 (AABBRR) 30 populations (AABBRR) BC4F2

MAS and phenotypical selection

50 populations BC4F3

MAS and phenotypical selection

132 microplots BC4F4

(3AS+4AL+5BL)
phenotypical selection

43 yield plots BC4F5

(3AS+4AL+5BL)

BC4F3 microplots propagation 
phenotypical selection

2 varieties BC4F9

(911.55046 + 911.55051)
(3AS+4AL+5BL)

- / - / - lines
3AS / - / - lines
- / 4AL / - lines
- / - / 5BL lines
3AS / 4AL / - lines
3AS / - / 5BL lines
- / 4AL / 5BL lines
3AS / 4AL / 5BL lines

Fig. 2  Diagram showing steps involved in the production of 
lines used for the evaluation of PHS resistance QTLs effect 
and for marker-assisted breeding for PHS resistance. 3AS, 4AL 
and 5BL represent the QTLs for PHS resistance located on the 

3AS, 4AL et 5BL chromosomes. Except for the plants ZAC (3 
heterozygous QTLs), the lines are homozygous for the men-
tioned QTLs
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Seed multiplication and agronomic evaluation

For the selection of PHS-resistant triticale cultivars, 
300 seeds from 30 BC4F2 (2014) lines were sown 
in single rows in the field (Fig.  2). The presence of 
the three QTLs has been analyzed in 820 plants out 

of whom 50 single plants (BC4F3) were selected for 
the effective presence of resistance QTLs but also 
on phenotypical criteria such as diseases resistance, 
plant height, lodging resistance, tillering capacity, 
spike length, and fertility. In 2015, populations of 
120 to 360 seeds per chosen line were grown in sep-
arate field plots. At this stage, 132 homozygous for 
the three QTLs (BC4F4) and phenotypically prom-
ising plants were chosen for the next generation. In 
2016, one microplot per selected plant was grown. 
The visual selection completed with an approximate 
yield, a disease resistance evaluation (glume blotch 
and stripe rust) and pre-harvest sprouting resistance 
scoring allowed the selection of 43 lines (BC4F5). 
The following year, these lines were evaluated in 
performance trial in the field (two replicates of each 
line in randomized yield plots of 4.7 m × 1.5 m, 400 
seeds m-2). The final process of selection from 2018 
to 2020, involved six Swiss locations field trials con-
taining three plots (4.7 m × 1.5 m, 400 seeds m-2) per 
line grown in a randomized complete block design. In 
parallel, a disease assessment nursery under artificial 

Fig. 3  PHS assessment experiment. Almost 200 lines are 
tested in parallel in a shaded glasshouse. The picture shows 
emerging plantlets 14 days after the harvest
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inoculation allowed an accurate disease resistance 
evaluation. Each disease was evaluated separately 
with artificial inoculations for powdery mildew, stripe 
rust, leaf rust, Stagonospora glume blotch, and fusar-
ium head blight resistance (Michel 2001). The most 
promising lines, combining PHS resistance, disease 
resistance and yield performance were compared with 
the recently released triticale varieties Balino, Tri-
aldo, Larossa, and Cosinus.

Statistical analysis

Data were systematized in spreadsheets (Excel 2016). 
Statistical analyses of data were performed with R (R 
Core Team 2021).

Comparison of PHS evaluation methods

The relation between the three PHS evaluation meth-
ods, namely either estimating or counting the num-
ber of germinating grains, was studied with a Pear-
son correlation analysis using the package “stats” 
included in R. The necessary assumptions on nor-
mality, linearity and absence of outliers ascertained 
beforehand using the Shapiro-Wilks normality test 
after transformation (squaring) of the data.

