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Abstract: A winter wheat composite cross population (CCP), created in the UK in 2001, has been
grown in Germany, Hungary, and the UK since 2005 (F5 generation). In 2008/09 (F8), a cycling
pattern for the populations was developed between partners to test the effects of rapidly changing
environments on agronomic performance and morphological characteristics. One CCP was grown by
eight partners for one year and subsequently sent to the next partner, creating “cycling CCPs” with
different histories. In 2013, all eight cycling CCPs and the three non-cycling CCPs (from Germany,
Hungary, and the UK) were included in a two-year experiment in Germany with three line varieties
as references. Differing seed weights of the F13 at sowing affected some agronomic parameters under
drought conditions in 2014/15 but not under less stressful conditions in 2013/14. In both experimental
years, the CCPs were comparable to the line varieties in terms of agronomic performance, with some
CCPs yielding more than the varieties under the drought conditions of 2015. The results highlight
the potential of CCPs to compete with line varieties, while the overall similarity of the CCPs based on
their origin and cycling history for agronomic traits indicates a high buffering potential under highly
variable environmental conditions.

Keywords: winter wheat; composite cross populations; buffering capacity; agronomic performance

1. Introduction

Unpredictable and increasingly variable climatic conditions have highlighted the
importance of developing new and innovative strategies for crop breeding and manage-
ment [1]. Breeding for diversity has been gaining much attention in the recent past [2,3] due
to the fact that diversity within varieties or crop populations should increase adaptability to
changing and increasingly variable growing environments. However, this genetic diversity
may also allow for the adaptation of crop populations to specific environments, provided
selection pressure is strong and consistent enough [4–6]. One approach to enhancing
within-crop diversity is evolutionary breeding [7], which can be achieved through the use
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of heterogeneous crop populations or evolutionary populations (EPs), of which composite
cross populations (CCPs) are an example.

Heterogeneous populations result from the crossing of a minimum of at least five
parental genotypes [8,9], after which the seeds produced by the crossings are multiplied
(if needed) and the harvested seeds are equally mixed together [2]. This population can
be sown and harvested over a number of generations, either under natural or supervised
selection. Depending on their genetic make-up and environmental conditions, CCPs may
respond to climatic uncertainties, adapt to biotic and abiotic stresses, and maintain genetic
diversity [10–13]. CCPs and other genotype mixtures result in greater intra- and inter-
varietal diversity within the agricultural landscape and ensure a wider adaptation capacity
for crop varieties [2]. As discussed by Ceccarelli and Grando [5], the use of EPs selected
within and adapted to target environments has the advantage of buffering strong genotype-
year interactions within location interactions, which can be hugely variable, particularly
due to climate change. However, despite the advantages of decentralised selection for
genotype-location interactions and the ability of EPs to adapt to these target environments
over time, many EPs show great adaptation capacity to non-targeted environments and
performance stability across environments [4,6,14,15].

Heterogeneous populations of barley and wheat are often comparable to or superior to
modern pure line varieties for both yield and yield stability, mainly under organic and low-
input conditions [10,15–21]. Exposing genetically similar wheat and barley populations to
differing environments may result in population divergence through adaptation to specific
climatic conditions, biotic stresses, or farming systems [22–28]. Overall, genetic diversity
can improve crop resilience and performance and provide greater buffering capacity under
challenging conditions [1,2,5,13,29,30].

According to Patel et al. [31], large environmental variances, such as those experienced
by unpredictable weather conditions, will result in slow population evolutions as genotype
diversity is preserved through the differing genotypes that thrive and reproduce under
particular, but changing, environments. This, as mentioned by Döring et al. [2], provides
“a buffer against the environmental fluctuations through compensatory effects”. In more
stable environments, selection pressures may be stronger and more consistent, enabling
quicker divergent population evolutions according to local selection pressures such as
pathogen presence, interspecific competition, or nutrient availability. In this way, specifi-
cally suited genotypes will be preferred in a specialised environment, thereby reducing the
genetic diversity of the population but favouring local adaptation [22–26]. The success of
environmental adaptation, however, is also largely dependent on the suitability of parental
pedigree [6]. A slow adaptation to an ever-changing environment is thus to be expected
if populations only have one season to adapt to a given location before being moved to a
different and contrasting environment.

As the effects of climate change on crop agronomic performance are difficult to quan-
tify, particularly in short-term trials, a unique opportunity arose within a European network
working together on a winter wheat (Triticum aestivum L.) CCP that was created in 2001
in the United Kingdom (UK). Sub-populations originating from this CCP were exposed
to changing pedoclimatic conditions across Europe for five consecutive years (2008/09:
F8–2012/13: F12) in eight sites, resulting in “cycling CCPs”. In contrast, “non-cycling CCPs”
were maintained in parallel in the UK, Hungary, and Germany.

In summer 2013, the seeds of all eleven CCPs were harvested and evaluated (the
F13) at one site (Germany) together in 2013/14 with three reference line varieties. As the
seeds of the eleven CCPs had been grown at eight different sites in 2012/13, seed size
was inevitably variable among the CCPs. Therefore, in the second experimental year
(2014/15), not only stored seed of the F13 (harvested by partners in 2013) but also F14
seed that had been produced during the first experimental year were included in the
experiment. There was a smaller seed size variation in the F14 seed, which allowed us to
address the question of (i) how seed size affects the performance of the populations under
ambient environmental conditions. Additionally, the performance (agronomic and baking
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quality) and phenotypic diversity of the populations were assessed to (ii) test if there are
agronomic and morphological changes among non-cycling and cycling CCPs, pointing
to specific adaptations depending on management history. Finally, (iii) we asked if there
were differences in yield performance and baking quality of the CCPs in comparison to
pure lines.

2. Materials and Methods
2.1. Genetic Material

The CCPYQ is the result of crossing a total of 20 wheat varieties (release dates of CCP
parental varieties from 1934 to 2000) conducted in 2001 in the UK. Eight high-yielding
parents (Y) were crossed with eleven high-baking-quality parents (Q) (88 crosses). The
variety “Bezostaya”, which is considered both high yielding and of high baking quality,
was intercrossed with all other 19 parental varieties (107 crosses in total). Crosses of the 19
Y and Q parents with one of four naturally male sterile lines were also bulked into the CCP
to enhance further outcrossing in later generations [29,32]. Since 2005, bulked progenies of
the F5 generation of this population have been maintained in the UK, Hungary (HU), and
Germany (D) under natural selection only.

Since the F8 generation (2008/09), a circulation scheme was developed by eight part-
ners to submit the CCP (CCPYQ) that had been maintained in the UK, HU, and D since
2005 to changes in environment every year, creating cycling populations in order to test
the effects of differing environments on populations and possible robustness through com-
pensatory effects to environmental variability through exposure to changing conditions
over time. The CCPs were grown under organic or low-input conditions in a plot > 100 m2

at one site, harvested without selection, and sent to the next cycling partner the following
year (Figure 1). The original partners (UK, HU, and D) also maintained their original
non-cycling populations at the same location for comparison. Each partner involved in the
cycling experiment multiplied and forwarded the received population on to the following
partner from 2008/09 (F8) until the F13 generation (2012/13) (Figure 1).
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Figure 1. Cycling scheme developed between the eight partners for the composite cross populations
derived from the F8 generation from Germany, the UK, and Hungary (see Table 1 for more details).
(Google Maps, 2023). Numbers indicate partner sites: (1) The Organic Research Centre, United
Kingdom; (2) University of Copenhagen and Agrologica, Denmark; (3) Technical University of
Munich, Germany; (4) Centre for Agricultural Research, Hungary; (5) Wageningen University and
Research, the Netherlands; (6) University of Kassel, Germany; (7) FiBL, Switzerland; (8) INRAE, Le
Moulon, France.
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Table 1. CCP code, origin, and cycling history of the winter wheat CCPs compared in 2014 and 2015
under organic growing conditions (Neu-Eichenberg, Germany).

