
R E S E A R C H Open Access

© The Author(s) 2025, corrected publication 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you 
modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The 
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​
a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Bahjat et al. BMC Plant Biology          (2025) 25:523 
https://doi.org/10.1186/s12870-025-06525-7

BMC Plant Biology

*Correspondence:
Mehtap Yıldız
mehtapyildiz@gmail.com
Pablo Federico Cavagnaro
cavagnaro.pablo@inta.gob.ar

Full list of author information is available at the end of the article

Abstract
Background  Knowledge about the degree of genetic diversity and population structure is crucial as it facilitates 
novel variations that can be used in breeding programs. Similarly, genome-wide association studies (GWAS) can 
reveal candidate genes controlling traits of interest. Sugar beet is a major industrial crops worldwide, generating 
20% of the world’s total sugar production. In this work, using genotyping by sequencing (GBS)-derived SNP and 
silicoDArT markers, we present new insights into the genetic structure and level of genetic diversity in an international 
sugar beet germplasm (94 accessions from 16 countries). We also performed GWAS to identify candidate genes for 
agriculturally-relevant traits.

Results  After applying various filtering criteria, a total of 4,609 high-quality non-redundant SNPs and 6,950 silicoDArT 
markers were used for genetic analyses. Calculation of various diversity indices using the SNP (e.g., mean gene 
diversity: 0.31, MAF: 0.22) and silicoDArT (mean gene diversity: 0.21, MAF: 0.12) data sets revealed the existence of a 
good level of conserved genetic diversity. Cluster analysis by UPGMA revealed three and two distinct clusters for SNP 
and DArT data, respectively, with accessions being grouped in general agreement with their geographical origins 
and their tap root color. Coincidently, structure analysis indicated three (K = 3) and two (K = 2) subpopulations for 
SNP and DArT data, respectively, with accessions in each subpopulation sharing similar geographic origins and root 
color; and comparable clustering patterns were also found by principal component analysis. GWAS on 13 root and 
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Introduction
Next-generation sequencing (NGS) methods have facili-
tated new research opportunities to study plants with 
and without a reference genome. NGS technologies dif-
fer from the traditional Sanger sequencing method in 
terms of its massively parallel analysis, high throughput-
ness, and cheaper cost. Although NGS increases access 
to genome sequences, the downstream data analysis and 
biological interpretations continue to be a challenge to 
comprehending genomes. Nucleotide variance profiling 
and extensive genetic marker analysis are made possible 
by the rapid and affordable production of large amounts 
of sequence data using NGS [1]. From sequencing library 
generation to modern bioinformatics methods for post-
sequencing procedures, the production, assembly, and 
analysis of these sequence reads require a variety of 
experimental approaches, depending on the type of NGS 
application used [2].

Diversity Array Technology (DArT) is a sequence-inde-
pendent genotyping method that generates genome-wide 
fingerprints. DArT is a hybridization-based microar-
ray technique that is capable of measuring thousands of 
DNA fragments to hybridization arrays with high lev-
els of multiplexing [3]. This widely used technology has 
the advantage of yielding a high level of polymorphism 
and no prior sequence information about the genome is 
required. The main applications of DArT have been for 
the construction of genetic linkage maps, and QTL and 
genetic diversity analyses in numerous crops, including 
wheat [4], barley [5], common bean [6], and safflower [7], 
among others. Over the last decade, DArT has generated 
two types of markers; silicoDArT and single nucleotide 
polymorphism (SNP). SilicoDArT are microarray mark-
ers that are dominant and scored for the presence or 
absence of a single allele [8]. DArTseq-based SNPs are 
co-dominant markers. Both types of markers have been 
effectively used to study population structure, genetic 
diversity, genome wide associations, and genetic map-
ping in several crop species, including maize [9], com-
mon bean [10], cassava [11], and Barbara groundnut [12].

SNP is a one-base variation in a single DNA nucleo-
tide that occurs at a specific position in the genome. 
SNPs represent useful markers in plant genetic research 
because they reflect both genetic diversity that occurs 
naturally and genetic drift that occurs as a result of plant 
breeding [13, 14]. Thus, due to their advantages concern-
ing high-throughput detection and simple integration of 
genotypic data, SNP markers have been widely used to 
create DNA fingerprints of germplasm collections in sev-
eral crops, including maize [15], wheat [16], melon [17], 
and pepper [18].

Genome-wide association studies (GWAS) coupled 
with NGS data analyze thousands of genetic variants–
most commonly, SNPs- across many genomes to find 
those statistically associated with a specific trait. This 
methodology overcomes several limitations of the tra-
ditional gene and quantitative trait loci (QTL) mapping 
strategy used in plants, characterized by the used of 
biparental crosses and yielding limited allelic diversity 
and genomic resolution [19]. Thus, GWAS allows the 
utilization of phenotypically-characterized germplasm 
collections, without the need for structured populations 
(e.g., F2 or F3 progenies), providing both greater allelic 
diversity and mapping resolution, sometimes to the gene 
level [20]. This methodology has been successful in iden-
tifying QTL that explain large portions of the phenotypic 
variation for many plant traits. Once a phenotype-marker 
association is identified, searches for candidate genes in 
the nearby region, followed by their expression analysis 
in plants with contrasting phenotypes for a given trait, 
may provide valuable insight into a phenotype’s underly-
ing biology.

Beet, botanically known as Beta vulgaris L. (2n = 18), 
belongs to the Amaranthaceae family, sub-family Betoi-
deae, and Caryophyllales order. Beta vulgaris subsp. vul-
garis represents a species complex composed of different 
crop types, including sugar beet [21], a major industrial 
source of table sugar; the leafy vegetable known as chard, 
Swiss chard, or spinach beet [22]; the root vegetable com-
monly referred to as garden beet or beetroot [23]; and 
mangelwurzel or fodder beet, used as a fodder crop [24]. 

leaf phenotypic traits allowed the identification of 35 significant marker-trait associations for nine traits and, based 
on predicted functions of the genes in the genomic regions surrounding the significant markers, 25 candidate genes 
were identified for four root (fresh weight, width, length, and color) and three leaf traits (shape, blade color, and veins 
color).

Conclusions  The present work unveiled conserved genetic diversity–evidenced both genetically (by SNP and 
silicoDArT markers) and phenotypically- exploitable in breeding programs and germplasm curation of sugar beet. 
Results from GWAS and candidate gene analyses provide a frame work for future studies aiming at deciphering the 
genetic basis underlying relevant traits for sugar beet and related crop types within Beta vulgaris subsp. vulgaris.

Keywords  Beta vulgaris, Genetic diversity, Genotyping by sequencing, Germplasm characterization, GWAS, Candidate 
genes
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All of these crop types are sexually compatible and there-
fore inter-crossable. Sugar beet is a biennial plant that 
forms its tap root in the first year and produces flowers in 
the second. In Europe, sugar beet competes with sugar-
cane for the manufacture of sugar and ethanol. Addition-
ally, the crop is rich in carbohydrates that are utilized as 
a source of feed for nursing animals like cattle, and the 
pulp may be used as an adhesive in both cosmetic prod-
ucts and printing ink [25].

The modern sugar beet was developed in the middle of 
the eighteenth century as a selection from mangelwurzel 
(fodder beets) in Central Europe, but its utilization for 
food and medicinal purposes has increased significantly 
in recent decades [26]. The cultivation of sugar beet is 
mostly concentrated within the latitudinal ranges of 
30–60 degrees north and 25–35 degrees south. This geo-
graphical distribution is attributed to the physiological 
adaptability of the crop to temperate conditions. Today, 
approximately 20% of the world’s sugar is produced from 
sugar beet, while the rest, 80%, is produced from sugar-
cane. Currently, the crop is commercially cultivated in 
more than 50 countries and Europe is considered the 
main sugar beet producer [27]. Northern Europe is the 
main region of sugar beet production [28], while the Rus-
sian Federation is the world’s top producer, with 41.2 
thousand metric tons per year.

Currently, the world is facing several issues, includ-
ing climate change and a rapidly increasing population. 
Climate change represents a major threat to agriculture 
production, causing various biotic and abiotic stresses 
and ultimately lowering crop yield [29]. Besides climate 
change, the human population is increasing and demand-
ing the availability of more food for the present and 
upcoming generations. The available commercial culti-
vars are prone to various biotic and abiotic stresses, evi-
dencing the importance of new cultivar development. All 
of the issues discussed above can be addressed through 
harnessing crop genetic diversity [30]. Germplasm char-
acterization provides detailed insight into genetic diver-
sity and allows the identification of new variants that can 
be used in breeding programs [31, 32]. Also, the identi-
fication of loci that cosegregate with specific traits of 
interest–e.g., by means of GWAS or linkage mapping- is 
a pre-requisite for implementing marker-assisted breed-
ing strategies [20].

Several genetic marker systems have been used to ana-
lyze the genetic structure in B. vulgaris subsp. vulgaris 
and some of its wild relatives [21, 33–36]. However, these 
studies used relatively few accessions and/or number of 
markers. Thus, the evaluation of a broad germplasm col-
lection from diverse geographical origins using a large 
number of informative markers may provide a more 
robust assessment of the genetic diversity and population 
structure in this species. Also, marker-trait association 

analysis for agronomically important traits may reveal 
QTL and candidate genes for traits such as root bio-
mass yield and sugar content, which are highly relevant 
for sugar beet production. Other traits of interest for 
beet breeders are root shape and pigment content. In 
the case of chard, leaf-related traits (e.g., leaf size, shape, 
and color) are of major importance. The inter-crossability 
nature of different crop types within Beta vulgaris subsp. 
vulgaris makes it possible to introgress superior variants 
of such phenotypic traits from one another.

In this study, a collection of 94 phenotypically differ-
ent accessions of Beta vulgaris L. subsp. vulgaris from 
diverse geographical origins were used to characterize 
genetic diversity and population structure in this taxon 
composed mostly of sugar beet materials, using GBS-
derived SNP and silicoDArT markers. In addition, the 
SNP markers data set was used for GWAS and candidate 
gene analyses on 13 root and leaf phenotypic traits, of 
importance for sugar beet and other crop types within B. 
vulgaris subsp. vulgaris. The resulting data provide novel 
information concerning the genetic diversity, population 
structure, and genetic relationships among the accessions 
in this taxonomic group, and reveal QTL and candidate 
genes for nine and seven phenotypic traits, respectively. 
Altogether, the reported information will serve as the 
foundation for future genetic studies and will be instru-
mental in breeding programs of this species.