Influence of resistance genes on PHS and dormancy

The influence of the different PHS resistance genes 
and their combination on sprouting was analyzed 
with linear mixed models (LMM) using the “lme4” 
and the “lmerTest” packages (Bates et  al. 2015; 
Kuznetsova et al. 2017). We used this model to esti-
mate the effects at different levels (QTLs and geno-
types levels) with respect to the mean SGI values tak-
ing as a reference the results obtained with Cosinus. 
The model includes years and genotypes as random 
effects. Finally, the model used was adapted from Pie-
pho et al. (2004):

where SGIvg is the observed value; � is the overall 
mean; av is the fixed effect of the QTL or the combi-
nation of QTLs; bg is the fixed effect of each genotype 
(line 47 or line 54); Rvg is the random effect between 
the genotype and the years; and �vg is the residual 
(random and fixed) error of SGIvg . Since differences 

SGIvg = � + av + bg + Rvg + �vg

v = breeding_line1… .breeding_10g = Genotype 47,Genotype 54

between QTLs and combinations of QTLs are signifi-
cant, the pairwise comparisons of the means for the 
different QTLs were calculated as estimated marginal 
means (EMMs) using the “Emmeans” package (Rus-
sell 2021). Subsequently, the comparisons between 
the EMMs were done with Tukey’s post hoc test 
using the “pwpp” function.

Results

Comparison of methods of evaluation of pre-harvest 
sprouting

For the comparison of three methods for evaluation of 
PHS, only progenies of genotype 47 containing none, 
one, two, or all three homozygous QTLs were tested. 
Cosinus and the breeding line CH-911.54539 were 
used as standards. The methods tested included (1) 
the estimation of emerging plantlets by visual scoring 
every second day during 8  days, expressed as SGI, 
(2) the counting of the proportion of germinating 
seeds per number of spikelets after 8 days, and (3) the 
counting of the proportion of germinating seeds per 
number of seeds. Figure 4 shows the results obtained 
for each genotypes with all three scoring methods. 
The correlation between the SGI with the other two 
scoring methods is shown in Table 1. All three meth-
ods were very similar, showing a highly significant 
correlation coefficient (r = 0.95 and r = 0.94) between 
SGI and the other two scoring approaches. In the fol-
lowing, we have opted for the easier and quicker SGI 
method.

Effect of resistance QTLs on pre-harvest spouting

Pre-harvest sprouting was investigated on the prog-
eny lines of both genotypes, line 47 and line 54, and 
on triticale varieties Cosinus, Trialdo, and Larossa 
for comparison. The analysis was done on 10 intact 
mature spikes. In order to obtain more accurate SGI 
in this experiment compared to the previous one, 
we visually assessed PHS every day for 14  days 
resulting in higher SGI data. Susceptible genotypes 
germinate completely within 5 to 7  days while in 
resistant ones only few seedlings were visible after 
21  days. The results are presented in Fig.  5. The 
outcome of the LMM analysis shows that the effects 
of the QTLs are statistically significant, while the 
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effect of parental genotype (notably line 47 and line 
54) were not significant (Table  2). Table  3 shows 
the pairwise comparisons of the effect of the QTLs 
and combinations of QTLs on PHS. It became evi-
dent that all lines containing the QTL on chromo-
some 3AS show reduced PHS. The two other QTLs 
have also an effect, but weaker and less consist-
ent. Lack of 5BL QTL efficiency may result from 

imperfect linkage between the wmc783 marker and 
the QTL of interest.

Effect of PHS resistance QTLs on seed dormancy 
(WGI)

The seed dormancy was investigated on the same 
genotypes. Seed dormancy is expressed as Weighted 
Germination Index (WGI) (Table  4). The WGI was 

Table 1  Comparison of methods for PHS resistance evaluation. Table of correlation analysis for the variables number of seedlings 
per number of spikelets or number of seeds versus the observed SGI

Methods T DF Confidence interval 
(95%)

p value r R2

Spikelets 11.94 14.00 [0.87, 0.98]  < .001 0.95 0.90
Seeds 11.94 14.00 [0.87, 0.97]  < .001 0.94 0.88
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scored at two temperatures, where 10  °C being the 
dormancy-breaking temperature for most cereals and 
30  °C allowing only non-dormant seeds to sprout. 
The WGI was calculated on data collected during 
17 days. In 2016, the WGI at 30 °C of two lines was 
not determined because of fungal contaminations of 
the seeds. For the cultivar Trialdo, 10 °C breaks only 
partially the dormancy, whereas for all other lines 
at this temperature, almost full germination occurs 
within 2  weeks. For the most dormant genotypes, 
only one seed out of 25 seeds was growing at 30 °C 
during experimental time.