Origin 2008/09 2009/10 2010/11 2011/12 2012/13 CCP Code Used in
This Study

Cycling
(C)/Non-Cycling (NC)
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This resulted in three non-cycling (i.e., home) populations, which all originated from
the same batch of seed in 2005, as well as eight cycling populations, which originated from
these three non-cycling populations in either 2008 or 2009 (Table 1). These 11 CCPs were
compared at the University of Kassel, Germany, in a two-year trial in 2013/14 and 2014/15.

2.2. Field Site and Experimental Design

The trials were carried out in the two experimental seasons of 2013/14 and 2014/15 at
the research fields of the Faculty of Organic Agricultural Sciences (University of Kassel,
Witzenhausen) in Neu-Eichenberg (51◦22′24.7′′ N and 9◦54′12.5′′ E), mean annual precipi-
tation (September to August 2005–2015): 674 mm, mean annual temperature (September to
August 2005–2015): 9.5 ◦C, altitude: 247 m above sea level (see [21] for detailed weather
data for the experimental site). The soil is classified as fine loamy loess soil (Haplic Luvisol),
scoring 76 points according to the German soil point system (0–100). The fields have
been managed organically since 1984 without the use of synthetic fertilisers or pesticides
(see [15,18,21] for more details).

In 2013/14, seeds from the eight cycling CCPs, as well as seeds from the three non-
cycling CCPs (F13) (Table 1), were received from all partners and sown in the same field
at one site in Neu-Eichenberg, Germany, in a randomised complete block design with
four replications. In addition, three pure line varieties, Achat, Akteur, and Capo, were
included as references (14 experimental entries). All three references are classified as
baking-quality varieties commonly grown by organic farmers in Germany. In 2014/15,
stored seed of all CCPs from 2013 (F13) and harvested seed (F14) of all CCPs from 2014 in
Neu-Eichenberg, Germany, were included with the same three reference varieties in a
randomised complete block design with four replicates (25 experimental entries) at the
same site in Neu-Eichenberg, Germany (Table 1). The pre-crop for both experiments was
a two-year grass-clover mixture. Soil samples were taken at two depths (0–30 cm and
30–60 cm) per replicate block shortly after sowing and analysed according to the VDLUFA
standards [33]. Total mineral nitrogen availability (kg N/ha) in the two soil levels was
49 kg N/ha in 2013 and 54 kg N/ha in 2014. No organic fertiliser was applied before or
during the experimental seasons. The wheat was sown on 31 October 2013 and 29 October
2014 in plot sizes of 18 m2 (11 × 1.5 m) at 350 germinable kernels/m2. Each plot contained
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five rows, which were spaced 30 cm apart to allow for weed control through harrowing
and/or hoeing at the tillering stage.

Both experimental seasons were characterised by dry winters and springs, with the
exception that in May of 2013/14, enough rain fell, providing sufficient water during the
critical period of flowering to prevent serious yield loss. In 2013/14, the dry months over
winter and into early spring were coupled with higher-than-average temperatures, particu-
larly between January and April, resulting in a mean temperature of 10.3 ◦C (September to
August) and a total precipitation of 604 mm for the time relevant for wheat growth (Septem-
ber to July) (Figure 2). Monthly temperatures in 2014/15 were generally similar to the
long-term average (1971–2000), between February and mid-June, with higher-than-average
temperatures during the autumn and winter and from mid-June to August (Figure 2).
However, these were coupled with uninterrupted dry conditions from November to June,
leading to extremely early maturation. Thus, the 95 mm that fell in July had no effect on
yield, and effectively, only 334 mm of precipitation (from September to June) were relevant
for the wheat season (Figure 2). In comparison, the long-term total seasonal precipitation
(September to July) was 573 mm (1971–2000).
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Figure 2. Mean monthly temperatures (◦C) and total monthly precipitation (mm) for the experimental
years of 2013/14 and 2014/15. The long-term monthly means for Göttingen, Germany, (1971–2000)
for both temperature and precipitation are also given.

2.3. Assessments

Foliar diseases caused by fungal pathogens were assessed on 10 plants per plot at
BBCH stages 45–55 (26 May 2014 and 29 May 2015) and BBCH stages 60–70 (16 June 2014
and 17 June 2015). Non-green leaf area (NGLA) was recorded as a percentage of the flag
leaf (F), the leaf below the flag leaf (F-1), and, if possible, the F-2 leaf (first assessment only).
The two main foliar leaf diseases observed were also recorded at each assessment date.
Due to the strong similarity of symptoms between Stagonospora nodorum and Zymoseptoria
tritici, these two pathogens were not distinguished separately from one another in the
assessments. The occurrence of foot diseases was low in 2013/14 and close to zero in
2014/15, and as such, they were not considered relevant to the agronomic results.
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Morphological assessments were performed on three 0.5-m rows of mature plants cut
as close to the ground as possible from each plot (0.450 m2 per plot). The number of ears
for ear-bearing tillers per m2 and the percentage of counted ears with awns (awned ears)
were recorded. From these samples, total biomass and kernel weight were also recorded
to calculate the harvest index (HI) and kernel number per ear. Combine harvested grain
yields (t/ha) and thousand kernel weights (TKWs) (g) were adjusted to 14% moisture
content. The TKW (g) was measured three times per plot (the weight of 1000 kernels), and
the mean of these three measurements was used for analysis. Stem length (measured from
base of stem to start of ear) and ear length (awn length not included) were recorded for
45 randomly chosen mature plants per plot (n = 180 plants in total per entry).

Protein content (%) was determined for all CCP entries and reference varieties in
both generations and in both years. Protein content (%) was calculated according to seed
nitrogen content (% N × 5.7), which was analysed using an Elementar Analysator vario
MAX (Elementar Analysesysteme GmbH, Hanau, DE). In addition, a number of baking
quality parameters were assessed for all F14 CCPs and reference varieties in 2014/15.
Hagberg Falling Number (HFN), sedimentation value (Zeleny), wet gluten content (%),
and water absorption capacity (%) (ICC Methods no. 107, 116, 106/2, and 179, respectively)
were analysed by Aberham Laboratories, Großaitingen, DE. The analysis of baking volume
(mL/100 g flour) was based on an internal test developed by Aberham Laboratories using
wholemeal flour and the addition of malt flour in order to stabilise the loaf crust only when
HFN values were too high (personal communication, Dr. Aberham).

2.4. Data Processing and Statistics

The mean non-green leaf area (NGLA%) over all three leaf levels was calculated by
weighting the F leaf by the factor of 4, and the F-1 and F-2 leaves by the factor of 3 (as
described by [18]). The higher weighting of the flag leaf takes into account its greater
contribution to total grain yield in comparison to lower leaves [34]. The Area under the
Disease Progress Curve (AUDPC) [35], as well as the Relative Area under the Disease
Progress Curve (RAUDPC) in accordance with Fry [36], were calculated to allow for
comparison of the populations and reference varieties within an experimental year or over
the two experimental years, respectively.

Data analysis was conducted using the statistical software R (Version 3.4.4) [37], and
graphics were produced using Excel (Microsoft Office, Version 18.2305.1222.0) and the R
package “ggplot2” [38]. Linear models were built using the R package “stats” [37] and
were performed on a number of datasets described as follows: Dataset 1a: all experimental
entries (F13 CCPs and reference varieties) over both experimental years (2013/14 and
2014/15); dataset 1b: all experimental entries (F14 CCPs and reference varieties) in 2014/15
only; dataset 2: the F13 generation CCPs (over both experimental years, not including
reference varieties); and dataset 3: the F13 and F14 CCPs in 2014/15 only (not including
reference varieties). Linear models applicable for a randomised complete block design
(RCBD) were used, and model residuals were tested to ensure all assumptions were met.
Estimated marginal means were calculated using the “emmeans” package [39], followed
by a Tukey post hoc test with pairwise comparison and Holm correction.