Results
In total, 41,080 raw SNP and 45,063 silicoDArT mark-
ers were called. SNPs had a substantially greater amount 
of missing data (823,874; 21.3%) than the SilicoDArT 
markers (224,515; 5.3%). All the called markers were 
polymorphic, of which 12,497 SNPs (30.4%) and 25,394 
silicoDArTs (56.4%) were present in at least one indi-
vidual of every population, considering the geographical 
origins of the accessions as the populations. The latter 
subset of markers werefurther selected while the remain-
ing ones (i.e., those with missing data in all the individu-
als of any population) were discarded. This criterion, 
which makes marker selection more stringent, resulted 
in fewer available markers for downstream analyses but 
allowed more robust estimates of genetic diversity and 
population structure parameters, as an excess of missing 
data are known to negatively influence such estimates. 
Within the latter set of markers, 8,676 SNPs (69.4%) and 
24,629 silicoDArTs (97.0%) had repeatability of 100%, 
and, of those, 8,676 (100%) and 19,614 (79.6%) presented 
call rates > 95% and were further selected. From the latter 
set of markers, we kept those with MAF > 5%, resulting in 
a total of 4,609 SNP and 6,950 silicoDArT markers that 
were used for downstream genetic analyses in the sugar 
beet germplasm.
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Polymorphism of SNP and silicodart markers in the sugar 
beet germplasm
In the SNP markers dataset, a total of 9,218 alleles were 
identified, indicating that all loci were bi-allelic. The 

SNPs average genetic diversity, as estimated by Nei’s 
genetic diversity index (NGD), was 0.31 (range = 0.09–
0.50), their mean polymorphic information content (PIC) 
was 0.25 (range = 0.09–0.38), and their mean minor allele 

Fig. 1 (See legend on next page.)
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frequency (MAF) was 0.22 (range = 0.05–0.50). Also, 
their mean observed (Ho) and expected heterozygosity 
(He) was 0.21 and 0.15, respectively, whereas the mean 
inbreeding coefficient (Fi) was 0.30. For silicoDArT mark-
ers, analyzed globally in the sugar beet collection, the 
total number of different alleles was 13,900, also indi-
cating a bi-allelic status for all the loci. We found lower 
mean NGD for these markers (NGD = 0.21) as compared 
to SNPs. SilicoDArTs also had lower mean PIC (0.18, 
range = 0.09–0.37), MAF (0.12, range = 0.05–0.48), and Fi 
values (-0.20, range = -0.73-0.16) than SNPs, but greater 
mean Ho (0.25) and He (0.30).

Genetic diversity, population structure, and principal 
coordinate analyses based on GBS-derived SNP markers
Pairwise genetic distances among the accessions, as esti-
mated by Hamming distance (HGD), ranged from 0.145 
to 0.363, with an average of 0.279. The fact that none 
of the pair-wise comparisons had a HGD value of zero 
indicates the absence of duplicate accessions (i.e., syn-
onymies) in this collection. The two most genetically 
dissimilar accessions were Ames 2644 and Ames 8297 
(HGD = 0.362), from the United States and United King-
dom, respectively; whereas the most genetically simi-
lar ones were PI 140,361, PI 140,355, and PI 140,360 (all 
with pairwise HGD values of 0.145), all of them from 
Iran. Based on the accessions pair-wise HGD values, 
a UPGMA dendrogram was constructed to visualize 
genetic relationships among the sugar beet accessions 
(Fig. 1A). By clustering the accessions with HGD values 
of 0.145 or less, three major clusters were revealed for 
these SNP data, namely S-I, S-II, and S-III. Cluster S-III 
was further classified into two subgroups, S-III-A and 
S-III-B, based on evident separation of the latter groups. 
A general association was found between the genetic 
clusters and the countries of origin of the accessions. 
Cluster S-I was the smallest group of the dendrogram, 
composed of four accessions, two of them from UK (50%) 
and the rest were from Iraq and India. Cluster S-II com-
prised 35 accessions, the majority of which were from the 
USA (18 accessions, representing ~ 51% of the total taxa 
included in the cluster), followed by five accessions from 
Turkey (14%), while the remaining accessions belonged to 

seven countries, with little contribution each to the over-
all geographic representation. Cluster S-III-A was com-
posed of 25 accessions from diverse origins, including (in 
decreasing order) Turkey (6 accessions), India (5), the UK 
(5), the USA (3), and China (3), among others with fewer 
representatives. Cluster S-III-B comprised 30 accessions, 
with a vast majority of materials from the Middle East 
and surrounding regions, predominating from Iran (18 
accessions representing 60% of the taxa), Turkey (5 acces-
sions, 17%), and Afghanistan (2 accessions, ~ 7%).

A rather clear association was also found between 
genetic clusters and tap root color, as evidenced by the 
fact that 25 of the 27 accessions (92.6%) with reddish 
purple root were included in cluster S-III, whereas only 
one accession (3.7%) with this root color was included in 
clusters I and II (Fig.  1B). Within cluster S-III, subclus-
ter S-III-A was particularly rich in reddish-purple rooted 
materials, with 60% of the accessions exhibiting this color 
phenotype, while in cluster S-III-B red beets accounted 
for 37% of the accessions. Conversely, red beets repre-
sented only 2.8% and 25% of the accessions in clusters 
S-II and S-I, respectively. In contrast, the white and yel-
low root materials largely predominated in clusters S-II 
and S-III-A, representing these color phenotypes, com-
bined, 95% and 60% of all the accessions in these clusters, 
respectively. Interestingly, yellow-rooted materials were 
only present in the latter two clusters.

Genetic structure in the sugar beet germplasm was 
estimated using the SNP data set. Analysis of the optimal 
number of populations indicated three clusters (K = 3) as 
most probable, considering both the mean likelihood and 
ΔK methods (Supplementary Fig. S1). Figure 1B depicts 
the clustering results considering two (K = 2), three 
(K = 3), and four (K = 4) subpopulations in this germplasm 
collection. The resulting clusters from the STRUCTURE 
analysis, considering either K = 3 or K = 4, fully coin-
cided with the clustering results of UPGMA, as shown in 
Figs. 1A and B.

Principal coordinates analysis (PCoA) using the SNP 
markers captured 13.5% of the total variation in the first 
two principal coordinates and grouped the accessions in 
general agreement with the clusters obtained by UPGMA 
and STRUCTURE analyses. As shown in Fig.  2A, three 

(See figure on previous page.)
Fig. 1  Genetic relationships and population structure for 94 sugar beet accessions based on 4,609 SNP markers. (A) UPGMA dendrogram based Ham-
ming genetic distance (GD). Clusters S-I, S-II, and S-III, indicate the groups revealed by clustering the accessions at a GD < 0.145 (indicated by the vertical 
dashed blue line). Cluster S-III was further classified in two sub-clusters, S-III-A and S-III-B. Horizontal bold and dashed lines separate genetic clusters and 
sub-clusters, respectively. Branch support (> 50%) is based on 1000 bootstrap replications and shown as a percentage. (B) Genetic structure of the sugar 
beet accessions considering different optimal number of populations (i.e., K = 2, K = 3, and K = 4). Each accession is represented by a horizontal bar parti-
tioned into two (K = 2), three (K = 3), or four-colored segments (K = 4), indicating their relative membership to the considered clusters. Root external colors 
-white, yellow, and reddish purple- are indicated by colored circles on the right of the accession’s country of origin. Results from post hoc analyses of the 
optimal K, testing K values from 1 to 12, are presented in Supplementary Fig. S1. ISO country codes are as follows: AF: Afghanistan; AR: Argentina; BG: 
Bulgaria; CL: Chile; CN: China; CS: Serbia and Montenegro; DK: Denmark; FR: France; UK: United Kingdom; GR: Greece; IN: India; IQ: Iraq; IR: Iran; ET: Ethiopia; 
TR: Turkey; US: United States of America. For two accessions, information on the country of origin was ‘not available’ (n.a.). Main features of each cluster are 
described. Ho: observed heterozygocity; He: expected heterozygocity
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major groups could be identified. The first -and largest- 
group of accessions, denominated S-I and located mostly 
in the upper-right quadrant, comprised most of the Mid-
dle Eastern materials, including 19 accessions from Iran, 
10 from Turkey, two from Afghanistan, and one from 
Iraq. In addition, this cluster also included most of the 
materials from the UK (10 accessions). Another group 
of materials, S-II, composed of 18 accessions of mixed 
origins, could be identified in the center and lower-right 
quadrant of the biplot, and included sugar beets from 
Turkey (4), India (4), the US (2), and various other geo-
graphical origins with less than two accession per coun-
try. Lastly, a distinct cluster, S-III, was revealed due to its 
clear separation from the other clusters, appearing in the 
far left side of the upper-left quadrant. This cluster com-
prised 26 accessions and included most of the accessions 

from the US (15), and a few materials from diverse Euro-
pean origins. Altogether, a strong correspondence was 
found between the SNP-based PCoA clusters S-I (pre-
dominantly Middle Eastern materials), S-II (materials 
of mixed origins), and S-III (predominantly from the 
US) with the UPGMA clusters S-III-B, S-III-A, and S-II, 
respectively (Figs.  1 and 2A). Also, the PCoA clusters 
showed a clear association with the root color pheno-
types, as indicated by the fact that all the accessions with 
reddish purple root were included in clusters S-I and S-II 
(corresponding to the UPGMA clusters S-III-B and S-III-
A, respectively) whereas cluster S-III contained only 
accessions with white and yellow root (in correspondence 
with the UPGMA cluster S-II) (Fig. 2C).

