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Abstract. Consumers perceive flavor as a critically important attribute of vegetable
crops. Gas chromatography-mass spectrometry (GC-MS), spectrophotometry, and re-
fractometry of tissue samples collected during multiple years from table beet (Beta vul-
garis) at various stages of maturity were performed to characterize the endogenous
production of geosmin, oxalic acid, and total dissolved solids within the root. The geo-
smin concentration was primarily influenced by the cultivar and peaked early during
the growing season, with root concentrations at 6 weeks after planting that were 312%
higher, on average, than those found in harvest stage roots at 15 weeks after planting.
The highest average concentration of geosmin in harvest stage roots was detected in tis-
sue from the cultivar Bull’s Blood (16.08 pg-kg™'). The oxalic acid concentration
showed a strong cultivar influence and statistically significant variability across the
growing season. Hybrid beet cultivar Boro had the lowest soluble oxalic acid concentra-
tion (95.73 mg-100 g~ ! fresh tissue) at all locations and during all years. The oxalic acid
concentration peaked 12 weeks after planting, and it was lower at the postharvest sam-
pling date 18 weeks after planting. Total dissolved solids (TDS) concentrations were
strongly influenced by year and growing environment and displayed crossover interac-
tions for environment x week. TDS measurements had a moderate negative correlation
with root mass. ‘Chioggia Guardsmark’ consistently had the highest TDS during all
years and at all locations at 12.01 °Brix. The TDS varied significantly according to time,
and diurnal sampling revealed fluctuations as large as 4 °Brix over the course of a
12-hour period. The TDS concentrations increased throughout the growing season, al-
though the rate at which they increased changed according to plant age. The results
from this study suggest that interactions between cultivar, time, and environment are
important determinants of oxalic acid and TDS concentrations, but they have less influ-
ence on geosmin. This information may influence the methods that plant breeders use to
collect phenotypic data of important flavor compounds in beets.

Table beet (Beta vulgaris L. Arcang) pos-
sesses a unique suite of compounds that
impact its culinary potential, including earthy
flavors and high levels of sucrose. A third fac-
tor influencing edibility is oxalic acid. As con-
sumers continue to demand produce with new
and superior flavors, aromas, and culinary
quality, plant breeders must develop methods
to improve flavor and eating quality traits
without sacrificing shelf life, aesthetics, or ag-
ronomic traits (Folta and Klee 2016). In re-
cent years, in addition to its traditional use as
a cooked, canned, or pickled product, table
beet has been promoted as a vegetable crop
suitable for eating fresh (Bach et al. 2015;
Hanson 2020; Hanson et al. 2022; Prasad
etal. 2018).

Other crop species with a high market value
in the fresh eating produce sector, such as blue-
berries (Vaccinium sp.), have experienced
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large-scale investment in molecular-assisted
breeding for flavor (Klee 2010). Using gas
chromatography, researchers quantified a di-
verse set of volatile organic compounds sus-
pected to have an impact on consumer liking
(Farneti et al. 2017), characterized how impor-
tant flavor compounds change with the species,
cultivar, growing environment, and stage of
ripeness (Beaulieu et al. 2014), and performed
a successful genome-wide association study
followed by the identification of the candidate
gene or genes responsible for important fluctu-
ations of volatile organic compounds in blue-
berry (Ferrao et al. 2020). In recent decades,
substantial efforts have been expended to un-
derstand flavor profiles of root and bulb crops,
such as carrot and onion, and to develop geno-
mic databases and tools that can be used by
plant breeders (Khosa et al. 2016; Rolling et al.
2022). Such an approach may prove to be an
effective pipeline for improving the culinary
quality of table beet; however, a critical first
step is developing reliable and robust methods
for measuring compounds that influence flavor
and eating quality.

Regarding species such as blueberries or
other climacteric fruits, breeders and growers
are often most concerned with the flavor of

ripe marketable produce. However, many
vegetable crops lack such a distinction in ma-
turity. Baby beet greens are harvested as early
as 28 to 30 d after planting, whereas fresh
market “bunch” beets (roots and leaves) are
typically harvested between 45 and 60 d after
planting. Beets intended for processing are
often left in the field for 90 to 120 d, and their
size is controlled by the high planting density
or by mowing the tops off of actively grow-
ing plants (Goldman and Navazio 2002).
Thus, if flavor compounds are found to
change significantly with regard to plant ma-
turity, then it is possible that cultivars may
vary in their flavor profiles depending on
their end uses and how they are grown. Fur-
thermore, plant breeders who wish to evalu-
ate the flavor and eating quality of table beets
should evaluate these traits earlier in the season
to allow an examination of larger populations
and increase selection efficiency. Understand-
ing the relationship of flavor compounds with
the developmental stage would enable breeders
to determine the earliest time when a pheno-
type predictive of the trait at the harvest stage
root could be collected. For example, early-
season detection of culinary quality before the
harvest stage would allow for greater efficiency
during the harvest and postharvest period,
when breeding programs require the largest
amount of resource deployment. The following
experiment presents a framework for evaluat-
ing the trajectory of three important flavor and
eating quality traits of table beet over the
course of the growing season; this topic has
not been well-researched.

A large component of the earthy flavor of
beet is the volatile terpene, geosmin (Murray
et al. 1975). Geosmin is also produced by
Streptomyces spp. bacteria living in the soil or
in stagnant water, as well as other microbial
species. Humans are quite sensitive to small
changes in geosmin concentrations; as a result,
geosmin is considered to be a contaminant in
processed food and beverages (Buttery and
Garibaldi 1976; Liato and Aider 2017; Zhang
et al. 2016), as well as in drinking water
(Lvova et al. 2020; Park et al. 2021). Beets
high in geosmin may be off-putting or even
unpalatable.

