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Abstract
Background  A single plant species can give rise to multiple crop types, but the mechanisms underlying this 
diversification remain unclear. Clarifying the evolutionary relationships among these crops is a crucial first step 
in addressing this question. Cultivated beet (Beta vulgaris ssp. vulgaris) provides a good example, as it includes 
several distinct crop types, both vegetable and industrial, which are classified into cultivar groups. Among these 
are the swollen-rooted types, including the garden beet group and the sugar beet group. While the garden beet 
has traditionally been considered the ancestor of sugar beet, molecular genomic data indicated that the two are 
actually distantly related within this subspecies. We hypothesized that the genetic diversity of garden beet has been 
insufficiently characterized to clarify its evolutionary role within cultivated beets. One of our expectations was the 
discovery of an unrecognized lineage within garden beet genetic resources.

Results  We measured 15 taproot traits in 622 plants from 74 garden beet and 7 sugar beet accessions. Hierarchical 
clustering and principal component analysis of these phenotypic data revealed that the garden beet accessions can 
be divided into two groups. Visual inspection of the taproot images revealed that the accessions with conical taproots 
were grouped together with sugar beet, while accessions with globular (as well as other shapes such as cylindrical) 
taproots formed a separate group. Genomic DNA polymorphism analysis supported this grouping, a noticeable 
correlation with root morphology. Reanalysis of previous studies revealed that the globular group exhibits reduced 
mitochondrial polymorphism compared to the conical group. Moreover, garden beet accessions with genomic 
patterns showing unique demographic separation also displayed globular taproots, pointing to a possible genetic 
bottleneck during the evolution of this group.

Conclusions  These findings indicate that the garden beet group with globular taproots is likely a distinct lineage in 
the evolution of cultivated beet. We favor the hypothesis that different cultivar groups, such as the (globular) garden 
beet group and the sugar beet group, originated from a genetically heterogenous population that served as the 
common ancestor of root-type beet.

Keywords  Crop evolution, Domestication, Garden beet, Genetic polymorphism, Population structure, Root 
morphology, Sugar beet
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Background
Humans have genetically transformed many wild plants 
into crops, a process known domestication [1]. This pro-
cess can be highly elaborate, as multiple distinct crops 
may be developed from a single plant species. Cultivated 
beet (Beta vulgaris ssp. vulgaris) is one example, com-
prising cultivar groups specialized for leaf vegetable, root 
vegetable, livestock fodder, and sugar production [2]. 
However, the mechanisms by which these cultivar groups 
arose (such as the evolutionary relationship) remain 
unclear. Gaining insight into these processes will help us 
better understand the genetic potential of plants to adapt 
to new uses and meet emerging demands [3].

Historical records suggest that the major groups of cul-
tivated beets appeared in the order described below [2]. 
Leaf beet is believed to be the first domesticated beet, 
likely selected from sea beet (B. vulgaris ssp. maritima) 
during the prehistoric period [2]. Although the root of 
B. vulgaris plants has been used for thousands of years 
[2], swollen taproots were not documented until the six-
teenth century [4]. Iconographic analysis suggests that 
the earliest swollen-rooted beets had conical taproots 
[5]. Over time, the morphology of the taproot diversi-
fied and gradually evolved towards a more spherical or 
round shape by the nineteenth century [5]. Fodder beet is 
thought to be derived from garden beet [4] and exhibits 
considerable diversity in both color and root morphology 
[6]. Sugar beet was selected from fodder beets exhibiting 
white skin, white flesh, and conical root shape [7]. The 
history of swollen-rooted beet suggests that garden beet 
is the ancestor of both fodder beet and sugar beet. The 
emergence of these additional cultivar groups from the 
sixteenth and seventeenth centuries implies that the gar-
den beet gene pool likely harbored high genetic diversity 
during this period.

Garden beet (Beta vulgaris ssp. vulgaris [Garden beet 
Group]), also known as table beet or beetroot, is culti-
vated worldwide, but it is especially popular in Europe, 
North Africa, North- and South America and Oceania 
[8]. It is consumed both fresh and processed, primarily as 
a root vegetable, and also harvested for baby leaf produc-
tion [4]. Garden beet is recognized as a natural source of 
red dye for food products [8]. Recently, the use of beet-
root juice as dietary supplement to enhance athletic 
performance has contributed to increased garden beet 
production [9, 10]. Harvest of garden beet is composed of 
hypocotyl and root tissues, though we refer it as taproot 
in the present study.

The typical taproot shape of the garden beet is globu-
lar, but other forms, such as cylindrical taproot, are also 
widely cultivated. Other morphologies include long 
and narrow, as well as flat-shaped taproot [4]. The test 
Guidelines of the International Union for the Protec-
tion of New Varieties of Plants (UPOV) define six types 

of longitudinal taproot sections and four types of taproot 
tips as classification criteria (​h​t​t​p​​s​:​/​​/​w​w​w​​.​u​​p​o​v​​.​i​n​​t​/​e​d​​o​c​​
s​/​t​​g​d​o​​c​s​/​e​​n​/​​t​g​0​6​0​.​p​d​f ). While this system provides a ​f​r​
a​m​e​w​o​r​k for morphological traits, it is sometimes inap-
propriate to evaluate genetic resources such as landraces, 
because they often exhibit atypical morphology. Addi-
tionally, environmental factors can affect root morphol-
ogy. Although previous efforts have attempted to classify 
garden beet genetic resources [8, 11], the evolutionary 
relationships among morphological types remain unclear.

Genomic DNA analysis is a key tool for understand-
ing crop evolution [12]. In the case of cultivated beets, 
several genomes have been sequenced in recent years 
[13–18]. Based on domestication history, one might 
expect close genomic relationships among the four major 
groups. However genomic analyses have yielded unex-
pected results: while sugar beet and fodder beet genomes 
group together and the leaf beet genome appears rela-
tively close to them, the garden beet genome forms a 
more distantly related group [15, 19]. To date, there is no 
clear explanation for the observed genetic divergence of 
garden beet from the other cultivated beet groups.

One possible explanation that warrants further inves-
tigation is that the genetic diversity within garden beet 
is broader than previously recognized. This suggests that 
previous studies may have captured only a limited por-
tion of the garden beet gene pool, rendering them insuffi-
cient to fully reconstruct the history of cultivated beets. It 
is therefore plausible that a missing link remains between 
garden beet and the other cultivated beet groups. Rec-
onciling the discrepancy between historical records and 
genomic data represents a critical challenge in the study 
of crop domestication. A more comprehensive assess-
ment of garden beet genetic resources is therefore essen-
tial to improve our understanding of the evolution of 
swollen-rooted beet. Such insights would also be valuable 
for ongoing breeding efforts, as new garden beet cultivars 
continue to be developed and released.