Results from AMOVA and general genetic diver-
sity statistics for the SNP-based UPGMA clusters are 

Fig. 2  Genetic clustering of 94 sugar beet accessions by country of origin (A, B) and root color (C, D) based on principal coordinate analysis of 4,609 SNPs 
(A, C) and 6,950 silicoDArT markers (B, D)
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presented in Table 1, and they showed that most of the 
genetic variation found was among the accessions (i.e., 
within clusters), representing 71.3% of the total variation, 
rather than among clusters, which accounted for 28.7% of 
the total variation. Pair-wise genetic differentiation (FST) 
values among the UPGMA clusters revealed that S-II 
and S-III-A were genetically most similar (FST = 0.017), 
whereas S-I and S-III-B were the most different pair of 
clusters (FST = 0.037). Supplementary Table S1 presents 
a similar AMOVA analysis considering the geographical 
origins of the accessions (instead of UPGMA clusters), 
indicating that most of the variation found was among 
the accessions (i.e., within countries) (83.6%) rather than 
among countries (16.4%). Additionally, pair-wise FST 
values among countries indicated that accessions from 
Afghanistan and Chile were genetically most similar (FST 
= 0.070) whereas accessions from Iraq and Iran showed 
the greatest differentiation level (FST = 0.164).

Genetic diversity, population structure, and principal 
coordinate analyses based on silicodart markers
Analysis of silicoDArT markers in the sugar beet collec-
tion revealed pairwise genetic distance (Hamming) val-
ues among the accessions in the range of 0.139–0.439, 
with an average of 0.339. The two most genetically dis-
similar accessions were NSL 176,303 and PI 140,355 
(HGD = 0.439), from Serbia and Montenegro and Iran, 
respectively, whereas the two most similar ones were 
Ames 2662 and Ames 2658 (HGD = 0.139), both from 
United States. The fact that all the silicoDArT-based 
pairwise GD values were > 0 confirmed the absence of 
duplicate materials in this collection.

Figure  3A presents a UPGMA dendrogram depict-
ing relationships among the accessions, which was con-
structed from a matrix of pairwise HGD values estimated 
from silicoDArT data. By clustering the accessions with 
HGD ≤ 0.175, two major clusters were revealed, denomi-
nated D-I and D-II. Cluster D-I was composed of 34 

accessions, the majority of them (18 accessions) from 
United States, which represent 54% of the taxa included 
in this cluster. The materials from the USA included in 
cluster D-I account for 90% of the total accessions from 
this country. The other taxa included in D-I have diverse 
European, Asian, or South American origins. Cluster 
D-II conforms the largest group with 60 accessions. Four 
subclusters could be identified within D-II, designated as 
A, B, C, and D. Subcluster A represents the most exter-
nal branch of D-II, and includes six accessions from UK 
and the Middle East. Subcluster B is composed of 17 
accessions from diverse origins, including (in decreas-
ing order) Turkey (5 accessions), India (5), US (3), UK (2), 
and China (2). Subcluster C represents a small branch, 
composed of only two accessions from UK. Subcluster D 
is the largest subgroup, with 35 accessions, and exhibits 
a strong prevalence of Middle Eastern accessions, with a 
total of 27 taxa from this region (accounting for 77% of 
the plant materials in this subcluster), predominating 
accessions from Iran (18), Turkey (7), and Afghanistan 
(2).

The silicoDArT-base dendrogram evidenced a clear 
association between the resulting clusters and the tap 
root color of the accessions, with all the reddish-purple 
beets included in cluster D-II, whereas D-I contained 
only accessions with white and yellow roots (Fig.  3B). 
Within D-II, subcluster B was particularly rich in red 
beets, comprising this color phenotype ~ 88% of the 
accessions included in this subcluster, followed by sub-
cluster D where red beets represented 31% of the acces-
sions. In contrast, cluster D-I comprised most of the 
white-colored beets, representing this phenotype 73.5% 
of the total accessions in the cluster. Interestingly, yellow-
rooted accessions were only present in cluster D-I and in 
subcluster D of D-II.

Genetic structure was estimated with silicoDArT data. 
To this end, different models using K from 2 to 12 were 
tested (Supplementary Fig. S2). Based on their mean 

Table 1  Genetic diversity statistics and AMOVA for SNP data, by UPGMA clusters
Cluster Number of accessions (%) mean NGD mean PIC mean MAF mean Ho mean He mean Fi FST among clusters#

S-II S-III-A S-III-B
S-I 4 (4.3%) 0.30 0.24 0.21 0.18 0.11 0.40 0.023 0.025 0.037
S-II 35 (37.2%) 0.30 0.24 0.22 0.23 0.18 0.23 0.017 0.029
S-III-A 25 (26.6%) 0.30 0.24 0.22 0.23 0.18 0.22 0.031
S-III-B 30 (31.9%) 0.29 0.24 0.21 0.21 0.15 0.28
AMOVA
Source of variation
Among clusters 28.7%
Among accessions/within clusters 71.3%
Overall FST 0.027
Overall FIS 0.286
Overall FIT 0.306
NGD. Nei’s genetic diversity index; PIC. Polymorphic index content; MAF. Minor allele frequency; Ho. Observed heterozygosity; He. Expected heterozygosity; Fi. 
Inbreeding coefficient. # Pair-wise genetic differentiation (FST) among UPGMA clusters
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Fig. 3 (See legend on next page.)
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likelihoods, indicating a maximum likelihood value for 
two populations in this collection (Supplementary Fig. 
S2 A), and the fact that running STRUCTURE using dif-
ferent models, considering two to five populations, con-
sistently revealed only two clusters (Supplementary Fig. 
S2 C), we selected two populations (K = 2) as the most 
parsimonious model for this dataset, although ΔK analy-
sis suggested K = 4 as optimal (Supplementary Fig. S2 B). 
Thus, the resulting clusters from the STRUCTURE analy-
sis using K = 2 separated the accessions into two clus-
ters, which coincided with clusters D-I and D-II of the 
UPGMA dendrogram (Fig. 3B).

PCoA using the silicoDArT data captured 11.3% of the 
total variation in the first two principal coordinates, and 
grouped the accessions in general agreement with the 
clusters obtained by UPGMA and STRUCTURE analy-
ses. As shown in Fig.  2B, only two major groups could 
be clearly identified. The first and largest group, denomi-
nated D-I, included 66 accessions from diverse origins, 
located in the middle and the right quadrants of the bip-
lot. This group included all but one of the Iranian acces-
sions (20), which were mostly located in the upper-right 
quadrant, as well as most of the Turkish (15), all but one 
of the British accessions (11), and all the Indian (5) and 
Afghan (2) materials. The other group, D-II, was smaller 
(28 accessions), and it was entirely located in the upper-
left quadrant, and clearly separated from D-I. It com-
prised most of the accessions from the US (15 accessions, 
representing 75% of the total taxa from this country), 
along with a few accessions from diverse European (8) 
or South American (3) origins. Altogether, a strong cor-
respondence was found between the silicoDArT-based 
PCoA clusters D-I (predominantly Middle Eastern, Brit-
ish, and Indian materials) and D-II (predominantly from 
US) with the silicoDArT-based UPGMA clusters D-I and 
D-II, respectively (Figs. 2 and 3). Similarly, PCoA cluster-
ing revealed an association with the accession’s root color 
phenotypes, coincidently with results from UPGMA 
clustering, as evidenced by the inclusion of all the red 
beets in cluster D-I, while D-II only contained white and 
yellow-rooted accessions (Fig. 2D).

Results from AMOVA and general genetic diversity 
statistics for the silicoDArT-based UPGMA clusters and 
subclusters are presented in Table  2. To this end, two 

models were considered, one with only the two major 
clusters D-I and D-II (model 1), and the other one consid-
ering D-I and the four subclusters within D-II (i.e., sub-
clusters A, B, C, and D) (model 2). These data revealed 
that most of the genetic variation was among the acces-
sions (i.e., within clusters), representing 74.5–77.6% of 
the total variation (depending on the model), rather than 
among clusters, which accounted for 22.4–25.5% of the 
total variation. Pair-wise FST values among the UPGMA 
clusters indicated a generally low genetic differentiation 
among the clusters, with D-I, D-II-A, and D-II-B show-
ing virtually no differentiation (FST = -0.018 to -0.028), 
whereas D-II-C and D-II-D were the most genetically 
different pair of clusters (FST = 0.072). Supplementary 
Table S2 presents a similar AMOVA analysis considering 
the geographical origins of the accessions, indicating that 
most of the variation found was among the accessions 
(i.e., within countries) (83.5%) rather than among coun-
tries (16.5%). Additionally, pair-wise FST values among 
countries indicated that accessions from Serbia and 
Montenegro and Chile were genetically most similar (FST 
= 0.070) whereas accessions from Iraq and Iran showed 
the greatest differentiation level (FST = 0.120), coinciding 
with results obtained with SNP markers (Supplementary 
Table S1).

GWAS and candidate gene analyses
A total of 13 root and leaf phenotypic traits of agronomic 
and industrial relevance were analyzed by GWAS in 
the beet germplasm collection. In total, 35 significantly 
associated genomic regions were revealed for nine traits 
[namely, root fresh weight (RFW), root width (RW), root 
length (RL), root external color (REC), root sugar con-
tent (RSC), leaf length (LL), leaf shape (LS), leaf blade 
color (LBC), and leaf veins red color intensity (LVRCI)], 
whereas no association was found for the remaining four 
traits [root shape (RS), root length-width ratio (RLWR), 
root tip shape (RTS), and leaf margin undulations (LMU)] 
(Fig. 4; Table 3; Supplementary Table S3). Detailed results 
from searches for candidate genes within a 60 kb region 
spanning the SNP marker with strongest association with 
a trait (i.e., ± 30 kb on each side of the peak marker), for 
each associated region, are presented in Supplementary 
Table S3, whereas Table 3 shows summarized data with 