For comparison of the agronomic performance of the F13 CCPs and the reference
varieties in 2013/14 and 2014/15 (dataset 1a), as well as the F14 CCPs and reference
varieties in 2014/15 (dataset 1b), the following model was used (ANOVA type III):

Responseijr = µ + Ei + Yj + (Ei × Yj) + Br(Yj) + eijr

where Response is the trait of interest, µ is the effect of the mean, E is the effect of the
experimental entry (CCPs with differing management histories and reference varieties), Y
is the year effect (2013/14 and 2014/15), B is the replicate block effect, and e is the residual
errors. The same model without the factor year was used to analyse differences between
the F14 CCPs and reference varieties for agronomic and morphological traits, as well as
baking quality, in 2014/15 only. To test differences between the CCP entries only, the
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abovementioned model was used for datasets 2 and 3, with the factor year replaced by
generation for the comparison of F13 and F14 CCP entries in 2014/15.

The model used to quantify differences in the CCPs of the F13 generation based on
their origin and cycling history (dataset 2) was the following ANOVA type III:

Responseijkr = µ + Oi + Cj + Yk + (Oi × Cj) + (Oi × Yk) + (Cj × Yk) + (Oi × Cj × Yk) + Br(Yk) + eijkr

where Response is the trait of interest, µ is the effect of the mean, O is the effect of the
origin (UK, D, and HU), C is the effect of cycling (cycling/non-cycling), Y is the year effect
(2013/14 and 2014/15), B is the replicate block effect, and e is the residual errors.

To detect differences between the CCPs based on the effects of origin, cycling history,
and generation, the following model (ANOVA Type III) was used on dataset 3:

Responseijkr = µ + Oi + Cj + Gk + (Oi × Cj) + (Oi × Gk) + (Cj × Gk) + (Oi × Cj × Gk) + Br + eijkr

where Response is the trait of interest, µ is the effect of the mean, O is the effect of the
origin (UK, D, and HU), C is the effect of cycling (cycling/non-cycling), G is the effect of
generation (F13/F14), B is the replicate block effect, and e is the residual errors.

In order to further explore the differences between the F13 CCPs in both experimental
years (dataset 2), GGE (genotype plus genotype-by-environment) biplots, namely the
“which-won-where view” and “mean vs. stability” biplots, were implemented using the
“metan” package in R [40]. In the “which-won-where view” biplot, the blue dotted lines
indicate differential sectors based on the measured genotype traits. If an environment
falls within a sector, then the genotype on the perimeter of the polygon indicates the
genotype best suited to a particular environment for the selected trait [41]. The “mean vs.
stability” biplot is used as an indication as to which genotypes rank where in terms of the
selected trait depending on where they are positioned on the horizontal axis called the
average environment axis (AEA). This axis passes through the biplot origin and the average
environment. The arrangement of the genotypes on this axis point indicates their ranking
of the measured trait. The AEC (average environment coordination) axis is the second
axis that runs through the biplot origin and is perpendicular to the AEA. The greater the
distance away from the origin of the biplot along this line, the greater the instability of the
genotype in terms of genotype-environment interaction (GEI) [41].

Separate genotype by trait (GT) biplots were also created for the F13 CCPs in 2013/14,
the F13 CCPs in 2014/15, and the F14 CCPs in 2014/15. The analysis of GT biplots has two
major objectives: the first is to understand the relations among traits, and the second is
to understand the trait profiles of the genotypes. In GT biplots, the cosine of the angle
between two traits approximates the correlation between them. Additionally, the length of
the vectors indicates the closeness of the association with other traits. Traits with shorter
vectors tend to have weaker associations with other traits. The same is true for genotypes
and traits in terms of the cosine of the angle between the genotypes and the traits in the
interpretation of trait profiles. Genotypes found to be closely located (<90◦) to specific traits
indicate a high propensity for the trait [42].

Correlation coefficients were calculated between agronomic parameters within each
generation using the “GGally” package in R [43], as well as between TKW at sowing
and agronomic parameters for each generation. For the calculation of the correlation
coefficients, the data was tested for normality, and either a Pearson product-moment
correlation or a Spearman’s rank correlation was performed. Grain protein deviation (GPD),
as a measurement to identify genotypes with greater grain protein than would be expected
from their grain yield [44], was calculated as the standardised residuals derived from the
regression of grain protein content on grain yield. GPD was calculated by averaging GPD
values over replicate blocks for each experimental entry (references and CCPs) and each
year, as described by Bogard et al. [45].
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3. Results

The main foliar disease observed in both experimental years was stripe rust caused by
Puccinia striiformis f. sp. tritici. The diseases Stagonospora nodorum/Zymoseptoria tritici and
Drechslera tritici-repentis were also present, although less frequently than stripe rust. Foliar
disease pressure was lower in 2013/14, with NGLA values in 2013/14 ranging from 2 to
13% (1st assessment) and from 7 to 14% (2nd assessment). In 2014/15, NGLA values at the
1st assessment ranged from 4 to 11% and from 10 to 33% at the 2nd assessment.

3.1. Seed Size Effects

As seeds of the F13 CCPs were sent from various partners, the TKW values of the
seeds at sowing differed for each population. The TKW values ranged from 42 g (NL13
CCP) to 47 g (UK13 CCP) (standard deviation (SD) of TKW at sowing F13: 1.42). In contrast,
the range of TKW for the F14 (i.e., derived from the harvested seed of the F13 in 2014)
was smaller, ranging from 45 g to 47 g (SD of TKW at sowing F14: 1.38). In 2013/14,
significant positive correlations were present between TKW at sowing and AUDPC and
TKW values at harvest (both p < 0.05, respectively). In the drought year of 2014/15, however,
TKW at sowing of the F13 correlated positively with stem length and negatively with HI
(both p < 0.01, respectively), but no correlations were observed for the F14 (Table 2).

Table 2. Correlation coefficients (r) for various agronomic parameters and TKW at sowing for winter
wheat CCP entries of the F13 in 2013/14 and F13 and F14 in 2014/15 grown in Neu-Eichenberg,
Germany. Significant correlations are marked in bold.

2013/14

Gen. Yield HI AUDPC TKW Ears_m2 Kernel no. Protein Stem length

F13 0.08 −0.19 0.32 * 0.36 * −0.01 −0.27 0.12 0.22
2014/15

F13 −0.01 −0.43 ** 0.02 0.14 0.01 −0.25 −0.14 0.41 **
F14 −0.10 −0.13 0.05 0.15 0.06 −0.08 −0.02 0.02

* p < 0.05, ** p < 0.01.

The interrelations among agronomic parameters of the CCPs were affected both by
the strong seasonal differences as well as by seed size variation at sowing due to their
different origins. Despite similar mean AUDPC values in both the F13 and F14 CCPs in
2014/15, negative correlations of AUDPC with TKW, kernel number per ear, and HI tended
to be stronger in the F13, most likely due to the slightly higher AUDPC values found for
certain CCPs in the F13 in comparison to the F14 of 2014/15 (Figure S1, Table S2). The F13
CCPs grown in the wetter season of 2013/14 displayed a few differential interrelations in
comparison to the 2014/15 season (Figure 3A,B). In 2014/15, when both generations were
grown in the same experimental year, differences in the direction and/or significance of
the correlation coefficients were found depending on the generation (Figure S1). These
apparent differential yield component profiles between generations are compounded by
the legacy effect of seed size variation at sowing, resulting in a significant CCP generation
effect on TKW (Table S1), in addition to the significant negative correlation with HI and
positive correlation to stem length with seed size at sowing for the F13 but not the F14 in
2014/15 (Table 2).
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Figure 3. The genotype by trait (GT) biplot for the parameters yield (Yield), protein yield (Pyield),
TKW, straw yield (Strawyield), ear-bearing tillers per m2 (Ears_m2), percentage of ears with awns
(Awned_ears), protein content (Protein), RAUDPC, stem and ear length (Stem_length, Ear_length),
kernel number per ear (Kernel_no), and harvest index (HI) for winter wheat CCPS for (A) the F13 in
2013/14, (B) the F13 in 2014/15, and (C) the F14 in 2014/15 (Neu-Eichenberg, Germany).

