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Abstract Sensitivity to lodging of oat varieties has

been reduced in the last decades through the intro-

duction of dwarfing genes. However, lodging may still

cause significant yield loss, underscoring the need for

new oat varieties with higher levels of lodging

tolerance. In the present study, we analysed lodging

and plant height in a collection of European oat

accessions including landraces, old and modern vari-

eties, in order to perform a genome-wide association

study (GWAS) for identifying markers associated to

lodging tolerance. This collection has been recently

genotyped by the Infinium 6K SNP array for oat and

SNP data were analysed as continuous intensity ratios,

rather than as discrete genotypes (Tumino et al. 2016,

Theor Appl Genet 129, pp. 1711–1724). Phenotypes

for lodging severity, plant height and growth habit

were collected under natural conditions in eight

European countries. Plant height correlated to lodging

severity as previously observed in many studies,

explaining about 30% of lodging variation. GWAS

analyses detected six significant associations for

lodging and two for plant height. These results

indicate that GWAS can successfully be used for

identifying markers associated to lodging in oat, even

though lodging is a quantitative trait influenced by

several plant characteristics.

Keywords Avena sativa � Genome-wide association

study � Lodging � Plant height � SNP array intensity

ratio

Introduction

Lodging is the failure of plants to maintain an upright

position under unfavorable weather conditions (rain

and strong wind). When lodging occurs in cereals

during or just after anthesis it can cause severe losses

in grain yield (Pendleton 1954; Stanca et al. 1979),

mainly because of reducing carbon assimilation within
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the canopy and efficiency in light interception by

leaves (Setter et al. 1997). Various types of lodging

can be distinguished. Stem buckling at the lower

internodes is defined as stem lodging, while buckling

of the middle internodes is known as brackling. In

addition, plants may lodge as a result of root anchor-

age failure, which is called root lodging. In oat and

barley all types of lodging have been observed, while

wheat is known to be insensitive to brackling.

Tolerance to lodging can therefore be affected by

several plant characteristics, including height, stem

strength and root anchorage (see Berry et al. 2004 for a

review). Several studies have shown that height is the

main factor affecting lodging tolerance in cereals (e.g.

Stanca et al. 1979; Berry and Berry 2015). Shorter

plants are less affected by lodging, due to the reduction

of the leverage force applied on the base of the stem

(Berry et al. 2004). Breeding has reduced stem length

in wheat and barley and as a result also the risk of

lodging. In oat cultivation, however, lodging can still

cause significant yield losses (Marshall et al. 1986). A

few dwarfing genes are available in oat that have been

successfully used in the last decades by breeders,

producing high-yielding varieties with lower lodging

risk (Marshall and Murphy 1980; Milach et al. 1997;

Morikawa et al. 2007). However, reducing plant height

too much can have a detrimental effect on yield

potential (Flintham et al. 1997). Knowledge about

genetic factors controlling stem strength and root

anchorage in cereals and their effect on lodging

tolerance is scarce, probably because these are com-

plex traits that may be affected by many factors (e.g.

stem diameter, stem wall thickness, cell wall compo-

sition, root spread, root depth, root diameter, root

number), requiring time-consuming phenotyping to be

dissected and fully understood. Berry and Berry (2015)

studied the relationship between natural lodging and

lodging-related traits in two doubled haploid wheat

populations. The strongest correlation was observed

between lodging and plant height, followed by stem

diameter and stemmaterial strength. They also found a

positive correlation between stem diameter and stem

wall thickness and a negative correlation between stem

diameter and stem material strength. The rice gene

ABERRANT PANICLE ORGANIZATION 1 (APO1),

encoding for an F-box-protein involved in controlling

rachis branch number of the panicle, has been shown to

be responsible for increasing stem diameter (Ookawa

et al. 2010), providing a first clue of the genetic basis of

stem strength in cereals. Root anchorage has been

investigated more in maize than in other cereals, and

several QTLs and candidate genes have been identified

affecting root morphology and tolerance to root

lodging (Bruce et al. 2001; Landi et al. 2007; Landi

et al. 2010). However, the physiological mechanisms

and genetic factors affecting root lodging are still

largely unclear.

