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Abstract
Despite the agronomic importance of sugar beet (Beta vulgaris L.), the early-stage 
development of its taproot has only been poorly investigated. Thus, the mechanisms 
that determine growth and sugar accumulation in sugar beet are largely unknown. 
In the presented study, a physiological characterization of early-stage sugar beet 
taproot development was conducted. Activities were analyzed for fourteen key en-
zymes of carbohydrate metabolism in developing taproots over the first 80 days after 
sowing. In addition, we performed in situ localizations of selected carbohydrate- 
metabolic enzyme activities, anatomical investigations, and quantifications of soluble 
carbohydrates, hexose phosphates, and phytohormones. Based on the accumulation 
dynamics of biomass and sucrose, as well as on anatomical parameters, the early 
phase of taproot development could be subdivided into three stages—prestorage, 
transition, secondary growth and sucrose accumulation stage—each of which was 
characterized by distinct metabolic and phytohormonal signatures. The enzyme ac-
tivity signatures corresponding to these stages were also shown to be robustly repro-
ducible in experiments conducted in two additional locations. The results from this 
physiological phenotyping approach contribute to the identification of the key regu-
lators of sugar beet taproot development and open up new perspectives for sugar 
beet crop improvement concerning both physiological marker-based breeding and 
biotechnological approaches.
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1  | INTRODUC TION

Sugar beet, a cultivar of Beta vulgaris L. subsp. vulgaris 
(Chenopodiaceae), is one of the two crop species from which sucrose 
is obtained. The sugar beet storage organ, commonly referred to as 
the taproot or beet-root, is composed of mainly root and hypoco-
tyl tissues that, upon completion of primary development, enter a 
stage of potentially unlimited secondary thickening growth (Bell, 
Milford, & Leigh, 1996; Milford, 2006). The mature beet is composed 
of alternating zones of vascular and parenchymatic tissues (Elliott 
& Weston, 1993). Sucrose is stored in the vacuoles of parenchyma 
cells between and within the consecutive zones of vascular tissue of 
the beet (Giaquinta, 1979; Leigh, Ap Rees, Fuller, & Banfield, 1979). 
This structure arises from an anomalous type of secondary root 
thickening growth that is found in all members of the genus Beta, 
the formation of supernumerary cambia (Artschwager, 1926; Elliott 
& Weston, 1993; Fasahat, Aghaeezadeh, Jabbari, Sadeghzadeh 
Hemayati, & Townson, 2018; Getz, 2000; Krumbiegel, 1998; 
Milford, 2006; Zamski & Azenkot, 1981). The innermost six to 
seven rings that account for the bulk of the mature beet are se-
quentially initiated at the early stages of sugar beet development 
(Artschwager, 1926; Elliott & Weston, 1993). Throughout the grow-
ing season, growth by cell division and cell expansion occurs simul-
taneously in all rings. In parallel, additional rings are formed, which 
remain in a more or less meristem-like state and do not contribute to 
a large extent to final beet size and weight (Artschwager, 1926; Elliott 
& Weston, 1993).

Sugar beet plants, as photoautotrophic organisms, cover their 
demand for carbohydrates by the photosynthetic fixation of carbon 
in green leaves. The carbohydrates are then translocated via the 
phloem pathway, mostly in the form of sucrose (Wang & Ruan, 2016), 
from these source organs to the heterotrophic tissues/organs 
with a net underproduction of photosynthates, which are com-
monly known as sink tissues/organs (Li, Wu, Foster, & Ruan, 2017; 
Slewinski & Braun, 2010). Within a plant, various sinks compete for 
the available carbohydrate, and the amount of carbohydrate that is 
allocated to a certain sink depends on its sink strength (Getz, 2000; 
Roitsch & Gonzalez, 2004; Yu, Lo, & Ho, 2015). Although carbohy-
drate partitioning is a major determinant for plant growth and crop 
yield, relatively little is known about the regulatory network under-
lying source-sink relations, the key components of which are just 
starting to be discovered (Balibrea Lara et al., 2004; Braun, Wang, 
& Ruan, 2014; Ehneß, Ecker, Godt, & Roitsch, 1997; Getz, 2000; 
Slewinski & Braun, 2010; Wan, Wu, Yang, Zhou, & Ruan, 2018; 
Yu et al., 2015). Sinks have been categorized into two groups ac-
cording to the fate of the imported sucrose: utilization/consuming 
sinks (meristems, young organs), where carbohydrates are rapidly 
metabolized in order to release energy for growth, and storage/
accumulating sinks (storage organs, fruits, seeds), where carbohy-
drates are stored in the form of soluble sugars or polysaccharides 
(reviewed by Getz, 2000; Yu et al., 2015; Zamski, 1996). Due to 
their anomalous growth characteristics, Beta roots simultaneously 

represent both consuming sinks (actively dividing meristems, ex-
panding cells) and storage sinks (sucrose-storing cells) from a very 
early developmental stage onwards (Getz, 2000; Wyse, 1979). 
Therefore, a fine-tuned regulatory network is necessary in order 
to ensure the simultaneous channeling of sucrose allocated to the 
taproot into various processes: the release of energy by respiration, 
the synthesis of macromolecules, the generation of sugar signals as 
developmental cues, and the sucrose storage process. Despite the 
agronomic importance of sugar beet, current knowledge is scarce 
on the mechanisms that regulate sugar metabolism, sucrose accu-
mulation, and taproot development in sugar beet during the early 
growth stages.

Sugar yield, the central parameter of interest in sugar beet breed-
ing, is a product of two traits, sugar content and root biomass yield 
(Bosemark, 2006), which have been shown to be negatively correlated 
with each other (Artschwager, 1930; Bosemark, 2006; Doney, Wyse, & 
Theurer, 1981; Pack, 1927; Stich, Piepho, Schulz, & Melchinger, 2008). 
Genetic selection techniques that improved relative sugar content re-
duced beet yield, and vice versa (Artschwager, 1930; Bergen, 1967; 
Oldemeyer, 1975; Powers, 1956). These findings suggest that com-
mon regulatory mechanisms are involved in the development of both 
traits (Doney et al., 1981; Milford, 2006).

To date, most of the research on sucrose storage and trans-
port in sugar beet has been carried out on mature beets. Even 
large-scale analyses aimed at identifying regulators of sucrose 
content and root yield were focused on mature beets or started 
at developmental stages when secondary thickening had already 
begun (Bellin, Schulz, Soerensen, Salamini, & Schneider, 2007; 
Bellin et al., 2002; Herwig et al., 2002; Zhang et al., 2017). Thus, 
there is still very little knowledge about the earliest stages of 
taproot development, including primary growth, although sev-
eral studies indicate that the decisive events that determine final 
beet yield and sugar content take place during the early phase 
of the growing season, that is, at a very young developmental 
stage (Artschwager, 1926; Doney, 1979; Elliott & Weston, 1993; 
Getz, 2000; Giaquinta, 1979; Hoffmann, Kenter, & Bloch, 2005). 
Therefore, it is likely that important determinants for final sugar 
yield have been simply overlooked so far.

In recent years, the value of classical physiological assays for 
modern plant science has been re-discovered. Assay platforms have 
been developed that allow a collection of physiological data at a high 
throughput (Gibon et al., 2004; Gibon, Vigeolas, Tiessen, Geigenberger, 
& Stitt, 2002) or a semi-high throughput scale (Fimognari et al., 2020; 
Großkinsky et al., 2014; Jammer et al., 2015). Semi-high throughput 
platforms for enzyme activity profiling have successfully been used 
to study carbohydrate-metabolic changes during plant-pathogen in-
teraction (Cuesta-Seijo et al., 2019; Kuska, Behmann, Grosskinsky, 
Roitsch, & Mahlein, 2018; Prezelj et al., 2016), and to investigate 
antioxidant metabolism during biotic and abiotic stress response 
(Fimognari et al., 2020). In the presented study, semi-high through-
put assay platforms for carbohydrate-metabolic enzyme activities 
(Jammer et al., 2015) and phytohormones (Großkinsky et al., 2014) 
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were employed in a developmental context: In order to gain a better 
understanding of the metabolic processes during early-stage sugar 
beet taproot development, we performed a detailed physiological 
characterization of this phase. An experimental time span of 80 days 
after sowing (das) was selected based on a previous sugar beet study 
(Godt & Roitsch, 2006) which showed clear differential developmental 
patterns of regulation for the sucrolytic enzymes in the taproot during 
this period. Our approach included time-course analyses of develop-
mental (biomass accumulation; root structure and anatomy) and physi-
ological (enzyme activities; metabolite content; sucrose accumulation; 
phytohormone levels) parameters. Our study resulted in a detailed 
physiological description of the early phase of sugar beet taproot de-
velopment. Based on the data we collected, we were able to show 
that the developmental transition from primary root development to 
secondary growth and sucrose storage in sugar beet taproots was ac-
companied by characteristic changes in enzyme activities, metabolite 
concentrations, and phytohormone levels. Each of the three develop-
mental stages—primary growth stage, transition stage, and second-
ary growth and sucrose storage stage—was characterized by distinct 
physiological signatures. The enzyme activity profiling was repeated 
for a selected subset of eight enzymes in a total of five independent 
experiments in two additional locations. Thus, we were able to verify 
that the physiological changes we observed were independent of the 
growth conditions and robustly related to the developmental transi-
tion from primary growth to secondary growth and sucrose storage in 
sugar beet taproots.

2  | MATERIAL AND METHODS

2.1 | Sources of chemicals and enzymes

All standard chemicals were purchased from Applichem (Darmstadt, 
Germany), Carl Roth (Karlsruhe, Germany), or Sigma-Aldrich (Munich, 
Germany). All consumables were purchased from Greiner Bio One 
(Kremsmünster, Austria) or Sarstedt (Nümbrecht, Germany). Sources 
of auxiliary enzymes, substrates, and other chemicals required for 
enzyme activity assays, which were also used for histochemical lo-
calization of enzyme activities and for hexose phosphate assays, are 
listed in Jammer et al. (2015).

