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plant breeding for creating random (or with gene edit-
ing, targeted) allelic diversity that was not present in the 
existing germplasm, enabling selection for traits other-
wise not possible within the gene pool available to the 
breeder [1]. Mutagenesis is particularly important for 
crop species, such as faba bean (Vicia faba L.), having 
no known wild progenitor that could otherwise serve as 
a source of useful alleles for cultivar breeding [2]. The 
novel alleles derived from mutagenesis complement the 
existing diversity available in the germplasm collections 
of genebanks and in current breeding programs, facilitat-
ing progress in crop improvement in faba bean. Mutants 
are also highly useful for fundamental biological studies.

The potential of mutagenesis as a tool to increase 
diversity for faba bean improvement was first demon-
strated by Jan Sjödin (4 April 1934–3 January 2023) in 

Background
Plant breeding relies heavily on diversity, both at the 
phenomic (trait diversity) and genomic (genetic diver-
sity) levels. Heritable variation allows plant breeders to 
select superior genotypes, enabling the development of 
high-yielding and stress-resilient crops with improved 
quality traits. Plant mutagenesis is an important tool in 
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Abstract
Background  Plant mutagenesis creates novel alleles, thereby increasing genetic and phenotypic diversity. The 
availability of the faba bean (Vicia faba L.) reference genome and a growing set of additional genomic resources 
has increased the scientific and practical value of mutant collections. We aimed to genotype and morphologically 
phenotype a historical faba bean mutant collection developed and characterized by Jan Sjödin (1934–2023) over 
half a century ago in order to increase its value to researchers. The collection was genotyped using high-throughput 
single-primer enrichment technology (SPET) assays.

Results  We used 11,073 informative single nucleotide polymorphism (SNP) markers spanning the faba bean 
genome to genotype 52 mutant lines along with the background line, cv. Primus. A range of flower, seed, leaf, and 
stipule mutations were observed. The analysis of population structure revealed a shallow structure with no major 
subpopulations. Principal component and cluster analyses revealed, to a minor extent, that the mutants clustered by 
their phenotype.

Conclusions  The mutants’ phenotypic variation and shallow structure indicate that the Sjödin faba bean collection 
has the potential to play a significant role in faba bean breeding and in genetic and functional studies.
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an extensive mutagenesis program run by the Swedish 
breeding company Svalöf Weibull AB. In this program, 
between 1960 and 1970, Sjödin developed a large collec-
tion of mutant lines in faba bean. He employed a range 
of physical and chemical mutagens, including X-ray, neu-
tron, gamma-ray, ethyl methanesulfonate (EMS), methyl 
methanesulfonate, ethylene imine, 8-ethoxy-caffeine, and 
EMS plus Cu++, in the Svalöf faba bean “Primus” genetic 
background [3–5]. He collected, induced, classified, and 
crossed mutants and spontaneous variants displaying a 
wide variety of traits of interest [5]. He also used translo-
cation lines derived from mutagenesis for the assignment 
of morphological markers (e.g., flower and seed coat 
color) to faba bean chromosomes [6–9]. The resulting 
lines were shared by him as valuable faba bean genetic 
resources for future breeding programs. Approximately 
100 accessions of the J. Sjödin mutant collection were 
donated by Svalöf Weibull AB to NordGen (the Nordic 
Genetic Resource Center) in 2010 after the Forage Divi-
sion at Svalöf Weibull was closed. The collection includes 
flower color, leaf, stipule, seed, and growth habit mutants. 
The collection is now conserved at NordGen.

About two decades after the work by J. Sjödin, other 
faba bean mutation collections were reported by 
researchers in Italy [10], Spain [11], Scotland [12], and 
France [13]. Various mutants in traits such as flower 
color, growth habit and leaf morphology, have been 
reported, particularly by the Italian and Spanish pro-
grams. In the last few years, several mutagenesis pro-
grams have been reported globally [e.g., 14, 15, 16, 17]. 
In faba bean, mutagenesis has been highly efficient in 
broadening the genetic basis for resistance to biotic 
stress, adaptation to abiotic stress, and for enhanced seed 
quality traits [18].