In oat many QTLs for plant height have been

identified in several studies by using bi-parental

populations (Siripoonwiwat et al. 1996; Holland et al.

1997; De Koeyer et al. 2004; Wooten et al. 2009), but

only fewQTL analyses have addressed oat lodging (De

Koeyer et al. 2004; Tanhuanpää et al. 2012).

The recent development of new genomic tools,

notably the 6K Infinium SNP array (Tinker et al. 2014)

and the dense hexaploid oat consensus map (12,000

markers) based on 12 bi-parental populations (Chaffin

et al. 2016; Yan et al. 2016), have made it possible to

map oat traits at a high resolution (Esvelt Klos et al.

2016). Winkler et al. (2016) used the array for a

genome-wide association study (GWAS) in a diverse

panel of oat accessions from the USDA National

Small Grains Collection, assembled to represent a

gene pool relatively unaffected by 20th century

breeding activities, but failed to find significant

associations for lodging tolerance. In the present work

we used this map and SNP array for a GWAS for

lodging tolerance in a new European oat collection,

established by the AVEQ project (http://aveq.jki.

bund.de/aveq). Genetic diversity of the AVEQ col-

lection and GWAS for frost tolerance were addressed

by Tumino et al. (2016) using continuous SNP inten-

sity ratios, providing a framework for the present

GWAS study. Objectives of this work are (1) to study

the phenotypic variation of lodging and height in the

AVEQ collection and their relationship, (2) to test the

effectiveness of GWAS for finding loci associated

with a complex trait such as lodging, (3) to provide

new genetic markers to be used in breeding programs

aimed to improve lodging tolerance in oat.

Materials and methods

Plant materials and DNA preparation

The diverse collection analyzed in the present study is

a subset of the European oat collection of about 600
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accessions established within the AVEQ project

(http://aveq.jki.bund.de/aveq). Selection of the

accessions aimed to maximize the diversity with

respect to country of origin, year of registration and

type of cultivation (winter or spring). It includes 126

winter and spring A. sativa accessions from 27 Euro-

pean countries, including breeding lines, old and

modern cultivars and a few landraces. For DNA

extraction leaf tissues were collected and pooled at

second-leaf stage from 10 plants per accession.

Genomic DNA was extracted using a CTAB-based

buffer followed by chloroform extraction.

Phenotypic and genotypic data

During the AVEQ project the oat accessions were

evaluated in 8 European countries (France, Italy,

Estonia, Czech Republic, Poland, Bulgaria, Romania

and Germany). The collection was divided into two

sets, which were phenotyped in 2008 (set AVEQ08, 75

accessions) and 2009 (set AVEQ09, 62 accessions).

Eleven standard cultivars were included in both sets.

The accessions were phenotyped for lodging at mature

and immature (from anthesis to late milk stage;

IBPGR 6.1.5) stage, for plant height and growth habit

(i.e. tendency of the culm to grow prostrate or erect at a

juvenile stage; scored according the UPOV rating) in

spring-sown field trials. At each location, each acces-

sion was planted in single 2 9 1 m plots and standard

cultivars were replicated in five plots.

The present study is based on 3567 SNP markers

from the Infinium 6K Oat Array (Tinker et al. 2014).

SNP data curation is described in detail in Tumino

et al. (2016). Briefly, SNP fluorescence signals were

used to calculate intensity ratios according to the

formula X/(X ? Y), where X and Y are normalized

hybridization intensities for alleles A and B. We used

these ratios as continuous marker data, instead of

defining clusters and calling discrete genotypes as

usually performed by GenomeStudio (Illumina Inc.,

San Diego, CA). The GenomeStudio Polyploid Clus-

tering Module enables detecting signal clusters, but

time-consuming manual curation may be required to

adjust clusters and check uncertain assignments. This

is particularly true for allopolyploids. For the 6K Oat

Array, almost 20% of the polymorphic markers

assayed in a diverse set of 595 mostly American oat

varieties detected more than two clusters (Tinker et al.

