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ABSTRACT

Liebe, S., and Varrelmann, M. 2016. Effect of environment and sugar beet
genotype on root rot development and pathogen profile during
storage. Phytopathology 106:65-75.

Storage rots represent an economically important factor impairing the
storability of sugar beet by increasing sucrose losses and invert sugar
content. Understanding the development of disease management strategies,
knowledge about major storage pathogens, and factors influencing their
occurrence is crucial. In comprehensive storage trials conducted under
controlled conditions, the effects of environment and genotype on rot
development and associated quality changes were investigated. Prevalent
species involved in rot development were identified by a newly developed

microarray. The strongest effect on rot development was assigned to
environment factors followed by genotypic effects. Despite large variation
in rot severity (sample range 0 to 84%), the spectrum of microorganisms
colonizing sugar beet remained fairly constant across all treatments with
dominant species belonging to the fungal genera Botrytis, Fusarium, and
Penicillium. The intensity of microbial tissue necrotization was strongly
correlated with sucrose losses (R2 = 0.79 to 0.91) and invert sugar
accumulation (R2 = 0.91 to 0.95). A storage rot resistance bioassay was
developed that could successfully reproduce the genotype ranking observed in
storage trials. Quantification of fungal biomass indicates that genetic resistance
is based on a quantitative mechanism. Further work is required to understand
the large environmental influence on rot development in sugar beet.

In Europe, the sugar beet root can undergoes a considerable
postharvest period in storagewithin infield clamps for up to 80 days
(Jaggard et al. 1997). The amount of recoverable white sugar from
stored beets is largely affected by the processing quality which is
greatest when roots contain a high concentration of sucrose and a
low concentration of impurities. The major melassigenic substances,
namely potassium, sodium and amino-nitrogen, lead to increased
sucrose loss to molasses. In addition, invert sugars (glucose +
fructose) promote color formation in extracted juice, reduce sugar
crystallization and negatively affect filtration (Hoffmann 2010). Any
increase in these impurities leads to a higher demand of energy and
processing and decreases the efficiency of sugar recovery (Hoffmann
2010). Thus, the major goal for storage is to conserve the sugar that
accumulated during the growing season and to prevent accumulation
of impurities.
In general, storage of sugar beet is always accompanied by

sucrose losses and accumulation of invert sugar. Jaggard et al.
(1997) reported sugar yield losses between 0.018 to 0.143% per day
accompanied by a fourfold increase in invert sugar. In principle,
these losses and enzymatic conversions can be attributed either to
plant respiration or microbial colonization accompanied by rot
development. Losses caused by respiration are inherent and cannot
be prevented. The development of storage rots is accompanied by
the secretion of microbial derived sucrolytic enzymes (invertases)
leading to a reduction of sucrose and accumulation of invert sugars
(Klotz and Finger 2004). In a survey conducted over 128 days in the
United States, 1.2% of all processed roots (456,820 tons) were
affected by storage rots (Bugbee 1982). Consequently, direct sucrose
losses during storage and losses due to processing problems in the
factory, lead to approximately 1,315 tonnes of sucrose being lost due
to these storage rots.

Usually, sugar beet subjected to storage possesses a high water
(on average 76.1%) and sugar content (on average 17.2%) (Jaggard
et al. 1997), providing ideal conditions for microbial growth.
Additionally, severe injuries (e.g., bruising, cracks, and root tip
breakage) caused by mechanical harvesting and topping constitute
entry sites for wound pathogens which are unable to readily
penetrate intact cell wall barriers of the periderm (Bugbee 1982;
Wyse 1978a,b). Thus, apparently healthy harvested sugar beet can
display rot symptoms after storage (Campbell and Klotz 2007;
Christ et al. 2011). Frequently isolated species from deteriorated
beets are Botrytis cinerea, Fusarium spp., Penicillium spp., and
Phoma betae (Bosch andMirocha 1992; Bugbee 1975; Bugbee and
Cole 1976; Strausbaugh et al. 2015). Besides fungal organisms,
storage rots have been also associatedwith colonization of bacterial
species like Leuconostoc mesenteroides subsp. dextranicum
(Strausbaugh et al. 2011; Tallgren et al. 1999). However, the cur-
rent knowledge about the relative importance of microorganisms
affecting sugar beet roots is based on a relatively few studies
conducted solely in the United States where most sugar beets are
cooled or, to a lesser degree, frozen during storage.Moreover, many
studies did not classify any storage pathogens (Gaskill 1950a,b,c;
Van Swaaij andHuijbregts 2010) or provided only little information
on species involved (Klotz and Finger 2004; Strausbaugh et al.
2011). Thus little is known about the relative importance of the
above mentioned species and their incidence in Europe. A recent
study, focusing only on Fusarium spp., could identify up to twelve
different species colonizing sugar beet when stored under controlled
conditions for 16 weeks (Christ et al. 2011). This indicates a
substantial postharvest microbial colonization which has not been
investigated in detail previously.
Besides knowledge about predominant storage pathogens, a clear

understanding of factors promoting their occurrence is crucial to
develop management strategies that minimize microbial induced
postharvest sucrose losses. Previous studies showed that the
storability of sugar beet varies depending on cultivation practice
(Campbell and Klotz 2007) and genotype (Akeson and Widner
1981; Campbell and Klotz 2007; Cole 1977; Kenter and Hoffmann
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2009; Van Swaaij and Huijbregts 2010; Wyse and Dexter 1971a,b).
However, these studies focused primarily on sucrose loss and invert
sugar accumulation without considering storage rots. As the quality
of sugar beet is strongly impaired by rot development, a precise
quantification of its severity is necessary to understand the factors
that determine the variability of sugar beet storability. By weighing
the rotten tissue, Gaskill (1950b) was able to show that genotypes
differ in their susceptibility toward storage pathogens. Furthermore
evidence suggests that the environment of cultivation also has an
influence on storage rot development (Bugbee and Cole 1986).
However, studies addressing the combined effect of environment
and genotype on storage rot severity, storage pathogens involved
and associated quality changes are missing. Therefore, compre-
hensive storage and greenhouse trials were conducted in this study
to investigate the influence of both environment and genotype on
storage rots. A recently developedmicroarray containing 42 probes
enabling the identification of prevalent field pathogens (e.g.,
Aphanomyces cochlioides), storage pathogens (e.g., Botrytis cinerea),
andubiquitous spoilage fungi (e.g.,Penicilliumexpansum) (Liebe et al.
2016)was applied to study changes in themicrobial community during
storage. Based on a comparative analysis of sugar beets displaying low
and severe rot symptoms, major species associated with rot develop-
ment were identified.

