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Abstract A collection of 46 pea (Pisum sativum
L.) accessions, mostly from Europe, were analysed
for genetic diversity using the GenoPea 13.2 K SNP
Array chip. Of these accessions were 24 nomal-leaved
and 22 semi-leafless. Principal components analysis
(PCA) separated the peas into two groups character-
ized by the two different leaf types, although some
genotypes were exceptions and appeared in the oppo-
site group. Cluster analysis confirmed the two groups.
A dendrogram showed larger genetic distances
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between genotypes in the normal-leafed group com-
pared to semi-leafless genotypes. Both PCA and
cluster analysis show that the two leave types are
genetically divergent. So normal-leaved peas are an
interesting genetic resource, even if the breeding goal
is to develop semi-leafless varieties.
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Introduction

Peas (Pisum sativum L.) first appeared in early Neo-
lithic farming villages of the Near East (7000 to 6000
B.C.). They were closely associated with wheat and
barley production (Zohary and Hopf 1973). Peas were
then quickly distributed across Southwest Asia, the
Mediterranean basin and temperate Europe, Ethio-
pia, and northwestern India (Weiss and Zohary 2011).
Peas are adapted to a wide range of climates and alti-
tudes and, as a result, the diversity of the pea germ-
plasm is very large (Burstin et al. 2015).

Today, peas are grown in many countries across
Europe, North America, and Asia (Smykal et al.
2012). Nevertheless, as for many other crops, in pre-
sent plant breeding only a small part of the diversity
is used. Especially, genetic diversity available in wild
Pisum species has been poorly exploited (Jing et al.
2010; Ellis 2011; Smykal et al. 2011).
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Pea is a diploid (2n=2x=14) species of the
Fabaceae and has a genome size of about 4,500 Mb
(Jain et al. 2014). Since the first genetic map, already
published in 1948 (Lamprecht 1948), knowledge
of the pea genome has expanded consistently along
with the development of molecular markers includ-
ing RAPDs, SSRs, SRAPs and SNPs (Pandey et al.
2021). SNP markers are abundant and amenable to
high-throughput genotyping (Tayeh et al. 2015b; Jha
et al. 2017; Desgroux et al. 2018; Gali et al. 2018;
Aznar-Fernandez et al. 2020).

Thanks to the development of molecular mark-
ers in recent decades, various genetic diversity stud-
ies have been performed in pea. In an early study of
Baranger et al. (2004), 121 protein-based and PCR-
based markers (RAPD, ISSR, STS, SSR, isozymes,
storage proteins) were used to investigate the genetic
relationships and access the genetic diversity of 148
pea accessions mostly from Europe, and from China
and USA. Three types of molecular markers RAPD,
ISSR, SSR were used to estimate the genetic relation
among 65 pea varieties (Tar’an et al. 2005). Smykal
et al. (2008) screened materials originating from
Europe, America and Asia by using SSR and RBIP
markers. Zong et al. (2009) used 21 informative
microsatellite loci to assess and compare the genetic
diversity among pea genotypes from within and out-
side China. Kwon et al. (2012) analysed genetic
diversity and population structure of 285 accessions
in a pea collection of Western Regional Plant Intro-
duction Station, United States Department of Agri-
culture (USDA) by using RAPD, SCAR, and SSR
markers. Burstin et al. (2015) concluded that despite
the limited number of SNP markers used in their
study, these markers proved to be most efficient in
describing the genetic structure or the pea collection
compared to SSR and RBIP markers. Benefiting from
next-generation sequencing technology, a large num-
ber of gene-based SNP markers have been developed
for pea genetic improvement. The first SNP array,
GenoPea 13.2 K SNP, was developed from 12,802
transcript-derived SNPs following the re-sequencing
of 16 diverse pea accessions (Tayeh et al. 2015a).