2014), which indicates hybridisation to homoeologous

loci (Wang et al. 2014), assuming accessions to be

pure and nearly homozygous.

The SNP quality filtering process aimed to remove

monomorphic markers and single data points with

extremely high or low total signal intensity values and

resulted in a dataset of 126 samples and 3567 SNPs

with fewer than 25% missing values.

Data analysis

Population structure was determined by a Principal

Component Analysis (PCA) on a correlation matrix

based on SNP hybridization ratios, conducted in R (R

Core Team 2014) using the function prcomp (package

stats). Before calculation all missing values were

replaced by the mean ratio per marker. The genetic

structure of the collection is described in detail in

Tumino et al. (2016).

To estimate accession adjusted means, phenotypic

data were analyzed by using an ANOVA model

including accession and location as fixed factors. We

decided to analyze the two sets of accessions

(AVEQ08 and AVEQ09) separately, because of the

small overlap of accessions between them. Locations

in which low or no variation in lodging score was

observed were not included in the model (Fig. 2). Best

linear unbiased estimations (BLUEs) for the accession

effects were used to perform association mapping.

Three alternative models for genome-wide associ-

ation studies (GWAS) were fitted in GenStat (VSN

International 2014). These three models differed in the

way they account for population structure. The first

model does not account for population structure. It was

a simple linear model including marker effects as a

fixed factor: y = l ? m ? e; where y is the trait of

interest, l is the overall mean, m is the vector of

marker effects and e is the vector of residuals. Random
variables are underlined. A second linear mixed model

corrected for kinship between accessions, including

marker as a fixed factor and genotype as a random

factor: y = l ? m ? a ? e; where a is the vector of

accession random effects. The covariance between

accessions was structured by a kinship matrix, calcu-

lated according to Tumino et al. (2016). A third fixed

effects model corrected for population structure using

the scores of n principal components: y = l ? pn ? -

m ? e; where p is a sum vector of n principal

components scores. The p-values obtained from each

association analysis were plotted versus the expected
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p-values under the null hypothesis (Q–Q plot), to

check that they have a uniform distribution (no

association). Departure of p-values from the uniform

distribution was used as indication that the presence of

population structure may increase the type I error rate.

-logP-values from the association analyses were

visualized as Manhattan plots using the map positions

reported in Chaffin et al. (2016). A significance

threshold adjusted for multiple testing was calculated

by the method described in Li and Ji (2005), separately

for AVEQ08 (-logP = 3.365) and AVEQ09

(-logP = 3.246), with a = 0.05.

In addition, to compare QTL profiles between

AVEQ08 and AVEQ09 we considered a liberal

threshold of -logP = 2 and a sliding window of

10 cM. For each region consistent across the two sets

the highest -logP was reported (Figs. 5c, 6c).

Markers with –logP C2 were checked for the

presence of outlier genotypes (intensity ratios),

which could affect significance of phenotype-geno-

type associations, thus increasing the risk of false

positives. This check replaces the filtering against

markers with a low minor allele frequency (MAF),

which cannot be calculated using continuous inten-

sity ratios. To identify outliers (extreme values of

low frequency) we focused our check on the first ten

and the last ten percentiles of marker ratios.

Discontinuity in these values is an indication of

the presence of outliers. We defined discontinuity

when the difference between consecutive percentiles

was greater than 5% of the range of variation of

ratios. Markers containing outliers were excluded

from the results.

Results

Population structure

The overall population structure of the AVEQ

subset analysed by Tumino et al. (2016) indicated

the presence of two genetic groups mainly based on

geography and cultivation type (spring versus winter

types). One group originating from Continental

Europe (group B) contained mainly spring types,

which are susceptible to frost, while the other group,

with accessions from Atlantic and Mediterranean

Europe (group A), was more diverse and included

both frost-susceptible and frost-tolerant accessions.