MATERIALS AND METHODS

Cultivation of beet, harvest, and storage trials. Three
sugar beet genotypes (hybrids), namely A (Code: KWS06, KWS
Saat AG, Einbeck, Germany), B (Code: STR11, Strube Research,
Schlanstedt, Germany) and C (Code: SYN25, Syngenta Seeds,
Landskrona, Sweden), were sown at five (2011) and four (2012,
2013) different environments in Lower Saxony, North Rhine-
Westphalia and Saxony (Table 1). The selected locations did not
show any infestation with soilborne diseases or nematodes over the
last decade. Sugar beet genotypes were cultivated in a randomized
block design applying standard agronomical practices and pesticide
spraying following recommendations of the local extension service.
Mechanical harvest including topping was conducted at the
beginningofOctober ineachyearwith twoexceptions. Inenvironments
5 and 9 (Table 1), sugar beets were topped and hand-harvested.
After harvest, all sugar beets belonging to the same genotype but
cultivated in different plots were thoroughly mixed and poorly
topped and damaged beets were removed.
Three storage trials were performed between 2011 and 2013

(Table 1). The effect of genotype and environment on the develop-
ment of storage rots was evaluated in every year. In 2013, an
additional damage treatment was integrated prior to storage to
promote rot development. For this purpose, sugar beetswere injured
after harvest by tumbling in a cleaning drum for 45 s as described by
Kenter et al. (2006). All treatments consisted of five (2011) or six
(2012 and 2013) replicates comprised of 20 roots were placed in
nylon potato bags (50 × 80 cm, Raiffeisen Warenhandel GmbH,
Rosdorf, Germany). Each sample was weighed and then stored

under controlled conditions (8�C) for either 103 days (2011),
91 days (2012), or 97 days (2013) in cool containers (Conrail,
Hamburg, Germany). Relative humidity within containers was
100%. To determine the quality of sugar beet prior to storage, five
(2011) or six (2012 and 2013) reference samples (20 roots) per
treatmentwere taken and immediately subjected to quality analysis.

Storage rot rating and quality analysis. After storage,
samples were weighed again and each beet was cut longitudinally
into two. The amount of discolored (rotted) tissue visible in the
longitudinal cut of one half was estimated using a percentage scale
between 0 and 100% (storage rot severity). Subsequently, beets
were washed and processed to produce brei samples and rapidly
frozen at _80�C. Brei was clarified with 0.3% aluminum sulfate
solution and filtrateswere used to determine potassium, sodium and
amino N in an automatic beet laboratory system (Venema,
Groningen, TheNetherlands) according to standard protocols (Burba
and Georgi 1975, 1976; International Commission for Uniform
Methods of Sugar Analysis 2003). Normally, the sucrose concentra-
tion in sugar beet is measured polarimetrically. However, nonsugar
substances, if present in high concentrations in severely infected
beets, interfere with the polarimetric measurement. Therefore, the
sucrose concentration was determined in the filtrates using the
resorcinol method from Roe (1934) which is based on a colorimetric
measurement (490 nm) of sucrose. The measurement is not impaired
by a high concentration of nonsugar substances. Before and after
storage, the white sugar yield (WSY) was estimated for each sample
using the formula: sample weight × (sucrose % _ SMV _ SFL)/100.
SMV stands for standard molasses loss (%) according to Buchholz
et al. (1995) and SFL for standard factory loss (6%). To determine the
initial WSY, the average sucrose concentration determined in the
reference samples was applied to the formula. Finally, theWSYafter
storage was related to the initial WSY and expressed in percentage
WSY reduction. The concentration of invert sugar was also analyzed
in each filtrate according to the Somogyi-Nelson method (Nelson
1944; Somogyi 1945). Determination of invert sugar using this
method is based on the absorbance (540 nm) of a colored complex
between a copper oxidized sugar and arsenomolybdate.

Detection of storage rot pathogens. A recently developed
microarray (Liebe et al. 2016) was applied to identify predominant
species colonizing stored sugar beet. Sugar beet brei was used for
sampling as it constitutes a homogenous mixture produced from
20 beets. For this purpose, brei sampleswere rapidly frozen in liquid
nitrogen and then stored at _20�C. Treatments selected for mi-
croarray detection before and after storage are indicated in Table 1.
For stored sugar beets, two replicates from each treatment were
analyzed leading to 12 (2011 and 2012) and 24 (2013) samples in
each year. In addition, two replicates from each treatment were
taken before storage and analyzed as reference samples (12 in each
year). DNA extraction, polymerase chain reaction (PCR), and
microarray analysis was carried out according to Liebe et al. (2016).