(See figure on previous page.)
Fig. 3  Genetic relationships and population structure for 94 sugar beet accessions based on 6,950 silicoDArT markers. (A) UPGMA dendrogram based 
Hamming genetic distance (GD). Clusters D-I and D-II grouped accessions with GD < 0.175 (indicated by the vertical dashed blue line). Horizontal black 
lines separate genetic clusters, and four subclusters within D-II are separated by gray dashed lines and indicated with gray letters A-D. Branch support 
(> 50%) is based on 1000 bootstrap replications and shown as a percentage. (B) Estimated genetic structure for the sugar beet collection. Each accession 
is represented by a horizontal bar partitioned into two colored segments (K = 2), indicating their relative membership to the two clusters. Root external 
colors -white, yellow, and reddish purple- are indicated by colored circles on the right of the accession’s country of origin. Results from post hoc analyses of 
the optimal K, testing K values from 1 to 12, are presented in Supplementary Fig. S2. ISO country codes are as follows: AF: Afghanistan; AR: Argentina; BG: 
Bulgaria; CL: Chile; CN: China; CS: Serbia and Montenegro; DK: Denmark; FR: France; UK: United Kingdom; GR: Greece; IN: India; IQ: Iraq; IR: Iran; ET: Ethiopia; 
TR: Turkey; US: United States of America. For two accessions, information on the country of origin was ‘not available’ (n.a.). Main features of each cluster are 
described. Ho: observed heterozygocity; He: expected heterozygocity
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selected candidates based on their predicted gene func-
tion. The selection of the ± 30  kb window for searching 
for candidate genes was based on linkage disequilibrium 
(LD) decay curves, as presented in Supplementary Fig. 
S3). Among the tap root traits potentially related with 
root biomass yield, three, four, and four significant asso-
ciations with RFW, RL, and RW, respectively, were iden-
tified across six chromosomes. For RFW, three candidate 
genes were identified in the respective QTL regions, 
namely a putative U-box type E3 ubiquitin ligase gene, a 
midasin gene, and a polycomb group protein gene. The 
proteins encoded by these genes are involved in protein 
ubiquitination, ribosome biogenesis, and the forma-
tion of protein complexes that regulate the expression 
of other genes via histone modifications, respectively. 
The potential roles of these genes related to RFW are 
described in the Discussion section. For RW, four candi-
date genes were identified in two QTL regions, and they 
encoded a nudix hydrolase, a small polypeptide protein 
of the DEVIL family, and two glutathione S-transferases. 
Their gene products are involved in regulating cellular 
energy metabolism and hormone signaling, act as regu-
latory molecules that coordinate various plant processes, 
and modulate antioxidant responses, respectively; and 
they have been shown to influence root development and 
growth by different mechanisms (discussed in the follow-
ing section). For RL, five candidate genes in two associ-
ated regions were identified, and comprised two putative 
expansin-like genes, which encode cell wall proteins that 
participate in cell growth and stress responses; a nudix 
hydrolase, involved in cell energy metabolism and hor-
mone signaling; a DNA-directed RNA polymerase II, 
involved in the synthesis of protein-coding mRNAs and 
microRNAs; and a histone acetyltransferase, known to 
epigenetically regulate the expression of other genes. 
These genes have been shown to influence RL in other 
species (discussed below).

For root color, which reflects the absence (white) or 
presence of different betalain pigments, such as betax-
anthins (yellow) or betacyanins (red-violet), a single 
marker-trait association was found in Chr. 4, and this 
region included a putative ABC transporter gene, known 
to be involved in the vacuolar transport and accumula-
tion of secondary metabolites, such as anthocyanins, 
conditioning red or purple pigmentation in organs of var-
ious species. Its possible role as a candidate for betalain 
pigmentation in the tap root of beets is discussed below. 
For sugar content, the most important industrial trait in 
sugar beet, a single association was identified in Chr. 7, 
which harbored five genes, but no clear candidates could 
be identified for this trait, presumably because most of 
these genes encoded uncharacterized proteins (Supple-
mentary Table S3).
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Fig. 4  Manhattan plots summarizing association mapping results for nine root and leaf phenotypic traits of sugar beet. The horizontal dashed and solid 
lines indicate significance thresholds based on the false discovery rate (FDR) and Bonferroni adjusted methods for p = 0.05, respectively. The peak SNP 
markers for genomic regions significantly associated with each trait, used for searching for candidate genes in a region spanning ± 30 kb from the peak 
marker, are indicated with gray arrows. Detailed information for these significant marker-trait associations is presented in Table 4 and Supplementary 
Table S3
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Among the leaf traits, 14 significant associations across 
six chromosomes were identified for LS, representing the 
largest number of QTLs identified for a single trait in this 
study. A total of 10 candidate genes were identified for 
nine of these associations. These genes encoded a puta-
tive transcription factor (TF) of the homeobox-leucine 
zipper gene family, a 3-ketoacyl-CoA synthase, a pen-
tatricopeptide repeat protein, a DEAD-box ATP-depen-
dent RNA helicase, two receptor-like protein kinases, a 
calmodulin-binding protein, a the TFs belonging to the 
NAC, ethylene-responsive factor (ERF), and SCARE-
CROW gene families. Their encoded proteins are known 
to regulate the expression of other genes–e.g., by means 
of regulating transcription, modulating RNA metabolism, 
or acting as signal molecules- in key developmental and 
physiological pathways, and their activity has been asso-
ciated with LS, through different mechanisms, in various 
species (discussed below). For LBC, conditioned by the 
presence or absence of the red pigment betacyanin, five 
associations were identified in four chromosomes. In one 
of these associated regions, in Chr. 5, a putative candidate 
gene encoding a ‘DNA-binding-with-one-finger’ (DOF) 
TF, known to regulate anthocyanin pigmentation in some 
species (discussed below), was identified. Lastly, a single 
region in Chr. 5 was associated with the red pigmentation 
in leaf veins (LVRCI), also determined by the presence 
and content of betacyanins, and this region harbored a 
NAC TF. NAC TFs have been shown to control antho-
cyanin biosynthesis by regulating the expression of other 
TFs (e.g., MYBs and bHLHs) directly involved in the 
transcriptional regulation of key enzymes of this path-
way. Its potential role in conditioning LVRCI in sugar 
beet is discussed below.

Discussion
Sugar has become an integral component of human 
diets and is a valuable raw resource in the food, bever-
age, and pharmaceutical sectors. It is a common name 
for sucrose, which is mainly obtained from two major 
crops, sugar cane and sugar beet. Like other crops, sugar 
beet production is negatively affected by the changing 
climatic conditions [27, 37]. Under these conditions, 
germplasm characterization is considered an effective 
means to explore the available diversity and identify 
superior materials that can be used for the development 
of improved cultivars. Regarding sugar beet germplasm, 
the United States Department of Agriculture’s (USDA) 
National Germplasm System contains ~ 2700 accessions 
belonging to various species of the genus Beta, whereas 
the Institute of Plant Genetics and Crop Plant Research 
(IPK) in Gatersleben, Germany, conserves more than 
2000 accessions of sugar beet. Besides these large collec-
tions, countries having large-scale sugar beet production 
usually maintain locally-adapted germplasm. Researchers 

have employed several molecular markers to investigate 
genetic diversity and population structure in sugar beet 
and closely related species [21, 36, 38–42]. To this end, 
most of the available studies used a few PCR-based mark-
ers [38–42], whereas only two reports used large-scale 
whole genome covering markers [21, 36]. In addition, 
given the large number of sugar beet germplasm avail-
able worldwide, different studies may yield substantially 
different results, based on the particular selection of the 
accessions used across studies. This will likely affect gen-
eral estimates of genetic diversity and population struc-
ture indices, genetic relationships among the accessions, 
and the possibility of identifying significant QTLs–and 
thereby candidate genes for traits of interest- by GWAS 
(i.e., the latter analysis relies on the degree of genotypic 
and phenotypic variation associated with particular phe-
notypic traits in the germplasm collection studied). Thus, 
to provide an accurate and informative assessment of the 
genetic diversity and population structure, and to be able 
to identify QTLs and candidate genes for traits of inter-
est in sugar beet and other closely related–and geneti-
cally inter-crossable- crop types (e.g., beet root, chard, 
and mangelwurzel), this study evaluated 94 accessions 
phenotypically and geographically diverse (from 16 coun-
tries and four continents) of Beta vulgaris subsp. vulgaris, 
along with 4609 SNPs and 6950 silicoDArT markers.

Estimates of various genetic diversity indices (NGD, 
PIC, MAF, Ho, He, and Fi) revealed the existence of a good 
level of genetic diversity which is conserved in the USDA 
sugar beet germplasm. It was observed that the SNP 
markers data set yielded greater values for these diver-
sity indices as compared to silicoDArTs. These findings 
are in line with those from an earlier study [42] report-
ing greater PIC value and polymorphism frequency with 
SNPs as compared to DArT markers. Their study char-
acterized genetic diversity in 54 sugar beet hybrid vari-
eties using DArT, SNP, and SSR markers, and reported 
greater mean PIC values for all three marker systems 
than the PIC values found in the present study with SNPs 
and silicoDArTs. Similarly, another study using ‘restric-
tion enzyme associated DNA’ (RAD)-derived SNP mark-
ers for genotyping sugar beet accessions [36], reported 
slightly greater PIC and He values than those found in the 
present study. The slightly greater genetic diversity found 
in these previous reports–as estimated by PIC and He 
indices- as compared to our study may be due to differ-
ences in the germplasm(i.e., presumably, a more diverse 
germplasm collection was used in those studies) and the 
type and amount of molecular markers used.

SNP markers-based genetic relationships
Estimates of pair-wise genetic distance (HGD) among 
the accessions revealed Ames 2644 and Ames 8297 
(HGD = 0.362) as the most genetically distinct genotypes. 
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In addition, these accessions present highly-contrasting 
phenotypes for several morphological traits (Table  4). 
Genetically and phenotypically contrasting accessions 
are of great interest for breeding, as these plant materials 
can be instrumental for future research studies aiming at 
deciphering the genetic basis underlying traits of interest 
(e.g., by means of developing mapping populations, fol-
lowed by linkage mapping and candidate gene analyses), 
or introgressing new traits into valuable genetic back-
grounds. Keeping this in view, pairs of accessions with 
high HGD and contrasting phenotypes, as identified in 
this study, could be prioritized and included in sugar beet 
breeding programs.