3.2. Comparison of the Cycling and Non-Cycling CCPs and Their Origins

Total yields were significantly greater in 2013/14 (mean yield of 4.7 t/ha) in compari-
son to both the F13 and F14 of the drought year 2014/15 (mean yield of 4.2 t/ha) (Table 3,
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Tables S2 and S4). With few exceptions, significant differences between cycling and non-
cycling populations were not consistent in each generation and experimental year and
were intermingled with legacy effects due to the seed production environment. Thus, the
strongest effect of cycling history on CCPs of different origins was found in the percentage
of ears with awns. These differences were consistent for each generation and year, with
the HU non-cycling CCP indicating a significantly greater percentage of ears with awns
in comparison to the HU cycling CCPs and the UK non-cycling CCP tending towards
significantly fewer awned ears in comparison to the UK cycling CCPs (Table 3). Significant
differences between non-cycling CCPs for percentage of awned ears were consistent for the
F13 generation in both years, with a higher degree of awned ears found in the D and HU
CCPs, and this same pattern was found in the F14 non-cycling CCPs, although it was no
longer significant.

Table 3. Yield (t/ha), HI, RAUDPC, TKW (g), ear-bearing tillers/m2 (Ears_m2), kernel number per
ear (Kernel no.), protein content (%), percentage of ears with awns (Awned ears (%)), stem length
(cm), and ear length (cm) of the winter wheat CCP entries grouped by origin and cycling history
in the experimental years 2013/14 (F13) and 2014/15 (F13 and F14). Differing small letters indicate
significant differences between CCP origin groups based on their cycling history and within each
generation and year. Differing capital letters indicate significant differences between cycling and
non-cycling CCPs for each generation and year. Asterisks indicate significant differences between
cycling and non-cycling CCP groups of the same origin within a given generation and year.

Origin

Yield (t/ha) HI

2013/14 2014/15 2013/14 2014/15

F13 F13 F14 F13 F13 F14

NC C NC C NC C NC C NC C NC C

D 4.92 ab 4.82 4.09 4.31 b 4.09 4.37 0.39 0.40 0.38 0.39 0.37 a* 0.39 ab
HU 4.34 a 4.76 4.24 4.33 b 4.19 4.11 0.40 0.40 0.40 0.40 0.40 b 0.41 b
UK 5.04 b* 4.56 4.34 4.00 a 4.22 4.27 0.40 0.40 0.41 0.40 0.41 b* 0.38 a

Mean 4.77 4.71 4.22 4.22 4.17 4.25 0.40 0.40 0.40 0.39 0.39 0.39

RAUDPC TKW (g)

D 0.06 0.05 0.14b* 0.11 0.10 a 0.11 45.9 b* 44.1 45.7 b 45.2 b 44.2 * 45.6 b
HU 0.07 0.07 0.17b* 0.12 0.15 b 0.13 41.7 a* 44.1 43.3 a* 44.8 b 44.8 45.2 ab
UK 0.04 0.05 0.10a 0.12 0.12 ab 0.12 42.7 a 43.5 44.1 ab 43.4 a 44.2 44.5 a

Mean 0.06 0.06 0.13 B 0.12 A 0.12 0.12 43.4 43.9 44.3 44.4 44.4 45.1

Ears_m2 Kernel no.

D 399 420 ab 368 a* 427 462 419 29 30 27 25 a 22 a* 26
HU 389 389 a 417 ab 433 418 381 30 30 26 26 ab 26 b 27
UK 408 441 b 436 b 403 442 419 30 30 27 27 b 27 b 25

Mean 399 417 407 421 441 B 407 A 30 30 27 26 25 26

Protein (%) Awned ears (%)

D 9.7 ab 9.7 9.7 9.7 9.8 9.7 11 b 7 11 b 7 10 7 ab
HU 10.1b 9.7 10.0 9.8 9.7 9.6 14 b* 7 11 b* 6 11 * 6 a
UK 9.4 a 9.8 9.7 9.9 9.4 9.9 3 a* 10 3 a* 10 5 * 10 b

Mean 9.7 9.7 9.8 9.8 9.7 9.7 9 8 9 8 9 7

Stem length (cm) Ear length (cm)

D 92.2 94.0 89.9 88.5 87.8 90.6 8.56 8.39 7.68 7.42 7.08 * 7.67
HU 94.5 92.7 86.6 87.9 88.0 87.5 8.44 8.36 7.51 7.53 7.61 7.61
UK 94.1 95.3 86.8 88.8 88.3 90.3 8.30 8.47 7.59 7.62 7.47 7.56

Mean 93.6 94.0 87.8 88.4 88.0 89.5 8.43 8.41 7.59 7.52 7.39 A 7.61 B

An overall significant difference was found between the cycling and non-cycling F13
CCPs in 2014/15 for RAUDPC, mainly due to the significant differences between cycling
and non-cycling CCPs of both D and HU origin in the experimental year with higher
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foliar disease pressure, namely stripe rust (Table 3). A significant overall effect of CCP
origin was also found for TKW for both the F13 generation over both years (Table S3) and
for the F13 and F14 generation in 2014/15 (Table S1). However, despite this overall effect
of origin, significant differences between CCPs of differing origin were only consistent
for the non-cycling CCPs of the F13 generation and for the cycling CCPs in the 2014/15
experimental year (Table 3).

No general yield advantage was observed in the D13NC CCP (multiplied since the F5
generation in Germany); however, TKW was found to be higher in this CCP in both F13
generations (not in the F14) in comparison to the cycling CCPs, most likely due to seed size
variation. This legacy effect was also evident for differences in TKW between cycling and
non-cycling CCPs of HU origin, which were only consistent in the F13 generation, despite
the strong overall effect of the experimental year for the majority of the measured traits in
the comparison of the F13 generation (Tables S3 and S4). The overall effect of generation in
2014/15 was also only significant for TKW, with the F14 CCPs indicating a greater TKW
(44.9 g) in comparison to the F13 CCPs (44.4 g) (Tables S1 and S2). Significant differences
between cycling and non-cycling CCPs were found for both ear length and ear number
per m2 in the F14 CCPs grown from seeds with a similar TKW (removal of potential legacy
effect). In contrast, this cycling history effect was not found in the F13 generation in either
experimental year, again an indication of seed size legacy (Table 3).

3.3. Comparison of the CCP Entries

In terms of yield performance of the F13 CCPs, the DK13 and UK13NC CCPs tended
towards the highest yields in both experimental years, followed by the UK13, TUM13, and
NL13 CCPs (Figure 4A, Table 4 and Table S4). In terms of yield stability based on GEI, the
CCPs DK13, UK13, and TUM13 indicated the greatest stability at a high yield level, with
D13 indicating yield stability albeit at the lowest yield level (Figure 4B) (note that in this
panel the lowest yields are to the right, see Table 4). Both the D13 and HU13NC CCPs
indicated the highest grain protein content in both experimental years, followed by the
TUM13 CCP (Figure 4C). The CCPs D13NC and NL13, despite their moderate grain protein
content, indicated greater grain protein stability in comparison to the other CCP entries,
while the CCP TUM13 indicated stability at a higher grain protein level (Figure 4D).

Significant year effects for the F13 CCPs were found for yield, RAUDPC, TKW, kernel
number per ear, and stem and ear length (Tables S3 and S4), and significant CCP entry
effects were found for yield, HI, RAUDPC, TKW, kernel no., protein, percentage of awned
ears, and stem and ear length (Table S4). However, a significant CCP and year interaction
effect was only found for kernel number per ear (F10 = 2.92, p ≤ 0.01), indicating that
apart from this trait, the CCP entries maintained a similar ranking for the measured traits
irrespective of the experimental year (Table S4). A significant generation effect between
the F13 and F14 CCPs was only found for TKW (Tables S1 and S2). Significant differences
between CCP entries occurred for both the F13 and F14 in the 2014/15 experimental year
for HI, kernel no., percentage of awned ears, and stem length. In contrast, entry effects on
TKW and RAUDPC were only significant for the F13 in that year (Table S4). The interaction
effect of CCP entry and generation was only significant for TKW (F10 = 2.66, p ≤ 0.01) and
ears per m2 (F10 = 2.21, p ≤ 0.05), indicating that for all other traits, the ranking of the CCP
entries within each generation was similar (Table S2).