Storage rot resistance assay. Sugar beet genotypes A and B
were cultivated in the field (environment 12, 2013) and hand-
harvested at the same time as the sugar beet for storage trials.
Additionally, sugar beet of the same genotypes were grown in the
greenhouse for 23 weeks according to Christ et al. (2011). At
harvest, all beets either from field or greenhouse were manually
topped, cleaned, andweighed.An isolate ofF.graminearumobtained
from a stored sugar beet (DSM23352, Deutsche Sammlung von
Mikroorganismen und Zellkulturen, Braunschweig, Germany) was
used for inoculation. Fungal cultures were grown on potato dextrose
agar (Carl Roth, Karlsruhe, Germany) for 7 days at 25�C in the dark.
Roots were prepared for inoculation by pulling a plug (5 mm
diameter, 10mmdepth)below the toppedcrownwith a corkborer.An
agar plug (5mm × 5mm) taken from an actively growing culturewas
placed into each hole and the root plug was then put back to seal the
hole. In total, 20 sugar beet roots of each genotype were inoculated
with F. graminearum; five beets were mock-inoculated with PDA
only. Roots were incubated in a climate chamber either for 21 days

TABLE 1. Overview of sugar beet storage trials performed between 2011 to
2013

Year Treatmenta Treatment levela Storage duration

2011 Genotype A*, B*, C* 103 days
Environment 1*, 2, 3, 4, 5*

2012 Genotype A*, B*, C* 91 days
Environment 6*, 7, 8, 9*

2013 Genotype A*, B*, C* 97 days
Environment 10*, 11*, 12
Damage Undamaged* and damaged*

a Environment numbers indicate different cultivation sites of sugar beets.
* Indicates treatments were selected for microarray analysis before and after
storage.
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(greenhouse-grown beets) or 24 days (field-grown beets) at 20�C
and 80% relative air humidity. After incubation, total root weight
was determined and the necrotic tissue cut out and weighed
separately. Subsequently, the entire root including both healthy and
necrotic tissue was processed to produce a sugar beet brei that was
subjected to quality analysis. Furthermore, brei samples, for the
determination of fungal biomass were rapidly frozen in liquid
nitrogen and stored at _20�C.

Quantification of fungal biomass. Approximately 100mg of
brei produced from inoculated sugar beet was subjected to DNA
extraction. The DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
was applied for DNA extraction according to the manufacturer’s
protocol. After extraction, DNA was gel-checked for quality and
quantified using a BioPhotometer (Eppendorf, Germany). Primers
Fg16NF/Fg16NRwere used to amplify a 280-bp product specific to
F. graminearum (Nicholson et al. 1998). The function of this
amplified genomic sequence is unknown as these primers were
derived from randomly amplified genomic fragments. The reaction
was set up in a 20 µl volume containing 1× iTaq Universal SYBR
Supermix (Bio-Rad), 10 µM of each primer and 1 µl of genomic
DNA (1 ng/µl). The CFX96 Touch real-time PCR detection system
(Bio-Rad) was used for amplification applying cycle conditions
published by Brandfass and Karlovsky (2006). The standard curve
was produced from a 10-fold serial dilution (7 to 0.007 ng/µl) of
purified total DNA from F. graminearum. Post PCR analysis of all
amplification products was performed by creating a melting curve
temperature profile between 75�C to 95�C with a slope of 0.2�C
every 10 s and a continuous measurement of the fluorescence. Each
sample was analyzed in duplicate and raw cycle threshold (Ct)
values were averaged. The concentration of fungal DNA in each
sample was calculated using the regression function obtained from
the standard curve. The amount of fungal biomass was finally
expressed as nanogram F. graminearum DNA per gram of fresh
matter (FM).

Data analysis. Statistical analysis was carried out with SAS
Version 9.3 (SAS Institute Inc., Cary, NC). Storage trials conducted
in different years were analyzed separately due to differences in
storage duration and sample size. The MIXED procedure in SAS
was used for analysis of variance (ANOVA). Residuals were tested
for normality using the Kolmogorov-Smirnov test (P < 0.05), and if
necessary, data were transformed to approximate normal distribu-
tion. Variance heterogeneity was considered by estimating different
covariance parameter for each effect using the “GROUP=” syntax
in SAS. Based on the Akaike information criterion (AIC), the best-
fit model was selected and tested against the null model (one
covariance) using the likelihood ratio test implemented in the
MIXED procedure (P £ 0.05). All factors were considered fixed
effects and tested for significance in the F statistic (P £ 0.05). The
denominator degrees of freedom for the tests of fixed effects were
approximated according to the method of Kenward and Roger
(1997). When factors or interactions were significant (P < 0.05),
meanswere separated by the TukeyKramer test (P < 0.05) using the
macro PDMIX800 (Saxton 1998). Furthermore, regression analysis
between storage rot severity and quality parameters was performed
using the REG procedure to identify any correlations. The AIC and
adjusted R2 were used as criteria for selecting the best regression
equation.Residualswere checked fornormalityusing theKolmogorov-
Smirnov test (P < 0.05).

RESULTS

Storage trials 2011, 2012, and 2013. Storage trials con-
ducted in 2011 and 2012 aimed to analyze the occurrence of sugar
beet storage rots depending on genotype and environment. For this
purpose, three genotypes were cultivated in different environments,
stored under controlled conditions and assessed for rot severity after
storage. In general, the amount of necrotic tissue could be easily
evaluated as it was clearly distinguishable from the healthy tissue by

its dark brown color. Rot symptoms were mostly restricted to the
crown and tip of the root but in some cases it penetrated deep into the
pith. The results of the ANOVA for each trial are summarized in
Table 2. The main effects (genotype and environment) were
significant (P < 0.0001) in both years with the strongest influence
being the environment (2011: F = 176.4; 2012: F = 190.8).
Additionally, the environment_genotype interaction was also
significant (P < 0.0001 to 0.05) all 3 years. Therefore, the interaction
was considered during posthoc analysis (Fig. 1).
In 2011, beets from all genotypes in all environments displayed