Although the biosynthetic pathway of ge-
osmin in Streptomyces bacteria has been
characterized (Jiang et al. 2006), this pathway
has not been characterized in plants. A search
using the Position-Specific Iterative Basic
Local Alignment Search Tool (PSI-BLAST)
database procured only two potential matches
for a geosmin synthase protein analog in table
beet cultivars Pacemaker III, Touchstone Gold,
Bull’s Blood, and the inbred line W364B (Maher
and Goldman 2018); however, neither match has
been confirmed to synthesize geosmin. One of
these proteins is a terpene synthase, and the other
is an isoprenoid synthase; both are located on
chromosome 8 (Maher and Goldman 2017).

Previous studies have shown that geosmin
production in table beets is cultivar-specific
(Freidig and Goldman 2011), and that geo-
smin is being produced endogenously within
the beet (Maher and Goldman 2018). Geo-
smin has been shown to be a heritable trait
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that can be selected both for and against
(Maher and Goldman 2017), although con-
centrations may be affected by genotype X
year and year X location interactions (Hanson
and Goldman 2019). A mapping study per-
formed by Hanson (2020) identified an asso-
ciation between the geosmin concentration
and a quantitative trait locus (QTL) on chro-
mosome 8. After consumer taste testing, Han-
son (2020) concluded that geosmin may not
be the only compound responsible for the
earthy flavor of beets, and that the geosmin
concentration was not the primary determi-
nant of hedonic liking by participants in the
study.

Oxalic acid is a molecule found in a wide
variety of plants. Many food crops in the
Amaranthaceae family, including beets, are
classified as high-oxalate foods. High concen-
trations of oxalic acid can cause a burning
sensation when beets are eaten raw (Freidig
and Goldman 2011), and diets rich in oxalic
acid may contribute to the formation of kid-
ney stones (Noonan and Savage 1999). Addi-
tionally, oxalic acid may possess antinutritive
qualities because it binds to calcium and other
minerals and reduces the bioavailability of
these nutrients (Wanasundera and Ravindran
1992). Okutani and Sugiyama (1994) ob-
served that the concentration of oxalic acid in
spinach (Spinacia oleracea) leaves typically
increases as the plant ages, and they posited
that oxalate synthesis may be a byproduct of
metabolism, could serve as a buffer system
for cation—anion regulation, or could serve a
role in disease and pest resistance (Fasset
1973). Oxalic acid is often cited as an impor-
tant pathogenicity factor for fungal pathogens
(Bennett and Hindal 1989; Cessna et al. 2000;
Dutton et al. 1996; Kirkland et al. 2005; Ma-
gro et al. 1984); as such, it has been shown to
activate systemic-acquired resistance (SAR)
to the fungal pathogen Rhizoctonia solani in
rice plants (Jayaraj et al. 2010). The produc-
tion of oxalic acid by plants has also been
shown to have a role in resistance to insect
(Nakata 2015) and animal (Prasad and Shivay
2017) herbivory. A biosynthetic pathway of
oxalic acid in bacteria such as Burkholderia
glumae has been described (Nakata and He
2010); however, a complete synthesis path-
way for oxalic acid in plants has not been
published.

Sucrose is one of the main compounds as-
sociated with the sweetness of fruits and veg-
etables; however, consumer perception of
sweetness can be impacted by other com-
pounds present in plant tissue. Table beet
contains substantial amounts of sucrose, and
these amounts are often quantified using total
dissolved solids (TDS), which are primarily
composed of sucrose (Wolyn and Gabelman
1990). TDS, as measured using a refractometer,
were chosen as a proxy for sucrose concentra-
tion because of the ease of data collection and
use as a measure of table beet quality (Feller
and Fink 2004). Modermn sugar beets are be-
lieved to have been domesticated from sugar-
accumulating transgressive segregants from a
cross between Swiss chard and fodder beet
(Dohm et al. 2014). Although researchers
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attempted to resynthesize sugar beet by crossing
Swiss chard and fodder beet and selecting for
sugar beet shape and composition, they found
that recurrent selection for sugar content did not
appear to increase the sugar content of progeny
(Fischer 1989). After three cycles of half sib se-
lection for the TDS concentration, Wolyn and
Gabelman (1990) found nonsignificant changes
in TDS and observed a low realized heritability
(h* = 0.25) for TDS. Tobi et al. (2021) calcu-
lated an even lower estimate of narrow sense
heritability (h* = 0.025) for TDS in sugar beet.

Hanson and Goldman (2019) found that
complex genotype x environment interactions
influenced the variance present in TDS meas-
urements of beet root tissue. The sucrose con-
centration in sugar beet was found to increase
throughout the growing season and slightly
decrease after harvest (Kenter and Hoffmann
2006). Several studies have reported that the
sucrose concentration in table beet increases
during the first half of the growing season be-
fore reaching a saturation point; thereafter,
the sucrose concentration does not increase
(Fasahat et al. 2018; Kenter and Hoffmann
2006). To date, no such study involving table
beet has been performed.

The table beet is generally considered to be
descended from a relatively narrow genetic
base. Modern cultivars consist of open polli-
nated varieties and hybrid cultivars produced
by crossing inbred parents, with one of which
possessing cytoplasmic male sterility. The
complexity of identifying and maintaining
male sterility in inbred parents is one of the im-
pediments to smaller breeding programs seek-
ing to gain market penetrance with new hybrid
beet varieties boasting improved flavor and
easting quality. The processing sector is domi-
nated by relatively few varieties, whereas more
diversity is seen in operations growing for the
fresh market (Goldman and Navazio 2002).
Recently, a newfound public interest in con-
sumer quality traits spurred the release of table
beet cultivars such as Badger Flame, which
was bred for its low geosmin and oxalic acid
contents, sweet flavor, interesting shape, and
unique colors, as well as five new cultivars that
were developed as part of a participatory plant
breeding program using farmer and consumer
taste test data to guide selections (Hanson
2020).