2.2 | Plant material and growth conditions

Sugar beet (Beta vulgaris L.; supplied by KWS Saat AG, Einbeck, 
Germany) plants were grown in greenhouses under semi- 
controlled growth conditions in three different locations in Europe 
at different times of the year (spring—sp; early summer—es; sum-
mer—s; autumn—a; for details, see Table 1). This experimental 
setup was chosen in order to identify robust developmental pat-
terns in the analyzed parameters (for a detailed description of the 
experimental setup, see Material and Methods S1). The main set of 

six independent experiments was conducted in location A (Graz, 
Austria, 47°4′N, 15°26′E; experiments A1-es, A2-s, A3-a, A4-sp, 
A5-es, A6-sp). Two additional sets of experiments were then car-
ried out in locations B (Tulln, Austria, 48°20′N, 16°3′E; two in-
dependent experiments B1-es, B2-s) and C (Taastrup, Denmark; 
55°39′04″N, 12°15′58″E; three independent experiments C1-es, 
C2-s, C3-s). The technical details differed between the green-
houses in the three locations (see below), and the differences in 
plant growth that arose therefrom are pointed out in the Results 
and Discussion sections. Plants were grown in soil (locations A and 
B: Naturahum; Gramoflor, Vechta, Germany; location C: Green 
line, with clay and silica; SW Horto AB, Hammenhög, Sweden) in 
containers of different size (depending on sampling time point). 
In locations A and B, plants were kept at 20°C to 24°C achieved 
by additional heating during colder outside temperatures, and a 
16 hr/8 hr day/night cycle by supplementary illumination (loca-
tion A: Plug and Grow™ 200 W 6,400 K fluorescent lamps; Trade 
Hydro, Cleckheaton, United Kingdom; location B: Master Agro 
400 W 2,000 K High-Pressure Sodium lamp, Philipps Lighting 
Holding B.V., The Netherlands), resulting in a photosynthetically 
active radiation of at least 75 µmol photons m−2 s-1. In location C, 
plants were kept at 17°C to 22°C achieved by additional heating 
during colder outside temperatures, and a 12 hr/12 hr day/night 
cycle by supplementary illumination (Fiona FL300 Grow LED, 
Senmatic, Søndersø, Denmark, and Son-T Master Green Power 
600 W 2,000 K High-Pressure Sodium lamp, Philipps Lighting 
Holding B.V., Netherlands), resulting in a photosynthetically active 
radiation of at least 200 µmol photons m−2 s-1. Taproots (includ-
ing hypocotyls) were dug from the soil at six to seven sampling 
time points over a period of 80, 60, or 45 das in locations A, B, 
and C, respectively (see Table 1), washed with tap water, and ei-
ther directly used for anatomical/histochemical studies, or frozen 
in liquid nitrogen for biochemical studies. Frozen material (pooled 
samples of at least 15 individuals per time point) was ground in 
liquid nitrogen, with 0.1% polyvinyl-polypyrrolidone to bind phe-
nolics and stored at −80°C until further use.

2.3 | Enzyme activity assays

Specific enzyme activities for vacuolar, cytoplasmic, and cell wall-
bound isoenzymes of invertase (vacInv, cytInv, cwInv; EC:3.2.1.26), 
sucrose synthase (SuSy; EC:2.4.1.13), fructokinase (FK; EC:2.7.1.4), 
hexokinase (HXK; EC:2.7.1.1), uridine-5’-diphosphoglucose pyroph-
osphorylase (UGPase; EC:2.7.7.9), phosphoglucoisomerase (PGI; 
EC:5.3.1.9), phosphoglucomutase (PGM; EC:5.4.2.2), fructose-1,6-
bisphosphate aldolase (Ald; EC:4.1.2.13), phosphofructokinase 
(PFK; EC:2.7.1.11), glucose-6-phosphate dehydrogenase (G6PDH; 
EC:1.1.1.49), and adenosine-5’-diphosphoglucose pyrophosphory-
lase (AGPase; EC:2.7.7.27) were measured in miniaturized spectro-
photometric assays in a 96-well format as previously described by 
Jammer et al. (2015). Specific enzyme activities were expressed in 

https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
https://www.brenda-enzymes.org/
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nkat mg−1 protein. In the main set of experiments (location A), en-
zyme activities for invertases, SuSy, FK, HXK, UGPAse, PGI, PGM, 
Ald, and G6PDH were measured in duplicate in two parallel extracts 
per time point for six independent experiments, while AGPase activ-
ity was measured for one experiment only (experiment A1-es). In all 
experiments from locations B and C, enzyme activities for vacInv, 
cwInv, SuSy, PGI, PGM, Ald, and G6PDH were measured in triplicate 
in single extracts.

For determination of sucrose-phosphate synthase activity (SPS; 
EC:2.4.1.14), aliquots (5 µl) of dialyzed crude extracts were incu-
bated at 38°C for 20 min in a total reaction volume of 25 µl with 
5 mM MgCl2, 10 mM UDPGlc, and 10 mM F6P in 50 mM HEPES/
NaOH at pH 7.5 (modified from Fieuw & Willenbrink, 1987, 1990). For 
controls, F6P was omitted. Reactions were stopped by adding 25 µl 
1 N NaOH on ice, and remaining F6P was destroyed by boiling the 
samples in a water bath for 45 min. After cooling the samples on ice, 
250 µl of anthrone reagent (0.5 g/L anthrone and 10 g/L thiourea 
in 65% sulfuric acid) were added to the samples and standards prior 
to 10 min incubation in a water bath at 90°C. Reaction mixes were 
cooled on ice, 100 µl per sample or standard were transferred to a 
flat bottom 96-well plate, and absorbance at 620 nm was measured 
in a microplate reader (Ascent Multiskan; Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). Specific activities were expressed 
in nkat mg−1 protein. SPS activity was analyzed in duplicate in two 

parallel extracts per time point for one experiment from location A 
(experiment A4-sp).

2.4 | HPLC analysis of carbohydrate levels

Soluble sugar levels and starch levels were analyzed as described by 
Bonfig, Schreiber, Gabler, Roitsch, and Berger (2006) and Gasperl, 
Morvan-Bertrand, Prud'homme, van der Graaff, and Roitsch (2016). 
Data were expressed in µg g−1 FW or mg g−1 FW. Analyses were car-
ried out for five biologically independent experiments from location A 
(measured in duplicate in two parallel extracts per time point for experi-
ments A1-es, A2-s, and A6-sp; single extracts for experiments A4-sp and 
A5-es). Starch was analyzed for one experiment from location A (A1-es).

2.5 | Hexose phosphate assays

Metabolites were extracted according to a protocol modified from 
Jelitto, Sonnewald, Willmitzer, Hajirezeai, and Stitt (1992). Per sample, 
1 ml 16% (w/v) trichloroacetic acid (TCA) in diethyl ether (DEE) was added 
to 200 mg of ground plant material, and samples were mixed vigorously 
for 2 min at 4°C. Samples were incubated on ice for 20 min and mixed at 
regular intervals. In the following step, 600 µl 16% (w/v) TCA in water 

Location Code
Start date –  
end date Season

Sampling time points 
[das]

A A1-es 25/05/2010–
13/08/2010

Early summer 10, 15, 30, 53, 60, 80

A2-s 20/07/2010–
08/10/2010

Summer 10, 15, 30, 53, 60, 80

A3-a 05/10/2010–
22/12/2010

Autumn 10, 15, 20, 30, 40, 
60, 80

A4-sp 01/03/2011–
20/05/2011

Spring 10, 15, 20, 30, 40, 
60, 80

A5-es 27/05/2011–
15/08/2011

Early summer 10, 15, 20, 30, 40, 
60, 80

A6-sp 06/03/2012–
29/05/2012

Spring 10, 15, 20, 30, 40, 
60, 80

B B1-es 28/05/2013–
26/07/2013

Early summer 10, 15, 20, 30, 40, 60

B2-s 09/07/2013–
06/09/2013

Summer 10, 15, 20, 30, 40, 60

C C1-es 20/05/2014–
04/07/2014

Early summer 10, 15, 20, 27, 35, 45

C2-s 10/06/2014–
25/07/2014

Summer 10, 15, 20, 27, 35, 45

C3-s 01/07/2014–
15/08/2014

Summer 10, 15, 20, 27, 35, 45

Note: Plants were grown in greenhouses in three locations in Europe: location A = Graz, Austria; 
location B = Tulln, Austria; location C = Taastrup, Denmark.
Abbreviations: a, autumn experiment; das, days after sowing; es, early summer experiment; s, 
summer experiment; sp, spring experiment.

TA B L E  1   Overview of growing 
and sampling regimes for time-course 
experiments in three different locations

https://www.brenda-enzymes.org/
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containing 5 mM EDTA were added, samples were mixed vigorously, and 
incubated on ice for 3 hr. After 10 min centrifugation at 4°C and 20,000 g, 
the DEE phase was discarded. The aqueous phase was transferred to 
50 ml tubes and extracted with 2.5 ml water-saturated DEE to remove 
TCA from the metabolite extracts. Samples were centrifuged for 5 min 
at 4°C and 1,650 g. The DEE phase was discarded, and the samples were 
extracted again with 1.5 ml water-saturated DEE to remove remnants of 
TCA from the metabolite extracts. Samples were centrifuged for 5 min at 
4°C and 1,650 g. Aqueous metabolite extracts were transferred to 1.5 ml 
tubes, and pH was adjusted to 6–7 with 5 M KOH/1 M triethanolamine. 
Tubes were then incubated on ice with open caps in order to allow evapo-
ration of remaining DEE prior to removal of particulate contamination by 
20 min centrifugation at 4°C and 20,000 g. Aliquots of TCA extracts were 
snap-frozen in liquid nitrogen and stored at −80°C until further use.

Metabolite levels of glucose-6-phosphate (G6P), glucose-1-phos-
phate (G1P), and fructose-6-phosphate (F6P) were determined by 
means of enzymatic cycling assays according to Gibon et al. (2002). The 
reaction mixtures were prepared on ice, and the cycling reactions were 
started by placing the plates containing the final reaction mixtures in 
a microplate reader (Ascent Multiskan; Thermo Fisher Scientific) pre-
heated to 30°C, and monitored for 10 min at 540 nm. Hexose phos-
phate levels were expressed in ng g−1 FW. Hexose phosphates were 
analyzed in duplicate in two parallel extracts for two biologically inde-
pendent experiments from location A (experiments A4-sp and A5-es).

2.6 | HPLC-MS/MS analysis of phytohormone levels

Phytohormone levels of trans-isopentenyl adenine (tiP), trans-zeatin 
(tZ), trans-zeatin riboside (tZR), dehydrozeatin (DHZ), dehydrozea-
tin-riboside (DZR), cis-zeatin (cZ), zeatin-o-glucoside (ZOG), zeatin-
riboside-o-glucoside (ZROG), indole-3-acetic acid (IAA), abscisic acid 
(ABA), salicylic acid (SA), and jasmonic acid (JA) were analyzed as 
previously described by Großkinsky et al. (2014). Phytohormone lev-
els were expressed in ng g−1 FW. Analyses were carried out for four 
biologically independent experiments from location A, with duplicate 
measurements in two parallel extracts per time point for experiments 
A1-es and A6-sp, and single extracts for experiments A4-sp and A5-es.

2.7 | Histochemical enzyme activity staining

Sugar beet taproot segments (approx. 5 mm long) were stabilized by 
fixing them to blocks cut from carrot taproots with cyanoacrylate 
glue and cut into 150 µm transverse sections with a vibrating blade 
microtome (LeicaVT1000S, Leica Biosytems, Nussloch, Germany). 
Sections were prepared for staining according to Sergeeva and 
Vreugdenhil (2002), transferred to 1.5 ml microcentrifuge tubes, 
snap-frozen in liquid nitrogen, and stored at −80°C until further use.

Histochemical localization of invertase, SuSy, PGI, and PGM 
activities was carried out according to enzyme-coupled protocols 
(Sergeeva & Vreugdenhil, 2002). The G6PDH activity staining pro-
tocol was adapted from the protocol used for the in vitro activity 

assay for this enzyme (Jammer et al., 2015). Sections for G6PDH lo-
calization were incubated at 30°C with 5 mM MgCl2, 0.4 mM NADP, 
0.03% (w/v) NBT (AppliChem), and 1 mM G6P in 100 mM Tris-HCl 
at pH 7.6; for controls, G6P was omitted. For all staining protocols, 
tissue sections were removed from liquid nitrogen, thawed at room 
temperature in 1 ml staining solution and then incubated for 1 hr at 
the respective temperatures (37°C for invertase; 30°C for all other 
enzymes). Reactions were stopped by replacing the staining solu-
tion with 1 ml 70% ethanol and incubating the sections at 37°C for 
at least 1 hr. Samples were stored at room temperature in distilled 
water until evaluation. Sections were evaluated with an SXZ9 binoc-
ular (Olympus, Tokyo, Japan) and an AX70 microscope (Olympus) in 
bright field mode, and photographs were taken with an E330 camera 
and a ColorViewIII digital camera (both Olympus), respectively.

