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Abstract: Genetic maps are an essential tool for investigating molecular markers’ linkage with traits
of agronomic importance. Breeders put a lot of emphasis on this type of markers, which are used in
breeding programs implementation and speed up the process of a new variety development. In this
paper, we construct a new, high-density linkage genetic map for Polish material on narrow-leafed
lupin. The mapping population originated from crossing the Polish variety ‘Emir” and the Belarusian
breeding line ‘LAE-1". A new map was constructed based on DArTseq markers—a new type of
marker generated with the next-generation sequencing (NGS) technique. The map was built with
4602 markers, which are divided into 20 linkage groups, corresponding with the number of gametic
chromosomes in narrow-leafed lupin. On the new map there are 1174 unique loci. The total length of
all linkage group is 3042 cM. This map was compared to the reference genome of narrow-leafed lupin
and the CDS sequence for model legume species: emphMedicago truncatula, emphLotus japonicus
and Glycine max. Analysis revealed the presence of the DArTseq marker common for all investigated
species. We were able to map 38 new, unplaced scaffolds on the new genetic map of narrow-leafed
lupin. The high-density genetic map we received can be used for quantitative trait locus (QTL)
mapping, genome-wide association study analysis and assembly of the reference genome for the
whole genome sequencing (WGS) method.
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1. Introduction

In the process of providing food for the world, high-protein cultivated crops of legume plants
(Fabaceae family) play a significant role, and their importance will be even more significant in
the future [1]. Today, the leader in the production of vegetable protein is transgenic soybean
(Glycine max L.). In Poland, soybean is a marginal crop due to its lengthy vegetation period, pH
requirement close to neutral, and requirement of warm soils maintained in high culture. In Poland
majority of soils are light acid ones. Similar to other European countries also in Poland, there is no
public acceptance for usage of Genetically Modified Organism (GMO). Moreover, the architecture
of plants is unfavourable trait due to low position of first set of pods on the main shoot. In recent
years, a Polish project that uses biotechnological tools to improve legumes, including lupins, in order
to improve plat protein was launched. The main goal of this idea is finding a crop that can partially
substitute soybean protein (www.bialkoroslinne.iung.pl).

The largest area of lupin cultivation and production were located in Australia—387,400 ha
and 21,694 tons of seeds (FAOSTAT 2016) in Mediterranean zone. In Central Europe climatic and
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soil conditions are also favourable for lupin cultivation, especially for the narrow-leafed lupin
(Lupinus angustifolius L.) [1]. According to FAO STAT, lupin crop area represents 32% of the world
production, and reached 19887 ha in 2014, 40% of which was located in Poland. The popularity
of narrow-leafed lupin in Poland is due to its the tolerance for light acid soils (about 70% of the
arable lands in Poland are acid and light) and field tolerance to anthracnose—the most destructive
fungal disease of lupin. Due to symbiosis with Bradyrhizobium [2] lupin has the ability to fix nitrogen.
Narrow-leafed lupin, like other species of this genus, has the ability to convert organic phosphorus
into one available for plants, and it is an attractive rotation plant for cereals. Recent studies have
shown the possibility of using lupins in medicine and human diet too [3,4].

Narrow-leafed lupin belongs to the Lupinus genus, which is classified in the Papilionoideae
subfamily of the Leguminosae (syn. Fabaceae), occupying the genistoid clade. The sister clade
Papilionoideae contains the majority of economically important legumes: soybean (Glycine max L.),
common bean (Phaseolus vulgaris L.), Lotus japonicus L., barrel clover (Medicago truncatula Gearnt.),
pea (Pisum sativum L.), broad bean (Vicia faba L.), lentil (Lens culinaris Medicus), and chickpea
(Cicer arietinum). The amount of genomic information for many legume species has been growing fast;
many genetic maps and genome sequences have been developed, especially for model plants of this
family such as Medicago truncatula, Lotus japonicus and Glycine max [5-10]. Recently, narrow-leafed
lupin has been included in this group [11].

So far, two genetic maps have been created for the narrow-leafed lupin, with modifications based
on two different recombinant inbred line (RIL) populations. The first population has been derived from
crossing domesticated line 83A: 476 (a sister line of cv. Wonga) and genotype from natural population
(W) originating from Morocco (P27255) — DxW. This population, DxW, was used to create the first
skeleton map of L. angustifolius [12]. The MFLP technique allowed to generate 1083 polymorphic
DNA markers. There were 522 unique loci, 454 of which (87%) could be assigned to 21 linkage
groups covering 1543 cM., All domesticated genes were integrated into the genetic map, including the
anthracnose resistance gene (Lanr1). DxW population was useful in creating a series of maps based
on different molecular markers—AFLP, SSR, STS, DArT, BAC and SNP [13-15]. Nelson et al. (2006)
documented the first gene-based linkage map of Lupinus angustifolius (narrow-leafed lupin) and it was
compared to the partially sequenced genome of Medicago truncatula. The map contained 382 loci that
were in 20 major linkage groups, two triplets, three pairs and eleven unlinked loci, and they all had
1846 cM. The map was generated from the following molecular markers: 163 RFLP, 135 gene-based
PCR markers, 75 AFLP and 4 AFLP-derived from SCAR markers in the mapping population DxW.
The next published map [14] comprised of 1090 markers in 20 linkage groups. Comparing the new
map with the previous one shows nearly 200 new markers. The updated reference genetic map of
L. angustifolius reported by Kroc et al. [15] comprised of 1207 loci, including 352 new, high_quality
DATrT and PCR-based STS markers. These new markers improved genome coverage with the number
of unique framework loci increasing to 795 compared with 637 in the previous reference map.