Understanding the mechanisms and trends
by which compounds that affect flavor and
eating quality change with regard to time can
assist plant breeders with the development
and optimization of methods of selecting for
or against these compounds by allowing them
to more efficiently allocate resources, person-
nel, and equipment, and by enabling them to
make selections earlier or with greater confi-
dence. Although the effects of early and late
planting dates have been examined in the ta-
ble beet oxalic acid concentration (Freidig
and Goldman 2011) and TDS (Gaertner and
Goldman 2005), an analysis of geosmin, ox-
alic acid, and TDS in tissue collected at mul-
tiple time points over the season has never
been performed. Diurnal measurements of
the geosmin concentration and TDS in table
beet have not been reported, and the findings

of these experiments may influence the degree
to which researchers rely on refractometer data
as a proxy for the sucrose concentration in table
beet. Our objective was to assess key determi-
nants of table beet flavor during the growing
season across several table beet cultivars.

Methods

Field design. Four cultivars of beets were
planted in a randomized complete block de-
sign with three blocks flanked by border rows
of beet cultivar Bull’s Blood. Open pollinated
cultivars Bulls Blood, Chioggia Guardsmark,
and Touchstone Gold and hybrid cultivar
Boro were selected for their contrasting phe-
notypes and relative geosmin content (Fig. 1)
(Freidig and Goldman 2014; Hanson and
Goldman 2019; Lu et al. 2003). ‘Bull’s
Blood’ had the highest previously reported
geosmin concentration in field-grown beet root
(20.82 pgkg™! geosmin), with ‘Touchstone
Gold’ having the lowest geosmin concentration
(4.84 pgkg™") and ‘Chioggia Guardsmark’
displaying an intermediate geosmin concentra-
tion (14.1 pgkg™"), as measured in field-
grown beets (Freidig and Goldman 2014).
Boro is a popular hybrid beet cultivar that has
not been included in previous studies that quan-
tified geosmin concentrations. ‘Bull’s Blood’,
‘Chioggia Guardsmark’, and ‘Touchstone Gold’
were previously found to have similar levels of
soluble oxalate in root tissue (Freidig and Gold-
man 2011). Previously, ‘Chioggia Guardsmark’
exhibited higher TDS (9.4 °Brix) than ‘Bull’s
Blood’ and ‘Touchstone Gold’, which both had
a mean TDS concentration of 8.3 °Brix (Hanson
et al. 2022).

Each plot consisted of two 3.7-m paired
rows of a single cultivar with between-row
spacing of 46 cm. Two rows were necessary
to provide enough plant material for repeated
random sampling throughout the season with-
out significantly changing the plant density.
Rows were overseeded using a hand-propelled
Planet Jr. planter with a cone seeder attach-
ment; then, they were thinned to a density of
20 seedlings per meter at 3 weeks after plant-
ing. Fields were treated with S-metolachlor-
based pre-emergent herbicides Nortron SC
and Dual I Magnum (Syngenta, Basel, Swit-
zerland) immediately after planting.

Fig. 1. Four cultivars of table beet selected for use
during this experiment (left to right): Touchstone
Gold, Chioggia Guardsmark, Boro F; Hybrid,
and Bull’s Blood.
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This experiment was conducted at the
Hancock Agricultural Experiment Station
(Hancock, WI, USA) and the Arlington Agricul-
tural Research Station (Arlington, WI, USA)
over the course of the 2021 and 2022 growing
seasons for a total of four year—location trials.

In 2021, the Hancock and Arlington fields
were planted on 17 May and 25 May, respec-
tively. In 2022, Hancock was planted on 17
May; Arlington was planted on 24 May. As
necessitated by the sandy soils of the Hancock
Research Station, we sowed a barley nurse
crop at the time of planting and irrigated con-
sistently throughout the growing season. Han-
cock received 31 cm of precipitation during
both the 2021 season and 2022 season. The
barley nurse crop was ended 2 weeks after
planting, and applications of urea and ammo-
nium nitrate were performed weekly over the
growing season. The plot at the Arlington Re-
search Station was planted in silt loam soil
and did not receive any irrigation or fertiliza-
tion; it received rain totals of ~26 cm in 2021
and 41 cm in 2022 (Weather Underground,
Ann Arbor, MI, USA).

Sample collection was performed tri-weekly
at each location for a total of six sample collec-
tion dates (3, 6, 9, 12, 15, and 18 weeks after
planting) per location per year. At the time of
sampling, six plants were randomly chosen
from each row; then, 1-cm-diameter cores con-
taining both epidermal and core root tissues
were taken and subsequently placed in a labeled
polyethylene bag for transport and storage. Beet
cores were kept frozen at —20 °C until process-
ing. Samples collected 3 weeks after planting
consisted of only stems, two cotyledons, and un-
swollen root tissue; as such, they were excluded
from analysis of root metabolites. Samples ob-
tained at 6 weeks after planting showed signs of
swelling in the hypocotyl tissue; therefore, they
were used in the experiment. At 15 weeks after
planting, all roots in the row were harvested,
packed in cedar shavings, and stored in a walk-
in cooler at 7°C (Walnut Street Greenhouse,
Madison, WI, USA) for 3 weeks to simulate
postharvest storage and handling conditions.
Then, they were randomly selected for the week
18 sample collection.