Despite their proliferation, the faba bean mutant col-
lections have been subject primarily to morphological 
screening, with limited genomic characterization [19, 
Donal O’Sullivan, personal communication]. However, 
the recently developed faba bean genomic tools and 
resources [20–22] can efficiently accelerate molecular 
characterization of mutant collections, thereby accel-
erating faba bean improvement. Moreover, the recently 
released faba bean reference genome [22] has sped the 
design of single-primer enrichment technology (SPET) 
assays for high-throughput genotyping of this crop, 
which can be used to genetically characterize mutants. 
The main objectives of this study were to morphologi-
cally phenotype the J. Sjödin historical faba bean mutant 
collection and to use SPET genotyping to analyze its 
genetic diversity.

Materials and methods
Plant material
Eighty-five mutant lines from Sjödin’s faba bean collec-
tion, along with the background line cv. Primus, were 
obtained from NordGen (Alnarp, Sweden). Primus is a 
standard faba bean genotype characterized by wild-type 
spotted flowers (tannin-containing), buff seeds with a 
1000-seed weight of approximately 400  g, compound 
leaves, and indeterminate inflorescence growth. Among 
the mutant lines, 11 failed to germinate. The accession 
numbers and mutant types are given in Table S1. The 
mutant lines were originally coded on the basis of their 
observable phenotypes: seed mutants (“Fr” stands for 
frö, Swedish for seed); flower mutants (“B” for blomma, 
Swedish for flower); stipule mutants (“St” for stipel, Swed-
ish for stipule); unifoliata mutants (“U”, for unifoliate); the 
various other mutant types (“Ö”, for övriga, Swedish for 
others). The final accession list included 29 seed mutants, 
21 flower mutants, 11 stipule mutants, three unifoliate 
mutants, and 10 other mutants, including two dwarfs and 
one of determinate growth habit (Table S1).

The mutant plants were evaluated in a climate-con-
trolled greenhouse at the Department of Agricultural 
Sciences, University of Helsinki, Viikki campus, Finland. 
Seeds were inoculated with Rhizobium leguminosarum 
biovar. viciae (Elomestari Oy, Tornio, Finland) before 
sowing in 5  L plastic pots filled with peat (Taimiseos 
Professional W R8493, Kekkilä Oy, Vantaa, Finland). 
The pots were arranged in a randomized complete-block 
design with three replicates, each pot containing one 
plant. The photoperiod was 14 h light and 10 h dark; the 
temperature was maintained at 21 °C day/16°C night. The 
photosynthetic photon flux density was approximately 
300 µmol m− 2 s− 1 at the canopy level, provided by high 
pressure sodium lamps. The relative humidity was main-
tained at 60%. The sowing date was 1 February 2023.

Phenotyping for morphological characteristics
We recorded the observable morphological characteris-
tics of flowers, seeds and stipules, as well as plant types, 
searching for phenotypes distinct from the wild type (cv. 
Primus). Every studied morphological trait was compared 
to the wild type. Faba bean flowers have a large standard 
petal, two smaller wing petals, and two fused keel petals. 
The wild-type flower has white petals with a black spot 
on each wing petal, often with dark vein markings on the 
standard petal. Faba bean flower colors may also be white 
(absence of pigments in the petals - zero tannin), yellow 
wing spots, brown, pink, diffuse yellow, or red [23]. The 
typical color of the faba bean seed coat (testa) is buff. It 
may also be purple (violet), red, zero tannin white (often 
turning gray), yellow, black, green, or brown [24, 25]. 
Faba bean leaves are usually compound pinnate, consist-
ing of 2–7 leaflets. In the unifoliate mutant, a compound 
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leaf is transformed into a simple leaf [4, 26]. Faba bean 
plants have stipules at the base of their leaves, which 
carry an extra-floral nectary marked in most genotypes 
by dark pigmentation [27]. The size of the stipules and 
pigmentation vary across faba bean genotypes.

A normal faba bean plant has indeterminate inflores-
cence growth, which typically ends when a plant reaches 
its maximum growth potential depending on its geno-
type and environment. A terminal inflorescence mutant 
reaches a terminal vegetative phase, after which the inflo-
rescence transforms into a terminal floral meristem [5].

DNA extraction and genotyping
Genomic DNA from 53 faba bean genotypes (Table S1) 
was extracted from fresh leaf tissue of single plants of 
greenhouse grown plants using a modified CTAB extrac-
tion method [28] Specific Primer Enrichment Technology 
(SPET) was used for genotyping [29]. SPET genotyping 
was performed at IGA Technology Services (IGATech, 
Udine, Italy). SPET library preparation and sequencing 
was carried out as described by Jayakodi et al. [22]. The 
results of genotyping revealed approximately 709 K single 
nucleotide polymorphisms (SNPs). The data were filtered 
to exclude entries with more than 5% missing data and 
5% heterozygosity. A minor allele frequency (MAF) < 0.05 
was applied.

