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Abstract
Weed pressure can be high in organic and low-input farming and reduce yield and produce quality. In these systems, integrated
weed management includes different agronomic practices but rarely focuses on the use of more competitive cultivars, which
would reduce reliance on direct weed control methods and their detrimental effects on soil and the environment.We characterized
160 common wheat (Triticum aestivum L.) accessions cultivated in Italy since the nineteenth century for four traits linked to
competitive ability against weeds (above-ground biomass before stem elongation, tillering index, plant height, and flag leaf
morphology) and for two production-related traits (grain yield and thousand-kernel weight). This approach aimed to identify the
most suitable combinations of competitiveness and production traits, which often show trade-offs, and led to the identification of
eight accessions with reduced grain yield to plant height trade-off.We genotyped the collection with SNPmarkers, revealing high
molecular diversity and highlighting a trend of polymorphism loss passing from heritage tomodern germplasm, with the presence
of unique polymorphisms in both groups. These results underline the importance of studying both heritage and elite germplasm
when focusing on traits that are not targeted by formal breeding, such as the competitive ability against weeds. Marker-trait
associations (MTAs) with false discovery rates (FDR) < 5%were detected for all traits studied, whileMTAswith FDR < 1%were
detected for plant height, biomass, grain yield, and thousand-kernel weight. We identified MTAs confirming associations already
reported in the literature as well as MTAs pinpointing new genomic regions that may disclose new breeding perspectives in
common wheat. This study, for the first time, shows the high potential of interdisciplinary research bridging advanced genetic
studies with agroecological approaches for selecting more competitive common wheat germplasm as additional tool in more
sustainable integrated weed management systems.

Keywords Crop-weed interaction . Weed control . Landraces . Low-input breeding . Organic breeding . Genome-wide
association . Marker-trait associations . Quantitative trait loci . Triticum aestivum L

1 Introduction

In organic and low-input wheat production, weed pressure can
be high and control must be achieved without or with limited
use of herbicides. Weed management is a key intervention for
leveling the yield gap between organic and conventional wheat
production, as weed control is one of the most significant ag-
ronomic problems faced by organic growers (Bàrberi 2002). In
systems not using herbicides, weeds are controlled primarily
through mechanical tools and agronomic practices, including
the use of crop rotations, crop diversification, cover crops, and
intercropping (Bàrberi 2002); however, in a weed management
strategy fully based on agroecological principles, the use of
more competitive cultivars should also be included. Traits such
as tillering capacity, biomass accumulation before the stem
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elongation phase, final plant height, and flag leaf morphology
are functional in determining the competitiveness of wheat
against weeds (Andrew et al. 2015). Crop breeding can be used
in combination with agronomic approaches for obtaining a
comprehensive integrated weed management strategy less reli-
ant on direct weed control methods with potential negative
effects on soil and the environment (Ahlgren 2004). Most of
the traits related to competitive ability have a great potential for
breeding towards improved weed control; however, they are
time consuming to assess in breeding programs and are usually
of little interest in conventional agriculture where weed control
is mainly based on herbicide use. Also, the trade-off between
productivity in weed-free situations and competitive ability is a
main obstacle to the release of competitive cultivars (Andrew
et al. 2015). Yield potential remains a primary criterion for
cultivar choice by farmers hence it would be desirable to prior-
itize traits that confer higher competitive ability without incur-
ring in considerable grain yield reduction in the absence of
weed competition.

In the last decade, the availability of high resolution and
cost-effective genotyping platforms have opened the way to
genome-wide association studies (GWAS) aiming at identify-
ing the genetic bases of complex traits. By exploiting linkage
disequilibrium between markers and quantitative trait loci
(QTL) controlling plant traits across all chromosomes, GWAS
aims at identifying the genetic basis of complex phenotypes in
natural or ad hoc–generated populations. GWAS has been
widely adopted in different plant species to overcome some of
the constraints inherent to bi-parental linkage mapping, such as
the limited genetic diversity explored (Barabaschi et al. 2016).
GWAS has been successfully used in both durum and common
wheat, mainly focused to resistance to pathogens (e.g., Kidane
et al. 2017), grain yield, heading date, plant height, number of
fertile tillers, biomass, and number of seeds per spike (Zanke
et al. 2014a, b, 2015; Mengistu et al. 2016).

In this study, we used a common wheat germplasm collec-
tion representing the outcome of wheat breeding in Italy
across more than 100 years (Fig. 1).