The second mapping population has been obtained by crossing the ‘Tanjil’ (highly resistant to
the anthracnose, the phomopsis stem blight, grey leaf spot disease, CMV virus transmission, aphid
colonization) and ‘Unicrop” (not resistance) varieties. Based on that, a single genetic map has been
created for this population [16] using the NGS-based RAD-sequencing technology. The 8246 markers
(including SNP 7563) were grouped in 20 linkage groups. The total length of the linkage map was
1629.9 ctM.

The latest, ultra-high density consensus genetic map joins previously described maps containing
34,574 markers and consisting of 3508 loci covering 2399 cM in 20 linkage groups. Additionally,
markers closely linked to nine genes of agronomic traits were identified. Based on this map, a reference
genome for narrow-leafed lupin was improved to cover 560.5 Mb genome sequence [17].

In parallel with the construction of genetic maps, a sequencing project for this species was initiated.
In 2013, the first draft genome sequence for narrow-leafed lupin was published [16]. The upgraded
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version of the draft genome with the scaffold joined into pseudo-chromosomes was announced in 2016
and in 2018 [11,17].

The dynamic development of DNA sequencing techniques, in particular the next-generation
sequencing (NGS) group, enabled development of new technology for genotyping by sequencing
(GBS). One of the techniques is DArTseq, which is gaining popularity among plant and animal
genomic studies (http:/ /www.diversityarrays.com/dart-application-dartseq). Similar as in the case
of hybridization-based DArT, DArTseq is based on the “reduction of the genome complex” by using
an appropriate combination of restriction enzymes. In contrast to the classical DArT techniques,
in DArTseq DNA fragments after reduction are not hybridized, but are sequenced on the NGS
platforms. In this specific study the Illumina Hiseq2500 instrument was used [18,19] (http://www.
diversityarrays.com/). The use of sequencing instead of hybridization noticeably increases the number
of generated markers, on average it is an increase by one order of magnitude, at a price comparable with
“classical” DArT. Genotyping by DArTseq technique generates two types of markers. The first type is
“silicoDArT”—the equivalent of DArT markers obtained using hybridization techniques. The second
type are SNP markers. The DArTseq technique has been available at DArT PL since 2012. Despite such
a short presence on the market, it has already been used for genotyping of several species [11,18-22]

In our study, which started in early 2000, we focused on generating a new, recombinant inbred line
population for narrow-leafed lupin. Our goal was to develop a population, which would show a wide
variety of phenological, morphological and agronomical traits. Such a population will be a useful tool
for investigating quantitative trait locus (QTL) regions and (whole genome sequencing) WGS analysis.
For this purpose, we chose two genotypes with differences in plant height, number of branches,
1000 seeds mass, ripening and pod shattering. For easier observation of inbred lines’ segregation,
we selected parental forms that differ in easy-to-follow changes in morphological traits such as the
colour of flowers and seeds, as well as the type of growth [23].

The aim of the study was to construct a genetic linkage map for the new recombinant inbred line
population as a tool for future QTL and WGS analysis.

2. Materials and Methods

2.1. Material

The material for the study was a population consisting of 92 RIL type lines and their parental
forms. Inbred RILs derived from a single plant seed from the F1 generation obtained by crossing the
Polish variety "Emir” and LAE-1 line. Crossing the two varieties: 'Emir’ and LAE-1 was performed in
2002, in the Experimental Station Swojec, that belongs to the Wroclaw University of Environmental and
Life Sciences. Subsequent generations were obtained in successive growing seasons up to generation
F8, and propagated in field conditions (Experimental Station-Swojec).

2.2. Phenotyping Type of Growth

In the greenhouse experiment for each line 3 seeds were sown in one pot. The type of growth was
evaluated manually during flowering. After harvesting the seeds their colour was determined visually
for each line.

2.3. DNA Extraction

DNA was isolated from young leaves using a modified Doyle and Doyle method [24] with CTAB
(hexadecyl-amino-trimethyl bromide). The leaves were collected from three-week plants growing in
the phytotron (photoperiod 16/8, temperature 18 °C).

The leaves were homogenized in liquid nitrogen, or directly in the lysis buffer. In case of
homogenization with the buffer, TissueLyser (Qiagen) and metal beads were used. The homogenized
material was incubated for one hour (or 10 min for homogenization directly in the buffer) in 500 pL
of extraction buffer at 60 °C with constant shaking (1050 rpm). Then 2 uL of RNase A (2 mg-pL 1,
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Blirt Co.,Gdansk, Poland). was added and it was incubated for another 30 min at 37 °C. In the next
step 500 uL of chloroform mixture: isoamyl (24:1) was added, and incubated at room temperature
for 10 min with constant stirring (1400 rpm). After incubation, the samples were centrifuged at room
temperature (13.2 krpm). DNA was precipitated by adding 400 pL of isopropanol and incubation at
—20 °C for 30 min, and then the tube was centrifuged at 4 °C for 30 min. The pellet was resuspended
in 40 uL of water MQ (PCR) or TE (DArTseq genotyping). The quality and quantity of the isolated
DNA were checked by electrophoresis. Isolated DNA was separated on 0.8% agarose gel. DNA was
visualized under UV light and documented photographically.

