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ABSTRACT

The genetic basis of sugarbeet is very narrow. Moreover, it is
recognized that introgression of genetic diversity into elite
populations enhances long-term breeding progress. Beta
vulgaris subsp. maritima, a wild relative of sugarbeet, is a
source for increasing the genetic diversity within cultivated
sugarbeet. Being closely related to sugarbeet, fertility problems
among hybrid progeny are rare. B. v. subsp. maritima is
distributed over a large geographic area and therefore exposed
to a wide range of environmental conditions and disease
organisms. This report describes eleven sugarbeet germplasm
lines; F1044, F1045, F1046, F1047, F1048, F1049, F1050, F1051,
F1052, F1053, and F1054; that were selected from crosses
between a sugarbeet breeding line and eleven B. v. subsp.
maritima accessions originating from France, Belgium, and
Denmark. The sucrose concentration of the eleven germplasm
lines ranged from 123 g kg-1 to 143 g kg-1 compared to 153 g
kg-1 for an adapted hybrid. The 3-year average recoverable
sucrose concentration of the lines was 85% of the recoverable
sucrose concentration of the adapted hybrid. It is assumed that
F1044 - F1054 will be used to introduce genetic diversity into
elite breeding populations that have or are segregating for
many of the traits desired for commercial production.

Additional Key Words: Beta vulgaris, Beta vulgaris subsp.
maritima, crop wild relatives, exotic germplasm, introgression of wild
relatives, pre-breeding.
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The collection and preservation of exotic germplasm is based upon
the premise that exotic germplasm includes useful genes that are not
present in the commercial crop (Lewellen, 1992; Hjerdin et al., 1994;
Capistrano-Gossmann et al., 2017). The immediate usefulness of
exotic germplasm often is restricted to the transfer of a single gene, or
very few genes, to introduce a beneficial trait, such as resistance to a
disease or pest (Luterbacher et al., 2000; Panella and Lewellen, 2005;
Asher et al., 2009), which is not present in elite breeding populations.
Furthermore, exotic germplasm is a reservoir of genes for productivity
and adaptation (Ober and Luterbacher, 2002); however, allowing for
ample genetic recombination, followed by mild selection is essential to
the procurement of productive segregates from crosses between exotic
germplasm and adapted lines. Because of the time and uncertainties
involved with the introduction of genetic diversity into germplasm that
is useful to private breeders, the task is generally allocated to public
breeders and researchers (Stander, 1993).

The genetic basis of sugarbeet (Beta vulgaris L.) often is assumed to
be very narrow, tracing back to selections from a fodder beet population
in response to an urgent 1811 decree by Napoleon that beet was to be
the replacement for previously available sugar sources (Frese et al.,
2001; Francis, 2006). The introduction of monogerm seed, cytoplasmic
male sterility, resistance to some threatening diseases, and bolting
resistance from single, or only a few, sources has created additional
bottlenecks that diminish the genetic diversity within the commercial
crop (Fénart, et al., 2008). In spite of its early history and the almost
universal use of single sources for some traits essential for production,
the crop itself remains the most important genetic resource for the
development of improved varieties (Loel, et al., 2014; Panella, et al.,
2014), suggesting the genetic basis of sugarbeet may not be as limited
as its history suggests (McGrath et al., 1999; Frese, et al., 2001). Early
sugarbeet varieties may have benefitted from spontaneous crosses with
wild North Atlantic sea-beet (Beta vulgaris subsp. maritima), fodder
beet, or chard (Lewellen, 1992; Viard et al., 2002). Hence, although it
generally is recognized that the introgression of unique genetic sources
into elite populations enhances long-term breeding progress, there is
little urgency attached to these endeavors (Hjerdin, et al., 1994; Ober
and Luterbacher, 2002).