The UPGMA-based dendrogram grouped the sugar 
beet germplasm into three main clusters, namely S-I, 
S-II, and S-III. The geographical origin and root color 
of the accessions play an integral part in their clustering 
into a respective group, and similar findings have been 
reported previously in other species [43]. Cluster S-I was 
the smallest group (four accessions), whereas a total of 
35 accessions were included in Cluster S-II, with ~ 51% 
of the clustered accessions being from USA, 17% from 
Europe, and 14% from Turkey. It is generally accepted 
that sugar beet originated in Germany (German Sile-
sia) back in the 18th century and later it was dispersed 
to other parts of the world [44]. It is highly possible that 
Turkey received sugar beet from European countries, 
because of its vicinity to Europe and its particular geo-
graphic location, connecting Asia and Europe and being 
an important path in the Silk Route. Later in the 19th 
century, this crop was introduced in North America, 
most likely from Europe, and those materials were used 
for initiating germplasm collections, conservation, char-
acterization, and breeding activities at the USDA [45]. 
This could be one of the main reasons behind the genetic 
similarity found between USA materials and accessions 
of Turkish and European origins. Cluster S-III was the 
largest group, harboring a total of 55 accessions and, 
on a broad scale, this cluster grouped accessions from 
the Middle East, Southeast, and East Asia, account-
ing these geographical origins for ~ 73% of the clustered 
plant materials, whereas the remaining taxa were mostly 
from Europe (accounting for 20% of the accessions). The 
main cluster S-III was further subdivided into subclus-
ters S-III-A and S-III-B. The accessions in S-III-A have 
diverse origins, mainly from Asia, Europe, and USA, 
whereas S-III-B showed a clear predominance of materi-
als from Middle East countries, representing this region 
more than 80% of the total clustered accessions. This sug-
gests that countries from this region share similar prefer-
ences for sugar beet cultivars and desired traits, probably 
favoring locally adapted materials, and -most likely- they 
have shared genetic material of sugar beet throughout 
history. This is conceivable, given that the three countries 

from which most of these accessions derived–i.e., Turkey, 
Iran, and Afghanistan- are neighbors, with Iran sharing 
borders with the other two countries. Also, it is believed 
that sugar beet was first introduced in Iran and Afghani-
stan through the route of the Silk Road by, where Turkey 
served as the nexus between continents for trader travel-
ers. The genetic relationships observed in the sugar beet 
germplasm by UPGMA were fully supported by results 
from population STRUCTURE analysis, revealing three 
(K = 3) or four (K = 4) possible subpopulations in this 
collection, as well as by PCoA, showing three geneti-
cally distinct groups of accessions; showing a rather clear 
association between the genetic clusters and root color of 
the accessions, and partially followed geographic origin 
(Figs. 1 and 2A and C).

The fact the root color was associated with the genetic 
clusters (e.g., red beets predominated in cluster S-III, 
particularly in subcluster S-III-A, whereas S-II contained, 
almost exclusively, white and yellow-rooted beets; Fig. 1) 
and geographical origins of the accessions (e.g., ~ 60% of 
the red-rooted beets were from the Middle East, mainly 
from the neighbor countries Iran and Turkey, and an 
additional 20% were from India) suggests that red-rooted 
materials have been selected from a few and/or closely 
related genetic stocks grown in specific regions, whereas 
white and yellow beets seem to have diverse origins.

The fact that our analysis of molecular variance based 
on SNP markers revealed that most of the genetic 
variation can be attributed to differences among the 
accessions (i.e., within clusters) rather than among sub-
populations or clusters coincides with previous find-
ings, reporting greater SNP variation within groups than 
among groups in sugar beet germplasm [33]. Together, 
these data suggest that in sugar beet germplasm a small 
proportion of the total variation is unique to any given 
accession, and that within-group analyses are required to 
evidence genetic variants that may be of value for breed-
ing purposes.

SilicoDArT markers-based genetic relationships
Estimates of pair-wise genetic distance (HGD) among 
the accessions revealed NSL 176,303 (from Serbia) and 
PI 140,355 (from Iran) (HGD = 0.439) as the most geneti-
cally distinct genotypes. Noticeably, this pair of most-
contrasting accessions differed from that obtained with 
SNP markers, and the former exhibited greater HGD 
value. This is likely due to differences in the type of 
markers and their polymorphisms across the accessions. 
Nonetheless, these genetically-contrasting materials may 
be of interest for sugar beet breeding programs, as dis-
cussed above.

The UPGMA-based dendrogram separated the sugar 
beet germplasm into two major clusters, D-I and D-II, 
which partially followed geographic origins and showed 
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a more robust association with root color phenotypes, in 
general agreement with results obtained with SNP data. 
For example, cluster D-I included 90% of the accessions 
from the USA, as well as some materials from other ori-
gins, and contained exclusively white- and yellow-rooted 
materials, strongly resembling cluster S-II of the SNP-
based dendrogram (Figs. 1 and 3). Similarly, cluster D-II, 
which was further subdivided into subclusters A, B, 
C, and D, exhibited a clear concordance with the SNP-
based cluster S-III and its subclusters. For instance, sub-
cluster D-II-B (silicoDArTs) contained most of the taxa 
included in subcluster S-III-A (SNPs), comprising only 
red and white-rooted beets, with a strong predominance 
of red beets. As discussed earlier, the joined clustering of 
genetically-similar red-rooted accessions suggests that 
red beet materials were originally selected from a few 
and/or closely related genetic stocks. On the other hand, 
the largest subcluster D-II-D (silicoDArTs) comprised 
accessions of different color phenotypes predominantly 
from the Middle East, mainly from Iran and Turkey, 
accounting this region for 77% of the clustered materi-
als, showing a strong resemblance–and sharing most of 
the clustered taxa- with subcluster S-III-B (SNPs) com-
prising 83% of its accessions from the Middle East. As 
discussed above, this suggests that neighbor countries 
from this region have similar preferences and accessibil-
ity for sugar beet cultivars and that they may have shared 
genetic material throughout history. The partial associa-
tions among genetic clusters, geographical origins, and 
root color phenotypes observed with silicoDArTs were 
further confirmed by STRUCTURE and PCoA analyses, 
revealing two distinct genetic groups that shared most 
of the clustered accessions with the those in clusters D-I 
and D-II from the UPGMA dendrogram (Figs. 2B and D 
and 3).

Results from AMOVA using silicoDArTs data con-
firmed that most of genetic variation in this germplasm 
was due to differences among the accessions, accounting 
for 74.5–77.6% of the total variation, rather than among 
clusters (22.4–25.5% of the variation); in full agreement 
with data from SNPs analysis, showing 71.3% and 28.7% 
of the total variation attributed to differences among 
accessions and among clusters, respectively (Tables 1 and 
2).

GWAS enabled the identification of candidate genes 
conditioning tap root and leaf phenotypic traits
In the present study, GWAS revealed 35 significant 
marker-trait associations for nine phenotypic traits, and 
further analysis of the predicted function of the genes in 
the associated regions identified 25 candidate genes for 
four tap root (RFW, RW, RL, REC) and three leaf traits 
(LS, LBC, LVRCI) (Fig. 4; Table 4, Supplementary Table 
S3). Among the tap root traits, RFW is directly related 

with root biomass yield, which is of great importance for 
the sugar beet crop as a major industrial source of sugar. 
For this trait, a region in Chr. 3 with the strongest asso-
ciation harbored a gene (LOC104883815) annotated as 
U-box protein 14 (PUB14), which fully co-localized with 
the peak GWAS signal. U-box type E3 ubiquitin ligases 
(PUBs) determine substrate specific recognition dur-
ing posttranslational ubiquitination of proteins, thereby 
modulating numerous plant signaling pathways associ-
ated with plant growth, development, biotic and abi-
otic stresses, and hormone signaling [46]. With regards 
to root growth, some members of this family have been 
shown to regulate asymmetric cell division and cell pro-
liferation in the root meristem, conditioning final root 
architecture [47]. In Arabidopsis, deleterious mutants of 
AtPUB9 displayed severely reduced root growth and lat-
eral root formation, suggesting that this PUB regulates 
root development [48]. In corn, 10 PUB genes were found 
to be highly upregulated in the primary root during dif-
ferent stages of root development, suggesting that these 
genes participate in root growth and morphogenesis [49]. 
In potato, PUB14 co-localized with the largest-effect 
QTL for early maturity, a trait that results in fast tuber 
growth, suggesting that PUB14 was involved in matu-
rity and regulation of tuber formation [50]. Results from 
previous studies suggest that PUBs exert many of their 
effects in plants, including root growth, by regulating 
hormone signaling, providing evidence of how targeted 
degradation of proteins by ubiquitination affects down-
stream transcriptional regulation of hormone-responsive 
genes in the auxin, gibberellin (GA), abscisic acid (ABA), 
ethylene (ETH), and jasmonate (JA) pathways [50]. In 
addition, ubiquitin-mediated proteolysis may also act 
upstream of the hormonal signaling cascades by regu-
lating hormone biosynthesis, transport and perception 
[50]. A search for cis-acting regulatory elements in the 
2000 bp region upstream from the transcription start site 
and in introns of LOC104883815, revealed 12 hormone-
response elements, comprised of JA (1), ETH (4), ABA 
(3), SA (3), and GA (1); and three metabolic and growth 
related elements associated with meristem expression 
(Supplementary Fig. S4). Coincidently, some of these 
same responsive elements, namely GA and meristem-
expression related elements, were also present in the 
promoter regions of a set of PUB genes that were highly 
expressed during root development in maize [49]. It has 
been shown in Arabidopsis that apical root meristem-
specific genes play a crucial role in regulating root devel-
opment [52], whereas GA determines cell growth polarity 
in the root cortex of maize [53] and promotes primary 
root growth in rice [54]. Altogether, these data suggest 
LOC104883815 as a strong candidate gene for RFW, 
but additional studies aiming at functionally character-
izing this gene and its relationship with root growth in 
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sugar beet are necessary to test this hypothesis. Another 
region in Chr. 7, associated with RFW, harbored a mida-
sin (MDN1) gene (LOC104899776) that colocalized with 
the peak marker. MDN1 is an essential AAA (ATPase 
associated with various cellular activities) protein that 
removes assembly factors from distinct precursors of 
the ribosomal 60  S subunit, thereby strongly influenc-
ing ribosome biogenesis [55]. In Arabidopsis, MDN1 is 
essential for early development of the embryo and for 
root development and growth, being the latter effect 
attributed to the upregulation, by MDN1, of cell prolif-
eration in the root apical meristem [55, 56]. Mutants of 
this gene exhibited retarded root growth, severely smaller 
root size (~ threefold shorter), and a dwarf plant pheno-
type as compared to their wild type counterparts in Ara-
bidopsis [56] and maize [57]. According to Birne [58], 
these phenotypes are commonly observed for ribosomal 
protein mutations in several plant species, and may be 
caused by a defective protein synthesis in root cells as a 
result of inadequate ribosome biogenesis. Lastly, in Chr. 
4, another region associated with RFW contained seven 
genes, including LOC104890632, which colocalized with 
the peak marker and was annotated as an embryogenic 
flowering 2 (EMF2) gene. EMF2 encodes a Polycomb 
group (PcG) protein involved in the formation of protein 
complexes that maintain gene silencing via histone modi-
fication, and this gene -along with Polycomb repressive 
complex (PRC) proteins- has been shown to epigeneti-
cally inhibit primary root growth and lateral root devel-
opment, whereas the loss-of-function of EMF2 resulted 
in long primary roots and increased production of lateral 
roots [59]. Thus, it is possible that mutations in this gene 
may influence the growth and architecture–and thereby 
RFW- in the tap root of sugar beet.