The means values for the SGI and WGI of every 
combinations of QTLs for the 2 years of analysis was 
calculated to easier evaluate the effects of each QTLs 
(Fig. 6).

Pearson’s correlation analysis was carried out 
between SGI and WGI showing a significant and 
positive degree of association (r = 0.72, t (62) = 8.08, 
p > 0.001), i.e., the higher the WGI value at 30 °C, the 
higher the SGI value and vice versa (Fig. 7).

Breeding for PHS resistance

The final aim of our project is to create new com-
mercial cultivars of triticale resistant to PHS and 
agronomically performant. The most promising 
triticale lines containing the 3AS, the 4AL, and the 
5BL QTLS for resistance to PHS were extensively 
evaluated during a final process of breeding (2018 to 
2020) involving six locations field trials (Fig.  8 and 
Table 5).

The SGI was calculated in 2016 and in 2018. 
The % WGI curve represent the percentage of WGI 
at 30  °C compared to the WGI at 10  °C and was 
assessed in 2018 only (Fig. 8).

The selected lines (911.550xx) containing the 
three QTLs for resistance to PHS were compared to 
recent performing varieties named Balino, Trialdo, 
Larossa, and Cosinus respectively registered in 2019, 

2012, 2014, and 2010. Several agronomical breeding 
traits (Table 5) were evaluated under natural growing 
environment.

The fungal diseases resistances were also esti-
mated under artificial inoculation conditions in a field 
nursery.

The resulting lines (911.55026, 911.55937, 
911.55046, and 911.55051) are resistant to PHS 
(SGI) and display high dormancy (WGI). All derived 
seeds germinate promptly after 2  months of storage 
at room temperature. The yield, the resistance to 
lodging, the thousand-kernel weight, the hectoliter 
weight, and the disease resistance are similar to the 
best recent Swiss cultivars. The line 911.55051 is 
slightly better than Balino in terms of absolute or pro-
tein yield and reaches heading stage approximatively 
3 days before the control cultivar. That line is longer 
than Balino but shows almost no lodging. Concerning 
the diseases resistance, 911.55051 is slightly more 
susceptible to powdery mildew and fusarium head 
blight.

Discussion

Obtaining plant materials

PHS is a major problem in most cereals species. 
Several QTLs for PHS resistance were identified in 
wheat (Ali et al. 2019). Hexaploid triticale shares the 
genomes A and B with bread wheat. The transfer of 
genetic information from wheat to triticale is feasible 
by interspecific crosses (Saulescu et al. 2011).

The crossability and the emergence of F1 hybrids 
are highly depends on triticale cultivars involved in 
the crosses (Nkongolo et  al. 1991). In this study, 
F1 hybrid seeds were easily produced by cross-
ing the triticale genotype Cosinus as pollen donor 
line and the emasculate F2 hybrid wheat lines 

Table 2  Anova study showing the effects of the QTLs and 
genotypes. In the table, we have the source of variation 
(source), the sum of squares (Sum sq), the mean of squares 

(Mean sq), the degrees of freedom (DF), and the value of the 
F-statistic (F value) with its associated p-value (Pr(> F))

Signif. codes: 0 ‘***’ 0.00 1 ‘**’ 0.01 ‘*’ 0. 05 ‘.’ 0.1 ‘’ 1

Source Sum Sq Mean Sq NumDF F value Pr(> F)