Among the wild relatives of sugarbeet, B. v. subsp. maritima
has long been recognized not only as a readily available source for
the introduction of unique disease resistance genes, but also for its
potential to increase productivity and adaptation by increasing the
genetic diversity within cultivated sugarbeet (Panella and Lewellen,
2007; Biancardi et al., 2012). Being closely related to sugarbeet,
crossing or fertility problems among hybrid progeny are rare.
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B. v. subsp. maritima is distributed over a large geographic area
and therefore exposed to a wide range of environmental conditions and
disease organisms (Luterbacher et al., 2000; Frese et al. 2001; Richards
et al., 2014). Four lines, y317, y318, y322, and y387, selected from a
cross between an annual B.v. subsp. maritima from Greece, PI 546420,
and a sugarbeet germplasm line, L53, were characterized by Doney
(1995) as unique sources of genetic variability for combining ability and
root yield. To ameliorate the relatively low sucrose concentration often
associated with populations derived from crosses between sugarbeet
and its wild relatives, y318, y322, and y387 were backcrossed to a
high-sucrose sugarbeet germplasm line, L19, and after selection
released as F1030, F1031, and F1032, respectively (Campbell 2015).
Seven additional germplasm lines selected from crosses between wild
Beta species and a sugarbeet breeding line from California also will
expedite the introduction of genetic diversity into the commercial crop
(Campbell, 2009). The average sucrose concentration of nine recently
released germplasm lines (F1033 — F1041) selected from populations
formed by crossing a USDA-ARS breeding line with B.v. subsp.
maritima accessions collected in England, Wales, and the Channel
Islands was 92% of the sucrose concentration of an adapted hybrid
(Campbell and Fugate, 2017).

This report describes eleven sugarbeet germplasm lines; F1044 (PI
683544), F1045 (PI 686417), F1046 (PI 686418), F1047 (PI 683545),
F1048(PI 686419), F1049 (PI 683546), F1050 (PI 683547), F1051
(PI 686420), F1052 (PI 686421), F1053 (PI 686422), and F1054 (PI
683548); that were selected from crosses between a sugarbeet breeding
line developed by USDA-ARS in California, R376-43, and eleven B.
v. subsp. maritima accessions originating from France, Belgium, and
Denmark. The infusion of genes from these and other exotic sources
into elite breeding populations may expand the limits of improvement
through selection and produce parental lines with enhanced combining
ability.
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MATERIALS AND METHODS
Population Formation and Line Development

Eleven B. v. subsp. maritima accessions originally collected in
August and September of 1989 (Seiler and Doney, 1991) along the coasts
of France, Belgium, and Denmark (Table 1 and Fig. 1) were crossed
with a common breeding line developed by USDA-ARS, Salinas, CA,
R376-43. R376-43 is a self-incompatible inbred that can be traced to a
broad-based population that included all available virus yellows (casual
agents, Beet yellows virus; BYV and Beet western yellows virus; BWYV)
resistance sources in the USA and Europe.
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After selection, this population was released as C31 (Lewellen et al.,
1978). Resistance to rhizomania (causal agent, Beet necrotic yellow vein
virus; BNYVV) was introduced into C31 and the resulting population
designated R76. R376-43 is a full-sib family selected for performance
and disease resistance from R76. Genetic male-sterile segregates
of R376-43 were pollinated with the 11 wild B. v. subsp. maritima
accessions. Ten plants from each B.v. subsp. maritima accession were
crossed with R376-43. Ten F1 plants from each cross (100 plants) were
intercrossed to produce the F2 generation. Equal numbers of seeds from
each F2 plant were grown and intercrossed to produce F3 seed. Selection
for characteristic sugarbeet plant and root characteristics began in the
F3 generation.
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The cross that became F1047 was subjected to six cycles of selection
and the cross that became F1045 was subjected to seven selection cycles
for morphological plant and root characteristics; the other segregating
populations were subjected to eight or nine cycles prior to beginning
selection for sucrose concentration. For each cycle, approximately 650
plants of each line were grown in a single block (160 m row-1). Plants
that produced seed stalks or had extremely high crowns were rogued
throughout the season. During the late summer, all remaining plants
were dug and placed on the surface for visual examination. To the extent
possible, roots with single crowns, minimal branching, and a dominant
tap root were selected for increase. Each cycle, 40 to 60 selected roots of
each line were planted in the greenhouse and after random pollination
produced seed for the next cycle.