In contrast to the yield components, where CCP entry ranking was variable depending
on the season and generation, CCP origin affected stripe rust severity. In 2015, when
disease pressure due to stripe rust was higher, the RAUDPC of the F13 HU13NC (0.17) was
significantly higher in comparison to the DK13 and UK13NC CCPs (0.09). This pattern
was similar for the F14; however, significant differences between the CCPs were no longer
found (Table S2, Figure 3A–C).
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B, the lowest yields are to the right, and in Panel D, the highest protein content is to the right (see
Table 4 for the values for each CCP).
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Table 4. Yield (t/ha), HI, AUDPC, TKW (g), ear-bearing tillers/m2 (Ears_m2), and kernel number
per ear (Kernel no.) of the reference varieties and winter wheat CCP entries of the F13 in 2013/14
and F13 and F14 in 2014/15 (Neu-Eichenberg, Germany). Differing small letters indicate significant
differences between reference varieties and CCP entries within each year and generation. Differing
capital letters indicate significant differences between the means of the reference varieties and CCP
entries within each year and generation.

Origin Entry
Yield (t/ha) HI AUDPC

2013/14 2014/15 2013/14 2014/15 2013/14 2014/15

F13 F13 F14 F13 F13 F14 F13 F13 F14

References
Achat 4.9 bc 4.3 4.3 0.43 c 0.41 bcd 0.41 bc 98 ab 209 a 209 ab

Akteur 3.7 a 3.8 3.8 0.40 abc 0.38 abc 0.38 abc 175 b 338 c 338 b
Capo 5.6 c 4.2 4.2 0.41 abc 0.37 a 0.37 ab 43 a 176 a 176 a

D

D13NC 4.9 bc 4.1 4.1 0.39 a 0.38 abc 0.37 a 72 a 262 abc 190 a
DK13 5.0 bc 4.5 4.4 0.41 abc 0.40 abcd 0.39 abc 52 a 182 a 197 a
HU13 4.5 ab 4.1 4.4 0.40 abc 0.38 ab 0.39 abc 73 ab 229 ab 194 a

TUM13 4.9 bc 4.3 4.4 0.39 a 0.38 abc 0.39 abc 53 a 211 a 209 ab

HU
HU13NC 4.3 ab 4.2 4.2 0.40 abc 0.40 abcd 0.40 abc 94 ab 318 bc 276 ab

F13 4.6 b 4.3 4.2 0.40 abc 0.41 bcd 0.42 c 65 a 240 abc 238 ab
UK13 4.9 bc 4.4 4.1 0.39 ab 0.39 abc 0.39 abc 109 ab 225 ab 249 ab

UK

UK13NC 5.0 bc 4.3 4.2 0.40 abc 0.41 cd 0.41 bc 56 a 182 a 220 ab
CH13 4.8 bc 3.9 4.2 0.39 ab 0.39 abcd 0.38 ab 67 a 238 abc 240 ab
D13 4.2 ab 3.7 4.2 0.38 a 0.39 abcd 0.37 a 79 ab 230 ab 208 ab

NL13 4.7 bc 4.4 4.4 0.42 bc 0.42 d 0.40 bc 58 a 215 a 243 ab

Reference mean 4.7 4.1 4.1 0.41 B 0.39 0.39 105 241 241
CCP mean 4.7 4.2 4.2 0.39 A 0.40 0.39 71 230 224

Origin Entry
TKW (g) Ears_m2 Kernel no. per ear

2013/14 2014/15 2013/14 2014/15 2013/14 2014/15

F13 F13 F14 F13 F13 F14 F13 F13 F14

References
Achat 48.1 e 48.0 d 48.0 c 389 ab 409 ab 410 ab 31 ab 27 bc 27

Akteur 46.6 de 42.9 a 42.9 a 324 a 336 a 336 a 27 a 26 abc 26
Capo 46.2 de 46.0 cd 46.0 bc 393 ab 378 ab 379 ab 30 ab 26 abc 26

D

D13NC 45.9 cde 45.7 bcd 44.2 ab 399 ab 367 ab 462 b 29 ab 27 abc 22
DK13 44.9 bcd 45.0 abc 45.9 bc 442 b 428 b 388 ab 31 ab 27 bc 27
HU13 43.3 abc 44.4 abc 45.6 b 396 ab 412 ab 427 ab 29 ab 23 a 25

TUM13 44.1 abcd 46.1 cd 45.4 b 420 b 439 b 441 b 29 ab 25 abc 25

HU
HU13NC 41.7 a 43.3 ab 44.8 ab 389 ab 417 ab 418 ab 30 ab 26 abc 26

F13 43.3 ab 45.0 abc 44.7 ab 379 ab 434 b 374 ab 32 b 25 abc 28
UK13 45.0 bcd 44.7 abc 45.6 b 398 ab 431 b 388 ab 28 ab 26 abc 26

UK

UK13NC 42.7 ab 44.1 abc 44.2 ab 408 b 435 b 441 b 30 ab 27 bc 27
CH13 45.2 bcd 44.7 abc 44.6 ab 442 b 392 ab 407 ab 30 ab 25 abc 24
D13 43.4 abc 42.5 a 44.5 ab 453 b 414 ab 402 ab 28 ab 26 abc 25

NL13 42.0 a 42.9 a 44.2 ab 425 b 401 ab 449 b 30 ab 29 c 26

Reference mean 46.9 B 45.6 B 45.6 369 A 375 A 375 A 29 26 26
CCP mean 43.8 A 44.4 A 44.9 414 B 415 B 417 B 30 26 26

3.4. Comparison of the CCP Entries with the Reference Varieties

In 2013/14, the highest and lowest yields were achieved by reference varieties Capo
(5.6 t/ha) and Akteur (3.7 t/ha), respectively (Table 4). The CCP entries in 2013/14 yielded
similarly to one another, ranging from 4.2 to 5.0 t/ha. In 2014/15, the yields of the references
ranged between 3.8 and 4.3 t/ha. The F14 CCPs (4.1–4.4 t/ha) had a narrower yield range
than the F13 CCPs (3.7–4.4 t/ha) (Table 4). In the F13 of 2014/15, all CCPs except the
HU13NC CCP were comparable in their AUDPC values to the two reference varieties,
Achat and Capo. Overall, the mean AUDPC values of the CCPs were generally lower than
the mean AUDPC values of the reference varieties (Table 4).

Across seasons, the TKWs of the reference varieties and CCPS were similar. In the
F13 of 2013/14, TKWs ranged from 48.1 g (Achat) to 41.7 g (HU13NC). The overall mean
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TKW of the reference varieties was significantly higher than that of the F13 CCPs in both
years but not compared to the F14 CCPs (Table 4). While the numbers of ear-bearing tillers
per m2 of the CCP entries in any generation or experimental year were similar in both
years and generations (414 to 418 per m2), a significant CCP and generation interaction
effect in 2014/15 (F10 = 2.21, p ≤ 0.05) indicated a change in ranking of the CCP entries
depending on generation (Table 4). However, all CCPs had a significantly higher number
of ear-bearing tillers per m2 than the reference variety with the lowest number of ears,
Akteur, independent of generation and experimental year, and the overall CCP mean for
this parameter was always significantly higher than the reference variety mean (Table 4).

Grain protein deviation (GPD) was calculated for each experimental entry in each
environment (year and generation). GPD values above 0 indicate experimental entries with
greater grain protein than would be expected from their grain yield, with a number of
experimental entries achieving positive GPD values in both experimental years (Figure S2,
Table S5). The reference variety Akteur indicated the highest GPD value consistently in
both experimental years, followed by the D13 and TUM13 CCPs. In the F13 generation, the
HU13NC indicated GPD values above 0, however, this was not the case in the F14 of 2014/15
(Figure S2), with the reference variety Achat also tending towards variable GPD values
depending on the experimental year. The TUM13 CCP, in addition to constant positive
GPD values and grain protein stability (Figure 4C,D), indicated a high yield potential and
low GEI (Figure 4A,B, Table 4, Figure S2). The CCPs DK13, HU13, UK13NC, and F13 were
found to have the lowest GPD values in both experimental years, as did the reference
variety Capo (Figure S2, Table S5).

