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Six cropping populations, three variety mixtures and one diversity population were devel-
oped from winter wheat varieties and studied for physical, compositional and end-use qual-
ity traits for three years (2011-2013) under different European climatic and management
conditions in order to study the stability of these traits resulted by the genetic diversity. The
beneficial compositional and nutritional properties of the populations were assessed, while
variation and stability of the traits were analysed statistically. No significant differences were
found among the populations in low-input and organic management farming systems in the
physical, compositional and processing properties, but there was a difference in the stability
of these traits. Most of the populations showed higher stability than the control wheat vari-
ety, and populations developed earlier had higher stability than those developed later.
Furthermore, some populations were found to be especially unstable for some traits at certain
sites (mostly at Austrian, Swiss and UK organic sites). Protein content of the populations was
high (13.0-14.7%) without significant difference among them, but there was significant
variation in their gluten content (28-36%) and arabinoxylan content (14.6-20.3 mg/g). The
most outstanding population for both protein and arabinoxylan content was a Hungarian
cropping population named ELIT-CCP. It was concluded that the diversity found in the mix-
tures and CCPs have stabilizing effect on the quality parameters, but a higher stability was
observed under low-input than under organic conditions. These results could be beneficial
not only for breeders but also for the consumers in the long run.
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Introduction

Many studies (e.g. Heal et al. 2004; Murphy et al. 2005; Phillips and Wolfe 2005; Finckh
2008; Hajjar et al. 2008; Wolfe et al. 2008; Newton et al. 2009; Lammerts van Bueren et
al. 2010) have highlighted the need for increased biodiversity in the field as it is essential
to improve sustainability in agricultural systems and in food and nutrition security (Frison
et al. 2011). The need for greater biodiversity is especially strong in organic and ‘low-
input’ systems due to the increased heterogeneity of these environments in time and space
(Altieri 1999; Ceccarelli et al. 2007; Finckh 2008; Wolfe et al. 2008; Ostergéard et al.
2009). Organic farming is more than merely replacing chemical pesticides and fertilizers
with organic ones. Its goal is to stimulate a high level of self-regulation in the system
through functional diversity in and above the soil, rather than depending on external in-
puts (Ostergard et al. 2009). Therefore, factors like cultivar selection are more critical for
organic than for conventional farmers. Organic growers are largely dependent on culti-
vars bred for conventional systems because there is a lack of breeding specifically for
organic systems and thus conventional cultivars dominate the available commercial
choices. However, only few of these are optimal for organic farming systems because
traits associated with independence from external inputs have not received high priority
in current breeding programs (Lammerts van Bueren and Myers 2012). Since more than
a decade plant breeders have been producing genetically diverse and heterogeneous ma-
terials targeting the organic cultivation conditions, but only some of them are commer-
cially available. There are a number of ways to deliver this heterogeneity needed by or-
ganic farmers. One method is the creation of variety mixtures, where the components of
the mixture could be landraces, heritage varieties or modern varieties that are grown and
harvested together. An alternative approach to produce greater genetic diversity is to cre-
ate composite cross-populations (CCP). These are developed by crossing a group of di-
verse parents, then growing and harvesting the subsequent generations as a bulk popula-
tion (Suneson 1956; Doring et al. 2015). It is already known that CCPs and variety mix-
tures have several physiological benefits when compared to less genetically diverse vari-
eties. These include vigorous early growth, better weed suppression, and improved
nutrient use efficiency in the early growing phase, and resistance against pests and soil
bacteria (Wolfe et al. 2008). However, there is little evidence about whether these mix-
tures and populations have any benefits either from a nutritional or a processing point of
view for local or global food market.

Therefore several CCPs and variety mixtures were investigated in the current study in
order to assess their stability regarding the physical, compositional and breadmaking
quality traits and to identify their beneficial, compositional and nutritional properties.