In pea there are four basic leaf types: the wild
type or normal-leafed with leaflets and tendrils,
tendril-less (homozygous recessive mutation for
the Tendrilless gene), afila or semi-leafless with-
out leaflets (homozygous recessive mutation of the
Afila gene), and afila-tendril-less (the combination
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of both mutations) (Miki¢ et al. 2011). Today,
semi-leafless cultivars are mainly used in the main
production areas of pea such as Western Canada,
European Union, Russia, and Australia (Mikié
et al. 2011; French 2016), as this leaf type shows
very much reduced lodging and can easier be har-
vested. However, the development of new cultivars
by exploiting only semi-leafless peas could narrow
down the genetic diversity.

The production of pea is facing new challenges
such as resistance to biotic and abiotic stresses and
higher seed quality. Therefore, it is necessary to
exploit a wide range of genetic resources including
normal-leafed accessions. A comprehensive com-
parison of the two leaf types with a larger number of
accessions using SNPs markers has not yet been car-
ried out to our knowledge. The main aim of this study
was to assess the genetic diversity of 46 pea cultivars
of different leaf type, and to evaluate if there is a rela-
tionship between leaf type and genetic distance.

Materials and methods
Plant materials

Germplasm consisted of 46 pea genotypes from vari-
ous gene banks, seed companies and research insti-
tutes released from before 1935 to 2016. It consists
of 24 normal-leafed and 22 semi-leafless accessions.
The majority are European spring cultivars for grain
usage, but some winter types, green fodder culti-
vars and exotic accessions from Asia and Africa are
included (Table 1). Information on agronomic traits
can be found in Tran et al. (2022).

Molecular markers

The material was genotyped with the GenoPea 13.2 K
SNP Array chip (Tayeh et al. 2015a) by the company
Trait Genetics, Gatersleben, Germany. The company
received seeds. DNA extraction and SNP analyses
were performed according to the standard protocols
of the company.
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Table 1 Characteristics of 46 pea genotypes, s =Spring, w = Winter,

Genotype Form Leaf type Year of release  Use Country of origin Breeder/source References
Alvesta s Semi-leafless 2008 Grain Germany KWS Lochow (Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)
Astronaute S Semi-leafless 2013 Grain Germany Norddeutsche (Federal Plant
Pflanzenzucht Variety Office
2017), (Euro-
pean commis-
sion 2017)
Camilla S Semi-leafless 2006 Grain Austria KWS Lochow (CPVO 2021)
Casablanca S Semi-leafless 2007 Grain Germany KWS Lochow (Federal Plant
Variety Office
2017)
Eiftel s Semi-leafless 1996 Grain Denmark Danisco Seed (European com-
mission 2017)
Gambit s Semi-leafless 2011 Grain Czechia Selgen (European com-
mission 2017)
James w Semi-leafless 2009 Grain France RAGT (European com-
mission 2017)
KA 258% s Semi-leafless 2016 Grain Italy CREA-FLC (Annicchiarico
and Filippi
2007)
KA-L11% s Semi-leafless 2016 Grain Italy CREA-FLC (Annicchiarico
and Filippi
2007)
Cheyenne w Semi-leafless 1998 Grain France GAE Recherche (CPVO 2021)
Kleopatra S Semi-leafless 2005 Grain Germany Stidwestdeutsche (CPVO 2021)
Saatzucht
Madonna s Semi-leafless 1999 Grain Germany Norddeutsche (Federal Plant
Pflanzenzucht Variety Office
2017), (Euro-
pean commis-
sion 2017)
Myster w Semi-leafless 2016 Grain France RAGT (Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)
Navarro s Semi-leafless 2010 Grain Germany Norddeutsche (Federal Plant
Pflanzenzucht Variety Office
2017)
Poseidon s Semi-leafless 2016 Grain Czechia Selgen (European com-
mission 2017)
Radley S Semi-leafless 1989 Grain UK Booker Seeds (CPVO 2021)
Respect S Semi-leafless 2006 Grain Austria Maribo Seed (CPVO 2021)
International
Rocket s Semi-leafless 2004 Grain Germany Erbengemein- (Federal Plant
schaft Dr. Hans ~ Variety Office
Rolf Spith 2017)
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Table 1 (continued)