2.4. SSR and ISSR Genotyping

Inter Simple Sequence Repeat (ISSR) PCR analyses were performed using selected primers from
UBC #9 (University of British Columbia). In the first stage of the study 100 primers were used, 69 of
them (Table S1) generated polymorphic products among parental forms and they were selected for
genotyping mapping population. PCR and separation of amplification products were performed
according to Clements et al. [25].

In the first stage of the study, 32 pairs of SSR (Table S52) primers were tested to determine which of
them exhibit polymorphism between parental forms and could be used to genotype the "ExL’ mapping
population. The PCR mixture contained 2xPCR TagNova mix (Blirt Co, Poland), 0.28 mM of each
primer and 45 ng of genomic DNA. The thermal profile was performed as follows: initial denaturation
at 95 °C for 5 min, 35 cycles of initial denaturation at 95 °C for 30 s, primer attachment at the optimal
temperature for the primer (Table S2), amplification at 72 °C for 30 s and final amplification at 72 °C
for 7 min. Amplification products were separated using the QIAxcel capillary electrophoresis system
(Qiagen, Diisseldorf, Germany). ScreningGel 2400 (Qiagen, Germany), alignment 15 bp - 3 kbp (Qiagen,
Disseldorf, Germany) and a 100 bp—2.5 kbp size marker (Qiagen, Diisseldorf, Germany) were used.
Samples were separated using the AM420 module (10 s injection time, 7 min separation time). The size
of products was analysed using QIAxcel ScreenGel (Qiagen, Diisseldorf, Germany) software. Primers
generating polymorphic amplification products were used to study the polymorphism in the mapping
population. Genotyping of the ‘ExL’ population was done in the same way as the parental forms.

2.5. DArTseq Genotyping

Genotyping using DArTseq techniques has been performed by the DArT PL company. DArTseq
is a technique that combines reduction of the complex genome by endonuclease cleavage with
next-generation sequencing [26]. Similar to the classic DArT analysis of complex genomic reduction,
the method is developed for each individual organism through the selection of appropriate restriction
enzymes and digestion conditions. For lupin four different methods were tested and PstI-Msel was
selected. DNA samples were subjected to digestion and then ligated with the appropriate adapter
and Pstl Msel [27]. Adapters were designed so that they could be used in next-generation sequencing
using an [llumina Hiseq2500. The ligation products were amplified by PCR with the following profile:
denaturation at 94 °C for 1 min, 30 cycles of denaturation for 20 s at 94 °C, annealing at 58 °C for 30 s,
amplification at 72 °C for 45 s, final amplification at 72 °C for 7 min. After that, the PCR products of
each genotype were merged into one collection to enable them to carry the c-Bot bridge PCR device
Illumina Hiseq2500. Sequencing (read signal) was performed in 77 cycles. The results of sequencing
were developed using the DArT PL software. Prepared markers were encoded as the “A/B/-".

2.6. Genetic Map Construction

The genetic map was built using two R [28] packages: r/qtl [29] and r/ ASMap [30]. For map
construction, a set of 4779 molecular markers containing DArTseq, ISSR, LaSSR and one morphological
marker was used. The marker genotype data was inspected for missing data, segregation distortion,
duplicated markers and clonal individuals using the appropriate functions and settings in ASMap
and R/qtl. In the first step, only markers with segregation ratio 1:1 (p > 0.1) were used to construct
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the draft of the map. To divide markers into linkage r/ ASMap groups, mst.map function for advance
RILs population with parameters p-value = 2.5 x 107°, dist.fun = kosambi was implemented [31].
This yielded 40 linkage clusters. In the next step the marker sequences were aligned to the
narrow-leafed lupin pseudo_chromosomes (v 1.0) [11] (http:/ /www.lupinexpress.org/node/16) using
BLAST algorithm with parameters: minimum sequence identity set to 98.5% (68/69), minimum subject
length 69, Evalue <=2.00 x 10~ (the same procedure was used for upgraded version of genome [17]).
This allowed to connect some clusters from one pseudo-chromosome into one linkage group and
reduce number of obtained linkage groups/clusters to 34. In the third step unpolished markers
from the first step and markers with disturbed segregation ratio (p < 0.1) were added to draft map
using appropriate function of ASMap and R/qtl. In the last step linkage groups were assigned to the
pseudo-chromosomes in the correct orientations.

The naming system was as follows: for main linkage group prefix “EL_LG"” was followed by the
number of corresponding pseudo-chromosomes. If more than one main linkage group corresponded
with pseudo-chromosomes, there were marked with additional letters (A, B etc.). The same rule was
applied to clusters, where prefix “EL_LG” was replaced with “EL_CI".

The genetic map was drawn using MapChart software ver. 2.3 [32]. The results of comparison of
the obtained genetic map with the reference genome of narrow-leafed lupin were visualized using
CIRCOS [33].