In this study, we investigated garden beet genetic 
resources at the morphological and genomic DNA lev-
els. Results from these analyses identified two clearly 
distinct groups in the garden beet gene pool. We discuss 
the diversification of garden beet cultivars and propose a 
revised scenario for the evolution of swollen-rooted beet 
that incorporates these findings.

Results
Measuring taproot to evaluate garden beet genetic 
resources
Classification of taproot morphology can be subjective 
when based solely on visual inspection. To address this 
we implemented an objective, quantitative procedure. 
We focused on a set of characters listed in Table  1 (see 

https://www.upov.int/edocs/tgdocs/en/tg060.pdf
https://www.upov.int/edocs/tgdocs/en/tg060.pdf
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also Fig. 1), most of which are quantitative, except for the 
colors of the parenchymatous and vascular zones.

In total, we measured 265 plants from 57 accessions in 
2022 and 357 plants from 78 accessions in 2023 (Table 2 
and Additional file 1: Table S1).

We examined three to five plants per accession in each 
year. For each accession, we calculated the yearly aver-
age of the measured values (Additional file 2: Table S2). 
Because expression of quantitative characters is influ-
enced by environmental factors, we assessed whether 

the measured values could still differentiate among 
accessions. If these values reflect underlying genetic dif-
ferences, the ranking of accessions should be consistent 
between 2022 and 2023. A total of 56 accessions was 
evaluated in both 2022 and 2023. For each character, we 
compared the accession ranking between the two years, 
and calculated Spearman's rank correlation coefficient 
(Table  1). As a result, 13 out of 14 characters showed 
statistically significant correlation (p value < 0.05; color 
traits were excluded from this analysis), indicating that 
the rankings are consistent between years. These results 
suggest that the characters listed in Table  1 effectively 
capture genetic difference among garden beet accessions.

Clusters based on taproot measurements correspond to 
morphological appearance
We conducted hierarchical clustering to group the acces-
sions based on taproot measurements from the 2023 
dataset. The resulting dendrogram revealed two major 
clusters (Fig. 2). The larger cluster was further subdivided 
into three subclusters. We designated the two clusters as 
Clusters I and Cluster II, and subdivided Cluster I into 
Subclusters Ia, Ib, and Ic.

We also conducted principal component analysis 
(PCA) using the same data set. The first three principal 
components explained 40.8%, 21.3%, and 17.8% of the 
variance, respectively with a cumulative contribution of 
79.9% for PC3. The PCA scatter plot shown in Fig. 3 dis-
plays two major groups corresponding to Clusters I and 
II identified in the dendrogram. The three subclusters 
are also visible but they show some overlap, making their 
separation less clear in the scatter plot.

We then examined whether any of the specific taproot 
types were enriched in the clusters or subclusters. The 
taproots were visually evaluated to identify any morpho-
logical trends. Representative images for Subclusters Ia 
(26 accessions), Ib (19 accessions), Ic (15 accessions) and 
Cluster II (18 accessions) are shown in Additional Files 
7–10: Figure S2-S5. Additionally, Fig. 4 shows images of 
five representative plants arbitrarily selected from each 
cluster or subcluster. We observed that many taproots of 
Cluster II accessions tapered to a point, forming the coni-
cal shape characteristic of sugar beet (Fig. 4P-T and Addi-
tional Files 10: Figure S5). All sugar beet lines included 
as controls in this study, except one, were grouped into 
Cluster II. Subcluster Ia appeared to represent accessions 
with globular taproots (Fig. 4A-E); however, the globular 
part primarily consisted of the hypocotyl, with the root 
portion abruptly thinning just below it. This resulted in a 
single, very thin root resembling a mouse tail, which was 
often detached during harvesting. Taproots in Subclus-
ters Ib and Ic were more deformed compared to those 
in Subcluster Ia. Subcluster Ib included accessions with 
cylindrical taproots (e.g., Fig. 4F, G and I) and some with 

Table 1  Characters examined in this study
Character Label of 

value
Spearman's 
rank-correlation 
coefficient (2022 
vs. 2023)

p (2022 
vs. 
2023)

Out-
side of 
taproot

Number of 
branched 
roots

NBr 0.5847  < 0.0001

Maximum 
width of 
hypocotyl or 
root

W 0.3401 0.0103

Distance 
from the top 
of hypocotyl 
to the W layer

D 0.3424 0.0098

Length of 
hypocotyl

LHyp 0.47 0.0003

Length of 
taproot

LTotal 0.655  < 0.0001

Length of 
root

LRoot = LTotal—
LHyp

0.6728  < 0.0001

Area of 
taproot side 
view

A 0.1198 0.3793

Ratio of LTotal 
and WMax

LTotal/W 0.7093  < 0.0001

Ratio of D 
and LTotal

D/LTotal 0.4749 0.0002

Ratio of LHyp 
and LTotal

LHyp/LTotal 0.5986  < 0.0001

Inside of 
taproot

Number of 
cambia

NCam 0.5489  < 0.0001

Area of 
transverse 
section at the 
maximum 
width of root

S Total 0.4588 0.0004

Inner area 
of the third 
secondary 
cambium

S 3cam 0.4249 0.0011

Ratio of S 3cam 
and S Total

S 3cam/S Total 0.275 0.0403

Colors of 
parenchyma-
tous- and vas-
cular zones of 
roots

see Table 3 NA NA
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circular truncated shapes (Additional Files 8: Figure S3). 
Subcluster Ic featured flattened, disc-like taproots (e.g., 
Fig. 4K and M), in addition to highly deformed ones (e.g., 
Fig. 4L).

We also performed hierarchical clustering using the 
2022 dataset. The resulting dendrogram revealed two 
major clusters (Fig. 5). The accessions in these two clus-
ters overlap with those of the corresponding 2023 clus-
ters, allowing us to designate them as Clusters I and 
Cluster II (Table 2) (i.e., Clusters I and II are consistent 
between 2022 and 2023). This consistency between 2022 
and 2023 suggests that the garden beet genetic resources 
can be divided into two major groups based on taproot 
measurements values. However, in 2022, Cluster I can be 
subdivided into two subclusters (shown as IA and IB in 
Fig. 5), rather than the three observed in the 2023 den-
drogram. When comparing 2022 and 2023, we found 
that the accessions classified as Subcluster Ic in 2023 
were predominantly grouped into Subcluster IA in 2022. 
In contrast, accessions assigned to Subcluster Ia and Ib 
were distributed across both IA and IB, without a clear 
pattern. One of the major differences between 2022 and 
2023 was the growth period: plants in 2022 were grown 
for 140 days, compared to 120 days in 2023. It is possible 
that the extended growth period in 2022 led to overde-
velopment in some plants, diminishing the difference in 
certain traits and affecting subcluster resolution. Hence, 
we used the 2023 grouping for further analysis.