However, this collection can be considered weakly

structured, as the first two principal components

explained only 27% of the total genetic variation

(Tumino et al. 2016). Here we performed a PCA

within each of the two sets of accession (AVEQ08

and AVEQ09, Fig. 1), in order to support a com-

parison of the GWAS results between the two sets.

These two PCAs showed a similar pattern for the

first three principal components. The first principal

component differentiated group A (right side quad-

rants) from group B (left side quadrants) in both

sets, explaining 20.5 and 22.9% of the total variance

in AVEQ08 and AVEQ09 respectively. The next

two PCA components differentiated Central Euro-

pean (upper left quadrants) from Eastern European

accessions (lower left quadrants) in group B, and

common oats (A. sativa sub. sativa) from red oats

(A. sativa sub. byzantina) in group A (but this

AVEQ subset included only few red oat accessions).

In AVEQ09 the axis that separated common oats

from red oats (PC2) explained more than the one

separating Central and Eastern European accessions

(PC3) (7 vs. 4%) (Fig. 1). In AVEQ08 both these

principal components explained around 6% of the

variation and their order was reversed (i.e. PC2 in

AVEQ08 roughly corresponds to PC3 in AVEQ09

and v.v.) (Fig. 1). A principal component analysis of

the whole population produced similar results as

when AVEQ08 and AVEQ09 were separately plot-

ted (Online Resource 1). Lodging-susceptible acces-

sions were found both in group A and in group B,

although within group B they mainly originated

from Eastern Europe (Fig. 1a, b, lower left

quadrants).

Phenotypic variation

A large variation among accessions for lodging score

was observed in eleven locations, while in six

locations the lodging scores were very low, as the

weather conditions had been not severe, making it

impossible to discriminate among the accessions

(Fig. 2). The median lodging score per accession

covered the full range from 0 to 9 in AVEQ08 and

almost the full range (from 0 to 7) in AVEQ09 (Fig. 3,

Online Resource 2a, b). The accession factor was

highly significant in both sets (ANOVA, p\ 0.001).

Lodging score measured at an immature stage was

very similar to lodging at maturity, with a lower range
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of variation ranging from 0 to 6 and from 0 to 5 in

AVEQ08 and AVE09 respectively (Online Resource

2c, d). This observation indicated that the most

sensitive accessions were already lodged to a less

severe degree at an immature stage. The accession

effect in both sets was still highly significant

(p\ 0.001).

Plant height ranged from 70 to 130 cm in AVEQ08

and from 65 to 135 cm in AVEQ09, with a continuous

variation across the range (Online Resource 2e, f).

Although plant height is known to be highly affected

by environmental factors, particularly by sowing date

in our study, the accession effect on height was very

significant (p\ 0.001) in both sets.

Regarding growth habit a low variation was

observed with most of the accessions showing an

erect habit (Online Resource 2g, h).

Diagnostic plots of residuals for all traits indicated

no substantial deviation from the assumption of

normality and homogeneity of variance (not shown).

Correlation between lodging tolerance and plant

height

To check correlation between lodging and plant

height, both lodging and plant height BLUEs were

corrected for structure using a fixed effect model

including only population structure as a factor (using
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Fig. 1 Principal component analyses based on 3567 SNP

hybridization intensity ratios for the two sets of accessions.

The scatter plots of PC1 versus PC2 and PC1 versus PC3 are

showed for AVEQ08 (a, c) and AVEQ09 (b, d). The standard

cultivars are represented by squares. Colours varying from blue

to red indicate the level of lodging tolerance (blue for tolerant

and red for susceptible). The first principal component

differentiated group A (positive scores) from group B (negative

scores) as described in Tumino et al. (2016). (Color

figure online)
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the Ward’s clustering membership as reported in

Tumino et al. 2016). Then, BLUEs adjusted for

structure were used for calculating Pearson’s

correlation.

