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Nana Su'2, Qi Wu'2t and Jin Cui’*
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Effects of nitrogen (N) deficiency and sucrose (Suc) addition on regulation of anthocyanin
biosynthesis and their relationship were investigated in this study. Radish sprouts
subjected to N deficiency had 50% higher anthocyanin accumulation than when grown
in Hoagland solution (a nutrient medium with all macronutrients). The contents of
endogenous soluble sugars (Suc, fructose, and glucose) in the hypocotyls were also
markedly increased by N limitation, with Suc showing the highest increase. Inhibition
of carbohydrate biosynthesis by addition of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) also eliminated N deficiency-induced anthocyanin accumulation. The latter
was further supported by the expression of anthocyanin biosynthesis related genes
and decreased activities of nitrate reductase in the presence of Suc. Together our
results indicate that N deficiency-induced anthocyanin accumulation was, at least partly,
dependent on the increase of the soluble sugar, especially Suc. This work is the
first comprehensive study on relationship between N deficiency and sugar content on
anthocyanin accumulation in the hypocotyls of radish sprouts.

Keywords: nitrogen deficiency, sucrose, anthocyanins, radish sprouts, soluble sugars

INTRODUCTION

Anthocyanins represent a large class of flavonoids due to the wide range of chemical structures
derived from their synthesis (Andersen et al., 2010). As a natural pigment, anthocyanins provide
pigmentation, from red and orange to purple and blue in fruits, seeds and leaves (Zhang and
Furusaki, 1999). Besides, anthocyanins are responsible for diverse functions in plants, such as
attracting pollinators in petals, aiding seed dispersal (Landi et al., 2015). Anthocyanins can also
be important as feeding deterrents, as a producer of photoprotective screens against ultraviolet
irradiation damage (Winkel-Shirley, 2001) and as antioxidant molecules protecting against damage
by reactive oxygen species (Nagata et al., 2003). These properties have made them to be the focus of
research, in which their benefits for human health were also explored. Identified health promoting
effects of anthocyanins include stimulating visual acuity and reducing retinal damage (Giampieri
etal., 2015), decreasing expression of inflammatory biomarkers (Samadi et al., 2015), diminishing
risk of type-2 diabetes mellitus (Guo and Ling, 2015), reducing weight gain (Titta et al., 2010), anti-
cancerogenic activity (Forbes-Hernandez et al., 2015) as well as remaining bio-accessible during
digestion (Olejnik et al., 2016).
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Sucrose and Nitrogen in Anthocyanin-Biosynthesis

Such diverse and important functions of anthocyanins inspire
people to investigate how they are synthesized and by which
signaling pathway their synthesis is regulated. By now, it has been
shown that anthocyanins are synthesized by phenylpropanoid
pathway in which phenylalanine ammonia-lyase (PAL) catalyzes
the deamination of phenylalanine to produce precursors (Huang
et al,, 2010). The subsequent enzymes are chalcone synthase
(CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), dihydroflavonol4-reductase (DFR), leucoanthocyanidin
dioxygenase (LDOX), anthocyanidin synthase (ANS), and
UDP-glycose: flavonoid-3-O-glycosyltransferase (UFGT; Passeri
et al, 2016). Despite of the distinct biosynthetic pathway
of anthocyanins, the regulation of their biosynthesis is very
complicated, as the content of anthocyanins in plant tissues
could be modulated by various environmental factors, such
as UV irradiation, phytohormones, salinity, excessive light,
heating, phosphate limitation and diverse biotic stresses (Park
et al, 2013; de Aguiar Cipriano et al, 2015; Su et al,
2016).

It has been established that nitrogen deficiency could increase
the anthocyanin content in different plant tissues (Lea et al., 2007)
by regulating the transcript levels of anthocyanin biosynthesis-
related genes (PAL, CHS, F3H, DFR, LDOX, and UFGT),
positive and negative transcription factors (MYBs, small R3-MYB
transcription factors; Nemie-Feyissa et al.,, 2014; Soubeyrand
et al,, 2014). In addition, high sucrose concentration has also
been identified as an efficient environmental factor strongly
inducing the anthocyanin accumulation (Nagira and Ozeki,
2004; Ram et al,, 2011). In addition to the high expression
levels of anthocyanin biosynthesis-related genes (Hara et al.,
2004; Solfanelli et al., 2006) sucrose-induction of anthocyanin
was related to high osmotic potential in the culture medium
(Solfanelli et al., 2006). Besides, results from Loreti et al. (2008)
indicate a crosstalk between sucrose and hormones (gibberellins,
jasmonate and abscisic acid) in anthocyanin biosynthesis (Loreti
et al., 2008).

Although effects of nitrogen and sucrose, together or separate,
on regulation of anthocyanin biosynthesis have been largely
studied, few of the reports focused on the relationship between
sucrose and nitrogen in regulating the pathway of anthocyanin
biosynthesis. In this study, we investigate their relationship
in regulation of anthocyanin biosynthesis and results showed
that increased soluble sugar, especially Suc, contributed to N
deficiency-induced anthocyanin accumulation.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and

Treatments

Red skin radish (Raphanus savitus L. var. “Cherry Belle”) seeds
were soaked in deionized water for about 12 h, and then put
in moist gauze to germinate. One-day-old uniform seeds were
selected and laid on gauze in plastic containers containing
deionized water. Containers were maintained in an incubator
(Zhejiang United Saifu Laboratory Instrument Co., Ltd., Ningbo,
China) in dark at 25°C for another 48 h. Then the sprouts

were treated with different solutions and transferred into another
incubator with white light (100 jumol-m~2-s~!) for another 24 or
48 h.