For RW, the region with strongest association, found 
in Chr. 8, harbored 7 genes, including a putative nudix 
hydrolase 20 (LOC104902151) that fully colocalized with 
the peak GWAS signail. Nudix hydrolases are hydrolytic 
enzymes capable of cleaving nucleoside diphosphates 
linked to other moieties [60]. In a recent GWAS study in 
sugar beet, another member of the nudix hydrolase gene 
family, namely nudix hydrolase 15 (BVRB_8g182070), 
was strongly associated with root shape and root groove 
depth [61]. The enzyme encoded by this gene can hydro-
lyze NADPH, an essential cofactor required for cell 
growth and proliferation in roots and leaves [62]. Coinci-
dently, in another GWAS report in sweet potato, a nudix 
hydrolase homologue was found to be strongly associated 
with continuous storage root formation and bulking, and 
this effect might be associated with hormones promot-
ing lateral root initiation [63]. In that same region, a gene 
encoding a small polypeptide DEVIL 10 (LOC125492567) 
protein was also identified. Small polypeptides, typi-
cally containing less than 150 amino acids, can act as 

important regulatory molecules that coordinate cellular 
responses required for differentiation, growth, and devel-
opment [64]. A subfamily of such small peptides, called 
DEVIL-like (DVL), have been shown to regulate root 
growth under abiotic stress conditions by affecting ABA-
related gene expression in Arabidopsis [65]. Conversely, 
DVLs from fox millet were shown to suppress cell divi-
sion and elongation in root by inhibiting auxin signal-
ing and transport, which lead to reduced root growth 
and a short root phenotype [66], and similar phenotypes 
were observed in Arabidopsis plants overexpressing two 
DVL proteins [67], suggesting that DVLs are involved in 
the regulation of primary root growth. These data point 
at LOC125492567 as a possible candidate gene for root 
growth and RW in sugar beet. Another significant asso-
ciation with RW was found in Chr. 3, which harbored 
two putative glutathione-S-transferase (GST) genes 
(LOC104906825 and LOC104906851). GSTs play a major 
role in the plant’s antioxidant responses, by limiting oxi-
dative damage caused by different types of stresses, but 
they also can influence root growth and development. 
For example, GSTU7, a homolog of the sugar beet GSTs 
found in this region, has been shown to promote primary 
root growth and root length in Arabidopsis [68]. GSTU7 
acts as a glutathione peroxidase. Although the exact 
mechanism by which GSTU7 affects root growth is still 
unclear, it was hypothesized that it may be related to the 
formation of H2O2, as this reactive oxygen species (ROS) 
has been associated with root development and the 
activity of peroxidases that control the transition from 
proliferation to differentiation in the root by balancing 
ROS between root zones [69–71]. Very recently, overex-
pression of a GST from sweet potato, namely IbGSTL2, 
resulted in increased starch content and increased amy-
lopectin/amylose ratio, suggesting that GSTs may influ-
ence starch biosynthesis and promote growth in storage 
roots [72].

For RL, the strongest association was found in Chr. 
5, and this region contained three candidate genes, two 
of them encoding putative expansin-like B1 (EXLB1) 
proteins (LOC104892825 and LOC104892824) and the 
other one encoding a nudix hydrolase 2-like protein 
(LOC125497584). Expansins are structural cell wall pro-
teins that participate in cell growth and stress responses 
by regulating cell wall expansion through weakening the 
hydrogen bond between cell wall polysaccharides, and 
they interact with plant hormones to coordinate many 
physiological and cellular processes of plant growth 
[73]. A Brassica homologue of the two expansin genes 
found in sugar beet, namely BrEXLB1, was found to 
promote primary root growth by increasing the size of 
the root elongation zone, thereby increasing RL [74]. 
Similarly, the soybean expansin GmEXP1 was respon-
sible for primary root elongation, and its overexpression 
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resulted in longer primary roots in soybean and tobacco 
[75]. Altogether, these data suggest LOC104892825 and 
LOC104892824 as strong candidates for RL in sugar beet. 
As described above, homologues of the other candidate 
gene found in this region, a putative nudix hydrolase, 
were previously associated–by GWAS analysis- with 
storage root shape and root groove depth in sugar beet 
[61] and with continuous storage root formation and 
bulking in sweet potato [63]. Another region in Chr. 7, 
also associated with RL, contained a putative RNA poly-
merase II (LOC104899323). RNA polymerase II (Pol II) 
synthesizes protein-coding mRNAs and microRNAs 
(miRNAs), and its transcription activity is regulated by 
multiple proteins that either control transcriptional initi-
ation, usually interacting with the promoter region of Pol 
II, or they modulate–by other mechanisms- the efficiency 
of mRNA synthesis after the initiation stage. Mutations 
in some of the components of these ‘protein-Pol II’ com-
plexes have been repeatedly shown to influence many 
aspects of primary root growth, including RL [76, 77]. 
Additional studies are needed to test whether this gene 
influences RL in sugar beet. Close to the latter gene, we 
identified a putative histone acetyltransferase (HAT, 
LOC104899324) that colocalized with the peak GWAS 
signal. Histone acetylation is a HAT-mediated epigenetic 
modification that regulates the expression of numerous 
genes involved in development and other plant processes. 
A number of HAT homologues have been shown to regu-
late root growth and morphogenesis, thereby influencing 
RL, across several species [59, 78].

For tap root color (REC) a single association was found 
in Chr. 4, and this region harbored a putative ATP-bind-
ing cassette (ABC) transporter (LOC104890386). ABC 
transporters have been demonstrated to be involved in 
vacuolar transport of plant secondary metabolites [79], 
including that of anthocyanins, and–by facilitating their 
accumulation in the vacuole- ABC transporters may 
condition anthocyanin pigmentation in several crop spe-
cies, including grapes [80], apple [81], and purple carrots 
[82]. Given the close relationship between anthocyanins 
and betalains, showing comparable vegetative and repro-
ductive functions in the plant [83], it is conceivable that 
betalain transport may be conducted by a transporter 
of the same class. Indeed, based on comparative tran-
scriptome and metabolome analyses in the betalain-con-
taining flowers of Mirabilis jalapa, an ABC transporter 
(Mj7) was reported as a major candidate gene for beta-
lain pigmentation, presumably influencing the transport 
and accumulation of these pigments in the vacuole [84]. 
Although, together, these data suggest LOC104890386 as 
a candidate for REC, functional analyses of this gene will 
be required to evaluate its possible role in betalain trans-
port in sugar beet.