Lines (QTLs) 26,557.80 2655.78 10.00 34.41  < 0.01***
Parental genotypes 386.30 386.31 1.00 5.01 0.15
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(Zen × Aus1408) containing the three PHS resist-
ance QTLs. The shriveled seeds produced were 
sterile and embryo rescue on mature caryopses was 
required to generate F1 hybrid plants. A recipro-
cal cross, possibly increasing the germination rate 
(Hills et  al. 2007), was impossible to achieve due 
to the low availability of homozygous wheat plants. 
The auto-incompatibility of F1 hybrid plants con-
strained to transfer manually triticale pollen to 
generate BC1F1 seeds. At this stage, the hybridiza-
tion rate (< 2%) was much lower than for the initial 
cross (> 80%) and embryos rescue was performed 
on immature seeds to create plants for the next gen-
eration. Embryo rescue is a powerful technique to 
recover potential seedlings from kernels but also 
to speed up the process of backcrossing by shorten 
the grain-filling period. The production of the next 
generation female plants through embryos rescue 
should not select non-dormant genotypes. Isolated 
wheat embryos expressed reduced dormancy dur-
ing grain-filling (Gerjets et al. 2010). As almost all 
embryos regenerate fully normal plants, the incuba-
tion at 10 °C of the embryos overcomes dormancy 
requirement, which is crucial to reach our final 
objectives. The time saving provided by embryo 
rescue (1 up to 2 months per generation) is impor-
tant in the context of backcross. A disadvantage 
of this breeding method is the time necessary to 
complete the whole process (five or six cross gen-
erations to reach a level of homozygosity close to 
the elite parental lines and one generation to obtain 
homozygous plants for the favorable QTLs) at the 
end of which the recurrent parent could be sur-
passed by recent releases.

After four backcrosses, triticale lines should 
theoretically conserve less than 3% of the wheat 
genome but remain phenotypically distinguish-
able. Cytogenetic analysis of the progeny issue 
from interspecific hybridization between wheat and 
triticale reveals high levels of translocations in the 
hybrids plants (Lukaszewski and Gustafson 1983; 
Jeberson et al. 2021).

Comparison of methods for pre-harvest sprouting 
evaluation

Breeders have developed a series of methods for the 
detection of PHS resistance in cereal including arti-
ficial sprouting of intact spike, germination tests, Ta
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natural, or artificial weathering field trials or Hag-
berg Falling Number (Derera 1989; DePauw et  al. 
2012).

Germination increases the α-amylase activity 
in cereal seed. The Hagberg Falling Number (FN) 
assay reveals the viscosity of a flour suspension in 
water directly link to the enzymatic starch degrada-
tion triggered by sprouting. The FN method is inter-
nationally accepted for the measurement of grain 

quality reduction related to the sprouting damage. 
With our tested lines derived from the genotype 47 
or 54, FN is not correlated with PHS severity esti-
mated with SGI or WGI (data not shown). In triti-
cale, low FN is not indicative of high α-amylase 
activity (Dennett et  al. 2013). The FN is also not 
well correlated with dormancy (Alaru et  al. 2008) 
or mature spikes sprouting (Sodkiewicz 2002). In 
some wheat cultivars, FN is also affected by various 

Table 4  Effect of wheat PHS resistance QTLs on Triticale dormancy. WGI is calculated at 10 and 30 °C from lines grown in the 
field in 2016 and 2018. ND, not determinate; cont, contaminated