Crop competitive ability against weeds was not a target for
formal wheat breeding, initiated in Italy byNazareno Strampelli,
whosemain objectives were to increase productivity, avoid heat-
stress at grain filling, and reduce crop lodging (Salvi et al. 2013).
Subsequent formal breeding programs aimed mainly at provid-
ing adequate cultivars for being grown in conventional farming
systems where weeds are controlled by herbicides. The collec-
tion used in this work represents a unique resource for studying
traits related to crop-weed interaction, as it comprises landraces,
selected lines, andmodern cultivars, which are expected to show
different combinations of these traits.

In the current study, we screened the collection for four traits
related to competitive ability (above-ground biomass before
stem elongation phase, tillering index, plant height, and flag
leaf morphology), and for two production-related traits (grain

yield and thousand-kernel weight). In addition, we conducted a
GWAS on these traits for further advancing the knowledge
about the genetic determination of competitive ability, and for
increasing information about the trade-off between grain yield
and the competitive ability of common wheat.

Our interdisciplinary work was conducted with the aim to: (i)
identify germplasm with high competitive ability potential and
with a combination of productivity and competitiveness traits
adequate to low-input and organic farming; (ii) study the struc-
ture of the collection at molecular level; (iii) identify marker-trait
associations (MTAs) for traits related to crop-weed interference.

2 Materials and methods

2.1 Plant material

We studied a collection of 160 wheat accessions (Table 1) that
summarizes the typologies of common wheat cultivars grown
in Italy from the nineteenth century until 2009 (Ormoli et al.
2015; Laino et al. 2015). Accessions were organized into six
groups (A to F) based on the genealogical information available
and the date of commercial release. Group A includes landraces
in representation of local populations cultivated in Italy until the
beginning of the twentieth century. Group B includes selections
within landraces based on desirable types naturally occurring
within existing populations. Group C includes the cultivars ob-
tained by Strampelli and their derivatives. Group D includes
varieties released before 1970 and directly derived from mate-
rial developed by Strampelli, but with reduced height alleles
other than the original ones, coming from cv. Akagomugi.
Group E includes varieties developed since 1970 with pedigree
deriving from material traditionally used in Italian breeding
programs and group F includes varieties developed since
1970 with foreign germplasm (e.g., from CIMMYT) in their

Fig. 1 View of the field experiment with the common wheat collection in
the season 2013/14. Photo: P. Laino
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Table 1 List of accessions used with code, name, and group