2.8 | Anatomical studies

Sections from the same batch of material used for the histochemi-
cal enzyme activity staining were also used for anatomical inves-
tigation. Sections were stained with fuchsin, chrysoidin, and astra 
blue according to Etzold (2002). Sections were evaluated and photo-
graphs were taken with the equipment listed in the previous section 
(Histochemical enzyme activity staining). The number of cambial 
rings was counted, and the diameter of the central cylinder was 
measured using the CellF software (Olympus).

2.9 | Statistical evaluation

Data from enzyme activity assays, carbohydrate analytics, metabo-
lite level analyses, and phytohormone analytics for location A were 
analyzed for statistical significance with the unpaired Student's t 
test. For information about the statistical significance of differences 
between the 10 das data and the data obtained at later time points, 
the reader is referred to Datasets S1–S3.

3  | RESULTS

In order to identify robust patterns of developmental regulation, 
sugar beet time-course experiments were carried out under semi-
standardized greenhouse conditions. Samples were collected in 
three different locations, as shown in Table 1.

3.1 | Biomass accumulation

The biomass data for location A (Figure 1) were obtained by weighing 
the taproots of 15 individual plants. Mean taproot biomass increased 
exponentially in all experiments throughout the period of investigation 
(see also Table S1; Dataset S1). Fresh weight of individual roots was 
rather homogeneous up to 20 das. From 30 das onwards, however, 
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variation between individuals started to increase and was most pro-
nounced at 60 and 80 das. Final fresh weight at 80 das was strongly de-
pendent on the time of year the experiment was started. The spring and 
early summer experiments yielded the biggest beets (Figure 1a,d,e,f), 
whereas beets grew smaller in the experiment started later in summer 
(Figure 1b), and were smallest in the autumn experiment (Figure 1c).

3.2 | Anatomy

Transverse sections from the upper root or lower hypocotyl region 
of sugar beet taproots were evaluated for anatomical parameters 
(Figure 2; Dataset S1). At 10 das, when the taproots were approximately 
1 mm in diameter, the central cylinder was about 0.2 mm in diameter. 
At this stage, the structure of the central cylinder corresponded to the 
structure observed by Artschwager (1926) in a 10-day-old sugar beet 
seedling root. The first periclinal cell divisions were visible in the pa-
renchyma cells between primary xylem and phloem, which indicated 
the initiation of the primary cambium (Figure 2a). At 15 and 20 das, 
the primary cambium continued to develop and to expand laterally 
(Figure 2b,c). By 30 das, the central cylinder had reached a diameter 
of approximately 0.5 mm. The primary cambium had developed into 
a full circle of meristematic tissue and had started to give rise to sec-
ondary xylem and phloem. In addition, the development of the first 
supernumerary cambium and, thus, Beta-specific secondary growth 
had been initiated, evident by a number of periclinal cell divisions in 
the phloem parenchyma (Figure 2d). At 40 das, a full cambial ring had 

formed around the central cylinder, which represented the first super-
numerary cambium, with visible differentiation of phloem and xylem. 
Additionally, at this stage, the second supernumerary cambium was 
initiated (Figure 2e). From 40 das onwards, the peripheral layers (epi-
dermis and cortex) of the beets started to break and to slough gradu-
ally (Figure 2f,g). At 80 das, the beets consisted of the central cylinder 
only, and a periderm had taken over the protective function of the cor-
tex and epidermis even in the smallest individuals. At 60 and 80 das, 
variation between individuals was high concerning beet diameter and 
number of cambial rings (Dataset S1). At this stage, the innermost rings 
were differentiated most prominently. Beets at 60 das showed three to 
five developed supernumerary cambia, and an additional cambial ring 
had already been initiated (Figure 2f). At 80 das, there were four to six 
supernumerary cambia in the beets, and initial cell divisions for an ad-
ditional cambial ring were already visible (Figure 2g).

3.3 | Soluble carbohydrates, starch, and 
hexose phosphates

Soluble carbohydrate content was determined for five biologically 
independent experiments by means of HPLC analysis (Figure 3; 
Table S1; Dataset S1). At the earliest stages of taproot development 
(≤ 20 das), sugar content was generally low in all experiments. Glucose 
(Glc) was the dominating carbohydrate at this stage (Figure 3a,d,g,j). 
At 10 das, its levels were 2.5-fold to fourfold and twofold to 9.3-fold 
higher than fructose (Fru) and sucrose (Suc) levels, respectively.

F I G U R E  1   Biomass in developing sugar beet taproots over 80 days after sowing (main set of experiments, location A, Graz, Austria; 
means of 15 individuals ± SD). Beets grew exponentially throughout the period of investigation in all experiments, and fresh weight at 80 
das was strongly dependent on the growing season. (a) experiment A1-es. (b) experiment A2-s. (c) experiment A3-a. (d) experiment A4-sp. (e) 
experiment A5-es. (f) experiment A6-sp

(a) (b) (c)

(d) (e) (f)
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From 30 das onwards, sugar contents started to increase, with 
sucrose levels increasing particularly strongly (Figure 3b,e,h,k). 
Hexose-to-Suc ratios (Figure 3c,f,i,l) were initially high, but declined 
steeply as soon as Suc levels started to increase. The Suc accumu-
lation rate continuously increased in all experiments throughout the 
entire period of investigation, and the average rate of Suc accumu-
lation was similar in all experiments (Dataset S1). Sugar content at 
60 and 80 das (Figure 3b,e,h,k) varied between experiments but 
was less dependent on the time of year when the experiment was 
started than beet fresh weight. Because no starch was detectable 
at any of the time points in experiment A1-es (Table S1; Dataset S1), 
and sugar beet is known not to store considerable amounts of starch 
(Turesson, Andersson, Marttila, Thulin, & Hofvander, 2014), starch 
content was no longer analyzed in the following experiments.

The hexose phosphates Glc-6-phosphate (G6P), Glc-1-phosphate 
(G1P), and Fru-6-phosphate (F6P) represent a central pool for car-
bohydrate metabolism from which carbohydrates are distributed to 
various metabolic processes. Levels of these metabolites (Figure 4; 

Dataset S1) were determined for two biologically independent exper-
iments by means of enzyme-coupled colorimetric cycling assays. G6P 
content was low at 10 and 15 das, and then gradually increased to 
reach a plateau at 60 to 80 das (Figure 4a,d). The same developmental 
pattern could be observed for G1P (Figure 4b,e) and F6P (Figure 4c,f), 
but at levels threefold to fourfold lower than those of G6P.

3.4 | In vitro activities for key enzymes of primary 
carbohydrate metabolism

The centerpiece of our study was the investigation of the regulation of 
carbohydrate metabolism during sugar beet taproot development. In 
vitro activities of fourteen carbohydrate-metabolic key enzymes were 
determined by means of colorimetric end-point assays (invertase iso-
enzymes, SPS) or enzyme-coupled kinetic assays (all other enzymes) 
as previously described by Jammer et al. (2015) for six biologically in-
dependent experiments (Figures 5 and 6; Table S2; Dataset S2). The 

F I G U R E  2   Anatomy (a–g) of developing sugar beet taproots at 10 (a), 15 (b), 20 (c), 30 (d), 40 (e), 60 (f), and 80 (g) days after sowing 
(das), and schematic representation (h) of central cylinder development up to 40 das. c, cortex; ca, cambium; cr, cambial ring (consisting of 
supernumerary cambium plus weakly differentiated phloem and xylem); e, endodermis; p, pericycle; pa, storage parenchyma; pe, periderm; 
ph, phloem; xy, xylem; arrows = initial cell divisions for new cambia; bar = 100 µm (a–e) or 500 µm (f,g)

(a) (b) (c)

(d)

(g) (h)

(e) (f)
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following enzymes were selected: vacuolar, cytoplasmic, and cell wall-
bound isoenzymes of invertase (vacInv, cytInv, cwInv), and sucrose 
synthase (SuSy) (sucrolytic enzymes); fructokinase (FK) and hexoki-
nase (HXK) (hexose-phosphorylating enzymes); uridine-5’-diphospho-
glucose pyrophosphorylase (UGPase) (link between Suc breakdown 
via SuSy and metabolism); phosphoglucoisomerase (PGI) and phos-
phoglucomutase (PGM) (interconverting enzymes of the hexose 
phosphate pool); fructose-1,6-bisphosphate aldolase (Ald) and phos-
phofructokinase (PFK) (glycolytic key enzymes); glucose-6-phosphate 

dehydrogenase (G6PDH) (key enzyme of the oxidative pentose phos-
phate pathway); adenosine-5’-diphosphoglucose pyrophosphorylase 
(AGPase) (key enzyme of starch synthesis); sucrose-phosphate syn-
thase (SPS) (key enzyme of Suc synthesis).

From the group of sucrolytic enzymes, the activities of the 
three invertase isoenzymes (Figure 5a,d,g,j,m,p) were high at 10 
to 20 das. At these time points, vacInv activity was the dominat-
ing sucrolytic activity in three out of six experiments, whereas in 
the other experiments cwInv activity was highest. The dominating 

F I G U R E  3   Soluble carbohydrates (Glc, Fru, Suc) and hexose-to-Suc ratio in developing sugar beet taproots over 80 days after sowing 
(main set of experiments, location A, Graz, Austria). (a–c) experiment A1-es (means of two parallel extracts ± SD). (d–f) experiment A2-s 
(means of two technical replicates ± SD). (g–i) experiment A4-sp (values from single extract). (j–l) experiment A5-es (values from single 
extract). Experiment A6-sp is not shown (no data for Glc and Fru due to technical problems with the quantification of hexoses; for Suc data, 
see Dataset S1)

Hexoses Sucrose hexose-to-sucrose ratio
tne

mirepxE
A

1-
es

tne
mirepxE

A5
-e

s
tne

mirepxE
A4

-s
p

tne
mirepxE

A2
-s

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

m
g 

g–1
FW

Days after sowing

Glc
Fru

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Suc

0

5

10

15

0 10 20 30 40 50 60 70 80 90

Ar
bi

tra
ry

 u
ni

ts

Days after sowing

hexose-to-Suc ratio

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Glc
Fru

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Suc

0

5

10

15

0 10 20 30 40 50 60 70 80 90

Ar
bi

tra
ry

 u
ni

ts

Days after sowing

hexose-to-Suc ratio

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Glc
Fru

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Suc

0

5

10

15

0 10 20 30 40 50 60 70 80 90
Ar

bi
tra

ry
 u

ni
ts

Days after sowing

hexose-to-Suc ratio

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Glc
Fru

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

m
g 

g
FW

Days after sowing

Suc

0

5

10

15

0 10 20 30 40 50 60 70 80 90

Ar
bi

tra
ry

 u
ni

ts

Days after sowing

hexose-to-Suc ratio

(a)

(d)

(b)

(e)

(c)

(f)

(g) (h) (i)

(j) (k) (l)

–1
–1

–1 –1
–1

–1
–1



     |  9JAMMER Et Al.

invertase isoenzyme did not depend on the time of year when the 
plants were grown. cytInv activity was generally lower. Invertase 
activities declined steeply between 30 and 60 das and were very 
low at 60 and 80 das. SuSy activity (Figure 5b,e,h,k,n,q) was close 
to the detection limit at 10 das, gradually increased over the pe-
riod of investigation and reached its maximum activity at 80 das. 
In the autumn experiment, when taproots grew very slowly, 
however, SuSy activity also remained low at later time points 
(Figure 5h).