lines PHS QTLs 10°C 30°C 10°C 30°C 10°C 30°C
Trialdo 0.546 0.322 0.374 0.210 0.460 0.266
Larossa 0.616 0.414 0.692 0.243 0.654 0.328
Cosinus 0.678 0.186 0.713 0.318 0.695 0.252
ZAC pl47 PHS-43  - / - / - 0.635 0.167 0.645 0.348 0.640 0.258
ZAC pl47 PHS-179  - / - / - 0.656 0.228 0.640 0.311 0.648 0.269
ZAC pl47 PHS-138  3AS / - / - 0.522 0.024 0.600 0.015 0.561 0.019
ZAC pl47 PHS-166  3AS / - / - 0.534 0.186 0.642 0.100 0.588 0.143
ZAC pl47 PHS-140  - / 4AL / - 0.631 0.176 0.633 0.269 0.632 0.223
ZAC pl47 PHS-162  - / 4AL / - 0.633 0.233 0.539 0.172 0.586 0.202
ZAC pl47 PHS-86  - / - / 5BL 0.652 0.127 0.676 0.189 0.664 0.158
ZAC pl47 PHS-105  - / - / 5BL 0.678 0.153 0.669 0.147 0.673 0.150
ZAC pl47 PHS-183 3AS / 4AL / - 0.529 0.045 0.666 0.019 0.598 0.032
ZAC pl47 PHS-102  3AS / - / 5BL 0.628 0.080 0.673 0.056 0.651 0.068
ZAC pl47 PHS-204  3AS / - / 5BL 0.628 0.039 0.629 0.048 0.629 0.044
ZAC pl47 PHS-96  - / 4AL / 5BL 0.699 0.082 0.678 0.242 0.688 0.162
ZAC pl47 PHS-218  3AS / 4AL / 5BL 0.631 0.115 0.628 0.087 0.629 0.101
ZAC pl47 PHS-115  3AS / 4AL / 5BL 0.673 0.130 0.595 0.035 0.634 0.083
ZAC pl54 PHS-126 - / - / - 0.628 0.409 0.613 0.515 0.620 0.462
ZAC pl54 PHS-189 - / - / - 0.638 0.189 0.661 0.374 0.649 0.282
ZAC pl54 PHS-130  3AS / - / - 0.647 0.108 0.652 0.153 0.649 0.131
ZAC pl54 PHS-85  - / 4AL / - 0.704 ND (cont) 0.647 0.321 0.675 ND
ZAC pl54 PHS-236  - / 4AL / - 0.598 0.277 0.675 0.454 0.636 0.366
ZAC pl54 PHS-68  - / - / 5BL 0.664 0.339 0.671 0.311 0.667 0.325
ZAC pl54 PHS-287  - / - / 5BL 0.645 0.252 0.642 0.292 0.644 0.272
ZAC pl54 PHS-116 3AS / 4AL / - 0.661 ND (cont) 0.588 0.115 0.625 ND
ZAC pl54 PHS-161  3AS / - / 5BL 0.628 0.157 0.532 0.101 0.580 0.129
ZAC pl54 PHS-186  - / 4AL / 5BL 0.673 0.282 0.623 0.221 0.648 0.251
ZAC pl54 PHS-279  - / 4AL / 5BL 0.626 0.179 0.633 0.355 0.629 0.267
ZAC pl54 PHS-5  3AS / 4AL / 5BL 0.656 0.105 0.645 0.061 0.651 0.083
ZAC pl54 PHS-128  3AS / 4AL / 5BL 0.614 0.172 0.612 0.174 0.613 0.173

maximum 0.704 0.414 0.713 0.515 0.695 0.462
minimum 0.522 0.024 0.374 0.015 0.460 0.019

mean 0.632 0.185 0.624 0.212 0.627 0.199

WGI WGI (means 2016-18)
2016 2018

The shade of the color represents higher (red) or lower (green) WGI values
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factors other than sprouting damage (Barnard and 
Smith 2012; Mares and Mrva 2008). In a genome-
wide association mapping (GWAS) study on wheat 
germplasm, sprouting scores and FN were not 
strongly correlated and no overlapping quantitative 
trait nucleotides (QTN) based on FN and PHS were 
detected (Martinez et al. 2018).

While looking for an accurate, easy, and fast 
method, we have compared different counting and 
estimation methods on germinating ears. A simple 
1–9 estimation of the extent of germination of the 

ears was the best approach, meeting all our require-
ments and allows the calculation of the SGI. It takes 
into account the extent of ear germination over the 
whole observation period.