Size sampling. The relationship between
root size and flavor compound concentration
was examined by harvesting 63 roots of the
cultivar Bull’s Blood from the Arlington Re-
search Farm on 28 Aug, 2021. The masses of
individual roots were recorded before 1-cm
cores containing both epidermal and core
root tissues were obtained, placed in labeled
polyethylene bags, and stored at —20 °C until
sample preparation and laboratory analysis.

Diurnal sampling. To assess the changes in
geosmin and TDS over the course of the day,
samples from the cultivar Bull’s Blood were
collected from three experimental blocks at the
Arlington Research Farm at 2-h intervals over
a 24-h period, resulting in a total of 36 block x
time samples. At each sampling time, three
plants were randomly chosen from each block,
the mass of each root was recorded, and 1-cm-
diameter cores containing both epidermal and
core root tissues were obtained from each root
and subsequently placed in a labeled polyethylene
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bag for transport and storage. Beet cores were
kept frozen at —20°C until processing. This
experiment was performed on 28 Aug 2021,
and again on 6 Sep 2022.

Sample preparation. To prepare beets for
chemical analyses, frozen cores were placed
in an industrial Waring (McConnellsburg,
PA, USA) blender and ground for 2 min at
13,000 rpm. To account for the variations in
geosmin contents of epidermal tissue and core
root tissue, which would skew the results in a
manner correlated with the surface area-to-
volume ratio of the beet, samples were stan-
dardized to 5% epidermal tissue by weight. A
portion of ground tissue was used to collect
measurements of TDS by pressing 10 pL of
liquid through a Kimwipe (Kimberly-Clark,
Irving, TX, USA) onto an ABBE-3L refrac-
tometer (Thermo Fisher Scientific, Waltham,
MA, USA). Six refractometer measurements
were performed for each sample; then, 10 g of
homogenized tissue was stored for later analy-
sis of the oxalic acid concentration. The re-
maining tissue was mixed in a 1:1 ratio with
MilliQ water to create a uniform beet slurry,
which was later placed into a 25-mL test tube
filled to the top of the tube to minimize head-
space, sealed with parafilm, and placed in the
—20°C freezer again.

Geosmin. Geosmin was quantified using
headspace solid-phase microextraction gas
chromatography mass spectrometry (GC-MS),
as described by Freidig and Goldman (2014),
and each sample was run in triplicate. After
thawing the beet slurry, 5 g of the sample
was placed in a headspace vial containing 1 g
of NaCl and sealed with a PTFE septum cap.
An internal standard of —(—)menthone was
added to each sample, as well as to water
standards with geosmin concentrations of 5,
10, and 21.6 pgkg ' geosmin. Analytical-
grade geosmin and menthone were purchased
from Sigma Aldrich (St. Louis, MO, USA).
Vials were placed in a Shimadzu Model
QP2010SE GC-MS with an AOC-5000 Shi-
madzu Autoinjector.

The Maher (2017) adaptation of the Lu
et al. (2003) GC-MS protocol was used, which
required 3 min of 500-rpm agitation at 60°C
before extraction of the volatilized headspace
components by a polydimethylsiloxane/divinyl-
benzene fiber (Supelco, Bellefonte, PA, USA)
over the course of a 10-min period under the
same conditions. The fiber was thermally des-
orbed at 250 °C and subsequently injected us-
ing the split injection mode with a split ratio of
10 and a split/splitless liner (Restek, Bellefonte,
PA, USA). A 30-m SH-Rxi-5Sil column with a
0.25-mm inner diameter and degrees of free-
dom of 0.25 mm (Shimadzu, Kyoto, Japan)
was used. Temperatures were maintained at
40°C for 1 min before being increased at a rate
of 35°C'min~" to 300°C; at that point, it was
maintained for 2 min. A 10-min incubation pe-
riod at 250 °C was used to condition the fiber
between samples.

Relative recovery was calculated using
samples of the beet cultivar Bull’s Blood
spiked with 5, 10, 15, and 21.6 wg-kg™" root
tissue of geosmin and 2.82 pg-kg™' root
tissue —(—)menthone using the equation

described by Lu et al. (2003):

g GeosmlnToml - Mg Geosmannmod:’ﬁ@d

RR= -
ng GeosmlnSpiked

x100%

Relative recovery rates of geosmin from the
beet root slurry matrix wEre 42.44% in 2021
and 41.15% in 2022, similar to that reported
previously (Hanson and Goldman 2019).

Oxalic acid. To measure the oxalic acid
present in the samples, an adaptation of a pro-
tocol using an oxalic acid-catalyzed reaction
of bromophenol blue and potassium dichro-
mate was chosen (Xu and Zhang 2000). Ox-
alic acid measurements had two technical
replicates for each sample.

Soluble oxalic acid was extracted by add-
ing 0.250 g of ground beet tissue in 2.5 mL of
MilliQ water and incubating at 60 °C for 30 min.
After oxalate extraction, 1 mL of supermatant
was removed and stored at 35 °C. Then, 100 p.L
of the supernatant was added to 4.493 mL of
MilliQ water. Next, 340 L of a reaction master
mix containing 49.6 mM potassium dichromate
and 558.4 mM sulfuric acid in MilliQ water was
added, and the solution was mixed by pipetting.
The addition of 1.5 x 10> M bromophenol blue
followed by 5 s of vortexing began a 10-min in-
cubation period in a 60 °C water bath. At 10 min,
the reaction was quenched with 1 mL of 2 M so-
dium hydroxide, and 1 mL of the solution was
immediately placed in a semimicro cuvette
(Greiner Bio-One, Kremsmiinster, Austria).
The absorbance at 600 nm was measured using
a Spectronic Genesys 5 ultraviolet/Visible
Spectrophotometer (Spectronics Corporation,
Melville, NY, USA), and the absorbance values
were compared with those of a standard curve
(Fig. 2). The linear analytical range of the assay
was 0 to 200 mg-100 g~ ' fresh tissue.