2.7. Homology Search within Lupin and Legume Gene Sequences

The BLASTN search with “blastn-short” algorithm optimized for short sequence was performed
for the narrow-leafed lupin CDS sequence [11] database downloaded from http://www.lupinexpress.
org. The results were filtered with threshold E-value of 1 x 10724,

The CDS sequences for the legume model organism Medicago truncatula, soybean (Glycine max) and
Lotus japonicus were downloaded from the plantGDB internet database (http://www.plantgdb.org/
GmGDB/, http:/ /www.plantgdb.org/MtGDB/, http:/ /www.plantgdb.org/LjGDB/). A BLASTN
homology between DArTseq markers and the legume model organism gene was searched with the
“blastn-short” algorithm and E-value threshold of 1 x 10~'3 (Medicago truncatula, Glycine max) or
1 x 10~'® (Lotus japonicus).

3. Results

3.1. ISSR and SSR Genotyping

For genotyping of the mapping population 69 ISSR primers were used, 29 of which generated
repeatable amplification products that had a 1:1 distribution (p > 0.001) in the population studied
(test x?, Table S3). The remaining 40 primers in the population generated products which indicated
significant deviation from the 1:1 ratio (p < 0.001). The 29 primers gave from one to four amplification
products with a 1:1 distribution (Table 1). Forty-nine percent of the analysed lines showed ‘Emir
genotype, and 51% of the lines had genotype type LAE-1 (Table 1). Obtained values were close to
expected 50% which is a good illustration of a correct distribution of markers in the population, and the
lack of epigenetic phenomena. As a result of the genotyping of 92 RIL lines using 69 ISSR primers, 57
markers were obtained and used to construct the genetic map of the narrow-leafed lupin (Table 1 and
Table S3).

In the study a set of 32 SSR primers was used. All of them generated amplification products on the
genomic DNA template of parental forms. Polymorphic products between parental forms generated
10 SSR primers: SSR11, LaSSR002, LaSSR003, LaSSR005, LaSSR008, LaSSR011, LaSSR015, LaSSR019,
LaSSR022, LaSSR024 (Table 2).

All those primers that generate polymorphic markers were used for genotyping 92 lines of the
‘ExL” population (Table 1). The markers generated by the SSR primers had the 1:1 distribution in
the mapping population (p > 0.001). The SSR primer generated products were differed in parental
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forms. Product variations between parental forms were within 4 bp and 32 bp (Table 2). The obtained
20 polymorphic SSR markers were used to construct a genetic map of the narrow-leafed lupin.

Table 1. Results of genotyping RIL mapping population EL with ISSR markers.

Primer Number of Number of Iltltﬁr;rﬁzglflic Products Size of Amplification
Number Amplification Products = Polymorphic Products with Segregation 1:1 Product (bp)
807 5 5 3 243,463,477
808 8 2 2 493, 1060
810 5 1 1 354
811 6 2 1 667
813 5 3 1 1780
814 10 10 2 450, 515
815 7 7 2 178, 1540
817 7 4 2 357,1100
818 5 5 5 552, 607, 648, 684, 703
821 3 3 2 496, 638
823 5 4 3 164, 550, 1361
826 6 5 3 277,471, 882
828 6 4 2 501, 955
836 7 6 3 425,494, 521
840 8 4 2 216, 818
842 9 9 3 684, 834, 858
844 5 4 2 712, 812
848 5 3 2 536, 748
849 3 1 1 393
859 6 4 1 585
874 3 3 2 659, 1030
880 4 4 3 322,961, 1200
884 10 5 2 425,494
886 13 1 1 469
888 8 4 1 433
889 7 1 1 346
890 9 4 2 338,419
892 3 3 1 1370
900 8 8 1 2230

Table 2. Results of genotyping RIL mapping population EL with SSR markers.

Number of Lines in Number of Lines in N}lmber of Lmes. p-Value for
Marker “Emir’ Type ‘LAE-T’ Type without Genotyping X2 Test
Results

SSR_11_260 52 40 0 0.211
SSR_11_280 52 40 0 0.211
LaSSR_003_289 45 47 0 0.835
LaSSR_003_293 45 47 0 0.835
LaSSR_015_235 35 57 0 0.022
LaSSR_008_254 33 56 3 0.015
LaSSR_008_264 35 54 3 0.044
LaSSR_011_306 36 50 6 0.131
LaSSR_011_312 36 50 6 0.131
LaSSR_002_179 42 45 5 0.748
LaSSR_002_211 37 50 5 0.163
LaSSR_005_291 42 41 9 0.913
LaSSR_005_295 42 41 9 0.913
LaSSR_019_212 49 40 3 0.34
LaSSR_019_216 49 40 3 0.34
LaSSR_022_254 37 53 2 0.092
LaSSR_022_259 39 51 2 0.206
LaSSR_024_209 38 52 2 0.14
LaSSR_024_213 38 52 2 0.14

3.2. DArTseq Genotyping

Genotyping 92 RIL lines of the ‘ExL’” population and their parental forms allowed us to obtain
5745 repeatable and sequence-defined DArTseq markers (Tables S4 and S5). These markers showed two
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types of polymorphism: presence or absence of a product (presence/absence variants, PAV) and a single
nucleotide polymorphism (SNP). The number of markers with PAV polymorphism was 3737, while the
number of SNP markers was 2008. Reproducibility of the DArTseq genotyping results was close to
100% and averaged 99.53% for all markers, 99.72% for PAV markers and 99.34% for SNP markers.
SNP markers were characterized by lower reproducibility of the obtained results. The genotyping
results for each of the 5745 markers were obtained for an average of 90% of the analysed lines. The lack
of genotyping results was not randomly split between the lines. Three (EL/02/1/67, EL/02/2/12
and EL/02/2/7) of the ninety-two tested lines had positive genotyping results below 40% of markers
(Figure 1). Those lines were eliminated from further analysis.