Population structure and genetic diversity
The “LEA” package in R was used to study population 
structure [30]. The sNMF function was used to run K 
(ancestral genetic groups) values from 1 to 10, with 100 
repetitions. The LEA cross-validation method was used 
to identify the most likely K value. The population struc-
ture results were visualized via the R bar chart plot func-
tion. The SNP data were analyzed via TASSEL v5.2.15 
[31] to calculate the MAF and polymorphic information 
content. The polymorphic information content (PIC) was 
calculated package “adegenet” in R [32]. Principal com-
ponent analysis (PCA) was conducted via TASSEL 5.0. 
A dendrogram was generated from Nei’s distance [33] 
matrix via UPGMA (Unweighted Pair-Cluster Method 
using Arithmetic Averages), and the resulting tree was 
visualized with iTOL v6.9.1 [34]. The observed levels of 
heterozygosity were calculated in R via the “inbreedR” 
package [35].

Results
Phenotypic diversity
The observable characteristics of the faba bean flowers, 
mainly the standard and wing petals, are shown in Fig. 1 
and described in Table S1. The cv. Primus and a red-
flowered faba bean line (Karmesin) were used as color 
controls (Fig. 1a and g). As expected, all “B” mutant lines 

Fig. 1  Flower color diversity in some Sjödin mutant lines. (a) cv. Primus (wild type). (b) St206 (white flower). (c) Fr 80 (presence of red veins on flower 
standard). (d) Fr6 (separated wing petals). (e) B42 (grayish brown flower). (f) St226 (faded wing spots). (g) cv. Karmesin (scarlet red-flowered, used as a 
check for colored flowers). (h) B10 (pink flower color). (i) B25 (pinkish standard and spotted wing petals). (j) B19 (violet flower color). (k) B8 (pink and 
brown flower color); (l) B37 (combinations of white and brown in the flower standard). (m) B17 (brown flower). (n) Fr3 (deformed flowers)
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(flower mutants) produced colored flowers (Fig.  1f-m). 
Three “St” lines (stipule mutants) produced white flow-
ers (e.g., Fig. 1b) and colorless stipule spots. Some of the 
“Fr” mutant lines (seed mutants) also produced off-type 
flowers, including pronounced red vein markings on the 
flower standard (Fig. 1c), separated wing petals (Fig. 1d), 
faded spots on wing petals (Fig. 1e), and deformed flow-
ers (Fig. 1n). In flower mutant B42, the seedlings, calyx, 
pedicels, and pods also presented an olive color, which 
differentiates this mutant from the others (Figure S1).

All the “B”, “St”, unifoliate (“U”) and other “Ö” mutant 
lines produced a wild-type buff seed coat color (Table 
S1). Seed coat color varied in the “Fr” seed mutant lines, 
including green, purple, red, brown, and black (Table 
S1). Some of the seed mutant lines are shown in Figure 
S1. The color and shape of the hilum also varied among 

the genotypes (Fig. 2). We were able to allocate some of 
the hilum mutant lines to the original reports by Sjödin 
(Fig. 2a-c). Seed mutant Fr41 corresponds to a spherical 
(round) hilum (Hi-3; Fig. 2e), while seed mutant Fr9 cor-
responds to a small hilum (either Hi-1 or Hi-2; Fig. 2d).

The leaf shape diversity is illustrated in Fig. 3, including 
a faba bean wild-type compound leaf (Fig.  3d). Unifoli-
ate mutant lines U1, U6, and Ö41 are obligate unifoliate 
mutants (Fig. 3a); the unifoliate trait remains consistent 
throughout the entire vegetative period. U5 was a trifoli-
ate leaf mutant (Fig. 3c); however, some leaves presented 
a bifoliate morphology. U4 differs from the other unifo-
liate mutants in that it has more triangular than round 
leaves, which are also split at the top (Fig.  3b). We also 
observed additional mutant lines, including dwarf (Ö53), 
terminal inflorescence (Ö38), and late ripening types 

Fig. 3  Leaf shape diversity in some Sjödin mutant lines. (a) U6 (unifoliate mutant). (b) U4 (attached trifoliate mutant). (c) U5 (trifoliate leaf mutant). (d) 
cv. Primus (wild type)

 

Fig. 2  Hilum size and pigmentation diversity in some Sjödin mutant lines. (a) cv. Primus (wild type). (b) St232 (intermediate hilum color). (c) Ö53 (color-
less hilum). (d) Fr9 (small hilum). (e) Fr41 (spherical hilum)
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(B27 and Fr19). More details on the morphological char-
acterization of flowers, seeds, and other notable charac-
teristics are presented in Table S1.