Code Name Group Code Name Group Code Name Group

00040 Andriolo A 00692 Marzuolo Toscano B 00001 A 416 E
00132 Bianchetta A 00693 Marzuolo Toscano B 00256 Costante E
00141 Bianco Nostrale A 00050 Apulia B1 C 00964 Salgemma E
00192 Carosella A 00057 Ardito C 00978 Sangiacomo E
00289 Dente di cane A 00701 Mentana C 00431 Gemini E
00440 Gentil Bianco A 01200 Villa Glori 1 C 00212 Chiarano F
00443 Gentil Rosso A 00175 Cambio C 00966 Salmone F
00444 Gentil Rosso A 00112 Balilla C 00696 Mec F
00657 Majorca A 00028 Albimonte C 00591 Leopardo F
00676 Martinella A 00029 Albimonte B1 C 00661 Manital F
00680 Marzuolo A 00196 Catria C 00200 Centauro F
00721 Morru Canu A 00198 Catria C 00330 Etruria F
00819 Precoce Bianco A 00048 Apulia Precoce 1 C 00796 Pandas F
00820 Precoce di Piemonte A 00239 Comandante Baudi 1 C 00002 Abano F
00881 Rieti 1 A 00596 Libero (Littorio) C 00078 Arquà F
00882 Rieti 2 A 00598 Libero (Littorio) 1 C 00159 Brasilia F
00883 Rieti 3 A 00599 Libero (Littorio) 2 C 00628 Loreto F
00885 Rieti 5 A 00600 Libero (Littorio) 3 C 00629 Loreto 2 F
00889 Rieti 10 A 00093 Ausonia C 00769 Oderzo F
00890 Rieti 11 A 00528 Impeto C 00153 Bolero F
00909 Rosso Olona A 00905 Rosso di Salmour C 00322 Eridano F
00910 Rosso Piemonte A 00267 Damiano C 00477 Golia F
01027 Solina A 00268 Damiano C 00118 Barra F
01028 Solina 2 A 00946 S. Pastore C 00708 Mieti F
01029 Solina 3 A 00971 Salto 2 C 00715 Mol F
01031 Solina 5 A 01221 Vivenza C 01004 Serio F
01032 Solina 6 A 00097 Autonomia B C 00221 Colfiorito F
01033 Solina A A 00119 Bassi Lauro C 00961 Sagittario F
01134 Trigo Cossu A 00052 Aquila C 01301 Soissons F
01136 Trigo Cossu A 00411 Funo C 00142 Bilancia F
00139 Bianchetta A A 00364 Fiorello C 00401 Freccia F
00140 Bianchetta B A 00662 Mara A C 00549 Isengrain F
00535 Inallettabile A 00663 Mara B C 00044 Apache F
00134 Bianchetta 83 1 B 00402 Freccia C 00122 Belfiore F
00135 Bianchetta 83 2 B 00490 Grifo C 00165 Buon Pastor F
00226 Cologna 21 A B 00901 Rondine C 00793 Palesio F
00228 Cologna 80 B 0005 Abbondanza C 00081 Artico F
00229 Cologna 83 B 0006 Abbondanza C 00145 Blasco F
00448 Gentil Rosso 13 B 00679 Marzotto C 01253 Bologna F
00449 Gentil Rosso 160 B 00586 Leonardo C 00816 PR22R58 F
00450 Gentil Rosso 4 B 00300 Dragone C 01250 Aubusson F
00452 Gentil Rosso 48 B 00301 Dragone C 00158 Bramante F
00493 Gua’ 113 B 00304 Dusi C 00464 Geronimo F
00533 Inallettabile 8 A B 00305 Dusi 3 C 00794 Palladio F
00534 Inallettabile 8 B B 00306 Dusi 3A C 00222 Colledoro F
00536 Inallettabile 96 B 00831 Produttore S. 6 D 00336 Exotic F
00538 Inallettabile 3 B 00474 Glutinoso D 01245 Antille F
00541 Inallettabile Todaro B 00064 Argelato D 01251 Bandera F
00658 Majorca 47 B 00627 Lontra D 01304 Solehio F
00659 Majorca 68 B 00545 Irnerio D 01241 Altamira F
00660 Majorica 47 B 01069 Strampelli Nazareno D 01248 Arrocco F
00684 Marzuolo Aqui 3 B 00777 Orso D 01319 Zanzibar F
00685 Marzuolo Aqui 4A B 00012 Adria D
00686 Marzuolo Aqui 4B B 00055 Aquileja D
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pedigree. Groups from B to E include at least one of the parents
belonging to the preceding group.

2.2 Phenotypic trait measurements

Phenotypic measurements on the collection were taken across
five seasons (2011–2015) in four locations: S. Angelo
Lodigiano (SAL, 45°14′17.7″N 9°24′21.6″E), Lodi (LO,
45°18′14.1″N 9°30′45.2″E), Fiorenzuola d’Arda (FIOR,
44°55′36.2″N 9°53′40.0″E), and Pisa (PI, 43°39′44.3″N
10°20′55.2″E) using field and greenhouse experiments, as de-
tailed below. We investigated four traits related to wheat com-
petitive ability against weeds:

– Above-ground biomass before stem elongation phase
(BI), measured as dry weight (after oven-drying at
100 °C) of above-ground biomass per 1-m row (field trial
at SAL in 2014/15, randomized complete block design
with three replicates) and as dry weight (as above) of
single plants (greenhouse trials at PI in 2013/14 and at
FIOR in 2014/15, randomized complete block design
with five replicates).

– Tillering capacity (TI), measured as number of culms
divided by number of plants per 1-m row (field trial at
SAL in 2014/15, randomized complete block design with
three replicates) and as number of culms by individual
plants (greenhouse trials at SAL and PI in 2013/14 and
at FIOR in 2014/15, randomized complete block design
with five replicates).

– Plant height at maturity (PH), measured as average height
from the ground to the spike tip excluding the awns (field
trials at SAL in 2013/14 and 2014/15, randomized com-
plete block design with three replicates and at SAL and
LO in 2010/11, 2011/12, and 2012/13, unreplicated ran-
domized design experiment).

– Flag leaf (FG) morphology (area, length and average
width) on five plants plot−1 using a LI-COR Inc. area
meter Li-3000 (field trials at SAL in 2013/14 and
2014/15, randomized complete block design with three
replicates, and at LO in 2012/13, unreplicated random-
ized design experiment).