No. genotypes by individual
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Figure 1. Number of DArTseq markers obtained for each of 92 lines from ExL population.

3.3. Genetic Map Construction

Results obtained during genotyping allowed us to construct a new draft of genetic map
for narrow-leafed lupin. The map has 3042 cM and contains 4602 molecular markers and one
morphological marker, with 1174 unique loci divided into 24 main linkage groups, and 10 clusters
corresponding with 20 pseudo-chromosomes of narrow-leafed lupin (Figures 2-5, Tables 56 and
S7a,b). For the pseudo-chromosomes LG17 and LG20 only clusters were received (Cl1_17, C1_20A,
C1_20B, CI_20C). Others pseudo-chromosomes related to one or two main linkage group. Additionally,
one or two clusters were detected on pseudo-chromosomes LG05, LG07, LG11 and LG16 (Table 3).
The 4602 markers placed on map were composed of 1720 DArT_SNP, 2852 DArT_PAYV, 27 ISSR, 1 SNP
and 2 morphological traits—type of growth and seed colour (Table S6). During the map construction
process three lines with more than 60% of missing genotyping data were omitted. Highly distorted
DArTseq markers were not used for map construction. Moreover, more than 30 ISSR, 20 SSR and
129 DArTseq markers are not linked to main linkage group or clusters.
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EL_LG-01A EL_LG-01B EL_LG-02 EL_LG-03 EL_LG-04 EL_LG-05 EL_LG-06A EL_LG-06B
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17 | LaDAT_PAV4401245 T™SNP. 4 4. LaDAIT_SNP4403494 B
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L aDAT PAV4399367 3 | -2DAT- 11 |LaDAT_SNP4403401 1= LaDA'T_PAV4399857 11 LaDAT_PAVA403199 1 ol
LaDAT SNP4s03 104 2] |LADAT_PAVA4038ET 81 [l aDAT PAV4399375 11 ||LaDAIT_PAV4400547 28 1 || LaDAT_SNP4402675 1
| aDAT PAVA398982 11 | -ADAT_PAVA401554 3 ]| aDAT_PAV4398722 51 [lLaDAT_PAV4398782 3| {LaDAT_PAV4403946 |
LaDAT PAVA399665 LaDAT_PAV4398857 LaDATT_SNP4402966 2 [ || LaDATT_PAV4401205 3{ {LaDATT_SNP4401792 G
LaDAT PAVA399609 tsB:T gﬁ\mg;gl} LaDAT_SNP4402270 1 [ LaDAT_PAV4400312 3{ [ LaDAT_SNP4401730 1
L20AT SNP440184630 | | LaDAT_SNP4402348 o | [[LaDATT_PAV4400239 1}={ LaDATTSNP4403222 | || LaDAT_PAV4398983 |
| 2DAT SNP4403535 191 [LaDATZSNP4403650 | [ILaDAT_PAV4403968 || .pa snpasozrse 2 [—|LADATPAVALO4117 |1 LaDAT PAVA403840 4
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Figure 2. Genetic linkage maps for EL population—Linkage Groups (LG).

DArTseq markers represent 99.4% of used markers. The longest group was EL_LG_03 with
the length of 359.74 cM. It also contains the highest number of markers (505) and unique loci
(145). The second longest group was EL_LG_06B _ 223.78 ¢cM with 314 markers and 81 unique
loci. The shortest group was EL_LG_8A (31,3 cM), with 12 unique loci and 57 markers (Table 3).
The lowest percentage of unique loci was detected in EL_LG_06A linkage group—16.83% and the
highest in EL_LG_12A—31.68%.

Table 3. Summary of ExL genetic linkage maps constructed based on 4601 markers in Lupinus angustifolius.

Linkage Group Number of Number of % Polymorphic  Length Average of Maximum
Unique Loci Markers Markers (cM) Distances (cM)  Distance (cM)
EL_LG_01A 34 124 27.42% 84.13 2.55 13.92
EL_LG_01B 24 81 29.63% 85.55 3.72 29.82
EL_LG_02 74 305 24.26% 142.94 1.96 19.38
EL_LG_03 145 505 28.71% 359.74 2.52 20.63
EL_LG_04 49 180 27.22% 174.58 3.64 28.03

EL_LG_05 84 273 30.77% 194.68 2.35 14.92
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Table 3. Cont.