Materials and Methods
Plant material

In order to develop competitive wheat materials for organic and low-input conditions
with good performance, six cropping populations were produced in Austria (A), Hungary
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(H) and the UK (UK) (POP-AT (A), English-Composite (H, ENG-CCP), Elite-Composite
(H, ELIT-CCP), Hungarian-Composite (H, HUN-CCP), YQ-CCP (UK) and NIAB-Elite-
CCP (UK, NIAB-CCP)). These populations were studied together with three variety mix-
tures (MIX-AT (A), YQ-MIX (UK), NIAB-Elite-MIX (UK, NIAB-MIX)) and one diver-
sity population from France (INRA-60parent-CCP called INRA-CCP in this paper). De-
velopment of YQ-CCP and YQ-MIX was explained in detail by Déoring et al. (2015). One
winter wheat (Triticum aestivum L.) variety, Mv-Emese (H) was used as a ‘common’
control in all locations. Mv-Emese is a hard red winter wheat variety with high gluten
content and excellent breadmaking quality (its Farinograph and Alveograph values are
excellent). It is an early maturing genotype which has good tolerance against environ-
mental stresses. The years and sites of the study for each population are listed in
Table S1*.

Plant origin

Development strategy and parental variety selection could basically determine the pro-
cessing quality and performance of CCPs/mixtures. YQ-CCP and YQ-MIX were devel-
oped in the UK using nine high-yielding and twelve high-quality wheat genotypes based
on 190 crosses between them (Doring et al. 2015). Similarly, NIAB-CCP and NIAB-MIX
were developed using eight high-yielding and/or high quality modern varieties. ENG-
CCP was the same as YQ-CCP, but grown in Hungary for three years before the experi-
ment was started. This resulted in a genetic difference between the two CCPs as they were
exposed to different environmental conditions. ELIT-CCP was developed in Hungary
using seven elite wheat varieties (Mv-Béres, Mv-Siiveges, Mv-Suba, Mv-Kédmon, Mv-
Verbunkos, Mv-Csardas and Mv-Magdaléna) having similar heading date, good yield,
disease tolerance, high protein and gluten content and good breadmaking quality. HUN-
CCP was also developed in Hungary using old varieties and landraces resulted in early
maturity and high plants (>120 cm). INRA-CCP was developed by crossing 60 parents
ensuring high diversity in the population. MIX-AT was developed by equally mixing
seeds of ten Austrian varieties (Lukullus, Blasius, Peppino, Pireneo, Stefanus, Arnold,
Bitop, Capo, Midas and Tobias) in each year according to their TKW. Their quality pa-
rameters were discussed by Rakszegi et al. (2016). POP-AT was developed by mixing 18
cross-populations. Crosses included varieties such as Bitop (Austria), Mv-Kolo (Hunga-
ry), Pannonikus, Divana (Croatia) or Prairie Red (US). All the selected parental varieties
had good disease resistance, good TKW, good tillering and not too short plant height. At
the same time, three parents were high yielding while all the other varieties had very high
quality. In spite of the careful selection of the varieties used for the development of CCPs/
mixtures, it could not necessarily be expected to reach high processing quality under or-
ganic or low-input conditions according to the previous studies (Doring et al. 2015; Mur-
phy et al. 2005). This finding is also supported by the present study.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Growing conditions

Plants were grown at organic (O) and ‘low-input’ (LI) sites in five different countries
[Austria (A), France (F), Hungary (H), Switzerland (CH) and the United Kingdom
(UK)] in three different years (2011-2013) using a randomised complete block design
(small plots) with 3 replicates to evaluate the stability of the quality parameters regard-
ing cultivation with low external inputs. Austria and Hungary belong to the same geo-
graphical region, but all the five countries have different climatic conditions. Austria
has a continental climate similarly to Hungary, but with oceanic effects. The Swiss site
is in the continental environmental zone on a higher altitude with three times more
precipitation than in Austria or Hungary. The UK site at East England has a temperate
climate with regular rainfall, while the French location has mild winter. The weather
conditions differed greatly between years. After a moderately dry first season in
2010/2011, the 2011/12 season brought an extreme drought (except in Switzerland and
the UK)) followed by an average season in 2012/13. In most cases the Hungarian loca-
tions got less precipitation and were warmer than the Austrian ones, and the difference
was even greater when compared to the UK or Swiss weather conditions. In each coun-
tries the O and LI sites were located on neighbouring fields and the experiments were
planted close to each other (<1080 m) to minimize confounding effects of differences
in soil and climatic conditions. Herbicides, insecticides and artificial fertilizers were
used in the ‘low-input’ fields when necessary, but fungicides were not (Table S2). Fur-
ther growing and management parameters of two of the trial locations were detailed by
Miké et al. (2014).