Genomic diversity and population structure
Of the 709k markers, 11,073 high-quality polymorphic 
markers were retained after filtering. The highest num-
ber of SNP markers (2,939) was found on Chromosome 
1, whereas Chromosome 6 had the lowest number of 
SNP markers (1,195). Chromosomes 2, 3, 4, and 5 con-
tain 1,885, 1,740, 1,507, and 1,226 markers, respectively. 
Among the 11,073 markers, 581 were not assigned to 
chromosomes. The PIC value ranged from 0.099 to 0.500, 
with an average of 0.143. The mean minor-allele fre-
quency ranged from 0.050 to 0.490, with an average of 
0.079 (Table S2). The heterozygosity ranged from 0.03 to 
0.21, with a mean of 0.06 in the studied mutation collec-
tion (Table S1).

The sNMF structure analysis supported the presence of 
two main clusters (Figure S2). However, the most likely 
model (K = 2) admixture plot did not clearly show two 
groups (Fig.  4a). At K2, the seed mutant lines Fr3, Fr4, 
and Fr5 were grouped together. This suggests the pres-
ence of one population and a few outliers. K3 was added 
to one group consisting of three flower mutant lines (B26, 
B27, and B37) (Fig. 4b).

The PCA plot (Fig. 4c) revealed an inverted V-shaped 
pattern that was dispersed in the center, with a few out-
liers in the wings. The left wing consists of three seed 
mutant lines (Fr3, Fr4, and Fr5), whereas the right wing 
includes three flower mutant lines (B26, B27, and B37). 
The first two components explained more than 10% 
of the total variation. The PCA and clustering results 
(Fig. 4d) coincided, and both support the STRUCTURE 
results at K3.

Discussion
Collections of mutants are familiar to communities 
working with model plant species (i.e., Arabidopsis thali-
ana and Medicago truncatula), while they are also trans-
formative for upstream genetic studies and breeding in 
many crop species [reviewed in36]. Faba bean mutation 
collections are less well developed and characterized 
than those of many other crop species. With growing 
interest in this crop, owing to its protein-rich seeds and 
valuable ecological benefits, collections of mutants can 
play an important role by offering novel alleles for traits 
of interest. Recent advancements in faba bean genom-
ics [22] have enhanced the design of high-throughput 
SPET markers, which were utilized to examine a histori-
cal mutation collection in this study. Several seed, flower, 
and leaf mutants have been observed, together with a 
shallow population structure.

Fig. 4  Genetic diversity of 52 Sjödin faba bean mutant lines along with their background line, cv. Primus. a and b. Admixture proportions, estimated by 
the LEA package at K2 and K3, are displayed in a bar plot. c. Principal component analysis of the 53 faba lines represented by the first two principal com-
ponents (PC1 and PC2). d. UPGMA dendrogram based on genetic distance calculation showing relationships among faba bean genotypes
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We compared the morphological observations of the 
Sjödin collection with earlier described morphologi-
cal variations in faba bean, including spontaneous and 
induced mutations [37], and with his original report 
[5]. Most of the mutant lines he had studied could be 
matched with existing mutants. Among those not ear-
lier reported, the Fr6 flower mutant line produced also 
unique flowers with separated wing petals, resulting in a 
butterfly-like appearance. The U5 leaf mutant produced 
a mixture of bifoliate and trifoliate leaves, which likewise 
has not been previously reported. The mutant line St231 
presented very high autofertility, with all the flowers set-
ting seeds. To confirm these phenotypes, seeds harvested 
from single plants were re-evaluated under similar grow-
ing conditions in early 2024, with the same phenotypes 
being observed. These newly reported phenotypes, which 
were not originally reported by Sjödin [5] may occur dur-
ing the population maintenance.