Subsequently, each of the eleven populations was subjected to
between two and six additional selection cycles based upon the sucrose
concentration of individual roots relative to other roots within a single
cell of a 10-cell grid. Individual cells of the grid were 10 m long and two
rows wide with a row-spacing of 56 cm. Plants on the ends of the rows
were not sampled. Moderate-size roots were chosen for the individual
sucrose measurements. Samples for analysis were obtained by collecting
the tissue removed diagonally from the taproot with a 3.2 cm wood bit
(~ 10 cm long) attached to an electric drill. Sampled roots remained
viable and were used as mother roots to produce seed for additional
selection cycles. Forty plants were selected from each population and
each selection cycle. Selected roots from the final cycle provided seed for
replicated field trials.

EXPERIMENTAL PROCEDURES AND ANALYSIS

The experimental design for the 2014, 2015, and 2017 field
evaluations was a randomized complete block with four replicates.
Individual experimental units were two-row by 10-m plots with rows
56 cm apart. Trials were planted near Fargo, ND during the first two
weeks of May and harvested during the last two weeks of September.
Roots were harvested by removing the leaves with a mechanical flail
defoliator, followed by raising the roots in the soil with a two-row lifter,
and finally removing the roots from the soil by hand. Root yield was
the fresh weight of all roots from a single plot at harvest expressed
as Mg ha-1. Sucrose concentration, and the sodium, potassium, and
amino-nitrogen concentrations that were used to calculate recoverable
sucrose per ton (Dutton and Huijbregts, 2006) were based upon the brei
of a composite random sample of 10—12 roots from each plot. Three
adapted check hybrids, ACH-817 (Crystal Beet Seed, Moorhead, MN),
ACH-R761 (Crystal Beet Seed), and Triton (Seedex, Fargo, ND), were
included for comparisons. Also included in the yield trials were a line
selected for relative high sugar by USDA-ARS, Fargo, ND (Campbell,
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1990), F1010 (PI 535818), and a line developed by USDA-ARS, Salinas,
CA, C81-22 (PI 634216), that is closely related to R376-43.

The SAS GLM procedure (ver. 9.4, SAS Institute, Inc., Cary, NC)
was used for the analysis of variance. Years were assumed to be
random effects and genotypes fixed effects (McIntosh, 1983). Fisher’s
Protected LSD was used to determine when differences among means
were significant (P < 0.05).

The brei from each field-plot sample or individual root
was mixed and a portion quickly frozen for later analysis. Sucrose
was determined polarimetrically (Autopol 880, Rudolph Research
Analytical, Flanders, NJ) using aluminum sulfate-clarified brei
samples (McGinnis, 1982). The aluminum sulfate-clarified filtrate used
to determine sucrose concentration also was used to measure sodium,
potassium, and amino-nitrogen, concentrations for determining
the sugar-loss-to-molasses used to calculate recoverable sucrose
concentration, an estimate of the sucrose that will be extracted during
normal factory operations. Sodium and potassium concentrations
were determined by flame-photometry (Corning 410C, Cole-Parmer
Instrument Co., Chicago, IL). Amino-nitrogen concentration was
determined with a spectrophotometer (Spectronic-21D, Milton Roy Co.,
Ivyland, PA) using the copper method and a wavelength of 610 nm
(International Commission for Uniform Methods of Sugar Analysis,
2007).

F1044 — F1054 were included in specialized disease nurseries to
obtain an initial assessment of disease development when exposed to
Cercosproa beticola (Cercospora leaf spot), Fusarium spp. (Fusarium
root rot), Aphanomyces cochlioides (Aphanomyces root rot), Beet
necrotic yellow vein virus (BNYVV; rhizomania) and Beet curly top
virus (curly top). The Cercospora leaf spot nurseries were in southern
MN (Betaseed, Inc, Shakopee, MN) in 2015-2016. Aphanomyces root
rot and Fusarium root rot were evaluated in nurseries near Shakopee,
and Sabin, MN (Betaseed, Inc.), respectively in 2015 and 2016. The
rhizomania and curly top evaluations were conducted by USDA-ARS,
Kimberly, ID in 2015 and 2016. These nurseries were located and
managed with the objective of providing a reliable indication of the
response to a single disease organism with minimal interference from
other diseases. Each nursery included entries from other breeding
programs and representative resistant and susceptible cultivars
selected by the nursery managers. Sugarbeet root aphid (Pemphigus
sp.) damage was assessed by Betaseed, Inc. in a greenhouse assay in
2015. The root aphid trials were not randomized, so statistical analysis
was not appropriate (Panella et al., 2008). However, comparisons
between lines and with checks provide insight into the relative
performance of lines when challenged by sugarbeet root aphid.
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RESULTS