As indicators of yield potential, we measured:

– Grain yield (GY), as grain production on one 1-m2 area
plot−1, adjusted to 14% moisture content (field trials at
SAL in 2013/14 and 2014/15, randomized complete
block design with three replicates).

– Thousand-kernel weight (TKW), measured by weighing
two 100-kernel samples (field trials at SAL and LO in
2010/11, 2011/12, and 2012/13, unreplicated randomized
experiment).

All the experiments were conducted in weed-free condi-
tions obtained by chemical control in field experiments.
Nitrogen fertilization was applied at tillering (40 kg N ha−1,
as ammonium nitrate) in all field experiments. Growth regu-
lators, fungicides, and other pesticides were not applied in any
of the experiments.

2.3 Genotypic evaluation

Genotyping was performed with the Infinium iSelect 90K
array (Illumina Inc.), a high-density single nucleotide poly-
morphism (SNP) genotyping array containing 81,587 SNPs
markers. SNPs were called using the hexaploid wheat pipeline
in GenomeStudio V11 and mapped according to the consen-
sus genetic linkage map for hexaploid wheat published by
Wang et al. (2014).

2.4 Phenotypic data analysis

All data analyses were conducted using R environment for
statistical computing, version 3.2.5. R/lme4 was used to cal-
culate best linear unbiased predictors (BLUPs) of phenotypes
with REML estimation. The model was run with a fixed in-
tercept and random intercept for accession, environment (each
experiment in one season was considered as one environ-
ment), block (when more than one replicate was available),
and interaction between environment and block. The model
was formulated as:

Y ijk ¼ μþ ai þ e j þ e j : bk þ εijk ð1Þ

where Yijk is the phenotype for the accession i at environment j
in block k, μ represents the grand mean, a represents the ran-
dom effect of accession i, e represents the random effect of the
environment j, ei:bj is the interaction between environment
and block, and εijk is the residual error. For continuous vari-
ables, we used a linear model and for count data a generalized
model with Poisson distribution. The broad sense heritability
(H2) of traits was calculated using the variance values from
random effects model as:

H2 ¼ δ2a= δ2a þ δ2 f =nþ δ2b=mþ δ2ε=n*m
� � ð2Þ

where δ2a is the total genetic variance, δ
2
f /n is the total vari-

ance across environments divided by the number of environ-
ments (n), δ2b /m is the total variance across block divided by
the number of blocks (m) and δ2ε/n*m is the residual variance
divided by the number of environments×blocks. The BLUPs
of all measured variables were used in a principal component
analysis (PCA) performed with R/vegan.

R/lme4 was used to study the diversity between groups for
competitive ability-related traits. The model was run with a
fixed intercept for group and a random intercept for environ-
ment and block. The model with fixed effect for the group was
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compared with a model with a fixed intercept for testing the
significant effect of the grouping factor. R/multcompwas used
for multiple comparisons of means (Tukey test).

Field experiments in 2013/14 and 2014/15, in which grain
yield and final plant height were measured in the same trials,
were used for exploring the trade-off between competitive
ability and grain production. To do so, we ran a linear mixed
model for grain yield with a fixed intercept for plant height
and a random intercept for block. We studied the distribution
of the model residuals in order to identify accessions for which
the model significantly underestimated grain yield. These ac-
cessions are those for which yield is higher than expected from
plant height measurements alone. In order to exclude plants
with a favorable plant height to grain yield relationship, but
with too little plant height values to effectively compete, we
selected varieties with height > 90 cm. The average of resid-
uals for the three replications was required to be > 1 to have a
consistent empirical threshold of grain yield underestimation.

2.5 Genotypic data analysis

To investigate the diversity trend from landraces to modern
lines, we compared the number of polymorphisms in groups
A+B vs C+D+E. The number and chromosomal distribution
of the polymorphisms specific of these two groups was calcu-
lated as well. A PCAwas run on the Euclidean distance matrix
of SNPs for all accessions. The genome-wide association
study (GWAS) was performed with R/GAPIT. Minor allele
frequencies were filtered at 5%, and markers that failed in
more than 20% of the accessions were excluded. The
VanRaden method (VanRaden 2008) was used to compute
kinship and to account for familial relatedness in a com-
pressed mixed linear model (CMLM). Principal components
(PC) between 1 and 15 were iteratively used as covariates to
include population structure as a fixed effect of the model. The
SUPER method in R/GAPIT was used to calculate marker-
trait associations. The best fit of the model was visually eval-
uated on quantile-quantile (Q-Q) plots, and number of PC
covariates was chosen accordingly. Nominal P values obtain-
ed for each marker and trait were adjusted for false discovery
rate (FDR) (Benjamini and Hochberg 1995).MTAs are report-
ed and considered of interest when the FDR was < 1% (highly
significant associations) and when FDR was between 1 and
5% (less stringent threshold).