The mutation rate and population size may determine 
genetic diversity [38]. Our results revealed a shallow pop-
ulation structure in the studied population. To a minor 
extent, the observed diversity patterns reflect the mutant 
types, as some seed mutants (Fr3, Fr4, and Fr5) and 
flower mutants (B26, B27, and B37) clustered together. 
Low population structure was also observed in two other 
faba bean mutation populations [19]. We investigated 
only a small portion of the original Sjödin mutation 
population, which might be one of the reasons for the 
narrow genetic variability. Mutant line selection at early 
generations by Sjödin was likely focused on specific mor-
phological traits (e.g., of flowers or seeds) leading to low 
genetic variability and population structure. The average 
heterozygosity rate was low (6%), suggesting limited out-
crossing during population maintenance, which resulted 
in few opportunities for genetic recombination and 
maintained low population structure. This is important, 
as the population structure reflects the breeding history 
and pedigree of the population [39]. Notably, in partially 
outcrossing crop species such as faba bean, maintain-
ing mutant individuals is laborious and requires either 
insect-proof facilities or sufficient isolation distances to 
maintain genetic purity.

Sjödin [5] identified two terminal inflorescence 
mutants, ti-1 and ti-2, which significantly reduced the 
number of flowering nodes, resulting in the plant type 
being “topless”. He confirmed only the monogenic inher-
itance of ti-1 [5]. We performed a few crosses between 
some of his mutant lines and other sources. One cross 
was made between the terminal inflorescence mutant 
(Ö38, Figure S1) and cv. Tina (F22_1143). Tina, which 
originated from Germany, also has a terminal inflores-
cence [40]. All F1 individuals from the cross Ö38 × Tina 
produced topless plants, suggesting that they carry the 
same ti gene. The terminal inflorescence is regulated by 

the TERMINAL FLOWER1 (TFL1) gene [41]. Vf_TFL1 is 
responsible for the determinate growth habit of faba bean 
[42], and it was shown that Ö38 carries this allele [43]. A 
cross between Ö53 (dwarf mutant) and a tall faba bean 
genotype was made to study the genetics of height in faba 
bean. At the time of writing, of the F1 seeds harvested, all 
have produced tall plants.

Recently, a SPET panel with 90,000 oligonucleotide 
probes was designed and used for genotyping 197 faba 
bean accessions [22]. In this study, we genotyped 53 faba 
bean genotypes from the Sjödin collection using the 
recently developed SPET SNP array, in which a set of 
11,073 high-quality SNP markers were generated after 
rigid filtration. A recent study that characterized 128 
Egyptian faba bean genotypes by SPET generated 6,759 
SNP markers [44]. The Vfaba_v2 Axiom SNP array, which 
was applied to 2,678 faba bean genotypes representing 
global diversity, generated 21,345 SNP markers [45]. Fur-
thermore, a 130  K targeted next-generation sequence-
based genotyping platform on 410 faba bean accessions 
resulted in a total of 38,111 SNP markers [46]. Given this 
marker density, the newly developed genotyping arrays 
may be used for future genetic diversity and genome-
wide association analysis in faba bean. SPET genotyping 
integrates the advantages of arrays and high-throughput 
sequencing technologies. SNP markers derived from 
SPET genotyping are highly enriched for the gene space, 
generating a set of gene-associated markers to be utilized 
for faba bean genetic studies. Our results suggest that 
SPET genotyping is a very effective approach for geno-
typing faba bean.

CRISPR/Cas9-mediated targeted mutagenesis—gene 
editing—has been successfully employed to develop 
new allelic variations in many crop species [reviewed 
in47], but it has not yet been applied to faba bean. This 
approach requires precise knowledge of the sequence 
of the target site, which is now available from the faba 
bean genome resources. However, the effective use of 
gene editing for faba bean improvement hinges on effi-
cient transformation or regeneration, or both, for the 
target lines; this is currently the limiting step. More-
over, genome editing applications are restricted by legal 
constraints in some countries, including those of the 
European Union [48]. Consequently, induced random 
mutagenesis remains an important alternative. Faba 
bean-induced mutation collections, such as those of Sjö-
din, despite their limited population size, can still play a 
significant role in faba bean breeding and genetic studies.

Conclusions
We linked a historical faba bean mutation collection with 
a newly developed SPET genotyping platform in order to 
recover the biological value embedded in the collection. 
Morphological observations revealed multiple flower, 
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seed, leaf, and stipule mutants; however, limited popula-
tion structure was observed. This study examined visible 
morphological traits, but deeper phenotyping, including 
for abiotic stress tolerance and biotic stress resistance, 
should be undertaken. We have secured funding to inves-
tigate the seed biochemistry of the Sjödin collection, with 
the aim of identifying novel sources of seed quality traits. 
Future studies genetic and genomics studies on the loci 
identified in the mutant lines reported here are needed.
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