F1044, F1045, F1046, F1047, F1048, F1049, F1050, F1051,
F1052, F1053, and F1054 are multigerm diploid biennial lines that
produce roots with white skin and flesh (Fig. 2 and 3). All eleven lines
have tapered roots with a relatively shallow grove, minimal branching,
and non-protruding crowns. F1048, F1049, and F1054 can generally
be considered as having broad-elliptical roots somewhat similar to
ACH-817 and the remaining eight germplasm lines as having narrow-
triangular roots. No bolters were observed and plants with multiple
crowns were infrequent in the trials that were the basis of the data for
Table 2. The hypocotyls of F1044, F1046, F1047, F1049, F1050, F1051,
and F1054 are red. The hypocotyls of F1045, F1052, and F1053 are
predominately red (> 95%) with the remainder being green. The ratio
of red to green hypocotyls for F1048 is approximately 3 red to 1 green.

Table 2. Sucrose concentration, recoverable sucrose concentration, and root yield of F1044, F1045,
F1046, F1047, F1048, F1049, F1050, F1051, F1052, F1053, F1054, C81-22, F1010, and three adapted
check hybrids (Triton, ACH-817, and ACH-R716), Fargo, ND, 2014, 2015, and 2017.

Germplasm / Year
check 2014 2015 2017 Mean

Sucrose, g kg™

+

F1044 122 cf 131 b-f 158 d 137 D-F
F1045 122 c-e 136 ab 164 cd 141 B-D
F1046 112 fg 122 f 162 cod 132 F
F1047 115 e-g 133 b-d 161 cd 136 D-F
F1048 111 ¢ 108 g 150 e 123 G
F1049 114 e-g 129 b-f 165 cd 136 D-F
F1050 118 c-g 135 a-c 162 «cd 138 B-E
F1051 127 a-d 127 cf 174 ab 143 BC
F1052 116 e-g 126 d-f 163 «cd 135 EF
F1053 117 d-g 122 f 160 cd 133 EF
F1054 133 ab 132 b-e 164 cd 143 BC
c81-22 122 cf 127 cf 164 cd 138 C-F
F1010 123 b-e 130 b-f 179 a 144 B
Triton 128 a-c 129 b-f 167 bc 141 B-D
ACH-817 134 a 144 a 180 a 153 A
ACH-R761 118 c-g 123 ef 166 ¢ 136 D-F

Mean 121 C 128 B 165 A 138
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Table 2 Continued...
Recoverable sucrose, g kg™
F1044 94 cf 97 b-d 132 de 108 DE
F1045 96 c-f 104 a-c 145 cd 114 B-D
F1046 85 f 85 d 140 cd 103 E
F1047 92 cf 100 bc 140 cd 111 B-D
F1048 87 ef 69 d 124 e 93 F
F1049 92 cf 99 bc 144 ¢ 112 B-D
F1050 91 df 107 ab 141 cd 113 B-D
F1051 102 1-d 93 od 157 ab 117 B
F1052 88 ef 96 b-d 143 cd 109 C-E
F1053 92 cf 92 o 139 «cd 108 DE
F1054 111 a 96 b-d 138 cd 115 BC
c81-22 100 a-d 99 bc 146 bc 115 BC
F1010 98 b-e 94 b-d 160 a 118 B
Triton 104 a-c 101 bc 148 bc 118 B
ACH-817 110 ab 115 a 161 a 129 A
ACH-R761 93 cf 95 b-d 148 bc 112 B-D
Mean 9% B 97 B 144 A 112
Root yield Mg ha™
F1044 283 fg 389 ef 345 ef 33.9 GH
F1045 33.1 ef 44.3 de 37.2 de 38.2 FG
F1046 292 fg 359 fg 26.8 gh 30.6 H
F1047 37.0 c-e 48.2 «cd 42.8 b-d 42,7 C-E
F1048 41.1 b-d 45.7 «cd 28.6 f-h 38.4 FEF
F1049 33.0 ef 44.4 de 329 eg 36.8 FG
F1050 43.5 bc 45.6 cd 42.8 b-d 439 CD
F1051 30.8 ef 139 h 315 eg 254 |
F1052 35.0 d-f 44.4 de 322 eg 37.2 FG
F1053 236 g 33.8 fg 21.2 h 26.2 |
F1054 235 g 304 g 235 h 258 1|
€81-22 35.4 d-f 47.6 cd 379 c-e 40.3 D-F
F1010 313 ef 44.2 de 38.8 b-e 38.1 FG
Triton 473 b 56.7 b 457 b 499 B
ACH-817 43.2 bc 51.1 bc 453 bc 46.6 BC
ACH-R761 58.6 a 66.2 a 55.8 a 60.2 A
Mean 359 B 43.2 A 36.1 B 38.4