Root pigmentation
We classified the internal color of taproots in three cat-
egories: red or rose (although these two colors were 

distinguished during data acquisition, they were com-
bined into a single category for this analysis), yellow and 
white. The presence or absence of pigmentation in the 
parenchymatous and vascular zones (examples shown in 
Additional file 11: Figure S6) was assessed separately and 
recorded. Of the nine possible patterns of pigmentation 
(i.e., three colors in each of the two zones, 3 × 3 = 9), we 
observed six patterns across 73 garden beet accessions 
and seven sugar beet lines. The distribution of pigmen-
tation patterns among 616 individual plants —556 gar-
den beets and 60 sugar beets—is shown in Table  3 and 
Additional file 3: Table S3. The most frequent pattern 
involved both parenchymatous and vascular zones pig-
mented in red or rose and was observed in 327 of the 556 
garden beet plants (~ 59%). Overall, red or rose pigmen-
tation in either parenchymatous or vascular zones was 
highly prevalent, present in 524 of 556 garden beet plants 
(~ 94%). Pigmentation heterogeneity was common: 54 of 
the 73 garden beet accessions (~ 74%) contained plants 
exhibiting more than one pigmentation pattern.

We examined whether there is any correlation between 
pigmentation and root morphology, as defined by clus-
ter or subcluster groupings. Yellow pigmentation was 
observed in only two accessions, BETA 1448 and BETA 
1795, both of which belong to Cluster I (Subcluster Ia). 
Among the eight garden beet accessions with white 
(i.e. unpigmented) taproots, all belonged to Cluster I or 
Cluster II. Of these, two were assigned to Subcluster Ia 
(BETA 1058 and BETA 1109), one to Subcluster Ib (BETA 
179), two to Subcluster Ic (BETA 154 and BETA 3890), 
and three to Cluster II (BETA 1137, BETA 212 and BETA 
334). Overall, we found little evidence of a consistent 

Fig. 1  Measurement of root phenotypes (example shown is BETA 3863). A. Side view of the taproot. Soil level is indicated by the brown horizontal 
line. The extent of the crown, maximum root width (W), length of hypocotyl (LHyp), root length (LRoot), and distance from top of hypocotyl to the level of 
maximum width are indicated (D). The number of branched roots (NBr) is marked with arrows. The side area of the taproot does not include the crown. B. 
Transverse section at the point of maximum root width. Number of cambia (NCam), area of transverse section at the point of maximum root width (STotal), 
inner area corresponding to the third cambium (S3cam), and pigmentation of parenchymatous and vascular zones of roots were examined from the image
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Accession Type of beet Country of 
origin

Source Phenotype cluster 
(2022)
(number of plants)

Phenotype cluster 
(2023)
[number of plants]

Population 
structure

NJ 
tree 
clade

Beta vulgaris ssp. vulgaris

BETA 1032 Garden beet Turkey IPK *1 IA (5) Ib (5) Pop3 CLD3

BETA 1034 Garden beet Turkey IPK Ia (5) Pop4 CLD2

BETA 1037 Garden beet Georgia IPK IB (5) Ib (5) Pop1 CLD4

BETA 1058 Garden beet Germany IPK IB (5) Ia (5) Pop3 CLD3

BETA 1065 Garden beet Iran IPK Pop3 CLD3

BETA 1104 Garden beet Greece IPK Ic (5) Pop4 CLD1

BETA 1109 Garden beet Iran IPK Ia (5) Pop4 CLD5

BETA 1137 Garden beet Greece IPK II (5) Pop4 CLD1

BETA 1159 Garden beet Greece IPK IA (5) Ia (5) Pop4 CLD2

BETA 1165 Garden beet Greece IPK IA (4) Ic (5) Pop4 CLD1

BETA 1209 Garden beet India IPK Ib (5) Pop3 CLD3

BETA 1229 Garden beet Turkey IPK IB (5) Ib (5) Pop3 CLD3

BETA 1257 Garden beet Uzbekistan IPK II (4) Ic (5) Pop1 CLD4

BETA 1285 Garden beet Azerbaijan IPK IA (5) Ic (5) Pop1 CLD4

BETA 1295 Garden beet Azerbaijan IPK Pop1 CLD4

BETA 1306 Garden beet Greece IPK II (4) II (3) Pop3 out

BETA 1343 Garden beet Pakistan IPK II (5) II (5) Pop2 CLD5

BETA 1388 Garden beet Soviet IPK IA (5) Ia (5) Pop1 CLD4

BETA 1448 Garden beet Iran IPK Ia (4) Pop4 CLD5

BETA 1463 Garden beet Greece IPK IB (5) Ib (5) Pop3 CLD3

BETA 1468 Garden beet Greece IPK IB (4) Ic (5) Pop3 CLD3

BETA 1478 Garden beet Greece IPK IA (1) Ic (1) Pop4 CLD1

BETA 154 Garden beet Italy IPK IA (4) Ic (5) Pop4 CLD2

BETA 1541 Garden beet Turkey IPK Ic (5) Pop4 CLD1

BETA 155 Garden beet Russia IPK IB (5) Ia (5) Pop3 CLD1

BETA 1594 Garden beet Turkey IPK IB (5) Ic (3) Pop4 CLD2

BETA 1618 Garden beet Unknown IPK IA (5) II (4) Pop3 out

BETA 1681 Garden beet Greece IPK IA (5) Ia (5) Pop3 CLD3

BETA 1723 Garden beet Italy IPK Ib (5) Pop3 CLD3

BETA 1744 Garden beet Greece IPK IA (5) Ia (4) Pop4 CLD1

BETA 1774 Garden beet Germany IPK Ia (5) Pop4 CLD1

BETA 1777 Garden beet Germany IPK IB (5) Ib (5) Pop3 CLD3

BETA 179 Garden beet China IPK IA (5) Ib (5) Pop2 CLD5

BETA 1795 Garden beet Netherland IPK IB (5) Ia (5) Pop3 CLD3

BETA 184 Garden beet Slovakia IPK IA (5) Ic (5) Pop3 CLD5

BETA 185 Garden beet Georgia IPK IA (5) Ia (4) Pop1 CLD4

BETA 186 Garden beet Georgia IPK IB (5) Ia (5) Pop1 CLD4

BETA 187 Garden beet Georgia IPK II (5) II (5) Pop2 CLD5

BETA 188 Garden beet Georgia IPK Ib (5) Pop1 CLD4

BETA 189 Garden beet Georgia IPK Ib (4) Pop1 CLD4

BETA 190 Garden beet Georgia IPK Ia (5) Pop1 CLD4

BETA 1901 Garden beet France IPK II (5) Pop2 CLD5

BETA 1911 Garden beet Greece IPK Ia (5) Pop4 CLD2

BETA 1925 Garden beet Greece IPK Ia (5) Pop4 CLD1

BETA 2010 Garden beet India IPK Ic (5) Pop3 CLD3

BETA 2040 Garden beet Netherland IPK IB (4) Ib (5) Pop3 CLD3

BETA 2056 Garden beet France IPK II (4)

BETA 2071 Garden beet Italy IPK IB (5) Ib (3) Pop3 CLD3

BETA 212 Garden beet Georgia IPK II (3) Pop4 CLD5

BETA 2129 Garden beet USA IPK IA (5) Ia (5) Pop4 CLD2

BETA 213 Garden beet Georgia IPK Ia (4) Pop1 CLD4

Table 2  Beta vulgaris accessions used in this study
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association between pigmentation pattern and clusters or 
subclusters classification.