Linkage Group Number of Number of % Polymorphic  Length Average of Maximum

Unique Loci Markers Markers (cM) Distances (cM)  Distance (cM)
EL_LG_06A 17 101 16.83% 55.67 3.48 24.8
EL_LG_06B 81 314 25.8% 223.78 2.8 23.33
EL_LG_07 21 76 27.63% 52.34 2.62 17.05
EL_LG_08A 12 57 21.05% 313 2.85 15.96
EL_LG_08B 19 100 19% 48.96 2.72 12.96
EL_LG_09A 24 88 27.27% 100.66 4.38 28.03
EL_LG_09B 32 150 21.33% 55.05 1.78 6.36
EL_LG_10 66 244 27.05% 183.46 2.82 20.63
EL_LG_11 35 119 29.41% 88.84 2.61 9.44
EL_LG_12A 26 69 37.68% 63.16 2.53 12.03
EL_LG_12B 20 149 13.42% 49.51 2.61 17.05
EL_LG_13 77 399 19.3% 133.99 1.76 7.1
EL_LG_14 29 109 26.61% 96.33 3.44 29.82
EL_LG_15 60 171 35.09% 189.61 321 29.82
EL_LG_16A 25 117 21.37% 47.38 1.97 8.64
EL_LG_16B 25 99 25.25% 62.96 2.62 10.28
EL_LG_18 75 305 24.59% 165.27 2.23 20.63
EL_LG_19 57 200 28.5% 205.01 3.66 20.63
EL_CI_05 2 5 40% 1.74 1.74 1.74
EL_CL_07A 11 71 15.49% 8.02 0.8 1.74
EL_Cl1_07B 2 11 18.18% 0.57 0.57 0.57
EL_CI_11 7 52 13.46% 10.13 1.69 4.95
EL_CI_16A 5 11 45.45% 7.35 1.84 5.65
EL_C1_16B 6 11 54.55% 8.26 1.65 3.62
EL_C1_17 4 10 40% 4723 15.74 31.74
EL_CI_20A 8 43 18.6% 10.57 151 3.62
EL_C1_20B 14 49 28.57% 28.28 2.18 14.92
EL_Cl_20C 4 4 100% 25.37 12.69 10.28
Total 1174 4602 3042.42

The average gap between two loci ranged between 1.76 cM for EL_LG_13 and 4.38 cM for group
EL_LG_09A (Table 3). However, long gaps were observed on all linkage groups, and the longest was
29.82cM on EL_LG_01B, EL_LG_14, and EL_LG_15.

The position of most markers in each group corresponds with the genomic sequence of
pseudo-chromosome constructed for narrow-leafed lupin reference genome (Figures 4 and 5, Figures S1
and S52. Only for clusters EL_CI 05, Cl_16B EL_Cl 20C and group EL_LG_09B, EL_LG_16A
weak correlation or lack of correlation between position of markers in constructed map and
reference genome was observed (Table 4). The trait of type of growth was localised in EL_LG_06B
group at position 168 cM, which corresponds with the position around 29,500,000-29,600,000 nt.
pseudo-chromosome LGO06. In this region several genes were detected. The most interesting of
them is LOC09350801, which was reported by Ksiazkiewicz et al. (2016) as LaTFL1a homologues
of Arabidopsis thaliana—TERMINAL FLOWERING LOCUS 1 (TFL1). The trait of seed colour was
mapped in cluster 20C. This localisation is consistent with results presented by Zhou et al. (2018) who
placed this trait in chromosome 20.
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Figure 3. Genetic linkage maps for EL population—Cluster (CI).

Table 4. Pearson correlation coefficient between position of DArTseq markers in genetic linkage maps

and narrow-leafed genomes [11,17].

Linkage Groups Corelation Coeficientr [11]  Corelation Coeficient r [17]
Cl_05
ClL07A 0.97 0.97
C1_07B 0.79 0.79
Cl_11 0.96 0.96
CI_16A 0.99 0.98
CI_16B 0.39 0.39
Cl_17 1.0 0.99
Cl_20A 0.96 0.96
Cl_20B 0.97 0.97
Cl_20C 1.0
LG_01A 0.72 0.75
LG_01B 0.99 0.99
LG_02 0.93 0.93
LG_03 0.95 0.92
LG_04 0.97 0.97
LG_05 0.95 0.94
LG_06A 0.97 0.97
LG_06B 0.98 0.98
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Table 4. Cont.
Linkage Groups Corelation Coeficientr [11]  Corelation Coeficient r [17]
LG_07 0.86 0.63
LG_08A 0.99 0.98
LG_08B 0.95 0.95
LG_09A 0.96 0.88
LG_09B 0.15 0.02
LG_10 0.81 0.82
LG_11 0.99 0.99
LG_12A 0.94 0.95
LG_12B 0.96 0.96
LG_13 0.84 0.87
LG_14 0.86 0.86
LG_15 0.94 0.92
LG_16A 0.42 0.15
LG_16B 0.95 0.95
LG_18 0.85 0.74
LG_19 091 091
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Figure 4. Circos plot, comparing obtained genetic linkage maps to Lupinus angustifolius reference

genome [11].
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Figure 5. Circos plot, comparing obtained genetic linkage maps to Lupinus angustifolius reference

genome [17].

3.4. Analysis of Unplaced Scaffolds from Reference Genome

The BLASTN search allowed 178 DArTseq markers to be linked with 136 unplaced markers
obtained for narrow-leafed lupin [11], Table S8a. Out of those 136 unplaced scaffolds, 98 where then
placed successfully on improved reference genome by Zhou et al. For 91 of those scaffold chromosomes
localisation predicted by EXL map were the same as on the Zhou et al reference genome (Table S8c).
The ExL map allowed to indicate localisation of 38 scaffold chromosomes which position is still
unknown. The total length of those newly placed scaffold was 1,740,694 bp, which corresponds with
0.3% of the current length of pseudo-chromosomes for narrow leafed lupin [17]. In the total sequence
2265 DArTseq markers were detected in the narrow-leafed lupin ‘Tanjil’ genome.