storage rots, but the severity varied considerably (sample range: 0.5
to 84.5%) depending on the environment where the sugar beets had
been cultivated. Hand-harvested sugar beets (environment 5)
displayed the lowest rot severity (approximately 3%). In contrast,
sugar beets derived from environment 1 were most heavily affected
by storage rots with an average value of 57.5%. A clear dif-
ferentiation between genotypes was only observed in certain en-
vironments (1 and 2) as already indicated by the significant
interaction.GenotypeB ranked first in environment 1 (69.4%) and 2
(39.6%), but the differentiation was only significant from genotype
A (23.1%) in environment 2. In contrast, no genotype differenti-
ation was observed for sugar beet from environments 3, 4, and 5.
The same effects could be observed in 2012, although the overall

storage rot severity was considerably lower than in 2011 (sample
range: 0 to 17.2%). The ranking of genotypes, however, was
consistent to the year before as genotype B displayed a significantly
higher storage rot severity (12.2%) than A (3.7%) and C (4.6%) in
environment 7. The identical ranking was observed for sugar beets
derived from environment 6, although it was only significant for the
comparison between B (12.2%) and C (6.1%). Similar to 2011,
hand-harvested sugar beets from environment 9 (0.4%) were least
affected by storage rots without genotype differentiation.
In 2013, sugar beet roots from field trials were further damaged

mechanically prior to storage. It was aimed to increase the
development of storage rots and to test if this treatment leads to
enhanced genotypic differentiation. According to the ANOVA, the
damage effect was highly significant, exerting the strongest effect
on storage rot severity (F = 271.9) followed by genotype (F = 35.1)
and environment effect (F = 15.3) (Table 2). The interaction of all
three main effects (damage_environment_genotype) was also
significant and further analyzed (Fig. 2). Storage rot severity varied
greatly depending on the treatment (sample range: 0.3 to 51.5%). In
general, mechanically damaged roots (overall mean = 29.3%,
standard deviation = 11.6) displayed more severe storage rots than
untreated ones (overall mean = 11.6%, standard deviation = 8.3).
Furthermore, ranking of genotypes was similar to the years before
with genotype B displaying the highest storage rot severity. In
environment 11, untreated sugar beet roots were least affected by
storage rots (on average 6.4%) without any genotype differentiation.
However, following mechanical damage, the storage rot severity of

TABLE 2. Analysis of variance for effects of environment, genotype, and
damage (percentage of sugar beet tissue rotted)

Trial Effect F value P valuea

2011 Environment 176.4 **
Genotype 16.1 **
Environment_genotype 3.9 **

2011 Environment 190.8 **
Genotype 10.9 **
Environment_genotype 5.7 **

2013 Damage 271.9 **
Environment 15.3 **
Genotype 35.1 **
Damage_environment 37.2 **
Damage_genotype 7.2 **
Environment_genotype 2.9 *
Damage_environment_genotype 5.5 **

a Significance: ** and * = P < 0.001 and 0.05, respectively.
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genotype B was highest (48.3%) and differed significantly from
genotype C (30.4%). Sugar beets derived from environment 10 and
12 displayed in the untreated variants already a slight genotype
differentiation which could be further pronounced after damaging
but without statistical significance. The additional damage increased
the overall rot severity in both environments without changing the
ranking of genotype B. In contrast, the ranking of genotypes A and C
changed, but there was no significant differentiation between both
genotypes.

Relationship between storage rot severity and quality
parameters. To assess the effect of storage rots on the quality of
sugar beets, reduction in WSY and invert sugar content were
determined for each sample and plotted against the storage rot
severity (Fig. 3). Independent of the genotype, an increase in the
storage rot severity was accompanied by a dramatic reduction in
WSY (sample range: 0.1 to 85.3%) and high accumulation of invert
sugar (sample range: 4.8 to 650.9 mmol kg_1 of FM). The high
coefficients of determination for all regression functions (ranging
between 0.79 to 0.95) show that the variability in the reduction of
WSY and invert sugar content can be mainly attributed to the
varying storage rot severity. Additionally the strong association
indicates that the ranking of genotypes and environments in storage
rot severity was similar for both quality parameters (data not
shown). For example, in environment 1where sugar beets displayed
the highest rot severity, WSY of genotype B was reduced by 74%
and invert sugar content increased to 483 mmol kg_1 of FM. In
contrast, hand-harvested sugar beets with a low storage rot severity
(environment 5) contained on average only 20 mmol kg_1 of FM
invert sugar with a minimal WSY reduction of 8.5%. Furthermore,
genotypes cultivated in environment 1 displayed a similar ranking
inWSY reductionwith 50.5% (A), 74% (B), and 48% (C) compared
with the storage rot rating. However the slopes of all regression
functions overlap in their confidence intervals, suggesting that the
genotypes responded similarly to increasing storage rot severity
(data not shown). This was also the case for the intercepts, meaning
that all genotypeswould display similar low amounts of invert sugar
and WSY losses when storage rots are absent (data not shown).

Storage rot resistance bioassay. To find evidence whether
the genotype effect observed in the storage trials could be
reproduced with inoculation under laboratory conditions, sugar
beet roots of genotype A and B were grown in the greenhouse
(experiment I) as well as in the field (experiment II), and after
harvest inoculated withF. graminearum. After incubation for either

21 days (experiment I) or 24 days (experiment II), the amount of
necrotic tissue, invert sugar, and fungal biomass was determined
(Table 3). In general, F. graminearum induced rots in roots of both
genotypes whereas noninoculated roots remained unaffected.
Genotype B was more susceptible than genotype A as the amount
of necrotic tissuewas a significant 18.1 g in experiment I and 30.2 g
in experiment II higher. Thus, the ranking of genotypes did not
differ from storage trials and was not affected by the site of
cultivation (greenhouse or field). This was further confirmed as the
invert sugar concentration in genotype B was 1.7 times higher than
in genotype A in both experiments; although the total amount of
invert sugar was generally higher in experiment I. Based on the
biomass of F. graminearum determined by qPCR, genotype Awas
colonized to lesser extent (604.1 ng of DNA g_1 of FM) than
genotype B (1039.8 ng ofDNA g_1 of FM); however, due to the large
standard deviation this difference was statistically not significant

Fig. 1. Effect of environment (1 to 9) and genotype (A to C) on the percentage of discolored (rotted) tissue in the longitudinal cut of sugar beets after storage for 91
days (A, trial 2011, n = 5) or 103 days (B, trial 2012, n = 6) under controlled conditions at 8�C. Means with the same letter are not significantly different at P < 0.05
according to Tukey’s test. Error bars indicate standard deviation.