Association between genomic DNA polymorphism and 
phenotypic clustering
To investigate whether our phenotypic groups based on 
taproot morphology correspond to underlying genetic 
structure, we analyzed the genomes of 73 garden beet 
accessions, three sugar beet lines (NK-195BRmm-CMS, 
NK-328  mm-O and NK-329  mm-O) and two sea beet 
accessions (BETA 248 and BETA 311) using ddRAD-
seq. A total of 800,943 polymorphic sites were initially 

identified, including 719,641 single nucleotide poly-
morphic sites (SNPs) and 81,302 insertions or deletions 
(indels). After applying quality filters, 7,663 high-confi-
dence SNPs and 775 indels were retained for downstream 
analysis.

We performed population structure analysis by using 
the 7,663 SNPs. The optimal number of clusters was 
determined using ΔK, an ad hoc statistic based on the 
second-order rate of change in the likelihood function 
with respect to the number of clusters in the popula-
tion (K) [20]. The ΔK value reached its maximum value 
at K = 2, with a secondary peak at K = 4 (Additional file 

Accession Type of beet Country of 
origin

Source Phenotype cluster 
(2022)
(number of plants)

Phenotype cluster 
(2023)
[number of plants]

Population 
structure

NJ 
tree 
clade

BETA 222 Garden beet Poland IPK IB (4) Ia (4) Pop3 CLD3

BETA 223 Garden beet Georgia IPK II (3) II (4) Pop2 CLD5

BETA 245 Garden beet Iraq IPK IA (5) Ib (5) Pop4 out

BETA 246 Garden beet Italy IPK IB (5) Ia (5) Pop4 CLD2

BETA 273 Garden beet Tajikistan IPK IA (5) Ic (4) Pop1 CLD4

BETA 33 Garden beet Canada IPK IB (5) Ib (3) Pop3 CLD3

BETA 334 Garden beet Romania IPK II (4) II (4) Pop2 CLD5

BETA 340 Garden beet Romania IPK IA (5) Ia (5) Pop1 CLD4

BETA 341 Garden beet Romania IPK Ia (5) Pop1 CLD4

BETA 345 Garden beet Romania IPK IA (5) Ia (5) Pop1 CLD4

BETA 346 Garden beet Croatia IPK IB (5) Ib (4) Pop3 CLD3

BETA 355 Garden beet Georgia IPK IA (4) Ia (5) Pop1 CLD4

BETA 357 Garden beet Italy IPK IB (5) Ia (5) Pop4 CLD2

BETA 362 Garden beet Bulgaria IPK Ib (5) Pop3 CLD3

BETA 3818 Garden beet Cuba IPK IA (5) Ic (4) Pop3 CLD3

BETA 3861 Garden beet Georgia IPK IA (5) Ib (4) Pop1 CLD4

BETA 3863 Garden beet Georgia IPK IB (4) Ib (5) Pop1 CLD3

BETA 3879 Garden beet Georgia IPK II (5) II (5) Pop1 CLD5

BETA 3881 Garden beet Georgia IPK IA (4) Ic (5) Pop1 CLD4

BETA 3890 Garden beet Poland IPK Ic (4) Pop2 CLD5

BETA 965 Garden beet Unknown IPK IB (5) Ia (4) Pop3 CLD1

Crapaudine Garden beet France Natural Harvest 
*2

II (3) II (5) Pop2 CLD5

K 7136 Garden beet Georgia IPK II (4) II (4) Pop1 CLD5

NK-195 mm-CMS Sugar beet Japan HARC *3 II (5) II (5) Pop2 CLD5

NK-229 mm-O Sugar beet Japan HARC II (5) II (5)

NK-235 mm-O Sugar beet Japan HARC II (5)

NK-291 mm-O Sugar beet Japan HARC II (4) II (3)

NK-294 mm-O Sugar beet Japan HARC II (5) II (5)

NK-307 mm-O Sugar beet Japan HARC II (5) II (4)

NK-328 mm-O Sugar beet Japan HARC Pop2 CLD5

NK-329 mm-O Sugar beet Japan HARC II (5) Ib (5) Pop2 CLD5

Beta vulgaris ssp. maritima

BETA 248 Sea beet Spain IPK II (4) Pop2 CLD5

BETA 311 Sea beet France IPK Pop2 CLD5
*1The Leibniz Institute of Plant Genetics and Crop Plant Research
*2Natural Harvest, Co. Ltd., Japan
*3Hokkaido Agricultural Research Center, National Agriculture and Food Research Organization

Table 2  (continued) 
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12: Figure S7). Bar plots for K = 4 and K = 2 are shown 
in Fig.  6 and in Additional file 12 (Fig S7), respectively. 
The four clusters identified at K = 4 were designated Pop1 
through Pop4 (Fig. 6). Of the 13 accessions in Pop2, nine 
are shared with the smaller subpopulation (consisting of 
11 accessions) identified at K = 2. Using the same SNP 
dataset, we also constructed a neighbor-joining tree to 
examine genetic relationships among accessions (Fig. 7). 
The tree revealed five distinct clades, named CLD1 

through CLD5, along with three solitary accessions that 
did not group with any of the main clades.

We compared the population structure results (Pop1–
Pop4) with the phylogenetic clades (CLD1–CLD5). All 
Pop2 accessions were grouped within CLD5 (Table  4), 
which also included a mix of garden beet, sugar beet, and 
sea beet accessions. Additionally, CLD5 contained several 
garden beet accessions assigned to Pop1, Pop3 and Pop4. 
CLD4 was composed exclusively of Pop1 accessions. 

Fig. 2  Dendrogram from hierarchical clustering based on phenotypic values of 14 characters (all characters listed in Table 1 except for root color) mea-
sured in 2023. Cluster I is further divided into Clusters Ia, Ib and Ic
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The majority of CLD3 accessions corresponded to Pop3, 
while most accessions in CLD2 and CLD1 belonged to 
Pop4. Based on these results, we conclude that CLD1 
and CLD2 largely correspond to Pop4, CLD3 to Pop3, 
CLD4 to Pop1, and CLD5 reasonably well to Pop2. Over-
all, the two analytical methods yielded largely consistent 
groupings.