Statistical analysis. A mixed-model analy-
sis of variance (ANOVA) was selected to ana-
lyze this experiment to account for repeated
measures using a replicated randomized com-
plete block design. Each year—location combi-
nation was treated as a separate environment
because of changes in field location and orien-
tation. Environment, weeks, and genotype
were treated as fixed effects, with the effect of
block nested within a year—site combination
defined as random. An analysis was con-
ducted using RStudio version 2022.07.2
(RStudio, Boston, MA, USA) and R version
422 (R Core Team, Vienna, Austria). R
package “lme4” was used for mixed-effects
modeling and the ANOVA (Bates et al.
2015), “emmeans” was used for drawing pair-
wise comparisons and generating linear con-
trasts, and “ggplot2” was chosen for data
visualization and to produce graphics for this
publication (Wilkinson 2011).

Results

An ANOVA of all data showed evidence
of interactions among weeks, environment,
and cultivar for most traits (Table 1). Signifi-
cant interactions resulting in rank changes oc-
curred primarily for samples during week 6.
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Standard Curve of Soluble Oxalic Acid
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Fig. 2. Standard curve for the soluble oxalic acid in beet root tissue produced using the kinematic spectro-
photometric assay. The curve is fit with a polynomial regression curve but has a linear analytical range

of 0 to 200 mg-100 g~ fresh tissue.

These samples exhibited large variations
because of differences in the germination
time, early vigor, and establishment of
the cultivars. Thus, data from samples
collected 6 weeks after planting were ex-
cluded from the analysis. This had the ef-
fect of limiting interaction effects, and
the data from all subsequent weeks were
explained primarily by main effects.

Geosmin. The ANOVA revealed that the
geosmin concentration displayed a significant
cultivar x week interaction. This interaction
was not of a crossover nature, and rank was
conserved. Significant main effects were found
for cultivar and environment. The effect of en-
vironment may be explained by the fact that
geosmin concentrations in 2021 were higher in
Arlington than in Hancock, but they were
lower in Arlington in 2022.

Cultivar Bull’s Blood consistently had the
highest root geosmin concentrations, with an
experiment-wide average concentration of
16.08 wg-kg™", which was higher than the av-
erage concentration for ‘Chioggia Guards-
mark’ (13.05 pg-kg™"). Cultivars Boro and
Touchstone Gold had the lowest concentra-
tions of geosmin, averaging 8.50 wg-kg ' and
7.64 ngkg ™', respectively.

By multiplying the concentration of geo-
smin by the average mass of the roots in the
sample, we were able to approximate the total
geosmin content of the beet root. The total ge-
osmin content increased throughout the grow-
ing season, but it stopped increasing when
roots were harvested and placed in postharvest
storage (Fig. 2). However, the total accumula-
tion was different across locations (Fig. 3).

Oxalic acid. Statistically significant envi-
ronment x weeks and environment x cultivar
interactions for root oxalic acid concentration
occurred. These interactions were not of a
crossover nature. Cultivar and weeks after
planting had the strongest effect on the oxalic
acid concentration (P = 0.001 for both). Ox-
alic acid was most strongly influenced by cul-
tivar, but it also changed over the course of a
growing season.

‘Boro’ consistently had the lowest soluble
oxalic acid concentration of all location x
year combinations, with an experiment-wide
average concentration of 95.73 mg-100 g™
in roots at 18 weeks after planting. ‘Chioggia
Guardsmark’ displayed the highest oxalate
concentration (253.17 mg-100 g~') at both
locations during the 2022 season compared
with ‘Touchstone Gold’ (209.41 mg-100 g~ ')

Table 1. Degrees of freedom (df) and F statistics from an analysis of variance (ANOVA) of the randomized
complete block design with repeated measures for the effects of environment (E), cultivar (C), weeks af-
ter planting (W), and block (B) on the geosmin concentration, oxalic acid concentration, and total dis-
solved solids in four table beet cultivars grown at two sites over 2 years in Wisconsin and sampled at 9,
12, 15, and 18 weeks after planting. Geosmin concentration and oxalic concentration both underwent
square-root transformation to correct for nonconstant variance.

Geosmin Oxalic acid Total dissolved solids
Source df F df F df F
E 3 9.58 ok 3 2.92 3 3.11 *
C 3 69.84 ook 3 39.02 okok 3 39.57 ok
w 3 1.30 1 66.28 ok 3 7.50 Hokk
E x Block 8 1.92 8 1.60 8 4.62 Hok
ExC 9 1.04 9 2.72 * 9 2.75 *
ExW 9 1.97 3 11.27 ok 9 343 ok
CxW 9 2.99 *k 3 0.53 9 1.81
ExCxW 27 0.62 9 1.92 27 0.80

* Rk HEE Significant at P = 0.05, 0.01, and 0.001, respectively.
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and ‘Bull’s Blood’ (162.35 mg-100 g ), but
the three were not significantly different in
2021.

Total dissolved solids. An ANOVA of
TDS concentrations showed three significant
interaction terms, with the environment x
week interaction having a crossover nature.
When separate ANOVAs were performed for
each environment, there were no significant
interactions present in any of the environ-
ments. Hancock showed significant main ef-
fects of block and cultivar in both 2021 and
2022. There were no significant factors affect-
ing TDS in Arlington 2021, and Arlington
2022 showed significant effects of cultivar and
was the only environment to show a highly
significant effect of weeks after planting on
TDS.