The mean protein content of the F14 CCPs and reference varieties was low (9.8%),
reflecting the very dry spring conditions and low soil nitrogen availability (Table 5). The
reference variety Akteur achieved the highest protein content (10.7%), followed by the D13
CCP and the reference variety Achat (10.0%).

Table 5. Baking quality parameters for the winter wheat F14 entries (2014/15) grown in Neu-
Eichenberg, Germany, including water absorption (%), wet gluten content (%), sedimentation value
(Zeleny, mL), Hagberg Falling Number (seconds), and baking volume (mL/100 g flour). Differing
letters indicate significant differences between the entries (p < 0.05). Colour codes: red = poor/low
rating, orange = moderate, and green = good/high rating *.

Origin Entry Protein (%) Water (%) Gluten (%) Sedi.
(Zeleny) HFN (sec.)

Baking
vol.

(mL/100g)

Ref
Achat 10.0 ab 60.5 21.9 abc 31.8 cd 370 d 306.0
Akteur 10.7 b 62.3 24.3 c 35.8 d 373 d 318.4
Capo 9.7 a 62.4 21.4 abc 31.0 cd 313 c 278.2

D

D14NC 9.8 ab 60.5 21.7 abc 25.8 ab 277 abc 303.0
DK13 9.5 a 59.7 19.8 ab 24.3 ab 304 bc 297.1
HU13 9.6 a 60.0 20.2 ab 22.8 a 260 ab 300.0
TUM13 9.9 ab 59.8 21.3 abc 22.0 a 281 abc 281.0

HU
HU13NC 9.7 a 59.9 20.5 ab 25.8 ab 261 ab 295.0
F13 9.3 a 59.3 18.6 a 21.5 a 249 a 279.0
UK13 9.8 ab 60.5 20.9 abc 25.0 ab 271 abc 301.0

UK

UK13NC 9.4 a 60.0 20.0 ab 21.5 a 283 abc 294.4
CH13 9.8 ab 62.0 20.8 abc 25.3 ab 287 abc 307.0
D13 10.1 ab 60.6 22.3 bc 28.0 bc 288 abc 310.0
NL13 9.7 a 60.1 20.1 ab 22.8 a 290 abc 283.3

* Water absorption capacity is considered good above 58%, while anything below 54% is considered a poor rating,
affecting shelf life, reducing dough volume, and negatively affecting dough proof times. In terms of wet gluten
content (%), any value less than 23% is considered a poor rating, and any value over 27% can be classified as good
or acceptable. Poor ratings for sedimentation are values under 22 mL, while good values are indicated over 28 mL.
The Hagberg Falling Number (HFN) is measured in seconds, whereby a poor rating is considered anything less
than 180 s and a good rating is from 240–320 s. However, any HFN values over 320 s are also poorly rated. The
baking volume was measured using wholemeal test loaves with loaf volumes below 330 mL for poor and above
350 mL for good (Dr. Aberham, personal communication, [18]).

The water absorption capacity of all experimental entries was good, with the best
values achieved by the reference varieties. In contrast, none of the entries achieved satis-
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factory wet gluten content, with the majority of the CCPs, except D13, achieving lower
values than the reference varieties (Table 5). Similarly, the sedimentation values of the
three reference varieties, particularly Akteur (35.8 mL), were higher than those of the CCP
entries. Hagberg Falling Numbers (HFNs) for all 11 CCPs were good (values ranged from
249–304 s), while both reference varieties, Achat and Akteur, achieved HFN values above
320 s and were considered poor (low enzymatic activity). Baking volume was poor for all
entries, including the reference varieties, with no statistically significant differences. The
greatest baking volume was achieved by the reference variety Akteur (319 mL), followed
by the CCPs D13 (310 mL) and CH13 (307 mL). The reference variety Capo achieved the
lowest baking volume of 278 mL, followed by the F13 CCP (279 mL) (Table 5).

4. Discussion

The initial seed size variation among CCPs with different histories affected their perfor-
mance depending on growing conditions. In 2013/14, characterised by higher precipitation
and low disease pressure, high TKW at sowing carried through to greater TKW at harvest.
Potential effects on stem length at early developmental stages did not significantly affect
final stem length. In contrast, in the very dry season of 2014/15, seed weight effects on
stem length carried through to maturity. As seed quality, which includes seed size, affects
not only yield potential but also production and resource-use efficiency [46], the legacy
effect of seed size variation due to differing production environments resulted in strong
differences in trait profiles between the CCP entries depending on the experimental season.
Stanton [47] reported on the positive effects of seed size on growth rate and flower number
in wild radish plants; however, these effects were only present in competitive environments.
In wheat, both Iqbal et al. [48] and Shoaib et al. [49] reported increased plant height and
ear length with increasing seed size under semi-arid conditions. Under the challenging
climatic conditions of 2014/15, the differences in seed size at sowing in the F13 CCPs may
thus have affected stem length. Consequently, this effect was no longer present in the F14
CCPs when seed size was more similar. The marked water deficit in 2014/15 restricted
later crop growth and grain filling. As seed size at sowing led to greater investment in stem
length, this resulted in negative effects on HI. Removing most of the variation in TKW at
sowing for the F14 was effective in removing the effects of seed size at sowing. Thus, the
results of the F14 are likely only influenced by genotype-environment effects, while those
of the F13 were also affected by the previous growing conditions of the seeds.

Under the drought conditions of 2014/15, the CCPs achieved the same yields as the
reference varieties. In 2013/14, four out of eleven CCPs were outyielded by the variety
Capo, while seven CCPs, Capo, and Achat achieved higher yields than Akteur. Thus, only
under less stressful conditions in the first year could at least one of the reference varieties
(Capo) take advantage of its genetic background compared to the CCPs. In contrast, the
excellent buffering capacity of genetic diversity in the face of stress enabled the CCPs to
perform comparably to the included reference varieties under drought conditions. The
performance of the CCPs under these conditions is impressive considering their older
parental genetics (see [50]) and the development of these CCPs under natural selection in
comparison to the reference varieties, which were strongly selected over several generations
in order to pass the official DUS (distinctiveness, uniformity, and stability) and VCU (value
for cultivation and use) tests for variety release.

Superior capacity of evolutionary populations (EPs) to maintain yields under drought
conditions has been reported for barley EPs [51], as well as for winter wheat CCPs under
organic management [21]. A number of researchers have reported on the advantages of
EPs in terms of yield and yield stability in comparison to a number of line selections and
reference varieties [4,6,14,15,19,20]. Raggi et al. [19] attribute the yield stability and good
agronomic performance of a barley EP to the unpredictability and changing environmental
conditions of the breeding station during population development over nine years, which
would have selected for genotypes better suited to “contrasting climatic conditions”. While
natural selection of a population within a single location will result in more specific or
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higher “temporal” adaptation [28], “spatial” adaptation may be lower [4]. Despite natural
selection driving greater temporal adaptation of genotypes grown in a single environment,
temporal adaptation is confounded not only by genotype-location interactions (GEI) but
also by the complexity that year effects are becoming increasingly variable, and as such,
GEI are replaced by genotype-year interactions within location interactions [5,52]. For this
reason, the individual and population buffering potential of EPs is greatly advantageous
under variable environments [52], particularly due to the inherent genetic diversity and
the response of natural selection under highly variable environments favouring those
genotypes with higher yielding capacity, which is strongly associated with individual
fitness as those genotypes most successful in a number of given environments also have the
highest potential to maximise yield [53]. The HU13NC CCP, which in the first experimental
year was one of the lowest-yielding CCPs, yielded only 0.1 t/ha less during the dry second
experimental year, while the other CCPs yielded between 0.3 and 0.8 t/ha less, suggesting
specific adaptation of this non-cycling population to drier continental environmental
conditions. However, the overall similarity of the CCPs based on their origins and cycling
histories for agronomic traits in this study may indicate that these CCPs have undergone
little directional selection and therefore still have a high buffering potential, as discussed
by Patel et al. [31].