For leaf shape (LS), 10 candidate genes were iden-
tified for nine significantly associated regions in six 
chromosomes. One of the strongest associations with 
LS was in Chr. 1, and this region contained a gene 
encoded as homeobox-leucine zipper protein ATHB4 
(LOC104905284), a transcription factor belonging to 
the class II homeodomain leucine-zipper gene fam-
ily, known to be involved in the regulation of adaptive 
responses to the environment and in plant development 
[85]. ATHB4, in particular, was shown to strongly influ-
ence leaf morphology, by regulating the patterning of the 
adaxial domain in the leaf primordium early in develop-
ment, with the loss-of-function of this gene resulting in 
strongly abaxialized leaves [86], whereas ATHB4-over-
expressed transgenic lines yielded leaves with reduced 
blade expansion in Arabidopsis [87]. Together, these data 
point at LOC104905284 as a major candidate for LS in 
sugar beet. Another association with LS, located in a 
different region of Chr. 1, contained a putative ‘3-keto-
acyl-CoA synthase’ (KAS) gene (LOC104896300). KAS 
enzymes catalyze the first step in the biosynthesis of 
very long chain fatty acids (VLCFAs), with chain lengths 
between C20 and C34, which are essential for the pro-
duction of cuticular waxes, membrane lipids and sphin-
golipids [88]. In addition, VLCFAs function as signaling 
molecules that affect hormone transport and regulate 
organ development [88]. In Medicago truncatula, WFL, 
an homologous gene of the sugar beet KAS found in 
Chr. 1, was shown to strongly affect the morphology of 
leaves and floral organs, and it is intensively expressed 
in leaf primordia and flowers, with mutants of this gene 
exhibiting extremely wrinkled and fused leaves, as well 
as floral organ fusion defects [89]. Similar alterations 
in leaf morphology have been repeatedly observed in 
plants with disrupted VLCFA biosynthesis in Arabidop-
sis [90–92]. Based on these data, we hypothesize that 
this KAS-encoding gene conditions LS in sugar beet, as 
a result of variations in VLCFA production among the 
accessions. In Chr. 2, we identified another strong asso-
ciation with LS, and this region harbored a gene encod-
ing a putative pentatricopeptide repeat (PPR) protein 
(LOC104907732). PPR proteins are RNA-binding pro-
teins involved in RNA metabolism–including RNA edit-
ing, cleavage, splicing, stabilization and translation- in 
chloroplasts or mitochondria. Previous studies have 
shown that PPR genes are associated with leaf develop-
ment, and some PPRs can strongly influence LS in spe-
cies like Arabidopsis, where the activity of this gene can 
lead to crinkled vs. normal leaves [93]; grape, associ-
ated with the development of a leaf rolling phenotype 
[94]; and melon, conditioning deeply-lobed vs. round 
leaves [95]. Based on these data, it is conceivable that 
LOC104907732 may play a similar role conditioning LS 
in sugar beet. Another association with LS was identified 
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in Chr. 5, and this region included a putative DEAD-box 
ATP-dependent RNA helicase gene (LOC104905962). 
This type of helicase plays a crucial role in gene regula-
tion through RNA metabolism, thereby affecting many 
plant processes. It was previously shown that an Ara-
bidopsis DEAD-box RNA helicase gene, namely RH10, 
had a profound effect on LS, possibly via regulating the 
expression of abaxial-determining genes to promote 
the adaxial development of leaves, thereby affecting the 
polarity establishment of leaves [96]. A region in Chr. 3 
was also associated with LS, and contained a putative 
‘receptor-like protein kinase’ gene (LOC104888714). 
Some receptor-like kinases have been shown to regulate 
epidermal cell differentiation in leaves and other organs, 
influencing anticlinal cell division and cell morphology, 
thereby altering the surface phenotype of these organs. 
Thus, several epidermally expressed receptor-like kinases 
have been identified and functionally characterized, 
with their mutants consistently exhibiting alterations in 
LS associated with abnormal differentiation of epider-
mal tissue [97]. Also in Chr. 3, another region associated 
with LS included a putative calmodulin-binding protein 
(CaMBP, LOC104889622). The family of CaMBPs medi-
ates calcium (Ca2+) signaling to microtubules, membrane 
subdomains, and the nucleus during cell growth, and 
several of its gene members were shown to regulate the 
shape of leaves and other organs in Arabidopsis [98–100] 
and tomato [101], being these phenotypes associated 
with alterations in microtubule patterning and orienta-
tion. An association with LS was also found in Chr. 4, and 
this region contained a putative NAC transcription factor 
(LOC104890605). NAC genes are involved in different 
developmental and physiological processes such as organ 
formation, root development, and response to biotic and 
abiotic stresses. Several NAC genes were shown to regu-
late LS in various model and crop species, including Ara-
bidopsis [102], tomato [103], the Brassicaceae Cardamine 
hirsuta [96], orchid [104], petunia [105], and Antirrhi-
num [106], possibly acting via transcriptional regulation 
of genes involved in leaf developmental patterning. Alto-
gether, these data suggest LOC104890605 as a strong 
candidate for LS in sugar beet. Another association with 
LS in Chr. 8 revealed two candidate genes, a receptor-
like protein (LOC104900641), which role was described 
above, and a putative ethylene-responsive factor (ERF) 
(LOC104900640). ERFs are TFs involved in various plant 
processes, including hormone-induced organ develop-
ment and growth, and response to ethylene and stress. 
Based on the fact that some ERFs have be shown to regu-
late LS in species like poplar [107] and maize [108], we 
hypothesize that LOC104900640 may play a similar role 
conditioning LS in sugar beet. Lastly, a marginally-statis-
tically association with LS was identified in Chr. 9, and 
this region contained a putative SCARECROW (SCR) 

TF, known to be involved in the regulation of root and 
leaf development. This gene has been associated with 
changes in LS in various species, possibly by regulating 
cell division planes and proliferation in this organ [109, 
110], yet its role in determining LS in sugar beet needs to 
be further investigated by means of functional analyses.

For leaf blade color (LBC), five associations were 
revealed in four chromosomes. One of these associations, 
in Chr. 5, harbored a putative ‘DNA-binding-with-one-
finger’ (DOF) transcription factor (TF) (LOC104894280), 
known to regulate anthocyanin pigmentation in some 
species [111, 112]. In sugar beet, LBC varies from red-
violet to green, these phenotypes being determined by 
the accumulation, or not, of red betalains called betan-
cyanins. Anthocyanin and betalains, although mutu-
ally exclusive in their occurrence across species (i.e., in 
the plant kingdom, different taxa may have either–but 
not both- of these pigments, being betalains only pres-
ent in the Caryophyllales), share several structural [e.g., 
glucosyltransferases, acyltransferases, Anthocyanidin 
synthase (ANS), Dihydroflavonol4-reductase (DFR)] and 
regulatory genes involved in their biosynthetic path-
ways [84, 113]. Among the latter, TF families including 
MYB, bHLH, DOF, AP2, NAC, TCP, WD40 and WRKY 
play crucial roles in anthocyanins biosynthesis by regu-
lating the expression of key enzyme genes. To date, only 
some of the TFs regulating anthocyanin pigmentation 
have been directly associated with betalain production 
in the Caryophyllales, namely an R2R3 MYB in beet 
[114], two bHLHs in spinach [115], and several MYBs 
and one WRKY in pitaya [116–119]. Given the fact that 
betalains and anthocyanins assume similar physiological 
roles in planta, it is conceivable that additional betalain-
regulatory elements belonging to the other TF families 
involved in anthocyanin biosynthesis, such as DOF, may 
be discovered in the future. Supporting this hypoth-
esis is the fact that binding sites for DOF and other TFs 
(namely, MYB, bHLH, bZIP, and WRKY) were identified 
in the promoter region of two DOPA dioxygenase genes 
involved in the production of betalamic acid, one of the 
first steps in betalains biosynthetic pathway, in Phyto-
lacca americana [120].

The red color in leaf veins (LVRCI) in sugar beet, which 
can vary from very intense pigmentation to absence of 
red color, is also due to the production of betacyanins. 
A single association with LVRCI was identified in Chr. 
5, and this region harbored a putative NAC transcrip-
tion factor (LOC104894023). NAC TFs have been shown 
to control anthocyanin biosynthesis by regulating the 
expression of other TFs–e.g., MYBs and bHLHs- that 
directly regulate the transcription of enzyme genes of 
this pathway in many plant species, including chrysan-
themum [121], apple [122], peach [123], pear [124], and 
Arabidopsis [125]. Although to date NAC TFs have not 
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been reported to condition betalain production, consid-
ering that anthocyanins and betalains share a number of 
enzymes and TFs in their biosynthesis, it is conceivable 
that the NAC gene positionally associated with LVRCI 
may be involved in the red coloration of leaf veins in 
sugar beet.

It is worth noticing that no candidate genes were iden-
tified for several of the significant associations found, 
and this may be related, at least in part, with the fact 
that such regions contained a large proportion of genes 
with uncharacterized proteins (Supplementary Table S3). 
Thus, future improvements in annotation of the sugar 
beet genome will likely benefit the identification of can-
didate genes conditioning relevant traits in this species. 
In addition to genome annotation quality, linkage dis-
equilibrium (LD) and SNP proximity to the causal gene 
variant can also influence candidate gene prediction 
(i.e., if LD extends over large genomic regions, pinpoint-
ing the causal gene may be challenging). In these cases, 
fine-mapping approaches can help narrow down candi-
date genes. Also, the absence of significant associations 
for four of the 13 phenotypic traits analyzed -namely root 
shape, root length-width ratio, root tip shape, and leaf 
margin undulations- may be due to insufficient variation 
for these traits within our germplasm collection and/or 
relatively low sample size. Also, gene-environment inter-
actions can influence genetic effects, thereby potentially 
masking marker-trait associations. Thus, future GWAS 
analyses using a large number of accessions with clear 
and broad variation for these traits, ideally tested under 
different environmental conditions, may reveal signifi-
cant associations and candidate genes for these traits. 
Future GWAS studies in sugar beet should also account 
for differences in allele frequencies across subpopulations 
(e.g., using PCA or Structure analysis) and pre-select 
markers with low minor allele frequency (MAF), as was 
done in the present work. Other factors that may influ-
ence the detection of marker-trait associations, but are 
virtually impossible to control in GWAS experiments, are 
gene-gene interactions (epistasis), as non-additive inter-
actions can affect the expression of some traits, poten-
tially confounding simple SNP-trait associations; and the 
genomic position of the SNP markers (i.e., SNPs located 
in regulatory sequences are more likely to have func-
tional effects, making it easier to detect associations if 
functional annotation is considered). Improving genome 
annotation and expanding the extent of phenotypic varia-
tion may be particularly relevant for root sugar content, 
for which a single marginally significant QTL–but no 
candidate gene- was identified, given the importance of 
this trait in sugar beet. Lastly, although this study identi-
fied candidate genes based on their positional colocaliza-
tion with significant GWAS signals and their predicted 
functions based on genome annotations, their candidacy 

for genetically-controlling each of these traits needs to be 
confirmed in future studies, e.g., by gene expression anal-
ysis in phenotypically contrasting plant materials, and/or 
using gene editing or genetic transformation approaches.

Conclusions
In this study, a large number of polymorphic GBS-
derived co-dominant SNP and dominant silicoDArT 
markers were used to explore genetic diversity and popu-
lation structure in an international sugar beet germplasm. 
In addition, the SNPs dataset was used for GWAS and 
candidate gene analyses on 13 root and leaf phenotypic 
traits of relevance for sugar beet and related crop types 
within B. vulgaris subsp. vulgaris. Both marker systems 
revealed substantial genetic diversity in this collection, as 
estimated by various diversity indices, identifying geneti-
cally and phenotypically contrasting accessions, without 
the presence of duplicate materials. Clustering analysis 
by both marker systems grouped the accessions in partial 
agreement with their geographical origins and their tap 
root color, suggesting a common history of phenotypic 
selection and utilization of closely related genetic stocks 
in some regions (e.g., in Middle East countries). GWAS 
led to the identification of 35 significant associations for 
nine traits and, based on predicted functions of the genes 
in the associated regions, 25 candidate genes were identi-
fied for four root (fresh weight, width, length, and color) 
and three leaf traits (shape, blade color, and veins color). 
Altogether, the gathered data is expected to be useful for 
sugar beet germplasm curation, marker-assisted breed-
ing, and genomic selection; and provide a framework for 
future research aiming at investigating the genetic basis 
of some of the phenotypic traits studied herein.