Fig. 2. Effect of environment (10 to 12) and genotype (A to C) on the per-
centage of discolored (rotted) tissue in the longitudinal cut of untreated sugar
beets (_) and damaged (+) sugar beets after storage for 97 days under con-
trolled conditions at 8�C (trial 2013, n = 6). Means with the same letter are not
significantly different at P < 0.05 according to Tukey’s test. Error bars indicate
standard deviation.
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(P = 0.0546). F. graminearum was not detected in noninoculated
roots of both genotypes (limit of detection=7pgof fungalDNAµl_1).

Detection of storage pathogens. Amicroarray supplied with
42 oligonucleotide probes allowing a qualitative detection of
important storage pathogens was applied to identify major species
associated with storage rot development. For this purpose, sugar
beets from two environments, displaying large differences in
storage rot severity, were analyzed in each year. To identify changes
in the species composition, reference samples taken before storage
were also included in the analysis. Besides a species-specific
detection, the microarray contained several group-specific probes
targeting at least two species of the samegenus. Therefore, results of
these probes are indicated onlyby thegenus namewithoutmentioning
a certain species (e.g., Colletotrichum sp.).
In total, 18 different species were identified in sugar beets before

prior to storage (Table 4). The detection frequency for each species
was calculated across all analyzed samples. In general, therewas no
obvious relation between species detected and the rot severity
observed after storage. Specieswith the highest detection frequency
were mostly detected in both samples of each treatment. Bacterial
organismswere present in all samples indicated by a strong signal of

a probe which also served as a positive control for hybridization. A
probe targeting the genus Leuconostoc confirmed the presence of at
least one species in nearly all samples (91.6%). In all years,
Colletotrichum represented the fungal genus most frequently
detected in each genotype (83.3%) except for sugar beets derived
from environment 6 (2012). Apart from that, seven different
Fusarium spp. were found in freshly harvest sugar beets. Pre-
dominant species were F. graminearum (47.9%) and F. culmorum
(41.6%) followed by F. redolens, F. tricinctum, F. avenaceum,
F. equiseti, and F. venenatum. The incidence of these species was
generally higher in the years 2011 and 2012 than in 2013. Besides
bacterial and fungal organisms, various oomycetes species in-
cluding Aphanomyces cochlioides, Pythium aphanidermatum,
P. deliense,P. intermedium, andP. ultimumwere also present in sugar
beets. After storage, the species composition had hardly changed
but a clear increase of the detection frequency was observed for
certain species (Table 5). In general, there was no obvious effect of
genotype, environment and damage on the species detected in
stored sugar beets. Moreover, Botrytis was the fungal genus most
often (100%) detected in both samples, independent of the storage
rot severity. Comparable, positive signals of a group-specific probe

Fig. 3. Relationship between percentage of discolored (rotted) tissue in the longitudinal cut of stored sugar beets, reduction in white sugar yield (WSY) and invert
sugar content (mmol kg

_1 of fresh weight [FM]). Regression functions were estimated for each genotype (A to C) based on the data from trials conducted between
2011 and 2013. Samples subjected to a damage treatment in 2013 were excluded from analysis.

TABLE 3. Effect of genotype on necrotic tissue, invert sugar and fungal biomass of sugar beets inoculated with Fusarium graminearuma

Necrotic tissue (g)
Invert sugar

(mmol kg
_1 of fresh matter)

Fungal biomassc

(ng of DNA g
_1 of fresh matter)

Experimentsb Inoculated Noninoculated Inoculated Noninoculated Inoculated Noninoculated

I
Genotype A 22.6 a ± 4.2 0 71.0 a ± 29.8 15.3 ± 5.2 604.1 a ± 713.3 0
Genotype B 40.7 b ± 13.5 0 121.4 b ± 66.5 18.2 ± 6.9 1,039.8 a ± 1,114.6 0
II
Genotype A 64.5 a ± 15.9 0 31.8 a ± 15.8 5.8 ± 1.4 n.d. n.d.
Genotype B 94.7 b ± 18.7 0 55.1 b ± 27.4 15.4 ± 7.1 n.d. n.d.

a Both experiments were analyzed separately without including the noninoculated treatments. Means followed by the same letter are not significantly different at
P < 0.05 according to Tukey’s test. ± x indicates standard deviation.

b Sugar beets were either grown in the greenhouse (experiment I) or in the field (experiment II).
c n.d. = not determined.
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for the genus Penicillium (83.33%) indicated a strong colonization
during storage since this genus remained undetectable in freshly
harvested samples. For Fusarium spp., the total number of
identified species remained unchanged but the detection frequency
increased dramatically with the greatest increase for F. tricinctum
(25 to 93.7%) followed by F. avenaceum (12.5 to 66.6%) and
F. venenatum (10.4 to 50%). In contrast, the occurrence of
Leuconostoc (91.6 to 18.7%) and Colletotrichum (83.3 to 4.1%)
species considerably decreased after storage. Similarly, all oomycete
species identified in freshly harvest sugar beets were occasionally
found after storage but with a substantially lower detection
frequency.