Similar results were reported by Mežaka et al. [54], who reported on small differences
in yield but not in grain quality traits in barley EPs cultivated under both organic and
conventional management, in this case indicating little adaptation to specific growing
conditions under natural selection. A study by Rhoné et al. [25] found a high level of
adaptive diversity in some wheat EPs even after 12 generations, despite local genetic drift
and selection for certain earliness traits. However, depending on the scale and consistency
of the selection pressure, divergent evolutions of EPs for agronomic traits due to specific
adaptation have been reported by Bocci et al. [4] for grain yield in a wheat EP grown in
Sicily, a location with sufficiently constant climatic conditions to ensure directional selection.
Merrick et al. [6] discuss the relevance of a sufficient number of generations needed for
directional selection of EPs as well as the importance of sufficient genetic diversity and
potential based on parental selection.

Kingsolver et al. [55] report that natural selection for morphology is greater than
selection for phenology. Significant EP origin and cycling history effects on degree of
awnedness were also reported in a number of dynamically managed French wheat EPs.
Three out of four French wheat EPs had a significantly greater number of awned ears in
comparison to their original EP after eight years of multiplication at two sites [10,56]. No
comparison to the original CCPs in 2008 is available for the degree of awnedness in this
study. However, the DK13, F13, and UK13NC CCPs had significantly reduced frequencies
of awned ears in comparison to the HU13NC consistently, irrespective of generation and
experimental year. This suggests divergent evolutions for the morphological trait of awned
ears per m2 in the relatively short period of five generations. Awns are associated with better
drought tolerance as awns can contribute significantly to photosynthesis, which is essential
in drought conditions where leaves may no longer be able to fulfil this capability due to
early senescence [57]. The HU13NC CCP was grown in a continental climate characterised
by warmer and drier summers and, as pointed out above, did not differ in yield due to
the drought conditions of 2014/15. Thus, the different environmental conditions under
which the CCP has been grown may have selected for a higher degree of ear awnedness,
particularly under drier conditions, contributing to the population’s ability to cope better
with drought stress.

The speed with which heterogeneous populations may diverge from one another is
dependent not only on the potential of the inherent genetic diversity for adaptive traits and
their heritability but also on the degree and consistency of the selective pressure in a given
environment [55]. Bertholdsson et al. [27] and Vijaya Bhaskar et al. [28] reported on the
divergent evolutions of wheat CCPs for seminal root length and root weight under organic
versus conventional management conditions after only four generations. Additionally, even
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within the same management system, two CCPs with the same genetic background differed
from one another for all recorded seedling traits already in the F6. The divergent trajectory
of these two conventionally managed CCPs was also confirmed by yield stability [20].
Yield differentiation in a wheat EP multiplied in Sicily over four generations diverged
significantly from those EPs that had been grown in Tuscany [4].

The genetic background of the CCP entries in this study is based on both high baking
quality and high yielding varieties, and while yield may be subject to natural selection [11,
53], baking quality parameters are not associated with plant fitness and, as such, are not
considered to be shaped by natural selection [53]. In 2013, the German non-cycling CCPs
based on the 20 parents had similar baking volume, protein content, and HFN values as
Capo, Akteur, and Achat. However, the baking volume of the CCPs based only on the
12 high-quality parents was significantly higher in comparison to the CCPs based on all
20 parents and those based on the high-yielding parents, confirming the importance of
parental variety choice [18]. Although the baking volume values were poor in 2015 for
all experimental entries, no significant differences were found between the CCPs and the
reference varieties. Interestingly, CCP D13, which has a higher frequency of darker-coloured
ears and kernels, tended towards the best protein content and GPD values of all CCP entries.
Darker-coloured kernels have been associated with higher protein values [58]. Using a
colour sorter to separate darker and lighter kernels in a wheat CCP, Döring et al. [59] found
that the darker grain fraction had a protein content 1.6% greater than the lighter kernel
fraction. In the F14 of 2014/15, the CCP D13 had achieved a moderate protein content,
which was comparable to the reference varieties Achat and Akteur. Not only was the
protein content in D13 greater in comparison to most CCP entries, but sedimentation value,
wet gluten content, and baking volume tended to be as good as the baking quality of
the reference varieties. The darker kernels and better baking quality parameter values in
the CCP D13 may indicate divergent evolution for a morphological trait that apparently
occurred within five generations.

Despite the generally low disease pressure (measured as non-green leaf area, NGLA) in
both years, the extended drought conditions experienced from November to June 2014/15
led to physiological stress and, as such, may have caused a higher predisposition to disease
in the plants [60]. This was combined with early senescence, leading to an overall higher
NGLA in all entries. As stripe rust does not usually play a role in Hungary, it is possible
that changes in resistance frequencies were different in the cycling Hungarian CCPs in
comparison to the HU13NC CCP. Changes in resistance frequencies due to diseases have
been reported for wheat [23,61,62] and barley [63–66] EPs. The non-cycling German CCP
(D13NC) did not indicate a lower disease incidence value and, as such, adaptation to the
experimental site. However, over the past 13 generations, disease severity in the CCPs
at the experimental site has been low, even in the presence of high disease pressure, in
comparison to various susceptible reference varieties used in other years and some of the
parental varieties grown in 2008/09 and 2014/15 [21], demonstrating the capacity of genetic
diversity to buffer disease pressure in populations.

The variable interrelations of the agronomic traits as affected by year and generation
demonstrate the plasticity and therefore general adaptability of the CCPs, based on the
premise that plant plasticity is thought to be adaptive, especially as the result of environ-
mental variation [67,68]. Changes in seed size and the number of kernels per ear have
been found between generations in a number of dynamically managed French wheat
populations [69]. Within this study, significant CCP and generation interaction effects were
found for seed size as well as the number of ears per m2, with a significant CCP and year
interaction effect also found for kernel number per ear. Seed size heritability is considered
low [70], and variation in seed size and number tends to be a result of phenotypic plasticity,
as confirmed by the lower variation in seed sizes among the CCPs grown for one year in
the same field. Kernel number per ear and number of ears per m2 reacted dynamically
depending on either experimental year or generation effects.
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The number of ears per m2 of the CCPs was generally greater than the reference
varieties, but was only significantly greater than the variety Akteur. Increased diversity has
been shown to increase plant biomass [71], and a study by Baresel et al. [15] reported on
the greater number of ears per m2 of a number of CCPs with the same genetic base as those
used in this study in comparison to reference varieties under organic conditions. Generally,
the combination of a high level of heterogeneity and a high level of heterozygosity, espe-
cially in early generations, allows for a wider response range to various environments [6].
Additionally, the differential trait profiles most noticeable between the two generations
in 2014/15 (Figure 4 and Figure S1) may be influenced by the legacy effect of seed size
at sowing interacting with the dry weather, as well as significant differences between the
generations for TKW and their subsequent effect on stem length and HI. The correlation
between HI values and the number of ear-bearing tillers per m2 of the F13 was negative in
2013/14 and positive in 2014/15. As HI represents the ratio of grain yield to total plant
biomass, the negative correlation between HI and number of ears/m2 in 2013/14 indicates
that greater plant biomass in the form of ears per m2 reduced HI values as resources were
invested in plant biomass rather than grain yield (kernel number and TKW). However, in
the drought conditions of 2014/15, a higher number of ears per m2 was correlated with
higher HI values, reflecting the more challenging growing conditions of the season and
leading to significantly shorter plants with less overall biomass. The increased number of
ears per m2 thus contributed to grain yield, thereby increasing HI. The fact that a minimal
correlation between HI values and the number of ear-bearing tillers per m2 was found in
the F14 of 2014/15 suggests that seed weight at sowing may have played a determinant role
in the correlation between HI and the number of ear-bearing tillers per m2 that interacted
with the climatic conditions.