Physical properties

The test weight (TW, g seed/100 litre) (MSZ 6367/4-1983, Foss Tecator 1241), the thou-
sand-kernel weight (TKW, g/1000 kernels) (MSZ 6367/4-86), the kernel width and kernel
length (Marvin Digital Seed Analyser) and the hardness index (HI) (AACC Method
55-31, Perten SKCS 4100) of the seeds were measured using samples from each of the
three field replications.

Compositional properties

A 700 g of seeds per field replication were conditioned to 15.5% moisture content and
milled by a Chopin CD1 Laboratory Mill to produce white flour. Wholemeal flour was
produced by a Perten Laboratory Mill 3100. Crude protein content was analysed by the
Kjeldahl method consistent with ICC method 105/2 using the Kjeltec 1035 Analyzer.
Gluten content was measured by Glutomatic 2200 (ICC 137/1). Total and water extract-
able pentosans were determined using a colorimetric method as described by Douglas
(1981).
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Breadmaking properties

Dough properties, such as water absorption, dough development time, dough stability and
dough softening were measured by a Brabender Farinograph according to the standard
ICC 115/1. Gluten index was calculated according to the ICC 155 standard method, while
the gluten spread was measured according to a Hungarian standard [MSZ 6369/5-87
(1987)]. This parameter provides information about the proteolytic activity of flour by
monitoring the changes in the diameter of a gluten ball after 1 hour at room temperature.
Bread volume was estimated by the Zeleny sedimentation test (ICC 116/1, SediCom Sys-
tem).

Statistical analyses

GGE biplot analysis was carried out using GenStat 17.0 software (VSN International
Ltd., Hemel Hemstead, UK), while one-way ANOVA and Tukey’s post-hoc test were car-
ried out using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA).

GGE biplot illustrates the genotype plus genotype-by-environment variation using
scores from a principal component analysis, but removing the environmental effects. The
Ranking biplot [average-environment coordination (AEC) view of the GGE biplot] can
be used to examine the performances of all genotypes within a specific environment. In
the plot, the best performing and most stable genotypes are those whose projections onto
the biplot axis are closest to the environment. The single-arrowed line is the AEC ab-
scissa pointing to higher mean values of a given trait. The AEC ordinate points to greater
variability (poorer stability) in both directions (Yan and Tinker 2006).

Results
Physical, compositional and processing quality of the CCPs and mixtures

Significant differences were found between the CCPs/mixtures in physical properties,
such as test weight (TW), thousand-kernel weight (TKW) and hardness index (HI). The
TW of NIAB-MIX and NIAB-CCP (78 kg/hl) differed most significantly from that of the
MIX-AT (84 kg/hl) (Table S1). The highest difference in TKW appeared between NIAB-
MIX (36.1 g) and POP-AT (42.3 g), while INRA-CCP and NIAB-CCP had the softest
kernels (~43) compared to MIX-AT and POP-AT, which had the hardest kernels (~56).
With regard to compositional properties, there was no significant difference between the
CCPs/mixtures in protein content (13—14.7%), but a large difference was found in the
gluten content with NIAB-MIX and NIAB-CCP having the lowest (~28%) and ELIT-
CCP the highest values (36%). Some variation was also found in the starch content of the
samples, but it was not significant (55.7-58.6%). Dietary fibre content of the grains, such
as TOT-AX and WE-AX varied more with ELIT-CCP having the highest (20.3 mg/g) and
MIX-AT the lowest TOT-AX (14.5 mg/g). The mean WE-AX content was the greatest in
ELIT-CCP (7.6 mg/g) and ENG-CCP (8.3 mg/g), while the lowest values were found in
MIX-AT (5.2 mg/g) and YQ-CCP (5.8 mg/g).
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The compositional and physical properties of the CCPs/mixtures were compared in
detail under the two management systems (O and LI) of three countries (A, H, UK). The
management systems were found to have no significant effect on compositional parame-
ters. Only the protein content differed significantly and only between the UKLI and UKO
sites, where the protein content was 2% lower in each population at the organic site than
at the low-input site (data not shown). In Austria and Hungary, the mean protein content
of each population was higher than 14%, where the HUN-CCP grown at the Hungarian
sites was the most outstanding (Fig. S1). The lower protein content at the UK site might
be resulted from the bigger seed size (TKW).