Genotype Form Leaf type Year of release  Use Country of origin Breeder/source References

Salamanca

Santana

Specter

Tip

AF 447

AF 448

AF 467

Akoja

Bohatyr

Breslau

Cerosa

Dolores

ET 118

ET 336

S

Semi-leafless

Semi-leafless

Semi-leafless

Semi-leafless

Normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

2009

2000

2007

2013

<1935

<1935

<1935

2009

1980

<1945

<1945

2009

<1948

<1949

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Green fodder

Grain

Grain

Germany

Germany

Austria

Czechia

Afghanistan

Afghanistan

Afghanistan

Germany
Czechia

Germany

Germany

Germany

Ethiopia

Ethiopia

Norddeutsche
Pflanzenzucht

KWS Lochow

Werner Vogt-
Kaute

Selgen

IPK Gatersleben

IPK Gatersleben

IPK Gatersleben

Norddeutsche
Pflanzenzucht

Selgen

IPK Gatersleben

IPK Gatersleben

Norddeutsche
Pflanzenzucht

IPK Gatersleben

IPK Gatersleben

(Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)

(Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)

(European com-
mission 2017)

(Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(European com-
mission 2017)

(European com-
mission 2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)
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Table 1 (continued)

Genotype

Form

Leaf type

Year of release  Use

Country of origin Breeder/source

References

Florida

GR 293 EW

GR 409

GR 440

GR 5

Grana
Grapis
Klif
Natura
Pandora

Pisum Vilmorin
111

Protecta

Rosakrone

RU 165

S

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

normal-leafed

1993

1942

1941

1942

1943

1997

1991

2008

2007

2014

<1948

2009

1970

1945

Green fodder Germany

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Grain

Greece

Greece

Greece

Greece

Czechia

Poland

Poland

Czechia

Austria

France

Czechia

Green fodder Germany

Grain

Russia

Norddeutsche
Pflanzenzucht

IPK Gatersleben

IPK Gatersleben

IPK Gatersleben

IPK Gatersleben

NORDSAAT

NORDSAAT

Poznanska
Hodowla Roslin

Selgen

Werner Vogt-

Kaute
IPK Gatersleben

Selgen

Kruse

IPK Gatersleben

(Federal Plant
Variety Office
2017), (Euro-
pean commis-
sion 2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(European com-
mission 2017)

(European com-
mission 2017)
(European com-
mission 2017)

(European com-
mission 2017)

(European com-
mission 2017)

(Genbankinfor-
mationssytem
(GBIS) IPK
2017)

(European com-
mission 2017)

(Federal Plant
Variety Office
1997)

(Genbankinfor-
mationssytem
(GBIS) IPK,
2017)

“Breeding lines

0.05 were removed. Markers with missing data were
arranged as minor frequency alleles. Finally, 11,069
high quality markers were used for the analysis.

Filtering

Loci with minor allele frequency (MAF) lower than

@ Springer
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Data analysis

Principal component analysis was calculated using
adegenet (Jombart et al. 2021), poppr (Kamvar et al.
2014), factoextra (Kassambara and Mundt 2020),
adegraphic (Dray et al. 2018), ape (Paradis et al.
2021) packages for R software (3.6.2 version).

A K-means clustering approach (Hartigan and
Wong 1979) was used to determine the most likely
number of groups. Genetic distances were computed
according to Nei’s Genetic Distance (Nei 1972), and
a dendrogram with bootstrap values was created by
using ape and poppr packages for R software. The
number/cycle of bootstrap was set to 1,000. Ward’s
minimum variance method, in which dissimilarities
are squared before clustering (Ward.D2) (Murtagh
and Legendre 2011) was used as the algorithm of
clustering analysis.