To further investigate the relationship between DNA-
based and phenotype-based classification groups, we 
compared the frequencies of the phenotypic groups 
across the five genomic clades using a contingency table 
(Fig. 8). Pairwise comparisons revealed that the distribu-
tion of phenotypic groups in CLD5 significantly differed 
from those in CLD4, CLD3 or CLD2. The difference 
between CLD5 and CLD1 approached significance, with 
a slightly elevated p-value likely attributable to the over-
representation of Cluster II accessions in CLD5 (Fig. 8). 
We also observed significant differences between CLD3 
and both CLD1 and CLD2, while the difference between 
CLD3 and CLD4 was not statistically significant. Notably, 
the frequency of Subcluster Ib was particularly high in 
CLD3 compared to the other clades (Fig. 8).

Similarly, the distribution of phenotypic groups in Pop2 
significantly differed from that in Pop1, Pop3 or Pop4 
(Fig. 8). Pop2 contains the highest number of Cluster II 

accessions and lacked any Subcluster Ia representatives. 
In addition, the phenotypic group frequencies differed 
between Pop3 and Pop4, likely due to the high frequency 
of Subcluster Ib accessions in Pop3 (Fig. 8).

Taken together, these results suggest an association 
between Cluster II garden beet accessions and specific 
DNA-based groups, particularly CLD5.

Discussion
In this study, we evaluated garden beet genetic resources 
using quantitative measurements of several taproot traits. 
As a predominantly an outcrossing crop garden beet 
often exhibits genetic heterogeneity, which contributes 
to variation in taproot morphology. Furthermore, taproot 
traits are influenced by environmental conditions and 
growth period. Despite these sources of variation, our 
measurements effectively captured accessions-specific 
characteristics, as indicated by strong correlations in trait 
ranking across two years. Nevertheless, we recognize that 
our method could be further optimized to improve both 
accuracy and efficiency.

The measured values enabled the classification of gar-
den beet genetic resources into two groups. One of these, 
designated as Cluster II, comprised conical taproots, 
a trait shared by our sugar beet lines. This raises the 

Fig. 3  Principal component analysis of phenotypic data from garden beet genetic resources. Left panel: scatter plot; right panel: biplot. Horizontal and 
vertical axes represent the first (PC1) and second (PC2) components, respectively. Clusters and subclusters defined in Fig. 2 are circled. Accessions are 
labeled as follows: A, BETA 33; B, BETA 154; C, BETA 155; D, BETA 179; E, BETA 184; F, BETA 185; G, BETA 186; H, BETA 187; I, BETA 188; J, BETA 189; K, BETA 190; 
L, BETA 212; M, BETA 213; N, BETA 222; O, BETA 223; P, BETA 245; Q, BETA 246; R, BETA 273; S, BETA 334; T, BETA 340; U, BETA 341; V, BETA 345; W, BETA 346; 
X, BETA 355; Y, BETA 357; Z, BETA 362; a, BETA 965; b, BETA 1032; c, BETA 1034; d, BETA 1037; e, BETA 1058; f, BETA 1104; g, BETA 1109; h, BETA 1137; i, BETA 
1159; j, BETA 1165; k, BETA 1209; l, BETA 1229; m, BETA 1257; n, BETA 1285; o, BETA 1306; p, BETA 1343; q, BETA 1388; r, BETA 1448; s, BETA 1463; t, BETA 1468; 
u, BETA 1478; v, BETA 1541; w, BETA 1594; x, BETA 1618; y, BETA 1681; z, BETA 1723; 1, BETA 1744; 2, BETA 1774; 3, BETA 1777; 4, BETA 1795; 5, BETA 1901; 
6, BETA 1911; 7, BETA 1925; 8, BETA 2010; 9, BETA 2040; 0, BETA 2056;!, BETA 2071;?, BETA 2129; #, BETA 3818; $, BETA 3861; %, BETA 3863; &, BETA 3879; @, 
BETA 3881; ¥, BETA 3890; 11, Crapaudine; 12, K 7136; 13, NK-195 mm-CMS; 14, NK-229 mm-O; 15, NK-291 mm-O; 16, NK-294 mm-O; 17, NK-307 mm-O; 
and 18, NK-329 mm-O
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possibility that some accessions within our garden beet 
collection may have been misidentified or mislabeled. 
However, the presence of a commercial variety, ‘Crapau-
dine’, within cluster II supports the validity of this group 

as a genuine subset of garden beet. Notably, ‘Crapaudine’ 
is a heirloom cultivar with a long history [21].

According to the PCA biplot (Fig.  3B), we infer that 
root length (L Root), along with composite traits that 

Fig. 4  Taproots of five representative plants from each Clusters/Subclusters. Names of Clusters/Subclusters are shown on the left. The width of the blue 
tape in photographs is 19 mm. Accessions are labeled as follows: A, BETA 155; B, BETA 186; C, BETA 190; D, BETA 246; E, BETA 1448; F, BETA 179; G, BETA 
245; H, BETA 362; I, BETA 1777; J, BETA 2040; K, BETA 154; L, BETA 184; M, BETA 1165; N, BETA 1468; O, BETA 2010; P, BETA 212; Q, BETA 1618; R, BETA 3879; S, 
Crapaudine; and T, NK-195 mm-CMS
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include L Root as a component, significantly contributed to 
the formation of Cluster II. In contrast, accessions having 
a large hypocotyl contribute to Cluster I (Fig. 3B). Dur-
ing harvesting, fine roots of Cluster I accessions were 
often lost whereas the thicker roots of Cluster II acces-
sions remained intact. This observation suggests that the 
primary difference between Cluster I and Cluster II may 
be related to root thickening. It is also possible that the 

genetic mechanisms underlying hypocotyl swelling and 
root swelling are distinct.

Accessions in Subcluster Ic tend to exhibit high values 
for side area of the taproot (A) and for traits related to 
cross-sectional area—specifically width (W), total area 
(S Total), and area inside of the third secondary cambium 
(S 3cam). This likely explains the enrichment of acces-
sions with wide, flattened taproots in this subcluster. In 

Fig. 5  Dendrogram of hierarchical clustering based on phenotypic values of 14 characters (those listed in Table 1 except for root color) in 2022. Two large 
clusters, I and II, are shown along with subclusters IA and IB within cluster I
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contrast, cylindrical taproots are characteristic of Sub-
cluster Ib; however, it remains unclear why the ratio 
of S Total and S 3cam contributes to the definition of this 
subcluster. Further detailed analyses of taproot develop-
ment are needed to clarify these patterns. It is also note-
worthy that each cluster and subcluster includes atypical 
accessions that differ markedly from other group mem-
bers. Thus, the morphological characterization of garden 
beet taproots remains a complex and ongoing challenge, 
including the choice of parameters that can be used to 
characterize taproot morphology.