Greater variation was found in the AX content of the CCPs/mixtures, where ELIT-
CCP, HUN-CCP and ENG-CCP had the highest TOT-AX and WE-AX content. CCPs/
mixtures developed in the UK or in Austria had lower dietary fibre content. The UK site
differed from the A and H sites with a lower average AX content and with outstanding
TOT-AX content in NIAB-CCP population (Fig. S1).

Processing quality of the grains was characterized by the gluten index (GI), the Zeleny
sedimentation and the Farinograph quality number (Table S1). Based on these parame-
ters, different quality groups could be distinguished. Three main groups could be sepa-
rated with GI values of around 65 (HUN-CCP), 79 (NIAB-CCP, ELIT-CCP, INRA-CCP)
and 97 (MIX-AT). Based on the Zeleny sedimentation, two main groups could be distin-
guished with sedimentation volume of around 22 ml (INRA-CCP, YQ-CCP, NIAB-CCP,
HUN-CCP) and 33 ml (MIX-AT, POP-AT). The Farinograph quality number identified a
group (MIX-AT and POP-AT) with very good baking quality (75), while NIAB-CCP and
INRA-CCP showed the opposite value with quality numbers of 42.9 and 46.5, respec-
tively. These latter two populations and the YQ-CCP had the highest dough softening that
indicates their high dough extensibility. The Farinograph dough stability was the highest
for POP-AT (10.8 min), while the other CCPs/mixtures had a stability of around 3-4 min.
The water absorption and dough development time are also important from a processing
point of view. The dough development time of POP-AT was the slowest (8.8 min) while
the dough of the other CCPs/mixtures developed much faster (around 2.5 min). The low-
est water absorption was found for NIAB-MIX and NIAB-CCP (~55%), while the highest
was observed for POP-AT and ELIT-CCP (~63%).

Compared to the common control Mv-Emese, CCPs/mixtures had low TKW and ker-
nel sizes, but based on the compositional properties, CCPs/mixtures could be competitive
in respect of their quality, especially their protein content. Breadmaking quality data
showed that CCPs/mixtures had smaller dough stability and higher dough extensibility
than Mv-Emese. Although CCPs/mixtures were developed from the best performing va-
rieties, they could only guarantee an average milling quality, but expected to keep a bal-
ance between good yield and good quality.

Stability analysis of the CCPs/mixtures using GGE biplots and CV values

In order to measure the stability and variability of the quality traits, the coefficient of
variation (CV) was calculated, which is in negative correlation with stability (Table S3).
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Comparison of the CV values calculated for the organic and low input sites of the five
countries showed that the CCPs/mixtures were more stable (having lower CV values) at
low-input sites than at organic sites. The results for the ELIT-CCP, INRA-CCP, YQ-CCP
and YQ-MIX were the most representative as they were grown in all five countries (A, F,
H, CH, UK). YQ-CCP and YQ-MIX had the most stable Farinograph quality (quality
number and dough softening), while ELIT-CCP had consistently high stability for TOT-
AX content and water absorption at the low-input site.

A second group of populations (NIAB-CCP, NIAB-MIX and ENG-CCP) was grown
in three countries (F, H, UK or A, CH, H; Table S1), and the NIAB-CCP was found to
have stable Farinograph quality, protein and TOT-AX content at the low input site, while
ENG-CCP had stable physical properties and WE-AX content at the organic site.

The third group of populations (HUN-CCP, MIX-AT and POP-AT) was grown only in
two countries (A and CH). These populations were found to be stable with respect to their
compositional and breadmaking quality traits, especially at the low input sites. Physical
properties of HUN-CCP and POP-AT were stable at the organic site, while MIX-AT had
stable WE-AX content and GI at the organic sites (Table S3).