Among the hexose-phosphorylating enzymes (Figure 5c,f,i,l,o,r), 
HXK activity was generally close to the detection limit throughout 
the period of investigation in all experiments. FK activity was low at 
the earliest stages of taproot development. In spring, early summer, 
and summer experiments, FK showed an increase in activity from 
20 das onwards. This increase in activity was strongest between 20 
and 40 das. It was transient in two out of five experiments, where 
activity slowly declined again from 40 or 60 das onward. In the other 
three experiments, FK activity continued to increase or remained high 
over the entire period of 80 das. In the sixth experiment, the autumn 
experiment, FK activity constantly remained low. The hexose phos-
phate interconverting enzymes PGI and PGM (Figure 6a,d,g,j,m,p) 
activities showed very similar patterns of developmental regulation. 
Activities of both enzymes were low at 10 to 20 das and increased to 
reach maximum activities at 80 das. The most pronounced increase 
in activities was observed from 40 or 60 das onwards.

Concerning the glycolytic enzymes (Figure 6b,e,h,k,n,q), Ald ac-
tivities varied strongly at 10 das, but showed a consistent develop-
mental pattern of transient increase between 15 and 60 das in five 

out of six experiments. Ald activity reached its maximum at 30 or 
40 das, followed by a gradual decline to levels similar to, or lower 
than initial activities. PFK activity was low at 10 to 30 das and then 
continuously increased from 40 das onwards to reach maximum ac-
tivities at 80 das. In the autumn experiment, however, activity re-
mained close to the detection limit throughout the entire period of 
80 das.

G6PDH activity (Figure 6c,f,i,l,o,r) was low at 10 to 20 das 
gradually increased from 30 or 40 das onwards in all experiments. 
This increase was strongest from 60 to 80 das, when G6PDH 
reached its maximum activity. UGPase activity (Figure 6c,f,i,l,o,r) 
was low at 10 das in five out of six experiments. In all experiments, 
UGPase activity increased throughout the period of investigation 
to maximum levels at 80 das. AGPase activity (Dataset S2) was 
below or near the detection limit throughout the entire period 
of investigation in experiment A1-es. Therefore, and because of 
the previously reported absence of starch accumulation in sugar 
beet taproots (Turesson et al., 2014), AGPase activity was no lon-
ger analyzed in the following experiments. SPS activity (Dataset 
S2), which was first analyzed in experiment A4-sp, remained un-
changed at low levels of activity throughout the entire period 
of 80 das. Hence, SPS activity was not analyzed in the other 
experiments.

The above-described changes in enzyme activities are summa-
rized in Figure 7, which shows the characteristic carbohydrate-met-
abolic signatures (including metabolite levels) of sugar beet 
taproots during primary growth (Figure 7a) and during secondary 
growth and sucrose storage (Figure 7b) in a metabolic context.

F I G U R E  4   Hexose phosphates in developing sugar beet taproots over 80 days after sowing (main set of experiments, location a, Graz, 
Austria; means of two parallel extracts ± SD)—Glc-6-phosphate (G6P), Glc-1-phosphate (G1P), and Fru-6-phosphate (F6P). (a–c) experiment 
A4-sp. (d–f) experiment A5-es
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F I G U R E  5   Carbohydrate-metabolic enzyme activities in developing sugar beet taproots over 80 days after sowing (main set of 
experiments, location a, Graz, Austria; means of two parallel extracts ± SD). Part 1—vacuolar, cytoplasmic, and cell wall-bound invertase 
isoenzymes (vacInv, cytInv, cwInv), sucrose synthase (SuSy), and hexose-phosphorylating enzymes hexokinase (HXK) and fructokinase (FK). 
(a–c) experiment A1-es. (d–f) experiment A2-s. (g–i) experiment A3-a. (j–l) experiment A4-sp. (m–o) experiment A5-es. (p–r) experiment A6-sp
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3.5 | Spatial distribution of enzyme activities of 
carbohydrate metabolism

In case of a limitation of enzyme activities to certain tissues or cell 
types, the activities measured in in vitro assays can be (strongly) di-
luted and, thus, important regulation may be overlooked. Therefore, 
the spatial regulation of invertase, SuSy, PGI, PGM, and G6PDH 
activities was determined in situ for one experiment in transverse 
sections of taproots by means of histochemical enzyme activity 
staining. Distinct patterns of developmental regulation and localiza-
tion of activities could be identified for the analyzed enzymes.

Histochemical staining of invertase activity (Figure 8a–c; 
Figure S1) was performed in hand-cut root segments/sections, 
as the cyanoacrylate glue used for stabilizing the tissue during 
vibrating blade microtome sectioning appeared to interfere with 
the staining procedure. The staining reaction did not allow a clear 
localization of invertase activity to certain tissues or cell types, 
but nevertheless confirmed in vitro activity data (Figure 5). An 
evenly distributed staining could be observed in root segments/
sections at stages of high and medium in vitro invertase activ-
ities (10 to 40 das; Figure 8a,b), whereas there was no stain-
ing at stages of low in vitro invertase activities (60 and 80 das; 
Figure 8c).

For SuSy (Figure 8d–f; Figure S2), PGI (Figure 8g–i; Figure S3), 
PGM (Figure 8j–l; Figure S4), and G6PDH (Figure 8m–o; Figure S5), 
histochemical activity staining revealed that relatively high lev-
els of activities were already present at 10 das, although in vitro 
activities were low at the initial stages of taproot development. 
Activities were essentially restricted to the cells of the central 
cylinder and the endodermis throughout the period of investiga-
tion. For SuSy, PGI, and PGM, the highest intensities of staining 
were observed in the phloem as well as in cambia and the adja-
cent areas, whereas staining was weaker in storage parenchyma 
cells, pericycle, and endodermis. For G6PDH, staining was almost 
exclusively limited to the phloem at 10 to 40 das, while at 60 and 
80 das, activity staining expanded to a pattern similar to those 
observed for SuSy, PGI, and PGM, and could also be observed in 
cambia and the adjacent areas, as well as in storage parenchyma 
cells.

3.6 | Phytohormones

Phytohormones (Figure 9; Table S3; Dataset S3) are important reg-
ulators of a wide variety of developmental and physiological pro-
cesses. Therefore, the levels for a number of phytohormones were 
analyzed by means of UHPLC-MS/MS as previously described by 
Großkinsky et al. (2014) for four biologically independent experi-
ments: various cytokinins (trans-isopentenyl adenine [tiP], trans-
zeatin [tZ], cis-zeatin [cZ], trans-zeatin [tZ], trans-zeatin riboside 
[tZR], dehydrozeatin [DHZ], dehydrozeatin-riboside [DZR], zeatin- 
o-glucoside [ZOG], zeatin-riboside-o-glucoside [ZROG]), 

indole-3-acetic acid (IAA), abscisic acid (ABA), jasmonic acid (JA), 
and salicylic acid (SA).

The pool of analyzed cytokinins (Figure 9a,d,g) typically 
showed a trend of mainly transient upregulation, which could be 
observed for total cytokinins (sum of active and storage forms) 
as well as for total active cytokinins (sum of tZ, tZR, DHZ, DZR, 
and tiP). Within the group of storage cytokinins, neither for ZOG 
nor for ZROG, clear developmental patterns could be identified 
(Table S3; Dataset S3). Within the group of active cytokinins, a 
pattern of (mainly transient) upregulation could be observed for 
tZ, tZR, DHZ, and DZR, whereas levels of tiP fluctuated through-
out the entire period of investigation (Table S3; Dataset S3). The 
ratios of active cytokinins to storage cytokinins were low at 10 
to 20 das and transiently increased to reach a maximum between 
30 and 60 das (Figure 9c,f,i). Values at 80 das were lower than 
the maxima, but about two- to fourfold higher than initial values. 
The levels of the auxin IAA (Figure 9b,e,h) transiently increased 
to reach a maximum at 30 to 60 das before declining to levels 
about two- to fourfold higher than initial IAA levels. The ratios 
of IAA to active cytokinins were low at 10 das, as well as at 60 to 
80 das. They transiently increased to reach a maximum at 30 to 
40 das (Figure 9c,f,i). ABA levels (Figure 9b,e,h) showed a pattern 
of transient increase in three out of four experiments, while in the 
remaining experiment ABA levels constantly increased. JA levels 
(Table S3; Dataset S3) continuously increased to a maximum at 
80 das in two experiments, while in the other two experiments, JA 
levels transiently increased. SA levels (Table S3; Dataset S3) were 
highly variable in all experiments throughout the entire period of 
investigation and showed a broad range of concentrations in the 
investigated samples.

3.7 | Experiments in additional locations

In order to assess the robustness of the enzyme activity signa-
tures observed in the main set of six biologically independent ex-
periments in location A (Graz, Austria), a set of enzymes showing 
clear developmental patterns of regulation was selected for re-
evaluation in greenhouse experiments in two additional locations 
(two independent experiments in location B, Tulln, Austria; three 
independent experiments in location C, Taastrup, Denmark). 
Beets accumulated biomass much faster in both of these loca-
tions, reaching fresh weights comparable to those at 80 das in the 
fast-growing experiments in location A already at 60 das and 35 
das in locations B and C, respectively (Tables 2 and 3; Dataset S1). 
Experiments were, thus, stopped after a shorter period of time in 
these locations. Despite the differences in growth rates between 
the three locations, the developmental patterns of regulation ob-
served for vacInv, cwInv, SuSy, PGI, PGM, G6PDH, Ald, and PFK 
activities were in very good accordance for all of the locations, 
with mostly minor deviations only, and very few exceptions from 
the general patterns of developmental regulation (Table 3). The 
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F I G U R E  6   Carbohydrate-metabolic enzyme activities in developing sugar beet taproots over 80 days after sowing (main set of 
experiments, location a, Graz, Austria; means of two parallel extracts ± SD). Part 2—hexose phosphate interconverting enzymes 
phosphoglucose isomerase (PGI) and phosphoglucomutase (PGM), glycolytic enzymes aldolase (Ald) and phosphofructokinase (PFK), UDP-
glucose pyrophosphorylase (UGPase), and glucose-6-phosphate dehydrogenase (G6PDH). (a–c) experiment A1-es. (d–f) experiment A2-s. 
(g–i) experiment A3-a. (j–l) experiment A4-sp. (m–o) experiment A5-es. (p–r) experiment A6-sp
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temporal shifts in the dynamics of the developmental patterns of 
enzyme activities could be observed at earlier time points in loca-
tions B and C than in location A (Dataset S2). In order to concisely 
summarize and compare the data from all of the experiments in all 
three locations, we used a system employing a table of symbols 
which we also used in Tables S1–S3. It allowed us to integrate the 
temporal dynamics (type of symbol) and the degree of change of a 

parameter over time (size of symbol) into a single symbol per bio-
logically independent experiment (10 to 80 days after sowing, 6 
to 7 sampling time points). According to his system, in Table 3 (and 
also in Table 4 in the discussion section), each symbol summarizes 
one independent experiment, differentiating between upregu-
lation (▲), transient upregulation (∩), downregulation (▼), no  
regulation (▬), strong fluctuation (~), and “not detectable” (nd). 