DISCUSSION

The occurrence of rots during sugar beet storage has often been
described as erratic since phenotypically healthy harvested sugar
beets could develop rot symptoms during storage (Campbell and
Klotz 2007; Christ et al. 2011). This observation is confirmed by the
present study as stored samples varied greatly in rot severity which
has been demonstrated to depend largely upon the environment of
cultivation followed by genotypic effects. However, the species
spectrum colonizing stored sugar beets remained fairly constant
across different environments and genotypes with dominant species
belonging primarily to the fungal genera Botrytis, Fusarium, and
Penicillium.
Bugbee and Cole (1986) observed an increase in the amount of

storage rots (from 3 to 19%) under controlled conditions depending
on the position of the replicate in the field trial (4.500 m2). This
evidence suggests that already small-scale environmental effects
have an influence on the storage rot development. In this study,

sugar beet field trials were located in far distance and performed by
different institutions. Thus, abiotic conditions (e.g., climate, soil
type), biotic conditions (e.g., disease pressure), agronomic prac-
tices (e.g., crop rotation, fertilizer), and harvest techniques were
completely different. Hence environmental factors that could have
caused the large variability are manifold. However, the importance
of wounds for storage rot development has been clearly demon-
strated by the damage treatment which increased rot severity
remarkably. Various factors including type of harvester, harvesting
speed and environmental conditions determine root damage during
harvest. Thus it can be assumed that sugar beets from different
environments suffered varying degrees of damage which in turn
affected the rot development. However, sugar beets from environ-
ment 8, although being mechanically harvested, did not show
significant storage rot (on average 0.7%) similar to hand-harvested
beets from environments 5 (on average 3%) and 9 (on average
0.4%). This suggests that other factors also contributed to storage
rot development. As all sugar beets were apparently healthy at
harvest, a predisposition caused by plant diseases like A. cochlioides
orRhizoctonia crownand root rot on the storability can be excluded.
Gaskill (1950a) reported that sugar beets displayed more storage
rots when they were exposed to intensive drying conditions after
harvest. Apart from that, the author suggested that drought stress
also probably affects storage rot development. However, reliable
data on environmental factors predisposing sugar beets to storage
rots aremissing; and therefore,must be further studied in systematic
storage trials.
Genotypic effects on storage rot development have been revealed

already many years ago (Gaskill 1950b, 1952b), but this is the first
study investigating this effect across different environments with
modern sugar beet hybrids. In all trials, genotype effects were

TABLE 4. Microorganism species detected in freshly harvested sugar beets of three genotypes cultivated at six locations

Microorganismsa

Trial Environment Genotype
Rot severity after

storage (%)
Alternaria

sp.
Aphanomyces
cochlioides Bacteria

Botrytis
sp.

Colletotrichum
sp.

F.
avenaceum

F.
culmorum

F.
equiseti

2011 1 A 56 dd dd d dd
1 B 69.4 d d dd dd dd d dd
1 C 47.1 d dd dd dd
5 A 2.9 dd dd dd dd
5 B 2.9 dd dd dd d
5 C 3.2 dd dd d

2012 6 A 3.7 dd dd dd
6 B 12.2 dd d dd d
6 C 4.6 dd d d
9 A 0.9 dd dd d dd d
9 B 0.5 d dd dd d dd
9 C 0.7 d dd dd dd

2013,
undamaged

10 A 19.8 dd d dd d d
10 B 29.2 dd d dd
10 C 14.9 d dd dd dd d
12 A 7.9 d d dd d dd
12 B 15.7 d dd dd
12 C 8.5 dd dd dd

2013,
damaged

10 A 20.1 dd dd dd
10 B 42.9 dd dd dd dd d
10 C 32.2 dd dd
12 A 24.5 d dd dd
12 B 34.2 dd d
12 C 17.6 d dd d dd

Detection frequency (%) 20.8 10.4 100 37.5 83.3 12.5 41.6 12.5

(continued on next page)

a Two samples from each treatment were analyzed and results are indicated by circles in each box (dd = detected in both samples; d = detected in one sample).

Species designation based on hybridization signals of individual probes was done according to Liebe et al. (2016). Results from group-specific probes are indicated

only by the genus name. Only probes displaying signal intensities above 0.3 were considered.
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significant but characterized by an interaction with the environment
due to a low incidence of storage rots in certain environments. A
damage treatment prior to storage could circumvent this problemby
increasing the rot severity leading to significant genotype dif-
ferentiation in most environments. In accordance with previous
studies (Gaskill 1950b, 1952b), the genetic resistance of the plants
did not prevent infection but seems to delay the progress of the
colonization process suggesting to be based on quantitative traits.
Furthermore, it has been shown consistently in all trials that
genotype B ranked first for rot severity. In contrast, ranking of
genotypes A and C alternated but without statistical significance.
Under high root rot pressure (environment 1), reduction inWSY for
the genotypes A and C was 20% lower than for genotype B. Thus,
improving genetic resistance through breeding will substantially
contribute to a better storability of sugar beets. Until now,
commercial hybrids with selected resistance traits against storage
rots are not available. However, the results clearly demonstrate that
modern sugar beet hybrids already possess remarkable genetic
variability but the full genetic potential must be determined in
further studies comprising a larger set of genotypes.
The development of storage rot has been shown to be erratic

which complicates the identification of genotype effects. Thus
expensive and laborious storage trials including many environ-
ments or at least a damage treatment prior to storage are required to
guarantee rot development in a level sufficient to identify genotype
effects. Therefore, a storage rot resistance assay was applied to
prove the reproducibility of genotype effects observed in storage
trials. In previous studies, genetic resistance was evaluated by
measuring the rotten tissue either after inoculation of small tissue
pieces (Bugbee1979a,b;Gaskill 1952a) or intact sugar beets (Gaskill
1950b; Klotz Fugate et al. 2012). Based on these approaches,