Pearson’s correlation corrected for population

structure indicated that lodging scored at maturity

correlated with plant height, with r = 0.53 and

r = 0.60 for AVEQ08 and AVEQ09 respectively.

About 30% of variation in lodging scores can be

explained by plant height in both the sets (Fig. 4).

Uncorrected Pearson’s correlation coefficients were

high (0.74 and 0.72 for AVEQ08 and AVEQ09

respectively), indicating that part of the covariation

between lodging and height could be due to population

structure.

Genome-wide association analysis for lodging

and plant height

For the lodging data at mature growth stage, the

GWAS model that corrected for population structure

by using a kinship matrix outperformed the other

models, as determined using Q–Q plots (not shown).

The improvement of the Q–Q plots of this model

compared to the model that does not correct for

population structure is shown in Online Resource 3.

Therefore, only the GWAS results obtained by this

model are presented here. GWAS analyses for lodging

at immature stage and growth habit are not presented

because lodging phenotypic data at immature stage

were very similar to data at maturity and growth habit

data appeared not well balanced, as some phenotypic

classes were over-represented (Online Resource 2g,

h), increasing the risk of spurious associations due to

rare extreme values.

Two QTLs for lodging were detected in AVEQ08

in Mrg24 (five significant markers in the range

57–60 cM) and in Mrg21 (one marker at 194 cM)

(Fig. 5a). In AVEQ09 five markers were positive in

various linkage groups, one of them coinciding with

the QTL found in Mrg24 for AVEQ08 (Fig. 5b). Five

regions were consistent across the two sets (Fig. 5c).

Regarding plant height, two significant markers

have been found in the bottom part of Mrg01, one for

AVEQ08 and one for AVEQ09, possibly detecting the

same QTL (Fig. 6a, b). Another significant marker

mapped in Mrg13 at 58 cM in AVEQ08 (Fig. 6b).

Four regions were consistent across the two mapping

sets, using the sliding window comparison approach

(Fig. 6c).

Discussion

The use of continuous marker intensity ratios

In the present study we used genotypes from bulks of

ten plants per accession, in order to take into account

potential within-accession diversity such as expected

in landraces or old traditional varieties. For an

association analysis, the bulking approach may be

convenient, especially when phenotypes from gene-

bank accessions are already available. In fact, those

phenotypes would be average measures of bulks of

potentially heterogeneous accession and therefore

should be associated to an average measure of bulk

genotypes, not to an individual genotype taken from

this bulk. However, SNP array data of heterogeneous

bulked samples cannot be interpreted as discrete

genotypes. To circumvent the need to (artificially

and inappropriately) convert continuous signals into

discrete genotypes for heterogeneous samples, we

developed a method that accepts continuous SNP

signal ratios (Tumino et al. 2016), which represent
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within-bulk allele frequency estimations. The higher

the number of heterogeneous accessions, the more

advantageous will be the use of continuous ratios. One

concern may be that the use of continuous ratios for

those SNPs that clearly cluster into discrete classes,

would reduce the statistical power of a GWAS

analysis. To study this concern we have compared,

for the positive markers identified in our analysis, the

GWAS p-values obtained using continuous ratios with

those obtained by discrete genotypes (Online

Resource 4). Similar p-values were obtained by the

two methods (Online Resource 4), supporting the
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named in Chaffin et al. (2016)
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validity of continuous scoring. Three out of 19

markers were discarded by the Illumina quality filters

as discrete scores could not be assigned, indicating

that continuous scoring is able to use information from

more markers. Phenotypes (BLUE values) and geno-

types (normalized X and Y signals) used to perform

the association analyses presented here can be found

as supplementary files (Online Resource 5 and Online

Resource 6, respectively).

Continuous intensity ratios have also been success-

fully used to analyse homogeneous DNA samples of

grape, in order to optimize the use of those SNPs that

do not pass Illumina quality filters, but still contain

information regarding marker-trait association (Myles

et al. 2015).