Effect of PHS wheat QTLs on triticale

In recent year, several individual genes and QTLs 
affecting seed dormancy were characterized and 
localized on all wheat chromosomes (Ali et al. 2019; 
Tai et  al. 2021). Only a few genes are consistent in 
multiple studies across many germplasm and envi-
ronments (Vetch et  al. 2019) including the TaPHS1 
(Nakamura et  al. 2011), the TaMKK3 (Torada et  al. 
2016), the Tamyb10, closely associated with the red 
grain color genes (Himi et  al. 2002) and the TaVp1 
(Nakamura and Toyama 2001; McKibbin et  al. 
2002). Two of these genes, the TaPHS1 and the 
TaMKK3, referred here as 3AS and 4AL, were intro-
duced into triticale genome by marker-assisted back-
crosses. Wheat map comparison (Somers et al. 2004, 
GrainGenes (http:// wheat. pw. usda. gov/ GG3)) shows 
that the third QTLs from the 5BL chromosome of 
the germplasm Aus1408 (Tan et al. 2006) is located 
in the region of TaQsd1 genes (Onishi et  al. 2017; 
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Wei et al. 2019). The wheat orthologous loci of Qsd1 
gene, initially found in barley, significantly increase 
the seed dormancy period (Abe et al. 2019).

The map-based cloning of TaPHS1 from the chro-
mosome 3AS and the sequencing of BAC contig of 
the entire QTL region shows that the SSR marker 
barc57 is closely link to the gene (Liu et  al. 2013). 
The robust, allele-specific marker ZXQ118 mapping 
in the middle of the 4AL QTL peak, is strongly asso-
ciated with dormancy (Zhang et al. 2008). The third 
marker used, the wmc783 was found on wheat maps 
(Somers et  al. 2004). The TaQSd1 on the chromo-
some 5BL accounts for a minor proportion of PHS 
variations (Vetch et al. 2019) and closely link mark-
ers have been found only recently (Onishi et al. 2017; 
Wei et al. 2019).

In Zen germplasm, three QTLs associated with 
grain dormancy have been discovered on chro-
mosomes 3A, 4A, and 4B (Mori et  al. 2005), 
the QPhs.ocs-3A.1 being the more reliable one. 

Kottearachchi et al. (2006) confirm the importance 
of the 3AS QTL from Zen but with the 4AL QTL, 
no difference in germination data was highlighted. 
For our study, the 4AL QTL from Aus1408 was 
favored.

In our experiments, not enough data have been 
collected to evaluate in details the precise epi-
static interaction between the QTLs introduced 
into triticale. The effect of these QTLs depends on 
genotypes. The genotype 54 is generally more sus-
ceptible to PHS than the genotype 47. Alone or in 
combination with other QTLs, the QPhs.ocs-3A.1 
(TaPHS1) from the hard red wheat cultivar Zen 
(Mori et  al. 2005) strongly increases the level of 
PHS resistance of both triticale genotypes 47 and 
54 (Fig.  6). The two other QTLs (TaMKK3 and 
probably TaQsd1) originated from white-grained 
cultivar Aus1408 (Tan et  al. 2006) reduce slightly 
the PHS and no additive effects could be establish 
with the SGI.

0

20

40

60

80

100

120

0

25

50

75

100

125

150

PH
S 

S
G

I a
nd

 %
 W

G
I

Yi
el
d

%
 o

f s
ta

nd
ar

d 
  

Yield 2017 Yield 2018 Yield 2019 Yield 2020 PHS 2017 PHS 2018 % WGI 2018

Fig. 8  Breeding for PHS resistance. The bars represent yield 
expressed in percentage of standard varieties (Balino, Trialdo, 
Larossa, and Cosinus) during 4 years of experiments (2017 to 

2020). The blue curves show the PHS resistance expressed in 
SGI and the yellow curve is the percentage of WGI when WGI 
at 30 °C is compared to WGI at 10 °C (100%)

Page 13 of 19 60



Mol Breeding (2022) 42:60 

1 3
Vol:. (1234567890)

The quantification of inherent dormancy through 
WGI analysis shows the same significant effect of the 
TaPHS1 gene. The TaQsd1 gene from the chromo-
some 5BL also increases the dormancy, whereas the 
TaMKK3 (4AL) had a smaller impact on WGI. Our 
WGI data suggest an additive effect on dormancy of 
TaPHS1 and TaMKK3 or TaQsd1, additivity disap-
pearing when the three genes are combined.