"Differences among genotypes within a year followed by the same lower case letter are not significant,
based upon Fischer’s protected LSDy os; Differences among main-effect means followed by the same

upper case letter are not significant (P < 0.05).
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Figure 2. Roots of F1044, F1045, F1046, F1047, F1048 and F1049,
Fargo ND, 2017.

ROOT YIELD AND QUALITY

Among the 11 germplasm lines, F1051 and F1054 had the
highest 3-year average sucrose concentration (Table 2). The 143 g kg-1
concentration of these two lines was 10 g kg-1 less than the 153 g kg-1
of ACH-817, the adapted hybrid with the highest sucrose concentration,
and 2 — 7 g kg-1 more than the sucrose concentration of the other two
adapted hybrids; Triton and ACH-R716. F1054 ranked between first and
fourth in each of the three years and F1051 ranked first in 2017, second
in 2014 and was near average in 2015. Two other lines, F1045 and
F1050, had relative high average sucrose concentrations and average
or above sucrose concentration in each of the three years. F1048 had
the lowest average sucrose concentration, 20 g kg-1 less than F1051
and F1054, and also had the lowest sucrose concentration in each of the
three years. F1046 and F1053 also had relatively low average sucrose
concentrations.
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Figure 3. Roots of F1050, F1051, F1052, F1053, F1054, and an adapted
cultivar, ACH-817, Fargo, ND, 2017.

ACH-817 had the highest average recoverable sucrose concentration
with 129 g kg-1. Triton and ACH-R761 had recoverable sucrose
concentrations of 118 and 112 g kg-1, respectively. The 3-year average
recoverable sucrose concentration for F1044 to F1054 was 109 g kg-1,
ranging from 93 g kg-1 for F1048 to 117 g kg-1 for F1051. The germplasm
lines with relatively high sucrose concentrations, F1045, F1050, F1051,
and F1054, also had relatively high recoverable sucrose concentrations
and the germplasm lines with relatively low sucrose concentrations,
F1046, F1048, and F1053, had relatively low recoverable sucrose
concentrations.

Root yields of F1044 — F1054 ranged from 13.9 Mg ha-1 for
F1051 to 48.2 Mg ha-1 for F1047, both in 2015 (Table 2). The yearly
average root yields of the eleven germplasm lines ranged from 65 to 67%
of the average yield of the three adapted hybrids and from 84% of the
two lines included for comparison (C81-22 and F1010) in 2015 and 2017
to 98% of the two lines in 2014. Three-year average root yields of the 11
germplasm lines ranged from 25.4 Mg ha-1 for F1051 to 43.9 Mg ha-1 for
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F1050. F1050 was included among the lines with relatively high yield
in all three years. The low average root yield of F1051 was the result
of an extremely low yield in 2015 and below average yields in 2014 and
2017. F1047 was the germplasm line with the second highest average
root yield, the line with the highest yield in 2015 and 2017, and the
third highest yield in 2014. The three-year average root yield of F1044
— F1054 was 74% of the low-yielding adapted hybrid (ACH-817), 57%
of the high-yielding adapted hybrid (ACH-R761) and 88% of the of the
average of a line related to the female parent of the source populations
(C81-22) and an unrelated line (F1010) developed by USDA-ARS, Fargo,
ND.

Differences among years were significant for root yield, sucrose
concentration, and recoverable sucrose concentration. Average root
yields for 2014 and 2017 were almost equal (Table 2). However, the
average sucrose concentration in 2014 was 44 g kg-1 less than the 165
g kg-1 observed in 2017. Significant variety X year interactions for all
three variables indicated that the relative performance of the germplasm
lines may be dependent upon environmental conditions. With only three
year’s data, determining the environmental conditions which might
favor one line over another is not feasible.