3 Results and discussion

3.1 Competitive ability potential and trade-off
with grain yield

The wheat germplasm collection was highly diverse for the
competitive ability and production traits studied (P < 0.001 for

all traits). An overall view of the phenotypic variability
assessed in the experimental trials is depicted in the PCA plot
(Fig. 2(a)). The first two PCs on phenotypic measurements
explained 65% of total variance. The first PC (representing
45% of the variance) separates groups A and B from the
others, especially from E and F. We can observe a temporal
trajectory in the distribution of the six groups. By looking at
the plot from top right to bottom left, the first encountered are
the oldest accessions (groups A and B), then the accessions
developed in the first decades of formal breeding (C and D)
and those released after 1970 (E and F). Groups C and D are
positioned around the origin of the axes, indicating high phe-
notypic variability. The accessions in groups C and D are not
homogeneous for the traits studied, showing that the breeding
material obtained by Strampelli (C) and immediately after (D)
maintains a broad range of diversity for competitive ability
traits. A positive correlation of biomass and flag leaf length
with thousand-kernel weight was detected (0.49 and 0.31 re-
spectively). Several studies, especially in rice, have shown a
positive correlation between flag leaf traits and thousand-
kernel weight (e.g., Khaliq et al. 2008; Cui et al. 2014). In
our collection, flag leaf length was positively correlated with
the other competitive traits such, i.e., biomass and plant height
(0.44 and 0.55 respectively). Instead, flag leaf width was not
significantly correlated with grain yield. In the PCA plot, the
trade-off between grain yield and all the other traits is evident.

The six groups of wheat accessions showed significant
variability in the average values for all the traits measured
(Fig. 2(b1–8)). Regarding early season biomass accumulation,
germplasmwith higher values can be found not only in groups
A and B but also in group C, which comprises the cultivars
obtained by Strampelli and derivatives. The number of tillers
per plant and plant height is higher in groups A and B.
Considering the measured components of the flag leaf mor-
phology, area is higher in group B, length is higher in groups
A to C whereas average width is higher in group D. Grain
yield was higher in modern cultivars (groups D, E, F) whereas
thousand-kernel weight was higher in groups A and B.
Expectedly, groups A to C showed higher average values for
all competitive ability traits but flag leaf width. It is recognized
that older genotypes are often more competitive than recent
varieties, especially when competitive ability is associated
with high early biomass accumulation, number of tillers, and
height (Murphy et al. 2008; Andrew et al. 2015). This result
confirms that heritage germplasm and the pool of varieties
released at the beginning of formal breeding are an important
source from which cultivars with high potential competitive
ability against weeds can be selected.

Nevertheless, the trade-off between grain yield and com-
petitive ability in weed-free situations should be carefully con-
sidered when choosing germplasm suitable for low-input and
organic farming. We identified eight accessions with plant
height > 90 cm (an empirical threshold of a tall canopy) and
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average residuals of the model used to estimate grain yield as a
function of height > 1. This latter value means that the model
underestimated grain yield of at least 1 t/ha, which can be
considered a reasonable empirical threshold of mismatch be-
tween the predicted and actual trade-off between grain yield
and plant height. Two of these eight accessions belong to the
group of Rieti populations (codes 00883 and 00885) and an-
other is the landrace Bianco Nostrale (code 00141), all belong-
ing to group A (Table 1). Gentil Rosso (code 00452) and Guà
(code 00493) belong to group B, whereas cv. Albimonte (code
00028), Aquileja (code 00055), and Loreto (code 00628) be-
long respectively to groups C, D, and F (Table 1).

This type of selection minimizes grain yield reduction in
weed-free conditions when high weed competitive ability po-
tential is prioritized for cultivar choice. Although our selection
criterion is, strictly speaking, valid only within our wheat col-
lection, a similar approach could be applied to any wheat
germplasm collection where an estimation of the trade-off
between grain yield and competitive ability is sought. It would

be good to include more than one competitive ability trait in
the model for increasing the generalization potential of the
trade-off relationship.