The stronger impact of the 4AL and 5BL QTLs 
when considering the WGI rather than the SGI may 
result from the protocol used to characterize the grain 
dormancy phenotype by Tan et al. (2006). The initial 
phenotype description based on a germination test 
(Mares et al. 2002) is comparable to our WGI assay.

Tan et  al. (2006) demonstrate a strong geno-
type × environment interaction for the QTL 4AL but 
a remarkably consistent effect across environments 
for the QTL 5BL. This environmental influence, rep-
resented in our work by 2  years of field conditions, 
could explain the higher standard deviations observed 
in the WGI data for the 4AL lines compared to the 
5BL one.

Preexisting constitutional copies of the TAMKK3 
and TaQsd1 genes in the cultivar Cosinus could 
explain the small to non-significant effects of these 

genes in triticale. However, the pyramidization of 
the same genes in a PHS susceptible wheat breeding 
line shows very similar results (unpublished data). 
It is unlikely that both of our recurrent parents con-
tains these two genes. The marker linked to TaMKK3 
was validated in several wheat lines derived from 
Aus1408 (Zhang et al. 2008). However, the TaQsd1-
related marker was never used to introduce the PHS 
resistance QTL and could be non-specific.

Breeding triticale for PHS resistance

Breeding for triticale began in the mid-twentieth 
century and the first commercial cultivars were 
released in the 1970s (Oettler 2005). As a rela-
tively small number of wheat and rye accessions 
resulted in the production of primary triticale, 
the genetic diversity of current varieties is low 
(Niedziela et al. 2016). The possibilities of adapt-
ing this cereal to market requirements are there-
fore limited. Initial rusticity of triticale decreases 
resulting from the expansion of cultivated area 
inducing the emergence of new races of pathogen 
continuously adapting to that species (Mascher 
et al. 2005; Müller et al. 2021). Breeders are now 

Table 5  Agronomical performance of new PHS-resistant Triticale cultivars evaluated in 2020. Yield after sorting is expressed as % 
of the mean of controls cultivars (Balino, Trialdo, Larossa and Cosinus). TKW, thousand-kernel weight; HLW, hectoliter weight

* Note: scale is 1 to 9 with 1 denoting no symptoms

Balino Trialdo Larossa Cosinus 911.55026 911.55037 911.55046 911.55051

Yield Absolute dt/ha 98.1 90.7 83.3 94.2 88.2 93.4 99.4 101.6
After sorting % 126.6 102.5 97.7 110.1 107.8 114.3 123.9 126.4
Protein dt/ha 11.07 10.08 9.81 10.08 8.86 9.74 10.72 11.47

Maturity days 136.5 134.8 134.3 136.0 137.5 131.7 133.3 133.7
Height cm 113.9 105.6 111.9 120.8 119.4 110.0 123.9 121.4
Lodging * 1.0 1.0 1.0 1.1 1.0 1.1 2.4 1.1
TKW g 53.1 47.7 46.5 46.5 42.5 42.8 45.9 49.4
HLW kg/hl 74.4 74.2 70.9 73.2 73.1 75.9 76.5 75.6
Powdery mildew Natural * 1.0 1.0 1.0 4.0 1.0 3.0 3.0 2.7

Artificial * 4.0 4.0 5.3 4.0 5.7 5.3 5.0 4.7
Stripe rust Natural * 1.0 1.0 1.0 2.3 1.0 1.0 1.0 1.0

Artificial * 1.0 1.3 1.0 4.3 3.0 1.0 1.0 1.0
Leaf rust Natural * 3.3 2.6 3.9 2.0 1.6 1.7 2.3 2.4

Artificial * 1.7 1.0 2.3 1.7 1.3 1.0 1.7 2.3
Septoria nodorum Natural * 2.0 2.3 3.0 3.7 3.7 4.0 3.0 2.3

Artificial AUDPC 77 58 58 141 131 73 96 73
Fusarium Artificial * 1.0 2.5 2.3 2.0 2.0 2.3 2.0 2.3
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facing new challenges such as improving pest and 
disease resistance (Mergoum et al. 2009).