The R syntaxes for data analysis are presented in
the Supplementary Information.

Results

Principal component (PC) analysis for 46 pea geno-
types illustrates that the first two PCs (PC1, PC2)

Scree plot

14.2%

e
o

Percentage of explained

explained about 20.5% of the total variation, with
the first component explaining 14.2% and the second
component explaining 6.3% (Fig. 1).

The first principal component (Fig. 2) separated
normal-leafed and semi-leafless genotypes. The nor-
mal-leafed cultivars Natura, Protecta, Bohatyr and
Grana are present in the semi-leafless group. For
the second principal component, the two leaf types
are not distinct. Both groups of leaf types have some
genotypes (AF447, AF448, GR409, GR 293EW, Pan-
dora of normal-leafed, and Specter, James, Myster of
semi-leafless) which were located far from the posi-
tion of their main groups. All these are winter culti-
vars, except AF447 aqnd AF448.

For the 46 pea genotypes, two main clusters were
revealed by the dendrogram using Nei’s genetic
distance (Fig. 3). This number of clusters is in cor-
respondence with the result of the K-mean analy-
sis (Supplementary Information, Figure S1). The
assignment of the genotypes to the groups essen-
tially agrees with the allocation made by principal
component analysis (Supplemenatary Information,
Table S1). The upper cluster represents normal-leafed
genotypes while the lower cluster mainly contains
semi-leafless genotypes. The upper normal-leafed
group contains four semi-leafless genotypes (Radley,

-

123 456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
Principal components

Fig. 1 Principal component analysis of 46 pea genotypes by SNP markers, percentage of explained variance by each PC
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Fig. 2 The first two
principal components of a
principal component analy-
sis of 46 pea genotypes by
SNP markers (round shatpe,
red colour: normal-leafed;
triangle shape, cyan color:
semi-leafless)

AF448 _ AF447

ET118

PC2 (6.3% explained variance)

GR2

Pisum Vilmorin IlI N
¥ 4 Natura
RU165 TGN Protec fecta .
X Bohatyr e
D R Y
\ \ ¥ z*
K RS s
\‘\ N\ L~ a o
.\ d ™~ = - _k‘
R il /A ]\5.1.

KA-L11, KA-258, Specter), while the lower semi-
leafless group contains four normal-leafed accessions
(Grana, Natura, Bohatyr, Protecta). The mean Nei’s
genetic distance between the two groups is about 0.7.
The sub-clusters in each group were determined with
quite low bootstrap values (38.6% for both groups
of leaf type). The bootstrap values of the following
sub-clusters in the semi-leafless group are generally
much higher than in the normal-leafed group and the
distance between semi-leafless genotypes is in most
cases clearly smaller that between normal-leafed
genotypes.

Discussion

Our hypothesis was that normal-leafed and semi-
leafless breeding materials would form two distinct
groups with a clear genetic distinction, even though
the phenotypic difference in leaf type is due to only
one gene (Miki¢ et al. 2011). If confirmed, this

PC1 (14.2% explained variance)

hypothesis implies that older normal-leafed cultivars
may therefore be an interesting genetic resource for
breeding new semi-leafless cultivars.

For our study we used 46 genotypes. These are
mainly European summer peas. but some winter peas
and some accessions from Afghanistan and Ethiopia
were also included. This is a good basis for assess-
ing the relationship between leaf type and genetic
diversity. With a much larger number of genotypes,
it would have been possible to study marker-trait
associations as well. However, this was not our goal,
as such studies are available in large numbers (for
review see Sharma et al. 2020).

The allocation of 46 pea genotypes in principal
component analysis was generally in agreement with
the results of clustering by the K-mean method and
the dendrogram based on Nei’s genetic distance.
The dendrogram shows two very clearly separated
clusters, one made up of mainly semi-leafless geno-
types, the other one made up of mainly normal-leafed
genotypes. The genetic distance between the two

@ Springer
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Fig. 3 Dendrogram with 0
bootstrap values for 46 l

0.2 0.4 0.6

pea genotypes. The X axis Rosakrone

72.3
514

presents Nei genetic dis- AF467

46

Klif
tances. Red labels represent

649 |46.1

RU165
normal-leafed genotypes, Pisum Vilmorin Il
and cyan labels represent

ET336
. ET118
semi-leafless genotypes

AF448100

100 30.5

AF447!