resistance has been identified against B. cinerea, P. betae, and
P. vulpinum. However, most of the aforementioned studies did not
validate their observations in storage trials. In this study,
F. graminearum was selected for wound inoculation of intact beets
as it represents a frequent colonizer of stored sugar beets in Europe
(Christ et al. 2011). In addition to the above mentioned studies in
which only the amount of rotten tissuewasmeasured, here the invert
sugar content and fungal biomass was analyzed in parallel.
Consistently over all three measured parameters, the higher
susceptibility of genotype B toward storage rots could be re-
produced by inoculation with F. graminearum. In particular, the
higher fungal biomass quantified by real-time PCR is characteristic
for a greater proliferation rate and a different resistance level (De
Coninck et al. 2012; Oliver et al. 2008). In accordance with storage
trials, the ranking of genotypes was independent of the site of
cultivation (greenhouse or field). These results corroborate previous
findings (Gaskill 1950b) where a higher resistance against P. betae
was correlated with a lower storage rot severity of noninoculated
sugar beets in storage trials. In addition, Gaskill (1952b) showed
that crossing of sugar beets selected through an inoculation assay
improved storage rot resistance. However, the high correlation of
results from storage and laboratory trials should be further
confirmed with a larger set of genotypes. Additionally, future
experimentsmust also provewhether the genetic resistance selected
by F. graminearum is effective against other storage pathogens as
well.
Although it iswell known that storage rot development is strongly

associated with sucrose losses and invert sugar accumulation
(Bugbee and Cole 1976; Klotz and Finger 2004; Mumford and
Wyse 1976; Van Swaaij and Huijbregts 2010), this effect and its
relative contribution to the storability of sugar beets has been not

TABLE 4. (continued from preceding page )

Microorganismsa

F.
graminearum

F.
redolens F. tricinctum F. venenatum Leuconostoc sp.

Mucor
hiemalis

Pythium
aphanidermatum P. deliense P. intermedium P. ultimum

Rhizoctonia
solani

dd d
dd dd d
dd d dd
dd d dd
dd d dd dd
dd d dd

d d d dd d dd
d dd d
d d d dd dd
dd dd dd dd d d
dd dd d dd d d
dd dd dd dd

dd d d
dd d d

d dd d d
d d d d

dd d d dd d
dd d dd d

d d dd dd dd d d
d d d dd d dd d dd

d d dd dd d
d d dd d d

d dd
d dd d

47.9 27.0 25 10.4 91.6 20.8 37.5 4.1 6.2 31.2 4.1
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studied across different genotypes before. Based on regression
analysis, it has been shown for all genotypes that changes in
storability in terms of sucrose losses (R2 = 0.79 to 0.91) and invert
sugar accumulation (R2 = 0.91 to 0.95) are primarily attributed to
varying rot severity. This highlights the need of rot rating in storage
trials to understand variation in sugar beet storability. Thus
environment and genotype effects revealed in previous studies
focusing only on sugar beet quality (Akeson and Widner 1981;
Campbell and Klotz 2007; Cole 1977; Kenter and Hoffmann 2009;
Van Swaaij and Huijbregts 2010; Wyse and Dexter 1971a,b) are at
least partly attributed to a varying storage rot susceptibility. This is
further corroborated by the fact that the estimated quality reduction
in absence of storage rots indicated by the regression intercepts was
very low with negligible differences between genotypes. Apart
from that, the slopes hardly differed between genotypes indicating a
similar yield-loss relationship. As the invert sugar content
responded in a particularly sensitive way to rot development in
both field and laboratory trials, it constitutes an ideal indicator for
storage rots and could replace labor intensive rating. Clamp
management could be improved by continuously measuring the
invert sugar content in representative samples for early identifica-
tion of beginning storage rot.
Until now, studies investigating the microbial colonization of

sugar beets during storage used solely in vitro isolation and focused
primarily on microorganisms present in rotten tissue (Bosch and
Mirocha 1992; Bugbee and Cole 1976). In this study, both sugar
beets with low and severe rot symptoms were analyzed to reveal
differences in the species spectrum associated with increasing rot
severity.Moreover, this is the first study applyingmolecular tools to
identify predominant species across different environments and

genotypes. Using this approach, a great diversity of microorganism
species could already be identified in freshly harvested sugar beets,
confirming the presence of an endophyte community in healthy
appearing sugar beets described in previous studies (Christ et al.
2011; Shi et al. 2009). This community changed after storage
toward a dominance of species from the fungal genera Botrytis,
Fusarium, and Penicillium. This shift was observed consistently
across different environments and genotypes which can be
explained by the fact that all samples displayed at least a few rot
symptoms. Although microarray based detection did not differen-
tiate between viable and dead cells and allows no conclusion on
pathogenicity, the sharp increase of the detection frequencies
strongly indicates an intensive postharvest colonization. Consider-
ing the results of the storage rot resistance assay, differences in the
biomass of storage pathogens in relation to rot severity can be
expected, however, themicroarray allows only qualitative detection
of its targets. Some of these storage pathogens were identified only
by group-specific probes targeting several specieswithin onegenus.
Nevertheless, conclusions about species involved can still be drawn.
For example,B. cinerea as the only polyphagous species within this
genus infecting sugar beets (Staats et al. 2005) was identified in
previous studies as a storage pathogen (Bugbee and Cole 1976;
Klotz and Finger 2004). Thus, it is very likely that this species was
detected in stored beets. Apart from that, at least one Penicillium
species was present in most samples which corroborates results of
previous studies (Bugbee and Cole 1976; Christ et al. 2011; Klotz
and Finger 2004; Strausbaugh et al. 2015). However, further work is
necessary to determine which species are involved since this probe
was only specific on genus level. Within the Fusarium mycoflora,
all species detected in this study are known as colonizers of stored

TABLE 5. Microorganism species detected in three sugar beet genotypes cultivated at six locations and stored at 8�C under controlled conditions for either 103
days (2011), 91 days (2012), or 97 days (2013)

Microorganismsa

Trial Environment Genotype
Rot severity

after storage (%)
Alternaria

sp.
Aphanomyces
cochlioides Bacteria

Botrytis
sp.