3.2 Molecular characterization

Among the set of 81,587 SNPs on the 90K Illumina array,
36,397 were polymorphic and 23,116 had a minor allele fre-
quency (MAF) above 5% and failed in less than 20% of the
accessions. Of these markers, 19,432 had a univocal position
on the hexaploid wheat consensus map (Wang et al. 2014).
Wheat sub-genome D is the least represented in our dataset
with 1808 markers against 7890 on sub-genome A and 9734
on sub-genome B. The underrepresentation of the D sub-
genome is due to the natural lack of polymorphism and con-
sequently to a bias on the array for this sub-genome (Wang
et al. 2014; Rimbert et al. 2018).

The accessions belonging to groups A to E were used for
studying the trend of genetic diversity from landraces to
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Fig. 2 a Ordination plot from a principal component analysis representing
an overall view of the phenotypic variability within the wheat germplasm
collection assessed in the experimental trials. The color of the points
indicates accessions belonging to different cultivar groups (A to F), while
arrows represent measured traits. We can observe a temporal trajectory in
the distribution of the six groups with groups A and B (landraces and
selections within landraces) separated on the first principal component
from the others (modern varieties), especially from E and F (varieties
developed since 1970). b The sets of predicted values of each
competitive ability trait in each group are represented with box-plots. In
each plot, groups that do not share the same letters are significantly different

from each other for the considered trait. Group A: landraces; Group B:
selections within landraces; Group C: cultivars obtained by Strampelli
and their derivatives; Group D: varieties released before 1970 from
material by Strampelli, with reduced height alleles other than from cv.
Akagomugi; Group E: varieties developed since 1970 with pedigree
deriving from material traditionally used in Italian breeding programs; F:
varieties developed since 1970 with foreign germplasm in the pedigree. BI:
total plant above-ground biomass before stem elongation phase; TI: number
of tillers per plant; PH: plant height at crop maturity; FG_A: flag leaf area,
FG_L: flag leaf length, FG_AW: flag leaf average width; GY: grain yield;
TKW: thousand-kernel weight
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modern lines. We excluded group F from this analysis in order
to have information about Italian breeding before the introduc-
tion of parental lines from other breeding programs. The num-
ber of polymorphisms was 28,556 in groups A+B and 26,875
in groups C+D+E. Altogether, populations and mass-selected
lines had 1681 more polymorphisms than the modern germ-
plasm in our collection (4.6% of the polymorphisms in the
overall collection). The collection showed a trend of reduction
of the polymorphism number passing from heritage to modern
germplasm. Heritage germplasm was shown to be more di-
verse than modern accessions also by Riaz et al. (2016), who
performed a genetic characterization of common wheat acces-
sions from N. I. Vavilov Institute of Plant Genetic Resources
and compared them to a group of modern cultivars and elite
breeding lines from Australia and the International Maize and
Wheat Improvement Center (CIMMYT).

Roussel et al. (2005) suggested that modern lines might
have reduced genetic diversity compared to landraces because
of the use of a small number of genetically similar varieties
within the different modern breeding programs. The decrease
of diversity due to the breeding bottleneck as proposed by
Roussel et al. (2005) might not be generalized because, over
time and geographical area, breeding has produced variable
outcomes regarding genetic diversity conservation (Winfield
et al. 2018). Nevertheless, it is important to note that from
previous investigations it also emerged that heritage germ-
plasm may keep variability not present in modern germplasm
(Lopes et al. 2015; Riaz et al. 2016; Winfield et al. 2018).
Winfield et al. (2018) characterized a collection of landraces
from 32 countries around the world using an 820K SNP array,
and detected a high number of polymorphisms unique to
landraces or to modern lines. Winfield et al. (2018) suggested
that the polymorphisms unique to the landraces might indicate
the presence of a valuable genetic variability that is not being
incorporated in modern breeding programs.

Among the detected polymorphisms in our study, 3761
SNP were specific of groups A+B and 2080 of groups C+
D+E. This result highlights that, even if we detected higher
diversity in heritage germplasm, both heritage and modern
germplasm showed unique polymorphisms, indicating that it
is useful to have both of them represented for the genetic
dissection of a wide range of traits, especially for those not
targeted during conventional breeding programs.