Radley

100

88.6 43.5

Breslau

38.9

Cerosa
KA-L11 =100

KA-258 ———1
Grapis
Akoja

31.
38.6

Dolores

Florida

GR409 100
GR293EW :—l%ﬁ
Pandora I 100

60.5

Specter

Tipp
Grana
Poseidon
Gambit
Madonna
Eiffel
Natura
Bohatyr
Respect

100
96.8

Protecta
Rocket
Salamanca
Cheyenne
Astronaute
Santana
Casablanca

Alvesta

Navarro 98.6
Kleopatra 5&
Camilla

Myster —— 100

James ——

leaf types obviously reflects the breeding history of
the cultivars, since in current breeding programs
semi-leafless cultivars are normally developed from
crosses between other semi-leafless cultivars. This is
clearly demonstrated by the cluster of present Euro-
pean semi-leafless cultivars from different breeding
companies with rather limited diversity (Fig. 3: Sala-
manca, Cheyenne, Astronaute, Santana, Casablanca,
Alvesta, Navarro, Cleopatra and Camilla). Baranger
et al. (2004) and Tar’an et al. (2005) also observed
that the genetic diversity within recently released pea
cultivars in Western Europe is low, especially in the
spring-sown feed pea breeding pool. The normal-
leafed materials have a larger diversity including the
cultivars from Russia, Afghanistan and Ethiopia.

Our results are in agreement with other studies:
Baranger et al. (2004) used 121 protein- and PCR-
based markers (RAPD, SSR, STS, Isozymes) to

@ Springer

analyse the genetic relationships in a collection of
148 Pisum genotypes. Ward hierarchical classifica-
tion based on Jaccard’s distances revealed that almost
all normal-leafed and semi-leafless genotypes were
distributed in different groups, however some of them
were also in the same sub-groups. Some winter peas
were grouped within spring sown cultivars, although
there is generally a genetic distance between winter
and spring sown genotypes.

Tar’an et al. (2005) used ISSR, RAPD, and
SSR markers for genotyping 65 pea cultivars from
North America, Europe, and Australia and 11 wild
Pisum accessions. The results of PCA and the clus-
ter analysis were generally consistent, in which the
majority of the varieties that were bred in Europe
and many Canadian varieties were separated from
those that were developed in Australia and the USA,
but clustered together into one large group far away
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from wild-type accessions. Leaf types were gen-
erally not clearly separated, but a small group of
cultivars released before 1991 contained mainly
normal-leafed genotypes. Jain et al. (2014) used 42
molecular markers (SSR and EST-derived markers)
with 108 alleles to assess genetic diversity and pop-
ulation structure among 96 pea cultivars. The results
showed that the effect of leaf type or geographical
origin was faintly visible, and the dendrogram illus-
trated that normal-leafed cultivars were allocated
scattered among semi-leafless genotypes in all three
main clusters. The first cluster was dominated by
the cultivars that had similar geographical origin
and plant characteristics, while the second and the
third cluster were a mixture of varieties with yellow
and green seed coat of different geographical origin.
That genotypes from different geographic origins
are grouped together was explained by the exchange
of germplasm among different countries, suggesting
that these varieties may share common parents.

Our results show a few interesting exceptions to
the otherwise clear clustering into semi-leafless and
normal-leafed cultivars. The cluster of semi-leafless
cultivars (lower part of the dendrogram in Fig. 3)
contains four normal-leafed cultivars. They all
come from Czech breeding programs, in which the
two leaf types apparently are not as strongly sepa-
rated from one another as in breeding programs in
other countries. In the normal-leafed cluster (upper
part in Fig. 3) there is a group of winter cultivars
(GR409, GR293EW, Pandora) also containing the
semi-leafless winter cultivar Specter, because in
breeding of winter pea there was obviously not such
a strong distinction between the two leave types.