Materials and methods
Plant material, phenotyping, and DNA extraction
A total of 94 sugar beet accessions were used as plant 
material in this study. These germplasm belong to 16 
countries from four continents, and they present clear 
phenotypic variation for agronomic and root quality traits 
(Table 4). The leaf and root phenotypes of the accessions 
are presented in Supplementary Fig. S5. Seeds of each 
accession were provided by the United States Depart-
ment of Agriculture (USDA). The seeds were sawn in ger-
mination trays and cultivated in a growth chamber at the 
Agricultural Biotechnology Department, Van Yuzuncu 
Yil University, Faculty of Agriculture, Turkey. After three 
weeks of culture, seedlings of the sugar beet accessions 
were transplanted to the experimental field of the Field 
Crops Department of the same institution, where they 
were grown for six months using conventional agricul-
tural practices for the crop, after which the beet plants 
were harvested and immediately prepared for phenotyp-
ing by separating the foliage and root plant parts. Three 
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plants per accession (i.e., three biological replicates) were 
used for estimating the phenotypic traits. For phenotyp-
ing of root and leaf morphometric traits, the protocols 
and criteria for distinctness, uniformity, and stability tests 
proposed by the International Union for the Protection 
of New Varieties of Plants (UPOV) were used (UPOV 
Code: BETAA_VUL_GVC). Based on these criteria, a 
total of 13 traits were phenotyped. For root traits, root 
shape (measured along the longitudinal axis) was catego-
rized as transverse narrow elliptic (numerically coded as 
1), transverse medium elliptic (2), circular (3), obovate 
(4), narrow oblong (5), or very narrow obovate (6); ‘root 
tip shape’ was scored as pointed (1), rounded (2), flat (3), 
or depressed (4); ‘root external color’ was classified as 
yellow, white, or reddish purple; ‘root fresh weight’ was 
determined in a scale and expressed in grams; root length 
and width were expressed in centimeters (cm), and ‘root 
length-width ratio’ was also calculated. For root shape, 
the mean length/width ratios for the different categories 
were as follows: ‘transverse narrow elliptic’ (1) = 0.40; 
transverse medium elliptic (2) = 0.60; circular (3) = 1.00; 
obovate (4) = 1.80; narrow oblong (5) = 2.60; very nar-
row oblong (6) = 3.50. Root sugar concentration was esti-
mated using the polarimetric method proposed for sugar 
beet by the International Commission for Uniform Meth-
ods of Sugar Analysis (ICUMSA) [126] and values were 
expressed as percentage of fresh weight. For leaf traits, 
‘leaf blade color’ was visually scored as green, green and 
red (green/red), or red; ‘leaf shape’ was scored as narrow 
elliptic, medium elliptic, or broad elliptic; ‘leaf veins red 
color intensity’ was scored as weak, medium, strong, or 
very strong; ‘leaf margin undulations’ categories were 
weak, medium, strong, or very strong; and ‘leaf length’ 
was measured and expressed in cm.

Genomic DNA isolation was performed from young 
and visually healthy leaves following the CTAB proto-
col [127] with modifications proposed by the Diversity 
Arrays Technology (DArT) (​h​t​t​p​​s​:​/​​/​o​r​d​​e​r​​i​n​g​​.​d​i​​v​e​r​s​​i​t​​y​
a​r​​r​a​y​​s​.​c​o​​m​/​​f​i​l​​e​s​/​​D​A​r​T​​_​D​​N​A​_​i​s​o​l​a​t​i​o​n​.​p​d​f ). The DNA 
integrity was checked by 0.8% agarose gel electrophoresis 
and its quantitation and quality assessment (260/280 and 
260/230 ratios) were performed using a Nanodrop spec-
trophotometer (DeNovix DS-11 FX, USA). DNA sam-
ples were diluted to a final concentration of 50 ng µl− 1 
and sent to DArT for genotyping by sequencing (GBS) 
analysis.

Genotyping by sequencing
A high-throughput genotyping method called DArT-
Seq™ available at the Diversity Arrays Technology Pty 
Ltd. (Canberra, Australia) was used to perform GBS anal-
ysis for the sugar beet germplasm. Detailed information 
about the GBS protocol used can be found in our previ-
ous studies [6, 128]. This technique is based on reducing 

the complexity of the genomic DNA through the use of 
PstI restriction enzyme to enrich genomic representa-
tions with single-copy sequences. Thus, DNA samples 
were PstI-digested and then ligated to adapters following 
the protocol of Kilian et al. [129]. Diversity Arrays Tech-
nology provides both SNP and presence-absence-based 
variants known as silico-DArT markers. Scoring of the 
resulting markers was obtained through the DArTsoft14 
software plugin in KDCompute application ​(​​​h​t​t​p​:​/​/​w​w​w​.​
k​d​d​a​r​t​.​o​r​g​/​​​​ kdcom pute.html).

Genetic diversity analyses
Data from SNP and SilicoDArT markers were analyzed 
independently. Raw data were loaded and filtered in R 
software [130] version 4.2 using dartR package v2 [131] 
using the following criteria. All SNPs and silicoDArT 
markers that had > 5% missing data were removed, as well 
as markers missing in all individuals of at least one popu-
lation, considering as populations the countries of origin 
of the accessions. Markers with a reproducibility score 
(RepAvg) < 100% were also removed, as well as those that 
originated from the same DNA fragment, as they were 
considered redundant (not informative). SNPs with a 
minor allele frequency (MAF) lower than 5% were also 
discarded. The resulting SNPs and silicoDArT data were 
used for genetic analyses in the sugar beet germplasm 
collection.

Simple agglomerative hierarchical clustering was per-
formed using poppr R package [132, 133]. Pair-wise 
genetic dissimilarity (GD) values using Hamming dis-
tance were calculated among the accessions with the 
‘bitwise.dist’ function. Following the calculation of GD 
values, a distance matrix was generated and used to con-
struct dendrograms using the Unweighted Paired Group 
Method with Arithmetic means (UPGMA) with ‘aboot’ 
and visualized using the package ‘ggtree’ [134]. Princi-
pal coordinate analysis (PCoA) was performed using ‘gl.
pcoa’, a wrapper function implemented in dartR v2, and 
the first two principal coordinates were plotted. The 
genetic structure of the populations was assessed with 
Bayesian clustering algorithms of the fastSTRUCTURE 
software [135], an implementation of STRUCTURE [136] 
specifically made to handle genomic SNP matrix data. 
Distruct barplots were constructed in R using the pack-
age ‘pophelper’ [137]. Selection of the optimum number 
of populations (K) was done using the post hoc methods 
proposed previously [138], by running fastSTRUCTURE 
using 50,000 burn-in steps and 50,000 MCMC steps with 
100 replicates of K ranging from 1 to 12, and the most 
parsimonious model was selected based on their mean 
likelihood and their delta K values. Analysis of molecu-
lar variance were performed using pegas AMOVA as 
implemented in dartR [131] using (i) countries and (ii) 
clusters inferred from UPGMA tree as subpopulations. 

https://ordering.diversityarrays.com/files/DArT_DNA_isolation.pdf
https://ordering.diversityarrays.com/files/DArT_DNA_isolation.pdf
http://www.kddart.org/
http://www.kddart.org/
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General genetic statistics were independently calculated 
for populations (countries) and UPGMA genetic clusters 
using the ‘popgen’ function implemented in the snpReady 
package [139, 140].

GWAS analysis
A total of 5,645 GBS-derived SNP markers were used 
for GWAS analysis. Only SNP markers were used for 
GWAS, as these are codominant and more informative 
markers than silicoDArTs, which are dominant. Asso-
ciation analysis between SNP genotypes and 13 pheno-
typic traits was conducted using TASSEL (Trait Analysis 
by Association, Evolution, and Linkage, version 5.2.82) 
with a General Linear Model (GLM) approach, using as 
reference genome sequence the EL10_1.0 assembly of 
the sugar beet inbred line EL10 [141]. The selected traits 
are of agronomic and industrial importance, among 
which eight correspond to the tap root (i.e., RFW, RW, 
RL, RLWR, RS, RTS, RSC, and REC) and the remaining 
five are leaf traits (i.e., LL, LS, LBC, LVRCI, and LMU). 
Population structure was accounted for by including the 
first three principal components derived from a princi-
pal component analysis (PCA) as covariates in the model. 
To enhance result stability and control for false positives, 
100 permutations were applied in the association analy-
sis. Manhattan plots were generated to visualize the asso-
ciation signals for each trait. False discovery rate (FDR) 
and the Bonferroni correction were calculated, result-
ing in -log10(p) values of 5.05 and 7.00, respectively, 
and both thresholds were indicated in Fig. 4 to visualize 
which markers surpass each threashold, indicating dif-
ferent stringency levels. For estimation of the FDR, the 
Benjamini-Hochberg procedure was applied, and an 
FDR adjusted p-value (q-value) of 0.05 was considered 
as the threshold for declaring significant marker-trait 
associations. Qualitative phenotypic traits were encoded 
numerically to facilitate the association analysis. Leaf 
blade color was categorized as follows: green (1), green/
red (2), and red (3). Leaf blade shape was represented by 
narrow (1), medium (2), and broad (3). For leaf vein red 
color intensity, categories included absence of red col-
oration (0), weak coloration (1), medium (2), strong (3), 
and very strong (4). Leaf margin undulations was scored 
as absence of undulations (0), weak undulations (1), 
medium (2), and strong (3). Finally, root external color 
was encoded as white (0), yellow (1), and reddish purple 
(2). These numerical codes allowed for the standardized 
input of qualitative traits within the association model, 
enabling consistent analysis across phenotypes.

Other bioinformatic analyses
To elucidate transcriptional modulatory pathways asso-
ciated with LOC104883815, a candidate gene for RFW, 
a cis-acting regulatory element analysis was carried out 

in the 2000 bp region upstream of the transcription start 
site and in introns of this gene, using PlantCARE (​h​t​t​p​​:​
/​/​​b​i​o​i​​n​f​​o​r​m​​a​t​i​​c​s​.​p​​s​b​​.​u​g​​e​n​t​​.​b​e​/​​w​e​​b​t​o​​o​l​s​​/​p​l​a​​n​t​​c​a​r​e​/​h​t​m​l​/; 
accessed on 17 November 2024) [142].
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