3.5. Homology between DArTseq Markers and Model Legume Genes

The 1407 DArTseq markers show similarity to the 1162 CDS sequences available for narrow-leafed
lupin [14,33]. 1154 of those markers were successfully placed on ExL map (Table S9a,b). Those CDS
sequences correspond with various gene families and occupy all constructed linkage groups.
The linkage group with highest number of identified CDS sequence (130) was longest group for

ExL map—EL_LG_03.
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The BLASTN analysis shows the similarity between the sequences of DArTseq markers and genes
of the model legume. The number of DArTseq markers similar to Glycine max genes equals 410 and
it is the highest among all compared species. There were 243 genes sequences of Medicago truncatula
similar to DArTseq markers, and 207 genes sequences of Lotus japonicus. Of those genes, 101 blasted
markers were common among the four compared species (Figure 6, Tables S9b-512).

G. max L. angustifolius

M. truncatula ‘ L. japonicus

Figure 6. Numbers of DArTseq markers located in common CDS sequences between Lupinus angustifolius
and three other model legume species (Glycine max, Lotus japonicus and Medicago truncatula).

4. Discussion

ISSR markers represent non_coding areas of the genome [34]. In the case of L. angustifolius such
type of molecular system was important mostly in studies on the evaluation of genetic diversity in
the collection [25]. However, that type of markers was also successfully used for map construction
for other species [35-37]. In recent years we could observe a tendency to replace marker systems
such as AFLP, ISSR and RAPD developed in the early 1990s with techniques using NGS for map
construction [38]. However, our study shows that those marker systems, especially ISSR, still can
be applied for map construction. The additional 27 ISSR markers added during the construction
process were helpful while filling gaps between DArTseq markers. In seven linkage groups (EL_LG_03,
EL_LG_06B, EL_LG_08B, EL_LG_11, EL_LG_12A, EL_LG_18, EL_LG_19) ISSR markers were placed
into gaps (22-43 cM) between DArTseq markers (Table S6). They can be particularly useful for better
coverage of DNA regions with low SNP density.

Genotyping by sequencing using DArTseq technology from DArT LTD was proved to be a
successful method for generating high numbers of polymorphic and sequence-defined markers for
narrow-leafed lupin. We were able to map 4572 DArTseq markers (2852 PAV and 1720 SNP). However,
the number of DArTseq markers obtained for the DxW population [11] was two times more comparable
to our results. Probably it resulted from the greater diversity between parental forms which were used
for DxW population creation. Number of DArTseq markers obtained after genotyping other species
with domestic parents for mapping population construction show similar numbers of PAV and SNP
markers [27]. Our results suggest that out of those two types of DArTseq markers, SNP markers should
be considered more reliable. This conclusion is supported by successfully mapped higher percentage
of SNP markers (86%) compared to PAV (76%). By successfully mapped, we mean passing the quality
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control of segregation ratio test and linkage mapping. This difference can be explained by the nature
of those type of markers. SNP markers are codominant and PAV are dominant [39].

DArTseq markers are very useful in map construction process and candidate gene identification,
and were applied for sugarcane and wheat [40,41]. Enrichment of genetic maps with markers
representing unique sequences in the genome that are additionally expressed is very useful, because it
enables identifying and isolating important genes, and detecting quantitative loci and selective
breeding material using marker-assisted selection (MAS) [42,43].

The number of genetic resources within Legume species have not been equally development.
The level of knowledge is strongly related with economy importance and thus suitable applied
molecular markers systems and deriving and available mapping populations. The breeding selection
success depending on usefulness molecular markers linked with agronomic traits. The genetic
background of favourable characters is determined by numerous genes and for this reason QTL regions
need to be investigated using modern systems which lead to limited cost and time during realised new
cultivars. For the species such as chickpea (Cicer arietinum L.), lotus (Lotus japonicus L.), barrel medic
(Medicago truncatula Gaertn.), faba bean (Vicia faba L.), field pea (Pisum sativum L.), red clover
(Trifolium pretense L.), peanut (Arachis hypogaea L.), common bean (Phaseolus vulgaris L.) and white
clover (Trifolium repens L.) and especially soybean (Glicyne max L.) the number of investigated mapping
populations and identified QTL markers are significant and still upgraded. As the results of propriety
choice of parental forms were generated numerous QTLs linkage with phenological, morphological,
quality characters as well as resistance to biotic and abiotic stresses [44—47]. Much less advanced
researches on identifying QTL and creating genetic maps are reported in genus Lupinus. Recently,
the first map has been generated for yellow lupine [22], previously for white lupine [48] and two for
narrow-leafed lupine [11,17]. In recent years we have observed significant interest in recognizing of
the genomes of these species. Undertaking research on the sequencing of the narrow-leafed lupine
genome is the best proof of this. Better understanding of the genomic background contribute to the
progress of breeding work. The commencement of work by our team on obtaining a new mapping
population by choosing the appropriate parental forms allowed for a preliminary recognition of a
genetic background different from the Australian (so far best described) narrow-leafed genus.