The TDS level was highest in ‘Chioggia
Guardsmark’ across all years and locations,
with an experiment-wide average of 12.01
°Brix in roots harvested 15 weeks after plant-
ing, which was higher than that of ‘Touch-
stone Gold” (10.80 °Brix), ‘Bull’s Blood’
(10.66 °Brix), and ‘Boro’ (10.42 °Brix) (Fig. 4).
In 2022, TDS peaked for all cultivars in both lo-
cations at 9 weeks after planting. This same
trend was not observed in 2021. The TDS level
was lowest in the first root tissue sampling at
6 weeks after planting; however, by 12 weeks
after planting, it had stabilized to levels found in
harvest-stage roots.

Relationship among traits. An ANOVA of
the average root mass from beets harvested
15 weeks after planting at Arlington and Hancock
in 2022 (Table 2) revealed a location X culti-
var interaction; however, this interaction was
not of a crossover nature.

The relationship between root size, geo-
smin concentration, and TDS was explored
using data collected from 63 individuals roots
of the cultivar Bull’s Blood that were har-
vested on 28 Aug 2021. An analysis of the
samples found that there was a weak-to-mod-
erate negative correlation (R*> = —0.048) be-
tween °Brix and root mass. The geosmin
concentration had only a weak correlation
(R* = 0.012) with root mass. An ANOVA
showed that mass is not a significant factor
affecting the root geosmin concentration (P =
0.3765) or TDS concentration (P = 0.0827),
and that the geosmin concentration was not
significantly correlated with the TDS concen-
tration (P = 0.433) (Table 3).

Diurnal sampling. An ANOVA of the re-
sults obtained during the diurnal sampling ex-
periment indicated that time (hours) had a
significant effect (P < 0.05) on TDS readings
of root tissue (Table 4, Fig. 5). Although a
graphical analysis of the data revealed what
appears to be a cyclic trend in the geosmin
concentration, the ANOVA did not reveal a
significant effect of hours on the root geo-
smin concentration. The fact that the same
trend was not observed over multiple years
suggests that this may be an artifact of sam-
pling, and that the fluctuations in geosmin
concentration can be attributed to experimen-
tal error. Therefore, we concluded that al-
though the TDS level changes significantly
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Table 2. Sources of variation, degrees of freedom
(df), F statistics, and P values from an analysis
of variance of the effects of location and culti-
var on the average mass of beets roots har-
vested at 15 weeks after planting at two
locations (Arlington, WI, USA and Hancock,
WI, USA) in 2022.

Source df F P
109.00 5.46e-08 ***

Location 1
Cultivar 3 427 0.02457 *
Location x cultivar 3 4.00 0.02980 *
¥, Rk k% Significant at P = 0.05, 0.01, and
0.001, respectively.

with respect to the time of sample collection,
geosmin does not display a similar behavior.

Discussion

This experiment characterized the changes
of important quality-related compounds over
the course of the season and examined the in-
fluence of factors such as year, location, root
mass, and sampling time on these com-
pounds. Additionally, an accurate, low-cost
assay for measuring the concentrations of sol-
uble oxalic acid in table beet root tissue was
developed, and findings regarding relatively
large daily fluctuations in TDS were identi-
fied through diurnal sampling.

In concordance with previously published
research (Hanson and Goldman 2019), the
concentration of geosmin in mature table beet
root tissue appeared to be cultivar-specific
and strongly controlled by genetics. Geosmin
concentrations previously reported for ‘Bull’s
Blood’” and ‘Touchstone Gold’ (Hanson and
Goldman 2019) were similar to the concen-
trations found during this study. We found
that geosmin synthesis occurred throughout
the growing season, but that it was present
in the highest concentration early in the
season. Changes in the root geosmin con-
centration during the growing season as
large as 75.2% were observed for the culti-
var Chioggia Guardsmark.

The concentrations of soluble oxalic acid
found in beet roots at 18 weeks after planting
during this experiment were, on average,
11.5% higher than concentrations previously
reported by Freidig and Goldman (2011);
however, this may be attributed to the use of a
different assay. Freidig and Goldman (2011)
used an enzymatic colorimetry kit to measure
the concentration of oxalic acid in beet roots

Table 3. Results of three separate analyses of variance
that examined the effects of root mass on total dis-
solved solids (TDS) and root geosmin concentra-
tions, and the correlation between the TDS and
geosmin concentration. A linear model was fitted
to data collected from 63 roots of the beet cultivar
Bull’s Blood harvested on 28 Aug 2021 at the Ar-
lington Research Farm.

Source df t-value P

Average mass of TDS 61 —1.76 0.0827
Average mass of geosmin 60 0.89 0.3765
TDS of geosmin 60 0.79 0.4330

* ¥%RER Sionificant at P =< 0.05, 0.01, and
0.001, respectively.
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Table 4. Results of two separate analyses of variance
examining the effects of the hour of sampling on
the beet root geosmin concentration and total dis-
solved solids (TDS) concentration. Samples of the
table beet cultivar Bull’s Blood at 15 weeks after
planting were collected from three experimental
blocks at 2-h intervals for 24 h, and the experi-
ment was repeated in 2021 and 2022. A mixed-
effects model was fitted with block as a random
effect to account for repeated measures.