Population structure

We performed a GWAS analysis for lodging tolerance

and plant height in a diverse population of European

hexaploid oats. The geographical origin of the acces-

sions in the AVEQ collection reflects partly the

breeding station from which the accessions originate,

and also the type of cultivation that is possible, as the

group B (Tumino et al. 2016) includes almost

exclusively frost-susceptible spring-type oats. The

Eastern Europe group B includedmany of the lodging-

susceptible accessions, emphasising the need to cor-

rect for population structure in the GWAS model.

Since we compared GWAS results of two sets of

accessions, knowledge on population structure and

correlation with traits is critical for interpreting the

results. For this reason, we determined the population

structure within subsets AVEQ08 (75 accessions) and

AVEQ09 (62 accessions) separately. The structure

was similar in both and comparable to that of the

whole set (Tumino et al. 2016), with the first three

principal components representing geographical ori-

gin of accessions, growth type (winter/spring) and

probably the difference between common and red oats.

The importance of correctly accounting for population

structure was confirmed by the abundance of low

p-values for uncorrected models as observed in the Q–

Q plots (Online Resource 3).

Lodging tolerance and plant height

In this study several significant marker associations for

lodging and plant height have been detected. Some of

them mapped in regions previously identified by other

studies (Table 1). Since we performed GWAS in two

different sets of accessions, we based the

Table 1 List of genomic regions associated to lodging and plant height as found in this study

Phenotype Linkage group Position (cM) Consistencya Marker nameb p-value Also found by

Lodging Mrg24 54–60 a GMI_ES01_lrc29845_287 2.03e-06

Mrg01 74 b GMI_ES01_c16767_69 5.94e-04

Mrg02 82–92 b GMI_ES14_c1496_463 5.52e-04

Mrg21 194 c GMI_ES02_c12708_687 2.05e-04 De Koeyer et al. (2004)

Mrg21 181 d GMI_ES02_c1538_477 3.97e-03 De Koeyer et al. (2004)

Mrg28 60 c GMI_GBS_4542 7.58e-05

Mrg19 1 c GMI_ES_LB_8745 2.09e-04

Mrg13 58–60 d GMI_DS_LB_8372 5.42e-03

Height Mrg01 105–118 a GMI_ES01_c15886_573 1.70e-04 Wooten et al. (2009)

Mrg13 58 c GMI_ES05_lrc25030_330 2.72e-05

Mrg08 125–132 d GMI_ES02_c2959_310 2.22e-03

Mrg09 68 d GMI_GBS_77286 2.53e-03

Mrg11 3–9 d GMI_GBS_114315 5.74e-04 Holland et al. (1997)

a Letters represent different degrees of consistency across AVEQ08 and AVEQ09: (a) significant under a stringent threshold

[corrected according to Li and Ji (2005)] in both sets, (b) significant under a stringent threshold in one set and under a more lenient

threshold in the other, (c) significant under a stringent threshold in one set, (d) significant under a more lenient threshold in both sets
b A representative marker for the QTL is reported
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interpretation of our results on (i) significance adjusted

for multiple testing, based on the method of Li and Ji

(2005) and (ii) consistency across the two mapping

sets, using a sliding window analysis, taking advan-

tage of the fact that the two mapping sets had very

similar population structure. The underlying idea is

that consistency across two independent sets of

accessions can support statistical testing in single sets.

Moreover, we compared 10 cM bins instead of single

markers, as the presence of heterogeneous alleles with

different frequencies in the two sets might lead tomore

diffuse peaks of association (Atwell et al. 2010).