Simioniuc et al. (2002) used 20 RAPD primers
with 175 polymorphic bands and 11 AFLP primer
pairs with 462 polymorphic bands for genotyping 21
pea cultivars of which were 16 semi-leafless and 5
normal-leafed. The UPGMA cluster analysis based
on genetic similarity revealed two main groups, in
which two normal-leafed genotypes are forming
the first group, while the second one included all
semi-leafless genotypes plus the three remaining
normal-leafed genotypes.The normal-leafed culti-
var Bohatyr and the semi-leafless cultivar Eiffel are
clustered closely together, as is also the case in our
results (Fig. 3). In this case the explanation is obvi-
ous: Bohatyr is one of the parents of Eiffel (Simio-
niuc et al. 2002). The other exceptions to the clear

separation of the two leaf types can probably be
explained in a similar way.

Ahmad et al. (2015) observed that cluster analysis
classified pea genotypes into groups that were some-
what consistent with their geographical origins with
some exceptions, that may have been introduced from
other regions by germplasm exchange programs. Jing
et al. (2010) observed a clear separation between wild
and cultivated accessions, but the subgroups of culti-
vated peas did not coincide well with the country of
origin. Rana et al. (2017), when analyzing a world-
wide collection of 151 accessions, found three sepa-
rate groups, that were not in close agreement with dif-
ferent geographic origins.

In our material, three accessions originate from
Afghanistan and two from Ethiopia (Table 1). Two
accessions from Afghanistan (AF447 and AF448)
have extreme values for the second PC in the PCA
(Fig. 2). In the dendrogram, however, the five acces-
sions from Afghanistan and Ethiopia form one nor-
mal-leafed cluster together with four other accessions
from Europe (Fig. 3). The “exotic” accessions prob-
ably were introduced from Europe in the past, espe-
cially the genotypes from Ethiopia.

The low diversity of European pea varieties was
mentioned by Baranger et al. (2004) and Tar’an et al.
(2005), suggesting that it may encourage breeders to
include exotic material in their breeding programs.
Our results showed a larger genetic distance between
genotypes in the normal-leafed group compared to
semi-leafless genotypes. Probably all semi-leafless
cultivars carry the same original afila mutation. We
suggest, that a first step to increase genetic diversity
should be to include normal-leafed pea genotypes as
an interesting genetic resource, even when breeding
semi-leafless cultivars.
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Figure S1. K-means optimal clusters determination. The lowest Bayesian Information
Criterion (BIC) indicates two clusters as the best fit model



Table S1. Allocation of pea genotypes by K-mean method

Genotypes Group Genotypes Group
Alvesta 1 AF447 2
Astronaute 1 AF448 2
Bohatyr 1 AF467 2
Camilla 1 Akoja 2
Casablanca 1 Breslau 2
Cheyenne 1 Cerosa 2
Eiffel 1 Dolores 2
Gambit 1 ETI118 2
Grana 1 ET336 2
KA-258 1 Florida 2
KA-L11 1 GR293EW 2
Kleopatra 1 GR409 2
Madonna 1 GR440 2
Natura 1 GR5 2
Navarro 1 Grapis 2
Poseidon 1 James 2
Protecta 1 Klif 2
Respect 1 Myster 2
Rocket 1 Pandora 2
Salamanca 1 Pisum Vilmorin II 2
Santana 1 Radley 2
Tipp 1 Rosakrone 2

RU165 2
2

Specter




Scripts for Data Analysis

This is an R Markdown of syntaxes to describe the steps of SNPs molecular marker data
analysis.