DISEASE AND ROOT APHID RESISTANCE

In all comparisons, the Cercospora leaf spot (CLS) rating for the
resistant check was significantly lower (more resistant) than the CLS
ratings of all 11 germplasm lines (Table 3). With three exceptions,
the final (last) ratings for F1047, F1050, and F1053 in 2015, the CLS
ratings of the germplasm lines were significantly (P < 0.05) lower than
the susceptible check. Five germplasm lines, F1044, F1045, F1046,
F1048, and F1049, had final and average CLS ratings lower (P < 0.05)
than the moderate check in both years. There is no indication that
utilizing any of the 11 germplasm lines to introduce genetic diversity
into an elite population would contribute root aphid resistance to the
population (Table 3).
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Table 3. Last (final) and mean Cercospora leaf spot (CLS) ratings for F1044-F1054, a CLS susceptible
check, a moderately susceptible check and a resistant check, 2015 and 2016, and root aphid ratings
2015.

Cercospora leaf spot Root
2015 2016 aphid
Germplasm Last Mean(6)1 Last Mean (5) 2015
Disease rating, 1 - 9* Rating, 0-4
Lines
F1044 5.0 2.8 5.8 4.0 3.9
F1045 5.0 3.1 5.0 3.6 3.8
F1046 6.7 4.0 6.0 4.1 3.5
F1047 7.8 4.5 7.3 5.2 3.6
F1048 6.7 3.5 5.7 4.0 3.5
F1049 3.8 2.7 4.8 3.9 3.5
F1050 8.0 4.5 6.2 4.3 3.7
F1051 6.2 3.8 6.7 4.6 3.7
F1052 7.3 4.0 5.7 3.9 3.8
F1053 7.5 4.0 6.7 4.3 3.5
F1054 7.2 3.7 6.7 4.1 3.8
Checks
Resistant 1.7 13 1.0 1.2 1.1
Moderate Susc. 8.7 4.7 8.0 5.1 ---
Susceptible 9.0 6.8 9.0 7.8 3.7
LSDg.05 1.5 0.7 13 0.8 ---

"Number in parenthesis indicates the number of observation dates included in the mean. The last
reading is almost always the highest (most severe Cercospora leaf spot ratings) recorded for the

season.

IItHigher ratings are indicative of increased severity.
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With one exception, F1053, all 11 germplasm lines had lower
Aphanomyces ratings (less severe symptoms) than the susceptible
check in 2016 (Table 4). In 2015 all the germplasm lines had lower
ratings than the susceptible check (P < 0.05). F1047 and F1053 were
the only lines with ratings higher than the moderate check in 2016 (P
< 0.05). F1049 and F1052 had relatively low Aphanomyces ratings in
both 2015 and 2016.

All 11 germplasm lines had lower Fusarium root rot ratings
than the moderately susceptible check and differences between the
resistant check and the germplasm lines were not significant in 2015
(Table 4). In 2016, the difference between the resistant check and the
moderately susceptible check was not significant. All 11 germplasm
lines had lower Fusarium ratings than the moderately susceptible
check; however, the difference between F1047 and F1048 and the
moderately susceptible check was not significant. Two germplasm
lines, F1049 and F1050, had lower Fusarium rating than the resistant
check in 2016 (P < 0.05).

None of the 11 germplasm lines had curly top ratings that
were equal to or lower than the ratings for the resistant check in 2015
or 2016 (Table 4). Only two germplasm lines, F1048 and F1052, had
curly top ratings lower than the susceptible check in both years (P <
0.05). With the exception of the relative high indices for F1051 and
F1052, differences between the rhizomania indices for the germplasm
lines and the rhizomania susceptible (rzrz) check were not significant
(P < 0.05) in 2015 (Table 4). In 2016, none of the germplasm lines
had rhizomania indices lower than the Rz1Rz1 or the Rz1Rz1+Rz2Rz2
checks. However, differences between the rhizomania indices for four
of the germplasm lines, F1045, F1046, F1047, and F1050, and the
Rz2Rz2 check were not significant in 2016 (P < 0.05).
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