F I G U R E  7   Overview of carbohydrate metabolism in developing sugar beet taproots. Color intensity of boxes and thickness of lines 
indicate the activity levels of enzymes or the abundance of metabolites. Dashed grey lines indicate that enzyme activities of the respective 
pathways or levels of the respective metabolites were not analyzed in the presented study. At the prestorage stage (a), sucrose is cleaved 
into its hexose monomers by invertases. As metabolic enzyme activities are low, relatively low amounts of carbohydrates appear to be used 
for metabolic processes—hexoses and hexose phosphates are assumed to accumulate and to act as sugar signals and as an osmotic driving 
force for growth. At the secondary growth and sucrose storage stage (b), sucrose synthase is the main sucrolytic enzyme. High activities 
of various carbohydrate-metabolic enzymes suggest that sucrose is constantly partitioned between sucrose storage and metabolism. 
ADPGlc, ADP-glucose; AGPase, ADP-glucose pyrophosphorylase; F6P, fructose-6-phosphate; FK, fructokinase; Fru, fructose; G1P, glucose-
1-phosphate; G6P, glucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; Glc, glucose; HXK, hexokinase; Inv, invertase 
isoenzymes; PFK, phosphofructokinase; PGI, phosphoglucoisomerase; PGM, phosphoglucomutase; SPS, sucrose-phosphate synthase; Suc, 
sucrose; UDPGlc, UDP-glucose; UGPase, UDP-glucose pyrophosphorylase
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F I G U R E  8   Histochemical localization of enzyme activities in developing sugar beet taproots. (a–c) acid invertases (a, 10 das; B 30 das; 
C, 80 das). (d–f) SuSy (d, 10 das; e, 30 das; f, 60 das). (g–i) PGI (g, 10 das; E, 30 das; I, 80 das). (j–l) PGM (j, 10 das; k, 30 das; l, 80 das). (m–o) 
G6PDH (m, 10 das; n, 30 das; o, 80 das). Controls without substrates were free from staining (see Figures S1–S5). Bar = 1 mm (a–c) or 
100 µm (d–o)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)
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Thus, similarities or differences between the individual experi-
ments are clearly visible at first sight. For the numeric values 
underlying the symbols in tables 3 and 4, and for statistics, the 
reader is referred to Datasets S1, S2, and S3.

4  | DISCUSSION

In the presented study, a physiological characterization of early-
stage sugar beet taproot development was conducted. The com-
bination of various methods for physiological phenotyping and 
anatomical analyses resulted in a detailed description of early-stage 
sugar beet taproot development. Despite the variation of absolute 
values between the individual experiments, robust patterns of de-
velopmental regulation could be identified for many of the analyzed 
parameters within this holistic phenomics approach, which could 
also be observed when experiments were repeated for a selected set 

of enzymes with plants grown in different locations. An overview of 
enzyme activities and metabolite levels at the early and late stages 
of our study is shown in Figure 7.

4.1 | Sugar beet growth

Independent of the season when experiments were grown, taproot 
fresh weight increased exponentially and growth rates increased 
during the entire period of investigation, which is in accordance with 
previous studies (Giaquinta, 1979; Godt & Roitsch, 2006; Kenter, 
Hoffmann, & Märländer, 2006; Klotz & Campbell, 2004; Klotz & 
Finger, 2001; Trebbi & McGrath, 2009). However, the variation of 
beet fresh weight at 60 and 80 das was very high between indi-
vidual beets within experiments, as well as between experiments. 
Water and nutrient supply were constantly kept at sufficient levels 
throughout all greenhouse experiments. Therefore, this variation 

F I G U R E  9   Phytohormones in developing sugar beet taproots over 80 days after sowing (main set of experiments, location A, Graz, 
Austria)—cytokinins (CK), indole-acetic acid (IAA), abscisic acid (ABA), and phytohormone ratios. (a–c) experiment A4-sp (means of two 
parallel extracts ± SD). (d–f) experiment A5-es (values from single extract). (g–i) experiment A6-sp (values from single extract). Experiment 
A1-es is not shown (no data for total storage CK, total CK, and active-to-storage CK ratio due to technical problems with the quantification 
of ZOG; for the full phytohormone dataset, see Table S3 and Dataset S3)

Cytokinins IAA, ABA Phytohormone ratios
tne

mirepxE
A

4-
sp

tne
mirepxE

A6
-s

p
tne

mirepxE
A

5-
es

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

active CK
storage CK
total CK

0

10

20

30

40

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

IAA
ABA

0

5

10

15

0 10 20 30 40 50 60 70 80 90
ng

 g
FW

Days after sowing

active-to-storage CK
IAA-to-active CK

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

ng
 g

–1
FW

Days after sowing

active CK
storage CK
total CK

0

10

20

30

40

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

IAA
ABA

0

5

10

15

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

active-to-storage CK
IAA-to-active CK

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

active CK
storage CK
total CK

0

10

20

30

40

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

IAA
ABA

0

5

10

15

0 10 20 30 40 50 60 70 80 90

ng
 g

FW

Days after sowing

active-to-storage CK
IAA-to-active CK

(a)

(d)

(b)

(e)

(c)

(f)

(g) (h) (i)

–1 –1

–1 –1 –1

–1 –1 –1



16  |     JAMMER Et Al.

may be explained by technical limitations regarding temperature 
control and illumination. Both low and (too) high temperatures are 
known to slow down growth rates (Clarke, Hetschkun, Redfearn, 
Thomas, & Naumenko, 1995; Kenter et al., 2006; Qu, Ding, Jiang, 
& Zhu, 2013), which can explain differences in beet fresh weights 
between experiments. Additionally, differences in irradiation, mainly 
due to unfavorable outside light conditions and different brands of 
lamps in the greenhouses, may have contributed to the observed dif-
ferences in growth, as low light has also been reported to slow down 
beet growth and dry matter accumulation (reviewed by Jaggard & 
Qi, 2006).

Anatomical development of the taproots corresponded to 
the descriptions by Artschwager (1926) and Elliott and Weston 
(1993). The increase in beet growth rate at around 30 das coin-
cided with the completion of primary development and the ini-
tiation of the first supernumerary cambium. Growth rates were 
highest at 60 to 80 das. By then, several supernumerary rings 
had already been initiated and had started to simultaneously ex-
pand, which resulted in the breaking and sloughing of the cortex. 
As anatomical parameters were analyzed for a single experiment 
only, no information can be provided on seasonal differences in 
ring formation.

4.2 | A metabolic transition occurs at a very early 
stage of sugar beet taproot development

Based on our multilevel analysis, the first 80 days of sugar beet 
taproot development can be subdivided into an early and a late 
stage, which are separated by a stage of metabolic transition 
(Table 4). The simultaneous onset of secondary growth and Suc 
storage, which occurs at a very early stage of sugar beet taproot 
development, coincides with a stage of a general carbohydrate-
metabolic transition. The three stages were not only character-
ized by differences in growth rates, Suc accumulation rates, and 
anatomical parameters, but also by clear signatures of enzyme 
activities, metabolite concentrations, and phytohormone lev-
els. The developmental shifts in metabolic and enzymatic sig-
natures were robust and could be observed in all experiments. 
However, the timing of the transition was season-dependent and, 
thus, likely controlled by thermal time, which has been shown to 
play an important role for the progress of taproot development 
(Bergen, 1967; Durr & Boiffin, 1995; Freckleton, Watkinson, 
J. Webb, & Thomas, 1999 and references cited therein; Kenter 
et al., 2006; Bellin et al., 2007; Hoffmann & Kluge-Severin, 2011). 
The stage transition was also clearly visible on the transcriptional 
level when genes encoding carbohydrate-metabolic enzymes were 
analyzed (data not shown). We observed a surprisingly high level 
of correlation between developmental patterns of gene expres-
sion and the respective in vitro enzyme activities, suggesting that 
the changes in the activities for many of the enzymes were regu-
lated on the transcriptional level. This was unexpected, as it is fre-
quently reported that there is a lack of correlation between gene TA
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TA B L E  3   Enzyme activity signatures in developing sugar beet taproots—overview of eleven biologically independent greenhouse 
experiments conducted in three locations in Europe

Note: Developmental changes over 80 days after sowing in all locations (6–7 sampling time points per experiment) are summarized as one symbol per 
experiment and analyzed parameter. The type of symbol indicates the type of regulation of a parameter over time (▲ = upregulation; ∩ = transient 
upregulation; ▼, downregulation; ▬, no regulation; ~, fluctuating). The size of the symbols indicates the degree of change of a parameter over time 
(i.e., the temporal dynamics of the absolute values of specific enzyme activities). For numeric values and statistics, see Dataset S2.
Experiments were conducted in greenhouses in three different locations in Europe: location A = Graz, Austria (experiments A1–A6; duration: 80 das); 
location B = Tulln, Austria (experiments B1–B2; duration: 60 das); location C = Taastrup, Denmark (experiments C1–C3; duration: 45 das).
Abbreviations: a, autumn experiment; Ald, aldolase; cwInv, cell wall invertase; cytInv, cytoplasmic invertase; es, early summer experiment; G6PDH, 
glucose-6-phosphate dehydrogenase; PFK, phosphofructokinase; PGI, phosphoglucoisomerase; PGM, phosphoglucomutase; s, summer experiment; 
sp, spring experiment; SuSy, sucrose synthase; vacInv, vacuolar invertase.

CnoitacolBnoitacolAnoitacol

A1-es A2-s A3-a A4-sp A5-es A6-sp B1-es B2-s C1-es C2-s C3-s 
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TA B L E  4   Phases of early-stage sugar beet taproot development and their key characteristics

Note: The table shows a summary of the developmental changes observed in eleven biologically independent experiments conducted in three locations 
(6–7 sampling time points per experiment) are summarized as symbols. The type of symbol indicates the type of regulation of a parameter over time  
(▲, upregulation; ∩, transient upregulation; ▼, downregulation; ▬, no regulation). The size of the symbols indicates the degree of change of a parameter 
over time (i.e., the temporal dynamics of the absolute values of the measured parameters). For numeric values and statistics, see Datasets S1–S3.
Abbreviations: ABA, abscisic acid; Ald, aldolase; CK, cytokinin; das, days after sowing; FK, fructokinase; Fru, Fructose; G6PDH, glucose-6-
phosphate dehydrogenase; Glc, glucose; IAA, indole-acetic acid; Inv, invertase; PFK, phosphofructokinase; PGI, phosphoglucoisomerase; PGM, 
phosphoglucomutase; Suc, sucrose; SuSy, sucrose synthase; UGPase, UDP-glucose pyrophosphorylase.
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expression levels and enzyme activities (e.g., Bonfig et al., 2010; 
Dai et al., 2011).