HHBABARBHB AU AR BABAHHHH Y
##import original data##
HHUAHAHBHBAHAH B AR AR

library(readxl)

Analysis data_1 <- read_excel("Analysis data 1.xlsx", sheet = "prime")
mydata <- as.data.frame(Analysis_data_ 1)

View(mydata)

str(mydata)

##import code table##
IUBcode <- read_excel("IUBcode.xlsx")
View(IUBcode)

##replace the code by the allel annotation##

mydata.new <- lapply(mydata[,2:47], function(x) IUBcode$allel[match(x, IUBc
ode$iub)])

mydata.new <- as.data.frame(mydata.new)

View(mydata.new)

library(data.table)

Genotypel <- colnames(mydata.new)

Genotypel<-as.data.frame(Genotypel)

mydata.trans<-transpose(mydata.new) ##transpose the data table to get names
of markers as "columns name, and genotypes names as rows names "##

colnames(mydata.trans)<-mydata$marker
View(mydata.trans)

##import columns/vectors of colour for the figures and the name of genotype
SH#H

extra<-read_excel("Genotypes details.xlsx", sheet = "Sheetl")
LabelCol<-extra$LabelCol

LabelCol<-as.data.frame(LabelCol)

LT<-extra$LT

LT<-as.data.frame(LT)

Genotype<-extra$Genotype

Genotype<-as.data.frame(Genotype)

###combination of markers' data and the details of genotypes###
mydata.final<-c(LabelCol,LT,Genotype,Genotypel,mydata.trans) ##two collumns
of genotypes name to check whether any error existing or not##
mydata.finall<-as.data.frame(mydata.final)

View(mydata.finall)

###Build a genind object to do the principal components analysis#####
library(adegenet)



## Loading required package: ade4

## Registered S3 method overwritten by 'spdep':
##  method from
##  plot.mst ape

#H#

H#it /// adegenet 2.1.4 is loaded ////////////

##

H#it > overview: '?adegenet’

it > tutorials/doc/questions: 'adegenetWeb()'

H > bug reports/feature requests: adegenetIssues()
library(poppr)

## Registered S3 method overwritten by 'pegas’:
##  method from
##  print.amova aded

## This is poppr version 2.9.3. To get started, type package?poppr
## OMP parallel support: unavailable

dim(mydata.finall)
ind<-as.character(mydata.finall$Genotype)
population<-as.character(mydata.finall$LT)

mydata.genind<-df2genind(mydata.trans, ploidy = 2, ind.names = ind, pop = p
opulation, NA.char = "NA",sep = "/", type = "codom")

## Warning in df2genind(mydata.trans, ploidy = 2, ind.names = ind, pop =
## population, : Markers with no scored alleles have been removed

View(mydata.genind) ## after this step, the markers which are all missing v
alues were deleted: in total 449##
View(mydata.genind$tab)

##to remove the minor alleles frequency smaller than 0.05 and to fix the mi
ssing values by "zero" method##

mydata.genindl<-informloci(mydata.genind, cutoff = 2/nInd(mydata.genind), M
AF = 0.05)

## cutoff value: 4.34782608695652 % ( 2 samples ).

## MAF . 0.05

#H#

## Found 1686 uninformative loci
## o T T e S S S S e —

## 913 loci found with a cutoff of 2 samples :
## PsCam@oool4 10 1052, PsCam@©0015_11 1425, PsCameo00l7_13_ 810,
## PsCam@oe024 19 1205, PsCam@00056_47_ 487, PsCam@00O97_83 492,..



mydata.genind2<-missingno(mydata.genindl,type = "zero", quiet = TRUE) ## gi
ving missing data as "minor frequency" allels; at this step 11069 Lloci are
remained####

SNP.cent <- scaleGen(mydata.genind2, center=TRUE,scale=FALSE) ## we should
center dataset to have a good figure##

SNP.pca <- dudi.pca(SNP.cent, center = FALSE, scale = FALSE, nf = 46, scann
f = FALSE) ## using dudi.pca function in poppr to create pca object###