Source df t-value P
Geosmin: hour 11 0.91 0.5366
TDS: hour 11 2.15 0.0296 *

* % FEE Sionificant at P =< 0.05, 0.01, and
0.001, respectively.

and leaves. Part of this project involved devel-
oping an accurate, lower-cost assay for mea-
suring oxalic acid in beetroots. Initial efforts
were focused on adapting a protocol for the
spectrophotometric determination of oxalic
acid through the kinematic degradation of po-
tassium permanganate, as described by Franco
and Krinitz (1973) and Karamad et al. (2019);
however, the absorbance spectrum of potas-
sium permanganate overlapped with that of the
betalin pigments found in some beets. To avoid
interference by the varying levels of red pig-
ment in beets, this experiment used a kinematic
spectrophotometric protocol that exploited an
oxalic acid-catalyzed reaction of bromophenol
blue and potassium dichromate, which was
then quenched by sodium hydroxide to shift the
absorbance outside of the spectra of betalain
pigments. Although the new kinetic spectro-
photometric assay is significantly less expen-
sive than the previously used methods for
measuring oxalic acid in table beet, the kinetic
nature of the reaction means that even small
fluctuations in the amount of time that a sample
is allowed to react before being placed into the
refractometer can cause variation of the data.
Therefore, great care must be taken to ensure
consistent reaction times and conditions to min-
imize experimental error.

The presence of rank-changing interac-
tions among location x year x week suggests
that the concentration of oxalic acid for a par-
ticular cultivar may vary across years and lo-
cation, and that the accumulation of oxalic
acid throughout the season and during post-
harvest storage occurs at a rate that is depen-
dent on both year and location. Thus, it is
difficult to accurately predict the nature of
seasonal trends in the concentration of oxalic
acid for a given cultivar across locations and
years. Oxalic acid concentrations in harvest
stage roots at 18 weeks after planting showed
a noncrossover year X cultivar interaction and
large effects of cultivar and year, from which
we can infer that the oxalic acid concentra-
tion in harvest stage roots is controlled by ge-
netics but influenced by year-to-year changes in
growing conditions.

Future studies attempting to further char-
acterize these interactions may benefit from
the higher resolution offered by increasing
the frequency of sampling. Despite this, the
hybrid beet cultivar Boro had an oxalic acid
concentration significantly lower than that of

the other cultivars during the experiment
across both years and locations, with Boro
exhibiting oxalic acid concentrations 46.2%
lower than the average of all other cultivars
at 18 weeks after planting. Thus, it may be
possible for breeders to select cultivars with
lower and more stable levels of oxalic acid.
At the time of writing, there have been no
formal efforts to breed for reduced levels of
oxalic acid in beets; however, breeders who
seek to release cultivars with improved eating
quality may be inadvertently selecting for
low-oxalate beets because of the negative im-
pact of oxalic acid on eating quality. Coordi-
nated efforts to breed for lower oxalate levels
in other crop species, such as spinach (Shi
et al. 2016), rhubarb (Libert 1987), tomato
(Chakraborty et al. 2013), winter wheat
(Matros et al. 2017), and soybean (Francis
et al. 2020), are in progress. Regarding rhu-
barb, a crop species in the same Order as beet,
low (h> = 0.3-0.38) narrow-sense heritabil-
ities have been estimated for oxalic acid con-
centration, whereas estimates of broad-sense
heritability are moderate (H? = 0.58) for win-
ter wheat (Matros et al. 2017) and high (H> =
0.97) for populations resulting from a hybridi-
zation event between longan and lychee
(Wang et al. 2022). Research of other crop
species has suggested that the type and quan-
tity of exogenous nitrogen applied may influ-
ence the amount of oxalic acid found in plant
tissues (Tian et al. 2008; Rahman et al. 2012;
Liu et al. 2015). Therefore, nitrogen manage-
ment and the timing of fertilizer application
may be a useful tool for growers and an im-
portant consideration for plant breeders seek-
ing to breed lower levels of oxalic acid in
table beets.

Crossover cultivar x week, location X
week, and year x week interactions led us to
infer that cultivars do not perform consis-
tently with regard to TDS across the growing
season, and that both location and week im-
pact TDS differentially in ways that are not
well-characterized. These findings are corrob-
orated elsewhere in the literature (Hanson
and Goldman 2019). Our data suggest that
TDS levels in beet may be not only cultivar-
specific but also location-specific and tied to
particular developmental trajectories in the
plant.

TDS was the only trait examined during
this study that showed a significant difference
between blocks, which was indicative of an
underlying field gradient. This provides fur-
ther support that TDS is more influenced by
environmental conditions than are geosmin
or oxalic acid concentrations. Fluctuations in
TDS in beets harvested from the same culti-
var in the same row over a 24-h period were
as large as 4.00 °Brix, which is a fluctuation
representing 32.7% of the highest TDS con-
centration for that row. The average within-
row diurnal variation for all blocks and years
was 26.6%, with TDS being the lowest at
dawn and highest before sunset. We noted
that the cultivar used for this experiment is
open-pollinated and, thus, may inherently
possess plant-to-plant variability. However,
the magnitude of the variability measured
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Fig. 3. Average concentration of geosmin found in root tissue samples collected from four cultivars of table beet every 3 weeks throughout the 2021 and
2022 growing seasons at the Arlington Research Farm.

suggests that other factors influenced the
range of TDS measured. This is the first re-
port of fluctuations in TDS concentrations in
table beet over the course of a diurnal period;
therefore, this may account for some of the
unexplained variations in previous research
involving TDS in table beet (Goldman et al.
1996). Because the daily changes in the mea-
sured values were larger than the published dif-
ferences in TDS between cultivars (Hanson and
Goldman 2019), breeders may find that if they
wish to use TDS as an indicator of sucrose con-
tent, then they must take measures to ensure con-
sistency in sample data, such as collecting data
at the same time each day and implementing
random checks of each experimental block.

A graphical analysis of the root geosmin
concentration data from the diurnal sampling
experiment indicated that the geosmin concentration

HorTSciENcE VoL. 58(9) SEPTEMBER 2023

may also have a diurnal trend; however, the
diurnal change detected during this study
was not deemed statistically significant. Al-
though cacti show diurnal cycling in the
amount of geosmin released by flowers,
which is likely to attract pollinators that associ-
ate the earthy scent with water (Schlumpberger
et al. 2004), there is no published data indicat-
ing a diurnal fluctuation in the geosmin content
of any crop species.