Colletotrichum
sp.

Fusarium
avenaceum

F.
culmorum

F.
equiseti

2011 1 A 56 dd dd dd d
1 B 69.4 dd dd dd
1 C 47.15 dd dd dd d
5 A 2.9 dd dd dd dd
5 B 2.9 d dd dd dd dd d
5 C 3.2 dd dd dd dd

2012 6 A 3.7 dd dd dd dd
6 B 12.2 dd dd dd dd d
6 C 4.6 dd dd dd dd
9 A 0.9 dd dd d dd dd
9 B 0.5 dd dd d d dd d
9 C 0.7 dd dd dd

2013,
undamaged

10 A 19.8 d dd dd d dd
10 B 29.2 dd dd d dd
10 C 14.9 dd dd dd dd
12 A 7.9 dd dd
12 B 15.7 dd dd
12 C 8.5 dd dd

2013,
damaged

10 A 20.1 dd dd dd dd
10 B 42.9 dd dd dd dd
10 C 32.2 d dd dd dd d
12 A 24.5 d dd dd dd dd
12 B 34.2 d dd dd d dd
12 C 17.6 d d dd dd d

Detection frequency (%) 4.1 10.4 100 100 4.1 66.6 79.1 6.2

(continued on next page)

a Two samples from each treatment were analyzed and results are indicated by circles in each box (dd = detected in both samples; d = detected in one sample).

Species designation based on hybridization signals of individual probes was done according to Liebe et al. (2016). Results from group-specific probes are indicated

only by the genus name. Only probes displaying signal intensities above 0.3 were considered.
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sugar beets (Bosch and Mirocha 1992; Christ et. al 2011). Other
important fungal species like P. vulpinum and P. betae reported as
storage pathogens in the United States (Bugbee and Cole 1976)
were not detected by their specific probes, and therefore seem to
be of low relevance in Europe. Furthermore, the incidence of
species belonging to the genera Alternaria and Pythium decreased
confirming their low relevance as storage pathogens (Fugate and
Campbell 2009).
The major species found in this study are well known as wound

pathogens in many other crops and fruits subjected to storage
(Prusky and Gullino 2010 and references therein). This strongly
underlines the importance of injuries for postharvest colonization
as already observed in storage trials. In particular, B. cinerea is
widely distributed because of its ability to infect more than 235
host plants (Staats et al. 2005). Interestingly, this species was
already found in healthy sugar beets prior to storage. In fruit
storage, symptomless infection during the growing season plays
an important role for postharvest disease development, an issue
recently reviewed by Prusky et al. (2013). The period from host
penetration to symptomappearance is described as quiescence and
occurs when environmental conditions or host physiology favor
penetration without active growth of the pathogen. It is assumed
that pathogens switch to a necrotrophic lifestyle at a certain phase
during fruit ripening and senescence. However, this has yet to be
completely investigated for sugar beet. Apart from that, the
species spectrum detected by the microarray comprises only
storage pathogens identified in previous studies; unknown species
are not covered by this approach. Furthermore, unfavorable
storage conditions like oxygen depletion and high temperature
also affect microbial colonization as it has been shown for
bacterial organisms (Bugbee et al. 1975b; Cole and Bugbee

1976). A genus-specific probe frequently detected Leuconostoc
in freshly harvested roots which confirms previous findings from
Strausbaugh and Gillen (2008, 2009). During storage, this bacterial
organism was less frequently detected indicating a lower pre-
valence. Since roots were stored at cool temperatures (8�C) in this
study, the growth of bacterial organism was probably slowed down
or prevented. Thus, further investigations are required addressing the
effects of higher storage temperatures on the bacterial commu-
nity. For this purpose, next-generation sequencing technologies
should be preferably applied as it is a proven method to analyze
bacterial communities in sugar beets (Shi et al. 2014; Zachow
et al. 2014).
Due to political changes in the European Union sugar regime,

European sugar factories consider to prolong the storage campaign
and to increase the amount of stored beets (Busse and Jerosch 2006;
Kenter andHoffmann 2009). Thus, the future importance of storage
rots will increase. Apart from economical effects, predominant
storage pathogens (e.g., Fusarium spp.) described in this study are
well known as producers of mycotoxins which is an important issue
because of its negative impact on human and animal health (Bennett
and Klich 2003; Bosch and Mirocha 1992; D’Mello et al. 1999).
However, the production of mycotoxins is influenced by several
factors including disease severity, fungal biomass, strain and
temperature (Burlakoti et al. 2007; Christ et al. 2011; Mogensen
et al. 2009). Thus, no conclusions about the risk of contamination
can be drawn from these results but at least they indicate the need for
further research to develop disease management strategies.
Considering the results of the present study, this can be achieved
by (i) understanding environmental factors predisposing sugar beets
to storage rots, (ii) reducing harvest injuries, and (iii) improving
genetic resistance.

TABLE 5. (continued from preceding page )

Microorganismsa

F. graminearum
F.

redolens F. tricinctum F. venenatum Leuconostoc sp.
Pythium

aphanidermatum
Pythium
deliense

Pythium
intermedium

Pythium
ultimum

Penicillium
sp.

Phoma
betae

dd d dd d dd
d dd d d d
dd dd dd dd d dd
dd d dd d d
dd d dd dd d d dd
dd dd dd d d dd

dd d dd d dd
d dd dd d dd

d d dd d dd
d d d d d d
d dd d d
d d d d

d d dd d d dd dd
d dd dd dd

dd dd d d dd
dd dd
dd d dd
dd d d

dd dd dd dd dd
dd d dd dd d dd

dd d dd
dd d dd d d dd
d dd dd d d d d dd

dd d d dd
52.0 39.5 93.7 50 18.7 12.5 10.4 2.0 10.4 83.3 2
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