B e e B e et
##added values of explained variances into the barplots of scree figure###
HHARHABABHAHABHBHARABAR ARG AR AR AR RBHAR AR AR AR A B AR R AR ABHAR AR HA AR R AR A R
library(ggplot2)

library(factoextra)

## Welcome! Want to learn more? See two factoextra-related books at https:/
/goo.gl/ve3WBa

bp<-fviz_eig(SNP.pca,linecolor = "red",addlabels = TRUE,ncp=45, barfill =
grey22", barcolor = "white", xlab = "Principal components", ylab = "Percent
age of explained variances",gtheme = theme_bw())

bpl <- bp + theme(axis.text.x = element_text(size=15), axis.text.y = elemen
t_text(size=15))+

theme(axis.title = element_text(size = 22))
bpl

Figure 1

B B B B L B e L e e e v
HHEHRHH

###to build the figure of the distribution of genotypes by the first two PC
R

B B B B B B L B L e e e v 1
HHEHRHH

library(adegraphics)

## Registered S3 methods overwritten by 'adegraphics':
##  method from
## biplot.dudi aded
##  kplot.foucart ade4

##  kplot.mcoa ade4d
##  kplot.mfa aded
##  kplot.pta aded

##  kplot.sepan ade4d
##  kplot.statis aded
##  scatter.coa ade4
##  scatter.dudi ade4
##  scatter.nipals aded
##  scatter.pco ade4



##  score.acm ade4d
##  score.mix aded
##  score.pca aded
##  screeplot.dudi aded

##
## Attaching package: 'adegraphics'

## The following objects are masked from 'package:ade4':

##

#H# kplotsepan.coa, s.arrow, s.class, s.corcircle, s.distri, s.image,
## s.label, s.logo, s.match, s.traject, s.value, table.value,

H#it triangle.class

pl<-s.label(SNP.pca$li,xax = 1,yax = 2,plabels= list(box=list(draw = FALSE)
,optim=TRUE, col=mydata.finall$LabelCol), plot=FALSE)
pl

AF447,
*AF448
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p2<-s.class(SNP.pca$li, xax = 1, yax = 2, pellipses.lwd = 1, starSize = 1,
ppoints=list(pch = c(16,17)), pellipses.col = 0:0, fac = mydata.genindl$pop
, col = c("red","cyan3"))

p2
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pp3<-superpose(pl,p2, plot = TRUE) ###to combine two figures#itit#

d=20

&
GR293EW Specter /
Myﬁmﬁif

James




pp3 ##the final figure should give you a glance of dots with differed colou
rs and Llabels as well which were not overwriting###

B L B B e L el e e v 1
##H
###calculate genetic distenste and draw a dendrogram with bootstrap values#
##

library(ape)

##
## Attaching package: 'ape

## The following object is masked from 'package:adegraphics':
H##
H# zoom

wardd2 <- function(d) ape::as.phylo(hclust(as.dist(d), method = "ward.D2"))
cols<-(mydata.finall$LabelCol)

dendrogram<-aboot(mydata.genind2, tree="wardd2",distance = "nei.dist",sample
= 1000,root= TRUE, cutoff= 50)

akrone
w8 Vilmorin Il

P P e T

R L

- ‘u_r. ,“.I 5
1

100

=).01

plot(dendrogram, show.node.label=FALSE,use.edge.length=TRUE,node.pos=NULL, fo
nt=2,cex=0.9,



direction="1leftwards",show.tip.label=TRUE,tip.color=cols,edge.width=1.
7, x.1lim=1.2, open.angle=2,
edge.color="black",align.tip.label=2,1label.offset = 0.0050,y.1lim=45) #
#plot according function plot.phylo in package APE###
nodelabels (dendrogram$node.label, adj = c(-90.2, -0.3), frame = "n", cex = @
.8,font = 12, xpd = TRUE)
axisPhylo(3)

100
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