Measurements of the geosmin concentra-
tion and TDS generally had higher variance
in samples obtained at week 6 of the temporal
experiment. This may be attributable to culti-
var differences in the rate of germination, es-
tablishment, and early season vigor, which
became less apparent at later sampling dates,
and to experimental error as a result of the
small amount of root tissue available for analysis.

Additionally, notable changes in rank interactions
were observed for week x year for geosmin only
during week 6, and the exclusion of the week 6
data resulted in no crossover interactions for the
geosmin concentration at any of the subsequent
weeks of sampling.

Sampling was performed on a triweekly
basis to facilitate consistency in sample col-
lection across years and locations; however,
the results may have differed if sampling was
instead based on the growth stages of the beet
plants. The cultivar Bull’s Blood had the low-
est root mass at 15 weeks after planting at
both locations in 2022, whereas Chioggia
Guardsmark, Touchstone Gold, and Borohad
had similar masses at Arlington in 2021, but
varied root masses at Hancock, with Touch-
stone Gold having the largest, followed by
Boro and Chioggia.
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Fig. 4. Linear predictions of total dissolved solids (TDS) in root tissue samples collected from four table
beet cultivars grown at two locations over 2 years in Wisconsin and sampled at 6, 9, 12, 15, and

18 weeks after planting.

One source of error in the temporal study
included bulk sampling, which was necessary
early during the season to provide enough tis-
sue for the appropriate number of technical
replicates (three for geosmin and oxalic acid;
six for TDS). It is possible that the matrix in-
terference of the beet root tissue changed
over the course of the growing season after
the shift in the ratio of vascular tissue to stor-
age parenchyma as the bands of parenchyma
swelled with the growing root. Adjustments
to account for this could be made by calculat-
ing the relative recovery of geosmin and ox-
alic acid using spiked samples from each
stage of tissue maturity and using this value
to adjust the measured concentrations. Of the
63 roots sampled as part of the size study that

examined the relationship between root size,
geosmin concentration, and TDS concentra-
tion, inherent bias exists because enough tis-
sue to complete the analysis for geosmin,
oxalic acid, and TDS could not be collected
from a single root smaller than 25 g; how-
ever, the majority of beets in the field at
15 weeks after planting were larger than 25 g.

In 2021, herbicide drift from a neighboring
carrot field damaged the east side of the Han-
cock experiment. Damage primarily occurred
to the border rows, but the death of a percent-
age of the beet plants led to the surviving
plants growing larger roots in several experi-
mental rows because of the reduced competi-
tion for resources. Results of the size study
indicated that root mass may have a moderate

Diurnal Sampling of Total Dissolved Solids

Total Dissolved Solids ("Brix)

B-ONAM 12-00PM 4:00PM

Sampling Every 2 Hours 12AM to 10PM

negative correlation with TDS, as has been
found by previous research (Gaertner and
Goldman 2005); therefore, this damage intro-
duced another source of variability not ac-
counted for by our experimental design.

One potential application of the findings of
this research could be a more informed ap-
proach to breeding for flavor and eating qual-
ity of table beet. Plant breeders may be able to
make selections based on the geosmin concen-
tration, oxalic acid concentration, and TDS as
ecarly as 12 weeks after planting, which could
enable them to evaluate larger populations and
make selections before harvest.

Prudent areas of future inquiry may in-
clude experiments examining the effects of
biotic and abiotic stresses such as drought,
heat, early frost, foliar disease, and herbivory
on the concentration of oxalic acid. The heri-
tability of oxalic acid concentration could be
estimated and bidirectional recurrent selec-
tion could be performed to test the efficacy of
breeding for reduced oxalate contents in table
beet. Trials evaluating various fertilizer types
and regimes may also prove useful for mak-
ing informed recommendations to farmers
seeking a culture-based approach to reduce
oxalic acid levels in table beets. The diurnal
nature of TDS may also be explored by com-
paring TDS measurements with the results of
sucrose assays, performing diurnal sampling
for longer periods, and observing diurnal pat-
terns of plants under simulated long-day and
short-day conditions.

This study is the first to examine the dy-
namic nature of geosmin, oxalic acid, and
TDS production and their accumulation in ta-
ble beet with regard to time. The results of
this analysis showed that the geosmin concen-
tration was primarily influenced by cultivar,

Year
- 2021

. 2022

Fig. 5. Average total dissolved solids (TDS) concentration found in beet root tissue samples from the cultivar Bull’s Blood that were randomly selected from
three blocks at 2-h intervals. The experiment was performed on 28 Aug 2021 and 6 Sep 2022.
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and that it changes significantly over the course
of the growing season but generally stabilizes
to concentrations found in harvest stage roots
by 12 weeks after planting. The oxalic acid
concentration was strongly influenced by culti-
var and was higher during the midseason, al-
though further sampling is necessary to fully
characterize the nature of the interactions be-
tween location and years and their effects on
the beet root oxalic acid concentration. The
ranking of TDS concentrations was also culti-
var-specific; however, the magnitude of the val-
ues was subject to the influence of complex
year x week interactions. Over the course of 24
h, TDS concentrations in the cultivar Bull’s
Blood fluctuated by as much as 32.7%; how-
ever, geosmin concentrations did not change
in a significant way with regard to time. This
represents a previously unidentified source of
variation that impacts the efficacy of TDS
measurements as a proxy for the sucrose con-
centration in table beet. Breeders can use this
information to decide when they can accu-
rately select for certain traits and how they can
design experiments and breeding nurseries to
improve the ability to capture the portion of
phenotypic variation controlled by heritable
genetic factors.
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