Stability of the physical, compositional and breadmaking quality properties was also
assessed by GGE biplot analyses. According to the results, TW of MIX-AT, POP-AT, YQ-
CCP, YQ-MIX, HUN-CCP and INRA-CCP was consistently high, as they are closer to
the right side of the AEC abscissa (Fig. S2). At the same time, MIX-AT, POP-AT, YQ-
CCP, YQ-MIX, HUN-CCP, INRA-CCP and ELIT-CCP had consistently high TKW as
well. TW of NIAB-CCP and NIAB-MIX was lower than expected at ALI, AO and CHO
sites [as CCPs/mixtures are located far from the end of the arrow/biplot origin/grand
mean and stay opposite side of the AEC abscissa than the locations (ALI, AO, CHO)], but
higher than expected at the HLI site (CCPs/mixtures and locations stay on the same side
of the AEC abscissa). Interpreting in the same way, the TW of ENG-CCP and ELIT-CCP
was lower than expected at the HLI site, but higher than expected at the CHO site.

TKW of NIAB-CCP, NIAB-MIX and ENG-CCP was lower than expected at the CHO
site but higher than expected at the organic site of the UK and the low input sites of
France and the UK. Although ENG-CCP had the highest mean TKW, its stability was low
as it stays away from AEC abscissa. YQ-CCP and INRA-CCP had a mean TKW similar
to the grand mean (end of arrow on AEC abscissa or biplot origin) (Fig. S2).

Stability of the compositional properties, such as the protein-, gluten-, TOT-AX and
WE-AX content were also assessed. MIX-AT, POP-AT, YQ-CCP, YQ-MIX, HUN-CCP,
INRA-CCP, ENG-CCP, ELIT-CCP and Mv-Emese had high and stable protein content,
while MIX-AT, POP-AT, YQ-CCP, YQ-MIX, HUN-CCP, INRA-CCP and Mv-Emese had
high and stable gluten content as well. The protein and gluten content of NIAB-CCP and
NIAB-MIX were lower than expected at the CHO site, but higher than expected in Hun-
gary (both at O and LI sites). The protein and gluten content of ENG-CCP and ELIT-CCP
were higher than expected at the CHO site, but lower than expected at the HLI site
(Fig. S3).

All the populations have higher than expected AX content at the Austrian organic site,
while Mv-Emese had lower AX content at that site. In the same time, the fibre content of
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Mv-Emese was higher at the AO site than for any other CCPs/mixtures at any other sites,
but it was very unstable. YQ-CCP and MIX-AT had the most stable and relatively high
WE-AX content. ELIT-CCP had the highest mean TOT-AX and WE-AX content, while
MIX-AT had a mean TOT-AX and WE-AX similar to the grand mean (Fig. S3).

Processing quality is affected not only by the protein content of wheat, but also by the
dietary fibres. Arabinoxylans mostly affect the water absorption of the flour. According to
our findings, the water absorption of the CCPs/mixtures was generally high and stable,
with the exception of the ENG-CCP, NIAB-CCP and NIAB-MIX. The water absorption
of NIAB-CCP and NIAB-MIX was lower than expected at the CHO site, but it was high-
er than expected at the UKO and HLI sites; however the opposite trend was observed for
ENG-CCP (Fig. S4).

Dough quality was characterised by the gluten index (GI), the Zeleny sedimentation
and the Farinograph parameters. Based on these parameters, the ELIT-CCP had the best
performance with the highest and most stable mean values. Several other populations also
had stable GI (POP-AT, YQ-CCP, YQ-MIX, INRA-CCP), Zeleny sedimentation (YQ-
CCP, YQ-MIX, INRA-CCP) and Farinograph quality number (YQ-CCP, YQ-MIX, IN-
RA-CCP, NIAB-MIX, NIAB-CCP) at most of the sites. At the same time, GI of HUN-
CCP, ENG-CCP and MIX-AT was lower than expected at the UKLI and UKO sites, and
lower than expected for NIAB-MIX and NIAB-CCP at the CHO site. The Zeleny sedi-
mentation of the NIAB populations was also lower than expected at the CHO site. HUN-
CCP, ENG-CCP and MIX-AT had lower, while POP-AT had higher Farinograph quality
number than expected at the UKO site (Fig. S4).

Discussion
Quality criteria

Following the Hungarian wheat standard (MSZ6383:2012), based on the protein content,
the ELIT-CCP, NIAB-MIX and POP-AT had premium quality, but the ELIT-CCP also had
outstanding gluten content (36%) and water absorption (64.3%), while POP-AT had pre-
mium Farinograph quality number (78.4), water absorption (62.5%) and dough stability
(10.9 min) as well. The Farinograph quality of MIX-AT was also outstanding. Based on
other parameters, the CCPs/mixtures were suitable for common milling purposes and
bread production, although the Zeleny sedimentation was very low (>30 ml) in most of
the mixtures/CCPs. NIAB-CCP had poor Farinograph quality as well, meaning that this
population is not suitable for bread production in Hungary. The Hungarian wheat stand-
ard was updated in 2012 by taking into consideration the internationally accepted quality
criteria, but for some parameters it became stricter than those (Carson and Edwards
2009).