The garden beet genetic resources examined in this 
study were pigmented in red or rose. Segregation of pig-
mentation patterns was observed in ~ 74% of the acces-
sions, suggesting that the genes controlling pigmentation 
have not been fixed yet in many of them. Yellow pigmen-
tation was very rare and found exclusively in accessions 
belonging to Subcluster Ia. However, additional examples 
are necessary to confirm that yellow pigmentation is truly 
confined to Subcluster Ia. Several genes controlling pig-
mentation have been identified in garden beet [22, 23]; 
these could help addressing the question why red pig-
mentation is predominant in this species.

Our study revealed a close association between mor-
phological groupings and genome DNA-based groupings. 
We found that most of the Cluster II accessions, charac-
terized by a conical taproot morphology, were confined 
to CLD5, indicating that garden beet accessions with this 
taproot morphology form a group genetically distinct 
from those with other forms. A similar conclusion was 

drawn by Dhiman et al. [24]. In general, the morphologi-
cal clusters encompassed multiple DNA-based groups 
(Fig. 8). However, accessions in Cluster I tended to show 
wide distribution across the genome-based groups. This 
pattern was more pronounced in the population struc-
ture analysis than in the NJ tree. One possible explana-
tion is an environmental effect, such as soil condition, on 
root morphology, potentially leading to altered or insuf-
ficient expression of the accession's genetic potential. 
Alternatively, similar taproot morphologies may have 
evolved independently, or genes affecting root morphol-
ogy may have introgressed into some lineages.

Kanomata et al. [25] analyzed mitochondrial poly-
morphism in some of the accessions used in this study. 
We reanalyzed their data to examine the relationship 
between mitochondrial polymorphism and phenotypic 
clusters and calculated diversity indices (Additional file 
4: Table S4). The results showed diversity indices values 
of 0.1442 for Cluster I and 0.7586 for Cluster II, indicat-
ing that accessions with a conical taproot (Cluster II) 
are more polymorphic in terms of mitochondrial varia-
tions than those with other taproot shapes (Cluster I). 
Kanomata et al. [25] proposed that minor mitochondrial 
types—contributing to the observed polymorphism— 
may be a remnant of introgression from other beet types 
such as leaf beet and sea beet. We consider this a plau-
sible explanation, particularly because crossing root-
type beet with leaf beet has been shown to produce 
offspring with various taproot shapes, including conical 
ones [26]. An alternative possibility is that garden beet 
genetic resources with conical taproots represent a pro-
totype of cultivated garden beet. The earliest illustration 
of swollen-rooted beet depicts a conical shape [5], closely 
resembling Cluster II accessions. Globular beets, which 
would likely fall into Cluster I, appeared later [5]. The 
reduced mitochondrial polymorphism in Cluster I acces-
sions could reflect a genetic bottleneck associated with 
this morphological transition. This notion is supported 
by the observation that allelic polymorphism of the 
nuclear gene restorer of fertility 1 is markedly reduced in 

Table 3  Distribution of root pigmentation patterns
Vascular Tissue Total
Red or 
rose

White Yellow

Parenchyma-
tous Tissue

Red or 
rose

327 196 0 523

White 1 81 0 82

Yellow 0 7 4 11

Total 328 284 4 616

Fig. 6  Bar plot showing the results of population structure analysis based on SNPs identified by ddRAD-seq. Four genetic populations (Pop1 to Pop4) are 
indicated. Garden beet, sugar beet and sea beet accessions are labeled in red, blue and purple letters, respectively
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Table 4  Phylogenetic clades and corresponding populations of garden beet accessions
Populations
Pop1 Pop2 Pop3 Pop4 Total

Phylogenetic clade CLD1 2 8 10

CLD2 8 8

CLD3 1 19 20

CLD4 18 18

CLD5 2 13 1 3 19

Solitary acc 2 1 3

Total 21 13 24 20 78

Fig. 7  Neighbor-joining tree using SNPs identified by ddRAD-seq. Five clades are designated CLD1 through CLD5. Accessions BETA 1618, BETA 245 and 
BETA 1306 do not group within any clade. Garden beet, sugar beet and sea beet accessions are indicated by red, blue and purple letters, respectively
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garden beet compared to sugar beet [27], suggesting that 
Cluster I may represent a more derived lineage. It should 
be noted that further genomic analyses, involving careful 
selection of beet accessions, will be necessary to confirm 
genetic bottlenecking.

Interestingly, previous genome-wide analyses of garden 
beet varieties (e.g. [15, 19, 28],) also indicate a genetic 
bottleneck. For example, Galewski and McGrath [15] 
noted that garden beet cultivars such as ‘Bulls Blood’ and 
‘Detroit Dark Red’—both of which have globular taproots 
and fall within Cluster I—were genetically distinct from 
leaf beet, fodder beet and sugar beet varieties. By esti-
mating historical effective population size, they showed 
that these garden beet cultivars experienced a different 
demographic history, possibly shaped by strong selection, 
compared to other beet types [15].

The Cluster II accessions were part of CLD5, the same 
group to which our sugar beet accessions belong. This 
indicates that some garden beet accessions are geneti-
cally similar to sugar beet. If Cluster II represents the 
prototype garden beet, it is plausible that root-type beet 
has diverged into two lineages with this prototype as a 
common origin: one lineage leading to globular garden 
beet types through selection from conical forms, and 
another leading to sugar beet. However, the domestica-
tion of cultivated beet is known to be a very complex 
process involving extensive introgression among differ-
ent beet types [4]. The sugar beet lines used in this study 
represent only part of the morphological diversity and 
other forms, such as more cylinder-shaped, are known. 

Therefore, genomic analyses of cylinder-like sugar beet 
accessions will be necessary to clarify the relationship 
between sugar beet and garden beet. To fully elucidate 
the evolutionary history and diversification of garden 
beet and other root-type beets, comprehensive analyses 
of genes, genomes and genetic resources are required.

Conclusion
The taproots of the garden beet genetic resources exam-
ined in this study showed substantial morphological 
variations, including conical, globular, cylindrical, and 
flat forms. Our data suggest that these accessions can be 
classified into at least two groups. One of the two groups 
was enriched in conical shaped taproots, whereas the 
other primarily comprised accessions with globular or 
other non-conical shapes. Notably classification based 
on genomic DNA showed partial concordance with these 
morphological groupings. Furthermore, garden beet 
accessions with conical taproots clustered together with 
some conical sugar beet lines at both the morphological 
and genomic levels.

By integrating previously published mitochondrial 
polymorphism data [25] with our clustering results, we 
found that the conical taproot group is markedly more 
polymorphic than the globular group (the latter show-
ing less than one fifth of the mitochondrial diversity). A 
prior genomic study that detected a unique bottleneck-
like effect in the garden beet genomes had analyzed only 
globular shaped garden beet cultivars. Iconographic evi-
dence suggests that conical garden beet types appeared 
as early as the sixteenth century, whereas spherical or 
round garden beets do not appear before the nineteenth 
century.