4.3 | Carbohydrate metabolism in sugar beet 
taproots during the prestorage stage

It has been shown for Vicia faba and Hordeum vulgare that sugar 
levels and activities of Suc-degrading enzymes play an impor-
tant regulatory role during seed development and are involved in 
the determination of seed size (reviewed by Weber, Borisjuk, & 
Wobus, 1997, Wobus & Weber, 1999, Wobus, Bäumlein, Conrad, 
Müntz, & Weber, 2000, Borisjuk et al., 2004, and Weber, Borisjuk, 
& Wobus, 2005). Young developmental stages are characterized 
by high levels of cell proliferation, high extracellular invertase 
(cwInv) activities and high hexose-to-Suc ratios. This stage is fol-
lowed by a transition stage characterized by decreasing invertase 
activities, increasing sucrose synthase (SuSy) activity, high Suc 
concentrations, and cell expansion, before starch is synthesized 
and stored at the maturation stage (Borisjuk, Rolletschek, Wobus, 
& Weber, 2003; Borisjuk et al., 2002; Borisjuk, Walenta, Weber, 
Mueller-Klieser, & Wobus, 1998; Weber, Borisjuk, Heim, Buchner, 
& Wobus, 1995; Weber, Borisjuk, & Wobus, 1996; Weschke 
et al., 2003). Similar patterns of inverse developmental regulation 
of invertases and SuSy have also been observed during the early 
phase of sugar beet taproot development (Giaquinta, 1979; Godt 
& Roitsch, 2006; Klotz & Campbell, 2004; Klotz & Finger, 2001), 
as well as in developing taproots of other plant species (McKee, 
Thomas, & Hole, 1984; Ricardo & Sovia, 1974; Sturm, 1996; Sturm 
et al., 1995; Usuda, Demura, Shimogawara, & Fukuda, 1999; 
Usuda, Rouhier, Demura, & Fukuda, 1999). Based on these previ-
ous findings, in the presented study, in vitro activities of fourteen 
key enzymes of carbohydrate metabolism were determined in 
order to gain a deeper insight into the regulation of carbohydrate 
metabolism during sugar beet taproot development.

At the earliest stage of sugar beet taproot development (prestor-
age stage), cwInv, vacInv, and cytInv activities were the dominat-
ing carbohydrate-metabolic enzyme activities (Table 4; Figure 5), 
which is in accordance with published data (Giaquinta, 1979; Godt 
& Roitsch, 2006; Klotz & Campbell, 2004; Klotz & Finger, 2001; 
Wan et al., 2018). Based on their observation of high cwInv activities 
in sugar beet taproots at 10 and 15 das, Godt and Roitsch (2006) 
proposed that in young sugar beet taproots, the apoplastic path-
way is the main pathway for Suc unloading from the phloem. Thus, 
most of the Suc that is transported to the taproot was assumed to 
be hydrolyzed by cwInv in the apoplast, followed by an uptake of 
the hydrolysis products, Glc and Fru, into the parenchyma cells. 
High intracellular invertase activities, which were observed in our 
study, as well as in previous studies (Godt & Roitsch, 2006; Klotz & 
Campbell, 2004; Klotz & Finger, 2001) suggest that, nevertheless, a 
substantial amount of Suc is unloaded via the symplastic pathway, 
or unloaded into the apoplast and subsequently taken up into the 
parenchyma cells through carrier proteins or by endocytosis-like 

processes (Getz, 2000; Godt & Roitsch, 2006). Part of this Suc may 
be hydrolyzed by cytInv in the cytoplasm, but most of it appears 
to be directly transported to the vacuole, where it is hydrolyzed by 
vacInv.

As a consequence of high invertase activities, hexose-to-Suc 
ratios were high at the prestorage stage (Table 4; Figure 3). High 
hexose levels at this stage may serve as sugar signals for cell divi-
sion, as it has been observed for legume seed development (Borisjuk 
et al., 1998, 2002, 2003; Wang & Ruan, 2013). In this context, 
transgenic approaches (Neubohn, Gubatz, Wobus, & Weber, 2000; 
Weber et al., 1998) suggested that high hexose levels, as a conse-
quence of high invertase activities, may contribute to keeping tis-
sues in a developmentally juvenile, mitotically active state, while 
differentiation and storage processes are inhibited. Additionally, 
when located in the vacuole subsequent to Suc breakdown by 
vacInv, hexoses act as osmotically active substances which drive 
water uptake into the vacuole and, thus, growth by cell expansion 
(Beauvoit et al., 2014; Koch, 2004; Ross, Davies, Burch, Viola, & 
McRae, 1994; Sergeeva et al., 2006; Tang, Lüscher, & Sturm, 1999; 
Wang et al., 2010).

The Glc and Fru released from Suc by invertase activity can 
be phosphorylated by HXK and FK to G6P and F6P, respectively, 
which represent the active hexose forms that can enter various 
metabolic pathways (Halford, Curtis, Muttucumaru, Postles, & 
Mottram, 2011; Ruan, 2014). In vitro activities of HXK and FK were 
very low at 10 to 20 das (Figure 5; Dataset S2). At least for HXK, 
very low in vitro activities appear to be a common phenomenon in 
extracts from different tissues and species (Appeldoorn et al., 1997; 
Dai et al., 2011; Kortstee, Appeldoorn, Oortwijn, & Visser, 2007; 
Schaffer & Petreikov, 1997). In vitro activities, however, do not 
necessarily reflect the importance of enzymes in planta (Beauvoit 
et al., 2014; Quick & Schaffer, 1996). Additionally, in vitro enzyme 
activity assays represent averages of the activities present in all cell 
types of the extracted tissue. Therefore, it needs to be considered 
that there may be spatial patterns of enzyme activity within an organ 
(Bonfig et al., 2010; Goetz et al., 2001; McLaughlin & Boyer, 2004a, 
2004b; Miller & Chourey, 1992; Polit & Ciereszko, 2012; Sergeeva 
& Vreugdenhil, 2002) and that the above-mentioned enzymes may 
be highly active in certain tissues/cell types in order to ensure me-
tabolite flux into growth-related processes. This idea is supported 
by the considerable changes in the spatiotemporal dynamics of in 
situ enzyme activities for a set of other enzymes (SuSy, PGI, PGM, 
and G6PDH; Figure 8; Figures S1–S5) that we observed throughout 
sugar beet taproot development. Although in vitro activities for 
SuSy, PGI, PGM, and G6PDH were initially low, activities could be 
detected in situ in the tissues of the central cylinder from the ear-
liest developmental stage onwards. We assume that these enzyme 
activities may be required to higher degrees in cells that are located 
close to the sites of phloem unloading, and in actively growing cam-
bia, than in highly vacuolarized cortex cells and storage parenchyma 
cells. The activity patterns for these enzymes may be explained by 
the high demand for glycolytic energy production in these areas 
to drive growth and transport processes, as well as by the demand 
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for cell wall compounds in actively growing/differentiating cells, 
as discussed for SuSy by Stein and Granot (2019). Therefore, it is 
not surprising that SuSy, PGI, PGM, and G6PDH are highly active 
in the phloem and the cambial area from the earliest growth stages 
onwards.

In summary, the earliest stage of sugar beet development ap-
pears to be a phase of primary growth and cell expansion, where 
high invertase activities create a strong sink for Suc, which seems 
to be a general prerequisite for taproot development (Tang 
et al., 1999). Both hexoses (Figure 3) and hexose phosphates 
(Figure 4) were found to continuously accumulate up to 60 das. As 
activities of all other analyzed enzymes were initially low, it ap-
pears that only parts of the carbohydrates arriving via the phloem 
are channeled into glycolysis and biosynthetic processes. It seems 
likely that a large proportion of the incoming carbohydrate is accu-
mulated in the vacuole in the form of hexoses to create a driving 
force for cell expansion.

4.4 | Metabolic changes and regulatory processes 
at the transition stage

As soon as primary development has been completed, sugar beet 
taproots enter a relatively long phase of metabolic change (30 to 
60 das), during which Suc levels start to increase (Figure 3) and the 
first supernumerary cambia are initiated (Figure 2). The most obvi-
ous change to be observed at this stage is a steep decline in invertase 
activities, which is paralleled by an increase in activities of SuSy, PGI, 
PGM, PFK, UGPase, and G6PDH (Table 4; Figures 5 and 6).

As Suc is stored in the vacuole (Leigh et al., 1979), it cannot be 
accumulated to high levels as long as vacInv is highly active. Thus, a 
phase of high vacInv activity followed by a rapid decline is a typical 
signature for tissues that store high levels of Suc, whereas cytInv 
and cwInv enzymes may still be rather active in Suc-storing tissues 
(reviewed by Koch, 2004; Quick & Schaffer, 1996). In developing 
sugar beet taproots, not only vacInv activity is almost completely 
lost during the transition stage, but cytInv and cwInv activities also 
decrease strongly (Godt & Roitsch, 2006; Klotz & Campbell, 2004; 
Klotz & Finger, 2001). It has been shown in a previous study (Godt 
& Roitsch, 2006) that this decrease in activities is due to a strong 
downregulation at the transcriptional level as far as vacInv and 
cwInv are concerned. In the presented study, vacInv enzyme activity 
rapidly declined from 15 das onwards (Figure 5). As the glycosylated 
vacInv proteins have been reported to be very stable (Rausch & 
Greiner, 2004), the involvement of proteinaceous invertase inhib-
itors in the regulation of vacInv activity has to be taken into con-
sideration. These inhibitor proteins are important factors for the 
post-translational regulation of invertase activities, and their action 
results in a faster decline of invertase enzyme activities than it can 
be achieved when the regulation happens solely on the transcrip-
tional level (e.g., Bonfig et al., 2010; Dai et al., 2011; Katz et al., 2011; 
Li et al., 2017; Privat et al., 2008; Qin et al., 2016; Tang et al., 2017; 
Ziliotto, Begheldo, Rasori, Bonghi, & Tonutti, 2008).

Hexose levels further increase during the metabolic transi-
tion (Figure 3). This indicates that substantial amounts of Suc are 
still cleaved by the remaining invertases, and, increasingly, by SuSy 
at this stage. Due to the onset of Suc accumulation, however, the 
hexose-to-Suc ratio rapidly decreases (Figure 3). The accumulation 
of hexose phosphates starts to gradually level off at around 40 das 
(Figure 4), which suggests an increased use of carbohydrates for ca-
tabolism and for the synthesis of macromolecules from the transi-
tion stage onwards.