It is worth mentioning that CCPs/mixtures were studied at two to five locations in two
to three years (Table S1), which could influence the results of the statistical analysis. In
addition to the local weather conditions, previous crops, N fertilizer input or quantity of
manure applied, were also different in the different countries and in the different years,
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which could also influence the performance and quality of the populations (Table S2).
There are many studies going deep into these questions (e.g. Lammerts van Bueren and
Myers 2012).

Health

Wheat and other cereals are major sources of dietary fibre (DF) in the human diet. Con-
sumption of DF results in both lower cholesterol and glucose absorption in the small
intestine and lower postprandial blood insulin levels (Moore et al. 1998; Lewis and Hea-
ton 1999) related to reduced risk of diabetes type I1. Apart from its nutritional relevance,
DF is also important from a technological point of view as it strongly affects wheat func-
tionality during cereal processing (Courtin and Delcour 2002; Frederix et al. 2004). Ac-
cording to Gebruers et al. (2008) and Ward et al. (2008), who studied the dietary fibre
content of 150 wheat varieties with gas chromatography, the total arabinoxylan content
could vary between 13.5 and 27.5 mg/g dry matter (dm) in flour and between 131 and 221
mg/g dm in bran. The water-extractable arabinoxylan (WE-AX) content of the seed could
vary between 3 and 14 mg/g dm in flour, but the 14 mg/g was an extremely outstanding
value and was measured only in a Chinese variety. All the other varieties had less than 9
mg/g dm WE-AX content. In our study, using the spectrophotometric method around
10-11 mg/g dm WE-AX content was measured in the flour of this Chinese variety, while
the variety checks contained 4-7 mg/g dm WE-AX content. This means that the value of
8 mg/g could be stated as an outstanding value in our measurements, thus two populations
(ELIT-CCP and ENG-CCP) were identified with high AX content. However, possible ef-
fects of the growing conditions should be taken into consideration, more than 50% of the
variation in AX content could be attributed to the genotype (Gebruers et al. 2010), and
therefore effective selection of the populations could be carried out targeting this trait.

Stability

No significant differences were found among the populations grown under low-input and
organic management conditions in the physical, compositional or end-use properties, but
there was a difference in the stability of these traits. The values of the coefficient of vari-
ation showed that the populations had more stable quality parameters at the low-input
sites than at the organic sites. These values, together with the GGE biplot analysis, showed
that the populations developed earlier by the breeders had higher stability than the popu-
lations (NIAB-CCP, NIAB-MIX) developed later in time (and tested for less years). Fur-
thermore, some populations were found to be especially unstable at certain sites under
organic growing conditions (mostly at CHO, UKO or AO sites, depending on the trait).
However, most of the populations showed good stability in their physical, compositional
or end-use quality at all the other sites. Cultivar mixtures and composite cross-popula-
tions in cereal crops were found to stabilize yield in most studies (e.g. Dubin and Wolfe
1994; Mundt 2002). In addition, increased diversity in plants was often linked to higher
productivity (Cardinale et al. 2011). In our study, the stability (CV) of the quality traits
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measured for CCPs/mixtures were mostly higher than that of the control variety,
Mv-Emese, which refers to the quality stabilizing effect of the diversity found in mixtures
or CCPs.

Genetic diversity present in the CCPs and mixtures could not necessarily able to keep
the high processing quality of the parents under organic or low-input conditions, but at
least a few of their end-use parameters could stay outstanding even under these new cir-
cumstances. It was also concluded that the diversity found in the mixtures and CCPs has
stabilizing effect on the quality parameters, but a higher stability was observed under
low-input than at organic conditions, which is in line with the different levels of external
inputs even between these two management systems. Health related benefits (e.g. high
fibre content) of CCPs and mixtures were also identified without resulting in significant
reduction of their processing quality. These results could be useful not only for breeders
but also for the consumers in the long run.
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