We developed a high-density genetic map for a new inbred line population of narrow-leafed
lupin. This newly created RILs population possess differ genetic background than the ones we have
been exploring so far. Moreover, this population originated from domesticated genotypes which
will allow development of markers for significant agronomic features. The number of mapping
populations available for Lupinus angustifolius is limited to two and only one was created using
cultivated parental genotype. For further genetic and breeding work that is carried out for this
species, it is vital to generate new mapping populations that will have contrasting qualitative and
quantitative traits. An important aspect of the research will be the possibility of expanding the work
on associative and consensus mapping [17]. Furthermore, comparing the marker sequence with the
genomic sequence of narrow-leafed lupin [11] allowed each obtained group or cluster to be linked
with lupin pseudo-chromosomes. Our map, compared to other maps published for this species is the
longest. The newest version [17] of consensus map developed for the DxW and TxU population has a
length of 2399 cM, whereas our map is 3042 cM long, which is almost 1.3 times more than the consensus
map. Our conclusions on localisation of unplaced scaffolds (on Hane et al. genome assembly) are
convergent with genome position reported by Zhou et al. What’s more our map allows to place 38 new
scaffolds that are still unplaced. This discovery could lead to improvement of genome assembly in the
future. This improvement should also allow our knowledge about the narrow-leafed lupin genome
to be broadened. Additional trait type of growth was localised on our map. Its localisation was
close to LaDArT_PAV4403912 and LaDArT_SNP4402105 markers. Moreover, BLASN search of this
region of genome allows identification of gene LOC(09350801 homologues of Arabidopsis thaliana TFL1.
This indicates that despite huge gaps and lack of representation, some parts of genomes on our map
still can be useful tools in GWA and MAS.
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As mentioned above, DArTseq markers have a tendency to occupy gene-rich regions [42].
Our comparative analysis between DArTseq marker sequences and narrow-leafed CDS sequences has
shown that around 25% of obtained markers are related to coding DNA.

5. Conclusions

The developed high-density linkage map of a new recombinant inbred line population for
narrow-leafed lupin provides useful tools for molecular breeding, especially for QTL, MAS,
and WGS analysis.

We proved that ISSR markers can be used for covering gaps between DArTseq markers.
Our map is built mostly of DArTseq markers, generated using NGS genotyping by sequencing
technologies. DArTseq markers are sequence-defined which allows us to compare our map with
reference genome data available for narrow-leafed lupin. We were able to link all obtained groups
with pseudo-chromosomes.

Over 90% of the localized scaffolds had the same position as indicated in Zhou's reports [17].
Furthermore, we have placed 38 new, additional scaffolds that were not assembled in the
available reference genome version. These findings can be used for improving narrow-leafed
pseudo-chromosomes sequence.

Our map, compared to other maps available for this species, shows a big gap mainly in the
centromere region. For this reason, it is still necessary to use other marker systems to fill these gaps.
Our newly developed population of inbred lines has a different genetic background compared to two
other existing RIL populations for this species, which opens up new opportunities for genetic research
and breeding purposes.

The set of SNP markers developed in our study can be use full for future GWAS investigation in
narrow-leafed lupin. The advantages compare to the Australian SNP data-pool is that they covering
different genetic background.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/10/653/
s1, Table S1: Sequence of ISSR primers with amplification temperature used in study, Table S2: Sequence of
SSR primers with amplification temperature used in study, Table S3: x? test distribution for ISSR markers
obtained in genotyping ExL population, Table S4: Sequences of DArTseq PAV markers, Table S5: Sequences of
DArTseq SNP markers, Table S6: Genetic linkage map for ExL population, Table S7: Comparison of ExL genetic
map to narrow-leafed pseudo-chromosomes genome sequence (http://www.lupinexpress.org/) using BLASTN
search, Table S8a: Comparison of ExL genetic map to narrow-leafed unplaced scaffold sequence (http://www.
lupinexpress.org/) using BLASTN search, Table S8b: Genetic map localisation of unplaced scaffold, Table S8c
Compare pseudochromosome/linkage group localisation of scaffold [17] using BLASTN search, Table S9a:
Comparison of ExL genetic map to narrow_leafed CDS sequence (http://www.lupinexpress.org/) using BLASTN
search, Table S9b: BLASTN search results for DArTseq markers against narrow_leafed CDS sequence (http:
/ /www.lupinexpress.org/), Table S10: BLASTN search results for DArTseq markers against Glycine max CDS
sequence (http:/ /www.plantgdb.org/GmGDB/), Table S11: BLASTN search results for DArTseq markers against
Lotus japonicus CDS sequence (http:/ /www.plantgdb.org/LjGDB/), Table S12: BLASTN search results for DArTseq
markers against Medicago truncatula CDS sequence (http:/ /www.plantgdb.org/LjGDB/MtGDB/), Figure S1:
Correlation between DArTseq marker position in genetic linkgae maps EL_LG and reference genome NLL [11],
Na—correlation could not be calculated, Figure S2: Correlation between DArTseq marker position in genetic
linkgae maps EL_LG and reference genome NLL [17], Na—correlation could not be calculated.
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