Lodging scores measured at maturity correlated

with plant height, with a structure-corrected Pearson’s

coefficient of 0.53 and 0.60 for AVEQ08 and

AVEQ09 respectively (Fig. 4). This finding is in

agreement with previous studies about lodging-related

traits in oat (De Koeyer et al. 2004), barley (Stanca

et al. 1979) and wheat (Berry and Berry 2015) that

showed that plant height is the main factor affecting

risk of lodging. As a consequence, QTLs for lodging

often co-localized with QTLs for plant height (e.g. De

Koeyer et al. 2004). In our study, on Mrg23 we

detected QTLs for lodging and height within 10 cM

from each other (Table 1). Marker associations for

lodging on Mrg01 (at 74 cM) and Mrg24 (57–60 cM)

mapped close to two QTLs for plant height (at 78 cM

and 85 cM respectively) previously identified by

Holland et al. (1997) in the Kanota 9 Ogle (KO) bi-

parental population. Previous studies using bi-parental

populations identified QTLs for lodging in Mrg01,

Mrg05 and Mrg21. In particular, three loci have been

detected in Mrg21 around 190 cM, in the range

150–180 cM (De Koeyer et al. 2004) and around

130 cM (Tanhuanpää et al. 2012), where we also

detected two associations (Table 1). Interestingly,

associations to hullessness have also been found

around 178 cM (Tumino et al. 2016) and 194 cM

(DeKoeyer et al. 2004). Our findings support therefore

the suggestion that the N1 allele (controlling hulless-

ness) may also affect lodging as it plays a role in lignin

deposition in spikelets and possibly also in stems (De

Koeyer et al. 2004; Ougham et al. 1996). Further

studies will be needed to exclude that this co-location

of QTLs is due to two independent genes in the same

chromosomal region. For the other QTLs for lodging

reported by De Koeyer et al. (2004) on Mrg01 and

Mrg05 a precise position comparison with our results

was not possible as shared markers were lacking.

Associations for plant height were detected in five

linkage groups (Table 1). The QTLs in Mrg01 and

Mrg11 mapped in regions previously associated to

height using bi-parental population (Table 1; Holland

et al. 1997; De Koeyer et al. 2004;Wooten et al. 2009).

QTL mapping for plant height is complicated by

pleiotropic effects of genes controlling heading date

(vernalization requirement and photoperiod sensitiv-

ity), as they affect duration of vegetative stage and

therefore height of plant. In fact, many studies

reported co-localization of QTLs for height with those

for heading date or vernalization (Holland et al. 1997;

De Koeyer et al. 2004; Wooten et al. 2009; Winkler

et al. 2016). We also have found that the associations

with plant height in Mrg01 and Mrg13 co-mapped

with QTLs for heading date previously identified in

this collection (Tumino et al. 2016) and an association

with plant height in Mrg11 co-mapped with a QTL for

frost tolerance (Tumino et al. 2016).

Several of the QTLs associated to height in our

analysis do not co-localize with QTLs for lodging.

This could be related to the statistical power of the

analysis. Lodging occurs under unfavourable weather

conditions, therefore it was measured only in some

environments, while plant height was measured in all

environments. A biological reason could be the fact

that genes controlling heading date pleiotropically

affect also other factors with contrasting effects on

lodging. For instance, with increased duration of the

vegetative stage, the negative effect of taller plants on

lodging tolerance could be partly compensated by a

larger root system.

In general, alleles responsible for reducing plant

height will reduce also the risk of lodging, as they

diminish the bending stress at the base of the culm

under unfavourable weather conditions (strong wind

and rain). During the Green Revolution, reduction of

plant height was one of the main breeding targets for

cereals, leading to an increase in grain yield. However,

this process seems to have some physiological limi-

tations, and further reduction of plant height may

negatively affect yield potential (Flintham et al. 1997;

Berry et al. 2015). Therefore, QTL that affect lodging

without affecting height can be of great value in

further reducing lodging resistance. In our study the

most robust association for lodging in Mrg24 did not

co-localize with any QTL for plant height, and as such

it may represent a valuable marker for breeding

programs targeted to enhance lodging tolerance in oat.
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Further studies will be needed to dissect the genetic

basis determining lodging tolerance in oat, addressing

QTL mapping for traits such as culm diameter, culm

cell wall composition or root anchorage.
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