Triticale is still considered as a minor cereal crop. 
The construction of a genetic map is recent (Tyrka 
et  al. 2015) and a small number of QTLs or genes 
have been identify (Wajdzik et  al. 2019, Mergoum 
et  al. 2019; Ollier et  al. 2020). Actually molecular 
breeding remains difficult in triticale.

The production of new wheat-rye hybrid (pri-
mary triticale) increases the genetic variability in 
triticale by introducing new selected genes recently 
discovered in wheat or rye parental lines. This 
approach failed to generate performant triticale 
cultivars because primary triticale shows gener-
ally low fertility and poor agronomic performances 
(Oettler 2005).

To improve genetic diversity, new breeding 
methods are based on the development of chro-
mosome aberrations though cross-hybridizations 
(Kwiatek and Nawracała 2018). Translocations 
and modifications of triticale chromosomes are 
generated when triticale is crossed with bread 
wheat (Lukaszewski and Gustafson 1983; Jeber-
son et al. 2021) or with rye (Lapinski and Rafalski 
2003). Rye is a valuable source of genes in wheat 
breeding by wheat-rye chromosomes transloca-
tions (Saulescu et  al. 2011; Crespo-Herrera et  al. 
2017; Moskal et al. 2021) and could also be useful 
for triticale improvement. Several PHS resistance 
QTLs in rye were available when this study started 
(Twardowska et  al. 2005, Masojć et  al. 2007, 
Masojć and Milczarski 2009, Myskow et al. 2010). 
They were not considered as potential candidate 
for improving PHS resistance in triticale because 
our objective was to use the same genes and mark-
ers in our wheat and triticale breeding programs 
and wheat genes were preferred.

As wheat is genetically well documented, the 
creation of wheat × triticale hybrids, with the A 
and B genomes of wheat as genes pools donors, is 
a promising strategy to facilitate the introduction of 
new agronomic traits in triticale breeding program. 
Recently, this method enables to introduce into the 
triticale genome the QTLs of resistance to fusarium 
head blight Fhb1 and Qfhs.ifa-5A from the wheat 
variety Sumai-3 (Ollier et  al. 2020) and the slow-
rusting genes Lr34/Yr18 and Lr46/Yr19 from wheat 
germplasm Frontana (Skowrońska et al. 2020). For 

the first time, this approach results in new perfor-
mant triticale varieties and two of them (911.55046 
and 911.55051) will be registered soon.

In wheat, the effectiveness of TaPHS1 and 
TaMKK3 depends on the variety of wheat they 
are derived from and on environmental conditions 
(Lin et  al. 2018). This study also recommends the 
pyramidization of the two genes to increase PHS 
resistance. Our new cultivars contain three genes 
for resistance to PHS (TaPHS1, TaMKK3, and 
TaQsd1) and only the TaPHS1 is useful. During 
the early stages of selection, the efficacy of these 
genes was unknown in triticale and addictive effects 
was expected. The TaPHS1 alone is able to gener-
ate PHS-resistant triticale cultivars. Unlike disease 
resistance genes that the pathogen can overcome, 
TaPHS1 should provide lasting effects. Resistance 
to PHS is an important trait in triticale but many 
other traits could be optimized to create perfor-
mant cultivars. The number of genes introduces 
with MAS into a variety exponentially increases 
the number of samples to be analyzed in order to 
maintain sufficient genetic diversity. The impact of 
genes or QTLs on agronomic performances should 
be significant to compensate the economical MAS 
effort involved.
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