HXK and FK, enzymes involved in hexose phosphorylation, 
have been attributed dual functions as key players in develop-
mental sugar signaling, by—independently of their catalytic activi-
ties—acting as sugar sensors and/or regulators of gene expression, 
activities of other enzymes, and hormonal interactions (reviewed 
by Granot, David-Schwartz, & Kelly, 2013; Granot, Kelly, Stein, & 
David-Schwartz, 2014; Sheen, 2014). The significance of HXK as a 
Glc sensor is clearest in photosynthetically active tissues, where it 
acts as a negative regulator of photosynthesis when Glc is abun-
dant, whereas the exact mechanism of its regulatory function for 
growth processes is still relatively unclear (reviewed by Granot 
et al., 2014). A potential role of HXK1 in the integration of Glc 
and hormonal signals for root length control has recently been 
suggested (Kushwah & Laxmi, 2017). Additionally, HXK has been 
reported to be involved in the transcriptional regulation of cwInv 
and SuSy during fruit development (Wang, Li, Yang, & Gong, 2014; 
Zhang, Zhen, Tan, Li, & Wang, 2014). We observed that the lev-
els of two transcripts annotated as predicted HXK1 isoforms in-
creased in developing sugar beet taproots during the transition 
stage, in the absence of an increased HXK enzyme activity (data 
not shown). Thus, it may be speculated that HXK1 might also act 
as a sugar sensor in developing sugar beet taproots. Concerning 
FK, there is no evidence as yet for its functioning as a sugar sensor 
in a similar manner to HXK. Certain FK isoenzymes do, however, 
appear to act as regulators of vascular development, either by re-
stricting, via their catalytic properties, the amount of Suc that may 
be used for vascular development (reviewed by Granot et al., 2013; 
Granot et al., 2014; Stein & Granot, 2018), or by other mechanisms 
that still need to be further elucidated (Stein et al., 2016, 2017). 
For example, it is assumed that high levels of cytosolic FK activity 
prevent product inhibition of SuSy by Fru and, therefore, promote 
the production of UDPGlc required for the biosynthesis of vas-
cular cell wall polymers (reviewed by Granot et al., 2013; Granot 
et al., 2014). A role for FK in vascular development in developing 
sugar beet taproots may be hypothesized, as FK activity is (often 
transiently) upregulated when SuSy activity starts to gradually in-
crease at the onset of anomalous secondary growth and vascular 
differentiation (Table 4; Figure 5).

Ald activity was transiently upregulated during the transition 
stage in sugar beet taproots (Table 4; Figure 6). Roles in plant 
growth and development have been identified for both plas-
tidic (Cai, Li, Liu, Bi, & Ai, 2018; Haake, Zrenner, Sonnewald, & 
Stitt, 1998; Uematsu, Suzuki, Iwamae, Inui, & Yukawa, 2012) and 
cytosolic (Lao, Azuma, & Sakamoto, 2013; Schwab, Aharoni, Raab, 
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Pérez, & Sanz, 2001) Ald isoenzymes, as well as for overall Ald 
activities (Houshmandfar, Asli, & Eghdami, 2011). In developing 
sugar beet taproots, the upregulation of Ald activity is concom-
itant with an (often transient) increase in FK activity (Table 4; 
Figure 5) and an increase in PFK activity (Table 4; Figure 6). The 
concerted upregulation of these three enzymes, in combination 
with the flattening of the hexose phosphate curves (Figure 4), sug-
gests a gradual increase in the use of carbohydrates for glycolysis 
in order to cover the increasing demand for energy caused by the 
onset of secondary growth.

The developmental regulation of the analyzed phytohormones 
predominantly occurred during the transition stage, where (mainly) 
transient changes could be observed in active cytokinins (CK), in-
dole-acetic acid (IAA), and abscisic acid (ABA), as well as in the IAA-to-
active-CK ratio (Table 4; Figure 9). These observations are, basically, 
in accordance with the data of other authors, who analyzed phytohor-
mone levels in developing sugar beet or red beet taproots: Hosford, 
Lenton, Milford, Pocock, and Elliott (1984), Elliott, Hosford, Smith, 
and Lawrence (1986), and Ozolina, Pradedova, and Salyaev (2005) all 
reported high levels of cytokinins and IAA during the initiation of su-
pernumerary cambia, which decreased in parallel with an increase in 
ABA levels upon the onset of Suc storage. Distinct roles have been 
described for CK and IAA, as well as for brassinosteroids, gibberel-
lins, ethylene, jasmonic acid, and strigolactones, in the regulation of 
cambial development (reviewed by Bhalerao & Fischer, 2014, 2016; 
Elo, Immanen, Nieminen, & Helariutta, 2009; Fischer, Kucukoglu, 
Helariutta, & Bhalerao, 2019; Lucas et al., 2013; Miyashima, Sebastian, 
Lee, & Helariutta, 2012; Ragni & Greb, 2018; Sorce, Giovannelli, 
Sebastiani, & Anfodillo, 2013; Ursache, Nieminen, & Helariutta, 2013; 
Zhang, Elo, & Helariutta, 2011). Cytokinins were found to be a pre-
requisite for cambial initiation in Arabidopsis (Mähönen et al., 2006; 
Matsumoto-Kitano et al., 2008; Nieminen et al., 2008) and appear 
to be important regulators of secondary thickening in taproots of 
radish (Jang et al., 2015; Randall et al., 2015) and sweet potato (Ravi, 
Chakrabarti, Makeshkumar, & Saravanan, 2014). Auxin gradients 
were identified in stems of several tree species (Immanen et al., 2016; 
Tuominen, Puech, Fink, & Sundberg, 1997; Uggla, Magel, Moritz, 
& Sundberg, 2001; Uggla, Mellerowicz, & Sundberg, 1998; Uggla, 
Moritz, Sandberg, & Sundberg, 1996), with maximal auxin concen-
trations in actively dividing cambial cells and lower levels of auxin in 
areas of developing xylem, where auxin is, supposedly, involved in the 
regulation of vessel differentiation and spatial patterning (reviewed 
by Fischer et al., 2019; Hacke, Spicer, Schreiber, & Plavcová, 2017; 
Johnson et al., 2018). Recent findings in Arabidopsis suggest that these 
different effects of auxin on cambial stem cells and developing xylem 
are due to differences in auxin response mechanisms between these 
cell types which allow a fine-tuned regulation of auxin effects on cell 
fate (Brackmann et al., 2018). It has also been shown that CKs and 
gibberellins, just like auxins, are unevenly distributed throughout the 
cambial region of poplar trees, with maximal concentrations in devel-
oping phloem and xylem, respectively, and functional evidence has 
been provided for spatial patterns of phytohormones in the cambial 
region of hybrid aspen (Immanen et al., 2016). Thus, high CK and IAA 

levels both agree with the onset of anomalous secondary growth in 
developing sugar beet taproots, with IAA supposedly stimulating cell 
division in the meristematic cells of the cambia and regulating xylem 
development, while CKs likely promote cell differentiation in the 
developing phloem of the cambial rings. In contrast to CK and IAA, 
the role of ABA in secondary growth is less clear. ABA is generally 
discussed to be a stress-related hormone (reviewed by Fujita, Fujita, 
Shinozaki, & Yamaguchi-Shinozaki, 2011; Nakashima & Yamaguchi-
Shinozaki, 2013; Vishwakarma et al., 2017) but has also been shown 
to be involved in various plant developmental processes (reviewed by 
Sah, Reddy, & Li, 2016). Saftner and Wyse (1984) presented direct ev-
idence for a potential regulatory role of ABA on Suc accumulation in 
sugar beet. The authors found that Suc uptake was stimulated by ABA 
in sugar beet taproot disks, while IAA, and the combination of IAA and 
CK, acted as inhibitors of ABA-stimulated Suc accumulation. ABA has 
also been reported to be a negative regulator of cell division (Fukaki & 
Tasaka, 2009; Zhang et al., 2010). Furthermore, ABA levels have also 
been suggested to restrict cell proliferation under unfavorable con-
ditions, for example, by restricting cambial activity in woody species 
as a consequence of drought stress (Berta, Giovannelli, Sebastiani, 
Camussi, & Racchi, 2010; Luisi, Giovannelli, Traversi, Anichini, & 
Sorce, 2014). In this context, it may be speculated that the onset of 
Suc accumulation causes a transient phase of internal osmotic stress 
in sugar beet taproots due to the osmotic activity of Suc, as was also 
suggested by Oikawa et al. (2015) for developing pear fruits, and 
that ABA may mediate a short-term reduction in cambial cell division 
during the period of physiological adaptation.

In summary, the transition stage is characterized by changes in 
most of the analyzed parameters, many of which are transient in na-
ture. The changes observed on the enzymatic level suggest an exten-
sive reprogramming of carbohydrate partitioning and sugar signaling. 
The (mainly) transient changes in the levels of IAA, active CKs, and 
ABA, as well as the transient increase in the IAA-to-active-CK ratio 
at the transition stage appear to be involved in the regulation of the 
onset of secondary growth from the cambial rings and might simulta-
neously act as a trigger for the initiation of Suc storage.

4.5 | Carbohydrate metabolism in sugar beet 
taproots during the secondary growth and sucrose 
accumulation stage

While invertase-mediated sucrolytic activity is the prevalent en-
zymatic activity at the prestorage stage, the stage of secondary 
growth and Suc storage is characterized by a broader set of car-
bohydrate-metabolic enzyme activities (SuSy, PGI, PGM, G6PDH, 
UGPase, PFK) which concomitantly increase from the transition 
stage onwards (Table 4; Figures 5 and 6). This can be explained by 
the fact that, at this stage, incoming carbohydrates need to be coor-
dinately distributed between catabolism, macromolecule biosynthe-
sis, and Suc storage. As invertase activity has repeatedly been found 
to be almost completely absent at this stage (Giaquinta, 1979; Godt 
& Roitsch, 2006; Klotz & Campbell, 2004; Klotz & Finger, 2001), 
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phloem unloading in older sugar beet taproots is likely to occur pre-
dominantly via the symplastic pathway. Additionally, Suc may still be 
unloaded into the apoplast and subsequently taken up into the stor-
age parenchyma cells through carrier proteins or by endocytosis-like 
processes (Getz, 2000; Godt & Roitsch, 2006).

It is known from sugar cane that futile cycling, that is, the break-
down of Suc by SuSy and its re-synthesis by SPS prior to storage, is 
one mechanism of Suc accumulation (Rohwer & Botha, 2001; Uys, 
Botha, Hofmeyr, & Rohwer, 2007). In agreement with previous find-
ings (Fieuw & Willenbrink, 1987; Giaquinta, 1979), SPS activities 
were found to be low or non-detectable in young sugar beet tap-
roots (Table S2). Hence, it appears that there is no considerable con-
tribution of futile cycling to the process of Suc accumulation at the 
early stages of taproot development. Increasing amounts of Suc are, 
presumably, directly transported into the vacuole for storage. The 
available information is limited and contradictory on whether SPS-
mediated re-synthesis of Suc may be of relevance at later stages of 
taproot development: while Giaquinta (1979) does not report any de-
tectable SPS activity up to 100 das, the data of Fieuw and Willenbrink 
(1987) and a recent study (Zhang et al., 2017) suggest on the enzyme 
activity and on the gene expression level, respectively, that SPS, and, 
thus, futile cycling contributes to Suc accumulation as beets mature.