The collection presented a low genetic structure. To reach
50% of the original genetic variance, it was necessary to con-
sider the first 21 SNP-based PCs. The first two PCs (Fig. 3)
accounted for 7% and 5% of the molecular variance, respec-
tively. The accessions in group A (landraces) and group B
(mass selection from landraces) clustered on positive values
of PC1. Even if the first PC explained only 7% of the molec-
ular diversity, it is worth noting that it separated the landraces
and mass-selected lines from all other germplasm in the col-
lection. This happened even though part of the germplasm

comprised in this group was used in downstream breeding
(in groups C, D, and E). Groups C to E seemed admixed on
the PCA plot (Fig. 3). This result is in line with the design of
the collection, that includes for each group at least one of the
parents belonging to the preceding group. Group F was the
most recognizable on the PCA plot among the groups of mod-
ern germplasm. Despite the weak genetic structure of the col-
lection, the separation of groups A+B and C+D+E is of par-
ticular interest especially in regard to traits not targeted by the
Green Revolution, and as such not retained in the breeding
process. This diversity may be particularly useful when
searching for material adapted to peculiar conditions such as
cultivation in organic and low-input systems.

3.3 Marker-trait associations

The significant phenotypic diversity for competitive ability-
related traits was a good base for their genetic dissection.
Nevertheless, broad sense heritability (H2) varied markedly
among the traits and the measurements for above-ground bio-
mass at an early stage and for tillering index were the least
repeatable (H2 = 0.30 and 0.57 respectively). We used the
BLUP values for each trait as phenotype for the association
study as already done by several other studies. In the association
study, we could detect MTAs with FDR < 5% for all studied
traits. MTAs with FDR < 1% were detected for plant height,
biomass, grain yield, and thousand-kernel weight (Fig. 4).

Fig. 3 Ordination plot from a principal component analysis representing
the genetic diversity within the wheat germplasm collection. Principal
component 1 separated landraces and mass-selected lines (groups A and
B) from all other germplasm in the collection. The color of the points
indicates accessions belonging to different cultivar groups (A to F).
Group A: landraces; Group B: selections within landraces; Group C:
cultivars obtained by Strampelli and their derivatives; Group D:
varieties released before 1970 from material by Strampelli, with
reduced height alleles other than from cv. Akagomugi; Group E:
varieties developed since 1970 with pedigree deriving from material
traditionally used in Italian breeding programs; F: varieties developed
since 1970 with foreign germplasm in the pedigree
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Plant height is a key morphological trait in wheat because it
has implications on harvest index, lodging, and competitive
ability against weeds, with a composite effect on grain yield
(Hoad et al. 2012; Griffiths et al. 2012). The presence of the
dwarfing gene Rht8 on chromosome 2D, derived from cv.
Akagomugi, was expected in our cultivar pool due to the
presence of several cultivars, belonging to Group C, obtained
by Nazareno Strampelli through hybridization of cv.
Akagomugi with Italian germplasm, mainly cv. Rieti.
Indeed, we detected two groups of closely linked SNPs on
chromosome 2D associated with plant height. Besides the
signal on chromosome 2D, we could detect associations with
plant height on other chromosomes. Determinants of plant

height other than Rht8 were expected as well, as groups D
and F contain varieties that, according to their genealogy, do
not derive from cv. Akagomugi. The MTAs on chromosomes
1A (95.20 cM), 2B (82.43 cM), 2D (12.38 cM), 4B (57.5,
58.1 cM), 5B (60 cM), and 6A (123.48 cM) are close to
putative quantitative trait loci (QTL) for plant height reported
in Zanke et al. (2014b). The association on chromosomes 1B,
2A, 3A, 4A, 6B, 7A, and 7B did not match previously report-
ed positions. The many associations for plant height that we
identified are indicative of the diversity of alleles implicated in
the determination of this trait. Plant height heritability in our
experiment was 0.95. Even if the heritability of biomass was
0.30 in our phenotyping experiment, we could identify

Fig. 4 Manhattan plots for
genome-wide association study
(GWAS) of the phenotypic traits
measured. Markers on each
chromosomes are plotted in light
blue (A genome), gray (B
genome), and dark blue (D
genome). The indication of the
chromosome is given on the x-
axis. The y-axis represents the
negative base 10 logarithm of the
false discovery rate (FDR) values.
In this graph, the strongest
associations with the smallest P
values, exhibit the greatest
negative logarithms. The blue and
red lines indicate the threshold of
FDR = 1% (highly significant
associations) and of FDR= 5%
(indicative associations),
respectively
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associations on seven chromosomes with FDR < 1%.Many of
the associations for above-ground biomass overlapped with
those for plant height. This happened in particular for the
associations on chromosomes 1A, 1B, 2A, 2B, 2D, and 6A.
This result can be explained by the positive correlation be-
tween plant height and biomass accumulation (Austin et al.
1989). Our data shows that this relationship holds true not
only for straw biomass at harvest, but also for the biomass
accumulation during the tillering phase.