Taken together, these observations support the hypoth-
esis that globular garden beet represents a selected sub-
set from a genetically heterogenous group represented by 
conical garden beet, from which sugar beet evolved as a 
distinct lineage. This notion implies that the domestica-
tion of cultivated beet did not follow a single trajectory 
(leaf -> garden -> sugar) but instead diverged at some 
point during evolution. Our data therefore point to the 
existence of a genetically heterogenous root-type beet 
group from which multiple cultivar lineages emerged.

Methods
Plant materials
B. vulgaris accessions used in this study are listed in 
Table  2. B. vulgaris ssp. vulgaris (Garden beet Group) 
accessions were obtained from The Leibniz Institute of 
Plant Genetics and Crop Plant Research (IPK) or pur-
chased online. All B. vulgaris ssp. vulgaris (Sugar beet 
Group) lines were developed by Hokkaido Agricul-
tural Research Center, National Agriculture and Food 
Research Organization, Japan. Two wild beet (sea beet, 

Fig. 8  Contingency tables showing the relationship between phenotypic 
clusters and clades in the neighbor-joining tree (A) or populations in the 
barplot (B). The number of garden beet accessions is indicated. Statistically 
significant pairs after Holm correction (α < 0.05) are indicated by brackets 
with asterisks
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B. vulgaris ssp. maritima) accessions are included in 
this study. Seedlings were first grown in a greenhouse 
and then transplanted to the Experimental Farm, Field 
Science Center for Northern Biosphere, Hokkaido 
University.

Taproot phenotyping
Harvested plants were washed in water before removing 
leaves and fine roots. Images of the harvested taproots 
were captured by using digital cameras, EOS RP RF24-
105 IS STM and PowerShot G9 X Mark II (Canon, Tokyo, 
Japan). Four side-view images were taken from each har-
vested taproot. We examined a total of 15 morphologi-
cal traits as summarized in Table 1 (see also Fig. 1). The 
crown was defined as the part extending from the top 
of the harvest to the last leaf scar (Fig. 1). The hypocotyl 
was defined as the part extending from the bottom end of 
the crown to the point where the first fine root appeared, 
indicated as the ‘soil level’ in Fig. 1. The remaining part of 
the harvested organ was defined as the root. Visible tap-
root characteristics were examined as follows: the num-
ber of roots was counted using the side view-images and 
hypocotyl length was measured from the images using 
ImageJ (https://imagej.net/ij/) [29]. Images were also 
processed using Python 3.8 scripts (Additional Files 6: 
Figure S1) to examine the additional characters outside 
the taproot. The background and crown were masked in 
black to isolate the taproot (Additional Files 13: Proto-
col S1). The image of taproot was converted into white 
and the contour was smoothened (Additional Files 13: 
Protocol S1). From the obtained image, the following 
morphological values were extracted in pixels: length of 
taproot, distance from the top of hypocotyl to the layer of 
the maximum width, and area of taproot side view. These 
pixel values were converted into centimeters using a size 
marker.

Taproots were then transverse sectioned at their point 
of maximum width using a knife, and the sections were 
scanned with a flatbed scanner (400-SCN025, Sanwa 
Supply, Okayama, Japan). Internal taproot traits were 
assessed as follows: the number of cambial rings —B. 
vulgaris forms multiple secondary cambia [28]—was 
counted from scanned images; the color of the root par-
enchymatous and vascular zones was visually classified 
as red, rose, white, or yellow. Combinations of colors 
and pigment distribution were assigned a code from 1 to 
16; for example, accessions in which both parenchyma-
tous and vascular tissues were red were given code 1 (see 
Tables S1 and S2). The total area of the transverse section 
and the inner area enclosed by the third secondary cam-
bium [30] were calculated from scanned images using 
ImageJ.

Statistical analysis
Statistical analyses were conducted using JMP Pro 
ver.17.0.0 (JMP Statistical Discovery LLC, Cary, NC, 
USA). Measured values were Box-Cox transformed and 
normalized. Principal component analysis (PCA) was 
done using list-wise deletion. Hierarchical clustering was 
done using Ward's method. Fisher's exact test was per-
formed online (​h​t​t​p​​:​/​/​​a​o​k​i​​2​.​​s​i​.​​g​u​n​​m​a​-​u​​.​a​​c​.​j​​p​/​e​​x​a​c​t​​/​f​​i​s​h​
e​r​/​g​e​t​p​a​r​.​h​t​m​l), p-values were adjusted using the Holm 
method in Microsoft Excel (Microsoft Japan, Tokyo, 
Japan).

Double digest restriction-site associated DNA sequencing 
(ddRAD-seq)
Green leaves from three to five plants per accession were 
pooled and ground in liquid nitrogen using a mortar and 
pestle. Genomic DNA was isolated using the NucleoSpin 
Plant II (Takara Bio, Kusatsu, Japan). DNA samples were 
digested with two restriction enzymes MspI and EcoRI, 
and adapters were ligated to the resulting fragments fol-
lowing the protocol of Bioengineering Lab. Co., Ltd. 
(Sagamihara, Japan). Paired-end sequencing (100- or 
150 bp) was performed on a DNBSEQ-G400 (MGI Tech 
Japan, Tokyo, Japan). A summary of the data is presented 
in Additional file 5: Table S5. Reads quality was assessed 
using FastQC (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​b​​a​b​r​​a​h​a​m​​.​a​​
c​.​u​​k​/​p​​r​o​j​e​​c​t​​s​/​f​a​s​t​q​c). Bases Phred scores below 30 were 
trimmed using Sickle (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​n​a​j​o​​s​h​​i​/​s​i​c​k​l​
e). Adapter sequences were removed with ​T​r​i​m​m​o​m​a​t​
i​c​-​0​.​3​9 (​h​t​t​p​​:​/​/​​w​w​w​.​​u​s​​a​d​e​l​l​a​b​.​o​r​g​/​c​m​s​/) [31] using the 
following parameters: ILLUMINACLIP:DNBSEQ-PE.
fa:2:30:10, LEADING:30, TRAILING:30, SLIDINGWIN-
DOW:4:15, and MINLEN:30.