Protein content was significantly and negatively correlated with kernel number per
ear and TKW in the F13 of 2013/14, with no such correlations found in the F13 of 2014/15.
This indicates that differing growth stages were important for final protein content, which
would have been affected by the differing climatic conditions. In addition, the positive
correlation between disease values and protein content in the F13 of 2013/14 may indicate
that disease pressure restricted yield early on, resulting in higher grain protein due to
the inverse relationship found between yield and protein content, despite the very low
disease pressure. In both the F13 of 2013/14 and the F14 of 2014/15, there was a significant
negative correlation between protein content and HI values. This highlights the complexity
of dissecting the environmental effects of differing seed weights at sowing. Considering
that protein and yield values did not vary much overall, this demonstrates the plasticity of
the interrelationships of agronomic parameters in the CCPs in general.

5. Conclusions

1. While the CCPs were capable of levelling out the effects of differing seed sizes on final
yield and protein content through yield component parameters when environmental
conditions were less stressful in 2013/14, this was not the case during the drought
in 2014/15. Thus, for stringent comparisons of genotype-environment interactions,
differences between the CCP entries and generations due to differing seed weight
at sowing should be avoided, e.g., by a round of seed reproduction in a common
environment before future experiments. This will ensure that only genetic differences
between entries are reported.

2. The similarity in performance of the cycling and non-cycling populations and the
high trait profile plasticity in their response to environmental conditions demonstrate
the value of well-designed heterogeneous populations in the face of unpredictable
environmental conditions. The CCPs were more climate resilient and better able to
buffer environmental stress than the pure-line reference varieties, resulting in a lower
yield reduction under drought stress.

3. Constantly changing environmental conditions did not confer obvious agronomic
advantages or disadvantages to the cycling CCPs, highlighting the buffering capacity
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of intraspecific diversity and confirming the research by Patel et al. [31] that large
environmental variance results in slow population evolution. This is of interest to
farmers who want to cultivate EPs but do not want to produce their own seed, relying
rather on regionally decentralised certified seed production, which should not affect
EP performance.

4. In contrast, continuously applying differential selection environments for only five
to eight years can lead to significant changes. Thus, the increased number of awned
ears in the Hungarian home population, as well as the slightly higher susceptibility
to stripe rust, fit the overall more continental environmental conditions with colder
winters and lower precipitation in Hungary.

5. Overall, EPs show great potential in terms of agronomic performance, particularly
under conditions where higher biotic and abiotic pressures exist. Decentralised
development of such populations allows for the dynamic maintenance of intra-specific
diversity with high plasticity. In addition to providing an interesting alternative to
genetically homogeneous varieties, it can contribute to the development of future
genetic resources.
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54. Mežaka, I.; Ločmele, I.; Run, ‘gis, D.; Legzdin, a, L. Response of bi-parental spring barley populations to cultivation in organic and
conventional farming systems. Zemdirbyste-Agriculture 2017, 104, 157–164. [CrossRef]

55. Kingsolver, J.G.; Hoekstra, H.E.; Hoekstra, J.M.; Berrigan, D.; Vignieri, S.N.; Hill, C.E.; Hoang, A.; Gilbert, P.; Beerli, P. The
strength of phenotypic selection in natural populations. Am. Nat. 2001, 157, 245–261. [CrossRef]

56. Goldringer, I.; Paillard, S.; Enjalbert, J.; David, J.L.; Brabant, P. Divergent evolution of wheat populations conducted under
recurrent selection and dynamic management. Agronomie 1998, 18, 413–425. [CrossRef]

57. Blum, A. The effects of heat stress on wheat leaf and ear photosynthesis. J. Exp. Bot. 1986, 37, 111–118.
58. Frey, K.J. Mass selection for seed width in oat populations. Euphytica 1967, 16, 341–349.
59. Döring, T.F.; Crowley, O.; Wolfe, M.S. Against the Grain. Org. Farming 2011, 107, 42–43.
60. Duveiller, E.; Singh, R.P.; Nicol, J.M. The challenges of maintaining wheat productivity: Pests, diseases, and potential epidemics.

Euphytica 2007, 157, 417–430. [CrossRef]
61. Le Boulc’h, V.; David, J.; Brabant, P.; de Vallavieille-Pope, C. Dynamic conservation of variability—Responses of wheat populations

to different selective forces including powdery mildew. Genet. Sel. Evol. 1994, 26, 221–240. [CrossRef]
62. Porcher, E.; Gouyon, P.H.; Lavigne, C. Dynamic management of genetic resources: Maintenance of outcrossing in experimental

metapopulations of a predominantly inbreeding species. Conserv. Genet. 2004, 5, 259–269. [CrossRef]
63. Jackson, L.; Kahler, A.; Webster, R.; Allard, R. Conservation of scald resistance in barley composite cross populations. Phytopathol-

ogy 1978, 68, 645–650. [CrossRef]
64. Webster, R.K.; Saghai Maroof, M.A.; Allard, R.W. Evolutionary Response of Barley Composite Cross II to Rhynchosporium secalis

Analyzed by Pathogenic Complexity and by Gene-by-Race Relationships. Phytopathology 1986, 76, 661–668. [CrossRef]
65. Ibrahim, K.M.; Barrett, J.A. Evolution of mildew resistance in a hybrid bulk population of barley. Heredity 1991, 67, 247–256.

[CrossRef]
66. Danquah, E.Y.; Barrett, J.A. Hordein variation and reaction to powdery mildew in composite cross XLII of barley. Genetica 2002,

114, 81–87. [CrossRef]
67. Vaughton, G.; Ramsey, M. Sources and consequences of seed mass variation in Banksia marginata (Proteaceae). J. Ecol. 1998,

86, 563–573. [CrossRef]
68. Lehtilä, K.; Ehrlén, J. Seed size as an indicator of seed quality: A case study of Primula veris. Acta Oecol. 2005, 28, 207–212.

[CrossRef]
69. Goldringer, I.; Enjalbert, J.; Raquin, A.-L.; Brabant, P. Strong selection in wheat populations during ten generations of dynamic

management. Genet. Sel. Evol. 2001, 33, 441–463. [CrossRef]
70. Silvertown, J. The Paradox od Seed Size and Adaptation. Trends Ecol. Evol. 1989, 4, 24–26. [CrossRef] [PubMed]
71. Chen, J.; Engbersen, N.; Stefan, L.; Schmid, B.; Sun, H.; Schöb, C. Diversity increases yield but reduces harvest index in crop

mixtures. Nat. Plants 2021, 7, 893–898. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1017/S0021859601001678
https://doi.org/10.1016/S0065-2113(08)60027-9
https://doi.org/10.1079/RAF200486
https://doi.org/10.13080/z-a.2017.104.020
https://doi.org/10.1086/319193
https://doi.org/10.1051/agro:19980506
https://doi.org/10.1007/s10681-007-9380-z
https://doi.org/10.1186/1297-9686-26-S1-S221
https://doi.org/10.1023/B:COGE.0000030009.31028.99
https://doi.org/10.1094/Phyto-68-645
https://doi.org/10.1094/Phyto-76-661
https://doi.org/10.1038/hdy.1991.86
https://doi.org/10.1023/A:1014664508392
https://doi.org/10.1046/j.1365-2745.1998.00279.x
https://doi.org/10.1016/j.actao.2005.04.004
https://doi.org/10.1186/BF03500894
https://doi.org/10.1016/0169-5347(89)90013-X
https://www.ncbi.nlm.nih.gov/pubmed/21227308
https://doi.org/10.1038/s41477-021-00948-4
https://www.ncbi.nlm.nih.gov/pubmed/34168319

	Introduction 
	Materials and Methods 
	Genetic Material 
	Field Site and Experimental Design 
	Assessments 
	Data Processing and Statistics 

	Results 
	Seed Size Effects 
	Comparison of the Cycling and Non-Cycling CCPs and Their Origins 
	Comparison of the CCP Entries 
	Comparison of the CCP Entries with the Reference Varieties 

	Discussion 
	Conclusions 
	References