Tillering capacity had a heritability of 0.57. For this trait,
a high genotype by environment interaction was already
observed (Mengistu et al. 2016); nevertheless, we could
identify associations on six chromosomes. Wang et al.
(2016) reported associations for tillering on chromosomes
2D, 2B, and 5A. Our association on chromosome 2D, at
4 cM, is on the same linkage group but at a totally
different position from that reported in Wang et al. (2016)
(at above 200 cM). We did not identify the previously de-
scribed tiller inhibitor genes Tin (Kuraparthy et al. 2006) or
Gli-A2, reportedly having an effect on tiller number (Li et al.
2002). It is important to note that the genetic architecture of
this rather elusive trait has not yet been fully described;
further characterization of our newly detected MTAs may
provide additional information in this respect.

The heritability of flag leaf traits was 0.88, 0.84, and 0.71
for area, length, and average width, respectively.We identified
three associations for flag leaf area (chromosomes 1A, 4B,
6B), and different ones for flag leaf length (chromosome
4B) and flag leaf width (chromosome 5A). Fan et al. (2015)
reported associations for flag leaf area on chromosome 4B and
6B. We detected MTA at 61.84 cM and 71.76 cM,
respectively. For flag leaf length, Fan et al. (2015) detected
an association on chromosome 4B. In our study, the associa-
tion was detected at 73.84 cM of chromosome 4B.
Nevertheless, the associations in the two studies cannot be
compared due to the fact that the positions reported by Fan
et al. (2015) are based on the 591 markers map by Cui et al.
(2014), while the association on our study has instead a map
position based on 40,267 SNP markers, with no common
markers between the two maps.

An association for flag leaf width on chromosome 5A is
reported by Yang et al. (2016) at 67.1 cM. The association on
chromosome 5A for flag leaf width in our study was detected
at 84.12 cM. As the previous case, different positions may be
due to the use of different genetic maps and cannot be directly
compared. To our knowledge, the association for flag leaf area
on chromosome 1A is a new finding.

Grain yield and thousand-kernel weight are both very com-
plex traits (Zanke et al. 2015), as confirmed by the 26 and 13
associations detected in our study. Among the associations for
thousand-kernel weight on chromosome 5B we could detect
an overlap with an association for above-ground biomass
(68.36 and 68.93 cM respectively). Similarly, the associations

for grain yield on chromosomes 2D and 6Bwere detected also
for biomass accumulation. The pleiotropy of the determinants
of plant height, grain yield, and thousand-kernel weight to
biomass accumulation is a further confirmation of the com-
plexity of the relationship between production-related traits
and competition-related traits.

The study of this collection was useful to get a picture in
terms of the genetic variability in the germplasm cultivated by
Italian farmers from the end of nineteenth century to nowa-
days. The genetic diversification of the collection gives sup-
port to the usefulness of this collection for investigating the
genetic determination of traits of interest for peculiar condi-
tions not targeted by conventional wheat breeding. At the
same time, new regions associated with the target traits were
highlighted by GWAS study, giving proof of the usefulness of
this collection in a novel breeding perspective. This knowl-
edge can be used as a starting point for further investigations
dissecting the molecular bases of phenotypes of interest.

4 Conclusion

In this interdisciplinary study, the integration of agroecologi-
cal principles and current molecular breeding technologies
aimed to develop a methodology for selecting wheat germ-
plasm characterized by higher competitive ability against
weeds to be used in more sustainable integrated weed man-
agement systems for organic and low-input production. The
study combined the characterization of the molecular and phe-
notypic diversity of a collection of 160 accessions harnessing
heritage and modern germplasm representative of common
wheat cultivated in Italy from the end of the nineteenth cen-
tury to 2009. This collection represents an important resource
for Italian common wheat breeding programs (private, public,
or participatory) that aim to develop germplasm adapt to or-
ganic and low-input agriculture where the inclusion of traits
for higher crop competitive ability against weeds is a desirable
selection goal. Further studies and use of this material may
allow to select and develop cultivars more competitive against
weeds as well as accessions in which the trade-off between
competitive ability and grain yield is acceptable, a key asset
for wheat cultivation in Italy and beyond. This approach, if
applied to other wheat germplasm collections or to other crop
species, can empower integrated weed management by mak-
ing available more competitive cultivars selected by applying
agroecological principles and exploiting the most advanced
breeding technologies.
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