Identification of variant nucleotides and genotyping
Processed reads were mapped onto the sugar beet refer-
ence genome of EL10-1.0 [14] using the BWA software 
(https://github.com/lh3/bwa) [32]. Variant sites were 
called in VCF format files using GATK HaplotypeCaller 
(​h​t​t​p​​s​:​/​​/​g​a​t​​k​.​​b​r​o​​a​d​i​​n​s​t​i​​t​u​​t​e​.​o​r​g​/​h​c​/​e​n​-​u​s) [33]. Sites 
with a depth (DP) ≥ 6 and Genotype Quality (GQ) ≥ 10 
were retained using VCFtools (​h​t​t​p​​:​/​/​​v​c​f​t​​o​o​​l​s​.​​g​i​t​​h​u​b​
.​​i​o​​/​i​n​d​e​x​.​h​t​m​l) [34]. Joint genotyping was performed 
using GATK GenomicsDBImport and GenotypeGVCFs. 
Polymorphic sites were identified through the follow-
ing steps: (1) retaining sites with call rate > 0.6 using 
VCFtools; (2) imputing genotype with Beagle 5.4 (​h​t​t​p​​s​
:​/​​/​f​a​c​​u​l​​t​y​.​​w​a​s​​h​i​n​g​​t​o​​n​.​e​​d​u​/​​b​r​o​w​​n​i​​n​g​/​​b​e​a​​g​l​e​/​​b​e​​a​g​l​e​.​h​t​m​l) 
[35]; (3) extracting biallelic sites using PLINK 1.9 (​w​w​w​.​
c​o​g​-​g​e​n​o​m​i​c​s​.​o​r​g​/​p​l​i​n​k​/​1​.​9​/) [36]; (4) filtering sites with 
a minor allele frequency (MAF) > 0.03 using VCFtools; 
(5) retaining sites with Hardy–Weinberg equilibrium 
p-value > 0.0001 using PLINK 1.9; and (6) excluding sites 
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in linkage disequilibrium with adjacent loci (R2 > 0.5) 
using PLINK 1.9.

Genetic analysis
Population structure was analyzed using ADMIXTURE 
1.3 (​h​t​t​p​​s​:​/​​/​d​a​l​​e​x​​a​n​d​​e​r​.​​g​i​t​h​​u​b​​.​i​o​​/​a​d​​m​i​x​t​​u​r​​e​/​i​n​d​e​x​.​h​t​m​
l) [37] with a bootstrap value of 1000. The resulting bar 
plot was visualized using R 4.3.2 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​R​-​p​r​o​j​e​c​
t​.​o​r​g​/​​​​​)​. Of the 7,663 identified SNPs, 4,920 homozygous 
sites were selected to generate representative nucleotide 
sequences for each accession. A FASTA file for phylo-
genetic analysis was created using VCF-kit (​h​t​t​p​​s​:​/​​/​v​c​
f​​-​k​​i​t​.​​r​e​a​​d​t​h​e​​d​o​​c​s​.​i​o​/​e​n​/​l​a​t​e​s​t​/). Sequence alignment was 
performed using MUSCLE, and phylogenetic analysis 
was conducted with MEGA X (​h​t​t​p​​s​:​/​​/​w​w​w​​.​m​​e​g​a​s​o​f​t​w​
a​r​e​.​n​e​t​/) [38] using default settings. Mitotype data were 
obtained from Kanomata et al. (2022) [25], and mitotype 
polymorphism was summarized by calculating the diver-
sity index H [39] in Microsoft Excel.
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Additional file 1: Table S1. Phenotypic values of beet plants examined in 
this study.

Additional file 2: Table S2. Phenotypic values of beet genetic resources 
examined in this study (mean ± SD).

Additional file 3: Table S3. Pigmentation patterns and number of plants.

Additional file 4: Table S4. Mitotypes reported in Kanomata et al. (2022).

Additional file 5: Table S5. Summary of ddRAD sequencing.

Additional file 6: Figure S1. An example of image processing in this study. 
A. Original side-view image taken with a digital camera. The bound-
ary between the crown and hypocotyl is marked by a blue line. B. The 
background and crown were darkened to highlight the taproot, using 
the script ExtractROI_2023.py. C. The image was rotated to make the 
crown–hypocotyl boundary horizontal, using the script turn_90_and_
trimming_2023.py. D. The taproot image was converted to white and 
its contour was smoothened, using the script getmidline_and_max-
width_2023.py.

Additional file 7: Figure S2. Morphology of hypocotyls and roots of garden 
beet genetic resources belonging to cluster Ia. A, BETA 155; B, BETA 185; C, 
BETA 186; D, BETA 190; E, BETA 213; F, BETA 222; G, BETA 246; H, BETA 340; I, 
BETA 341; J, BETA 345; K, BETA 355; L, BETA 357; M, BETA 965; N, BETA 1034; 
O, BETA 1058; P, BETA 1109; Q, BETA 1159; R, BETA 1388; S, BETA 1448; T, 
BETA 1681; U, BETA 1744; V, BETA 1774; W, BETA 1795; X, BETA 1911; Y, BETA 
1925; and Z, BETA 2129.

Additional file 8: Figure S3. Morphology of hypocotyls and roots of garden 
beet genetic resources and a sugar beet line belonging to cluster Ib. A, 
BETA 33; B, BETA 179; C, BETA 188; D, BETA 189; E, BETA 245; F, BETA 346; G, 
BETA 362; H, BETA 1032; I, BETA 1037; J, BETA 1209; K, BETA 1229; L, BETA 
1463; M, BETA 1723; N, BETA 1777; O, BETA 2040; P, BETA 2071; Q, BETA 
3861; R, BETA 3863; and S, NK-329mm-O.

Additional file 9: Figure S4. Morphology of hypocotyls and roots of garden 
beet genetic resourcesbelonging to cluster Ic. A, BETA 154; B, BETA 184; C, 
BETA 273; D, BETA 1104; E, BETA 1165; F, BETA 1257; G, BETA 1285; H, BETA 
1468; I, BETA 1478; J, BETA 1541; K, BETA 1594; L, BETA 2010; M, BETA 3818; 
N, BETA 3881; and O, BETA 3890.

Additional file 10: Figure S5. Morphology of hypocotyls and roots of gar-

den beet genetic resources and sugar beet lines belonging to cluster II. A, 
BETA 187; B, BETA 212; C, BETA 223; D, BETA 334; E, BETA 1137; F, BETA 1306; 
G, BETA 1343; H, BETA 1618; I, BETA 1901; J, BETA 2056; K, BETA 3879; L, Cra-
paudine; M, K 7136; N, NK-195mm-CMS; O, NK-229mm-O; P, NK-291mm-O; 
Q, NK-294mm-O; and R, NK-307mm-O.

Additional file 11: Figure S6. Phenotypic patterns of root pigmentation. 
Accession names, images of root sections, and colors of parenchymatous- 
and vascular zones are shown.

Additional file 12: Figure S7. Results of population structure analysis of 
garden beet genetic resources used in this study. ΔK statistic for each K 
value (number of populations). The vertical and horizontal axes represent 
ΔK and K, respectively. B. Bar plot showing population structure at K = 2.

Additional file 13: Protocol S1. Procedures for image processing by Python 
3.8 scripts.
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