In the course of the transition stage, Suc breakdown is gradually 
taken over by SuSy (Giaquinta, 1979; Godt & Roitsch, 2006; Klotz & 
Campbell, 2004; Klotz & Finger, 2001), which cleaves Suc into UDPGlc 
and Fru. SuSy is generally associated with biomass accumulation 
(Coleman, Beamish, Reid, Park, & Mansfield, 2010; Coleman, Ellis, 
Gilbert, & Mansfield, 2006; Wai, Zhang, Jones, Nagai, & Ming, 2017; 
Xu, Brill, Llewellyn, Furbank, & Ruan, 2012), and with a more mature 
developmental state (reviewed by Koch, 2004). High SuSy activities 
have been described to be characteristic for actively filling Suc sinks 
(Stein & Granot, 2019; Sung, Xu, & Black, 1989), and high levels of SuSy 
activity or gene expression have, for example, been observed in devel-
oping seeds, fruits or tubers in various plant species (Chen et al., 2017; 
Miao et al., 2016; Minhas, Rai, & Saini, 2004; Mitsui et al., 2015; Ricardo 
& Sovia, 1974; Shuai et al., 2016; Sturm, 1996; Sturm et al., 1995; 
Sung et al., 1989; Tang & Sturm, 1999; Usuda, Demura, et al., 1999; 
Usuda, Rouhier, et al., 1999; Weber et al., 1995, 1996; Weber, Borisjuk, 
et al., 1996; Weber Borisjuk & Wobus, 1997; Yu et al., 2016; Zhang 
et al., 2012, 2017; Zhu et al., 2017; Zrenner, Salanoubat, Willmitzer, 
& Sonnewald, 1995). The UDPGlc resulting from SuSy activity can 
either be fed into the hexose phosphate pool by conversion to G1P 
via UGPase, or directly be used for macromolecule-biosynthetic pro-
cesses to meet the increasing demand for cell wall compounds (Granot 
et al., 2013, 2014; Koch, 2004; Payyavula et al., 2014; Ruan, Llewellyn, 
& Furbank, 2003; de Souza et al., 2018; Stein & Granot, 2019; Sturm & 
Tang, 1999; Verbančič, Lunn, Stitt, & Persson, 2018; Wai et al., 2017). 
High SuSy activities at the sites of secondary wall formation in the 
cambial region of scots pine (Uggla et al., 2001) and a few other studies 
recently reviewed by Stein and Granot (2019) provide direct evidence 
for an important role of this enzyme during secondary thickening.

Like for SuSy, developmental regulation in various plant species 
and organs has also been observed for the other enzymes that are 

upregulated in developing sugar beet taproots at the onset of sec-
ondary growth and sucrose storage. For some of the enzymes, roles 
in sink development have previously been identified. The respective 
information will be discussed in this paragraph. High PGI and PGM 
activities at 60 and 80 das suggest that a high level of interconver-
sion takes place between the compounds of the hexose phosphate 
pool (G6P, G1P, and F6P). PGI and PGM have been found to be de-
velopmentally regulated in a variety of plant organs and species (Biais 
et al., 2014; Dai et al., 2011; Egli, Kolling, Kohler, Zeeman, & Streb, 2010; 
Fernie et al., 2002; Gao, Petreikov, Zamski, & Schaffer, 1999; 
Ghaffari et al., 2016; Li et al., 2013; Malinova et al., 2014; Schaffer 
& Petreikov, 1997). High PGI and PGM activities during secondary 
growth and sucrose storage in sugar beet might ensure the required 
distribution of carbohydrates between various metabolic pathways, 
such as glycolysis (F6P; via PFK), cell wall synthesis (G1P; via UGPase), 
and the oxidative pentose phosphate pathway (G6P; via G6PDH) that 
channels hexoses toward the biosynthetic pathways for molecules 
such as nucleotides, aromatic amino acids, and the reductant NADPH 
(Kruger & von Schaewen, 2003). G6PDH, a key enzyme of the ox-
idative pentose phosphate cycle, has also been found to be devel-
opmentally regulated in different organs (Biais et al., 2014; Ghaffari 
et al., 2016; Hawker, 1969; Kong et al., 2007). An increase in G6PDH 
activity in developing sugar beet taproots might be a sign of an acti-
vation of the oxidative pentose phosphate cycle for nucleotide and/
or lipid production, as suggested by Biais et al. (2014). UGPase has, 
for example, been shown to be important for Suc synthesis (Decker 
& Kleczkowski, 2019; Kleczkowski, Decker, & Wilczynska, 2011) and 
for overall plant growth (Coleman et al., 2006, 2010; Park et al., 2010; 
Wang et al., 2011). In developing sugar beet taproots, high UGPase 
activities might indicate the channeling of carbohydrates toward bio-
synthesis pathways for cell wall compounds. PFK, the glycolytic bot-
tleneck enzyme, was found to be related to metabolite composition 
in storage organs (Bourgis et al., 2011; Thomas, Mooney, Burrell, & 
Fell, 1997) and has been shown to be upregulated during fruit de-
velopment (Martínez-Esteso, Sellés-Marchart, Lijavetzky, Pedreño, & 
Bru-Martínez, 2011). However, the role of PFK regulation for plant 
development is still unclear. Our findings concerning the above-dis-
cussed enzymes are in very good accordance with gene expression 
data from a previous study (Bellin, 2005; Bellin et al., 2007), in which 
genes coding for SuSy, glycolytic enzymes (Ald, PFK), and several en-
zymes involved in cell wall biosynthesis were found to be highly ex-
pressed at a comparable developmental stage. Four of the enzymes 
that showed high in vitro activities at later developmental stages 
(SuSy, PGI, PGM, G6PDH) were also included in our in situ activity 
staining approach. For these enzymes, the high in vitro activities at 
this stage can be explained by a presence of enzyme activity in large 
parts of the cross-sections of the beets, with activities being highest 
in the cambial rings and conductive tissues.

Taken together, as soon as anomalous secondary thickening 
starts in sugar beet taproots, a large part of the incoming Suc appears 
to be directly transported into the vacuole for storage. The rest of 
the carbohydrate is, supposedly, fed into the hexose phosphate pool, 
from where it can be distributed between glycolysis and biosynthetic 
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processes in order to meet the demand for cell wall macromolecules, 
cellular compounds, and energy for secondary growth.

4.6 | Developmental signatures are robustly 
observable and independent of growth 
conditions and location

In order to assess the robustness of the information obtained in 
the first set of experiments in location A (Graz, Austria), the experi-
ments were repeated in two additional locations (B, Tulln, Austria; 
C, Taastrup, Denmark). The differences between locations regarding 
biomass accumulation (Table 2) can be explained by differences in 
environmental conditions in the respective greenhouses that were 
caused by differences in the technical equipment, such as types of 
soils, brands of lamps used for supplemental illumination, technical 
limitations of temperature control, and watering routines. In addi-
tion, differences in natural day lengths due to the geographical po-
sition and the time of year when the individual experiments were 
grown also influenced plant growth. As both temperatures and light 
availability are crucial factors for plant growth, differences in these 
parameters will automatically lead to differences in overall growth 
and taproot biomass (Clarke et al., 1995; Jaggard & Qi, 2006; Kenter 
et al., 2006; Qu et al., 2013). Since in locations B and C only eight 
out of the fourteen enzymes were measured, a comparison for only 
those enzymes is shown in Table 3. Despite differences in growth 
rates and, thus, biomass accumulation, the developmental activity 
signatures for all eight measured enzymes were reliably reproduc-
ible in the three locations. The activities of vacInv and cwInv con-
stantly declined, while those of SuSy, PGI, PGM, G6PDH, and PFK 
constantly increased, and Ald showed a transient peak. The develop-
mental shift to secondary growth and sucrose storage occurred after 
a shorter period of time in locations B (30 to 40 days after sowing) 
and C (20 to 30 days after sowing). This can most likely be explained 
by the growth conditions that were more tightly controlled in these 
locations, which accelerated biomass accumulation. As stated by 
Biais et al. (2014), this high reproducibility under different growth 
conditions indicates that environmental conditions have surprisingly 
little influence on the developmental program of taproot metabo-
lism, which can be characterized by robust physiological fingerprints, 
especially by distinct enzyme activity signatures.

5  | CONCLUSIONS

The combination of various physiological, biochemical, and mo-
lecular methods in combination with anatomical studies resulted in 
a detailed physiological characterization of early-stage sugar beet 
taproot development. Robust developmental patterns in enzyme 
activity signatures, as well as in metabolite and phytohormone 
levels could be observed. Independent experiments in three loca-
tions and, thus, under different growth conditions showed that, 
notably, the observed enzymatic signatures only differed in their 

temporal dynamics depending on the prevailing conditions in the 
greenhouses. Taken together, our comprehensive dataset allowed, 
based on anatomical parameters and physiological fingerprints, the 
identification of three distinct metabolic phases: a prestorage stage, 
a transition stage, and a secondary growth and sucrose accumula-
tion stage. The prestorage stage is characterized by high invertase 
activities and high hexose-to-Suc ratios, while the secondary growth 
and sucrose accumulation stage is characterized by a broader set of 
highly active enzymes (SuSy, PGI, PGM, PFK, G6PDH, UGPase) and 
high sucrose levels. These two stages are connected by a transition 
stage that is characterized by (mainly) transient increases in FK and 
Ald activities and by (mainly) transient increases in the levels of ac-
tive CKs, IAA, and ABA, and in the IAA-to-active-CK ratio.

The physiological and anatomical datasets from this study high-
light the importance of the early stages of sugar beet taproot devel-
opment, which determine the ultimate sink strength and, thus, the 
potential for total Suc accumulation. However, large-scale transcrip-
tomic and metabolomic analyses, as well as mechanistic studies in 
transgenic sugar beet plants will be required in the future. In addi-
tion, 13C-based metabolic flux experiments or flux modeling strate-
gies based on the physiological data will have to be employed to gain 
a detailed understanding of carbohydrate partitioning in developing 
sugar beet taproots. A holistic picture of taproot development ob-
tained from the combination of all this information might, eventually, 
allow a reliable identification of the metabolic key determinants of 
taproot formation and sucrose accumulation, and an elucidation of 
the factor(s) responsible for the negative coupling of biomass forma-
tion and sucrose storage.

Beyond academic interest, comprehensive physiological data-
sets like ours also provide a valuable, yet largely unexplored resource 
for applications in both classical breeding and biotechnological ap-
proaches for crop improvement. Despite the great progress that has 
been made, a knowledge gap still remains in understanding which 
plant physiological determinants will influence crop phenotypes, no-
tably key agronomic traits like yield, as a consequence of the complex 
genotype-environment-management interaction. Thus, information 
obtained by genomics and remote sensing phenotyping will need to 
be complemented by deep physiological phenotyping (Großkinsky, 
Svensgaard, Christensen, & Roitsch, 2015; Großkinsky, Syaifullah, 
& Roitsch, 2018) within a holistic phenomics approach (Furbank & 
Tester, 2011; Tardieu, Cabrera-Bosquet, Pridmore, & Bennett, 2017) 
in order to be truly functional (York, 2019). The establishment of ro-
bust physiological signatures will allow the recognition of predispo-
sitions, the establishment of predictive biomarkers for breeding and 
precision agriculture, and the verification of optical sensor-based 
data. There are several published examples where physiological pa-
rameters, such as metabolite levels, measured at certain develop-
mental stages could be associated with crop performance in the field 
(e.g., Cañas et al., 2017; Fernandez et al., 2019; Lamari et al., 2018). 
However, the identification of suitable physiological markers for 
crop improvement requires a validation of laboratory data in field 
studies and correlation analyses. Classical physiological assays per-
formed at a semi-high or high-throughput scale, such as the enzyme 
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activity assays used in this study, contribute to facilitating the data 
collection process for physiological marker-based plant breeding.
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