Nutrition Solution Preparation

One liter of Hoagland nutrition solution contains 945 mg
Ca(NOs3),-4H,0, 506 mg KNOsz, 80 mg NHyNO3, 136 mg
KH,PO4, 493 mg MgSO4-7H,0, 139 mg FeSO4-7H,0,
18.65 mg EDTA-Na, 2.86 mg H3BOs3, 1.81 mg MnCl,-4H,O0,
0.22 mg ZnSO4-7H,0, 0.051 mg CuSO4-5H,0 and 0.12 mg
Nay;MoOy4-2H;0. For N deficiency, when nutrition solution
was prepared, KNO3;, Ca(NO3),4-H,O and NH4NO; were
not used, while KCI, CaCl, were added to keep the constant
concentration of K and Ca, and others were the same as normal
Hoagland nutrient solution. For P deficiency, KH,PO4 was
replaced by KCI, so that P was deficiency in the solution but K
was constant. For S deficiency, MgSO4 was replaced by MgCl,.
For K deficiency, KNO3 and KH,PO4 was not used, while more
NH4NO3 and NaH,;PO4 were added to supplement N and P.
For Ca deficiency, Ca(NO3),4H,0 was not used, while more
NH4NO; was add to keep the constant N concentration. For Mg
deficiency, MgSO4 was not used. After preparation, the pH value
of all these solutions was adjusted to 6.0.

Anthocyanin Analysis

The determination of anthocyanin content in the radish
hypocotyls was according to the method developed by Su
et al. (2014), which involves measuring the absorbance (530) of
extracts.

Observation of the Hypocotyls Cross

Section

Hypocotyls of radish sprouts were transected by a blade and
observed under a stereoscopic microscope (Stemi 2000-C; Carl
Zeiss, Germany). Pictures were photographed on a color film
(Powershot A620, Canon Photo Film, Japan).

Quantitative and Real-Time RT-PCR
Analysis

Total RNA was extracted from radish hypocotyl samples using
Trizol extraction reagent (Invitrogen, Gaithersburg, MD, USA)
and high purity of RNA with ratio of 260/280 nm > 1.9 was
used. First-strand cDNA was synthesized in a 20 pL reaction
volume (Thermo Scientific, MD, Lithuania) containing 1 pL
of RevertAid M-MuLV reverse transcriptase and 1 pL of oligo
(dT);s primer according to the manufacturer’s instructions.
A Mastercycler® ep realplex real-time PCR system (ABI7500,
MD, USA) with Bestar® SybrGreen qPCR mastermix (DBI,
Bioscience Inc., Germany) in a 20 pL reaction volume was used
to perform the real-time quantitative PCR reactions according to
user manual.

Primer Expressversion 3.0 (Applied Biosystems) was used to
design all PCR primers targeting actin, PAL, CHS, CHI, F3H,
DFR, LDOX, ANS, and UFGT (Su et al, 2014). All primers
(Supplementary Table 1) were synthesized by Genewiz Bio-
engineering Ltd. Company (Suzhou, China). The identification
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of PAL, F3H, ANS and UFGT in radish genes was based on using
their Arabidopsis orthologs for homology search in databank of
R. sativus available at http://bioinfo.bti.cornell.edu/radish (Shen
et al., 2013). The transcription levels were presented as values
compared to those of corresponding control samples, after
normalization to actin expression levels.

Contents of Soluble Proteins Analysis
Hypocotyl samples (0.05 g FW) were ground in a mortar with
liquid nitrogen, and the powder transferred with 3 mL of a
phosphate buffered solution (pH 7.0) into centrifuge tubes. After
15 min centrifugation at 13,000 g (4°C), 0.1 mL of the supernatant
was combined with 5 mL of Coomassie brilliant blue G-250
solution. Two minutes later, the soluble protein content (mg g~ !
FW) was determined at a wavelength of 595 nm.

Quantification of Soluble Sugar, Free
Amino Acids and Sucrose, Fructose and

Glucose

Fresh samples of the radish hypocotyls (1 g) were ground in a
mortar with 2.5 mL of distilled water. The homogenates were
centrifuged at 10,000 rpm for 15 min, and the supernatant was
used to analyze the contents of soluble sugar, free amino acid,
glucose (Glu), fructose (Fru) and sucrose (Suc). The soluble sugar
content was determined using the sulfuric acid anthrone method
with measurements conducted on a spectrophotometer (UV-
5200 spectrophotometer, Shanghai Metash Instruments Co., Ltd,
Shanghai, China) at a wavelength of 630 nm (Morris, 1948). Free
amino acids content was determined using the ninhydrin method
with measurements done at a wavelength of 570 nm (Moore and
Stein, 1948).

Glc, Fru, and Suc levels were determined by the method from
Gordon et al. (1997). Briefly, for the determination of Glc, the
extract was incubated with 200 WL of buffer (50 mM imidazole,
1 mM MgCl,, 0.75 mM NAD, 0.85 mM ATP) containing 0.04
unit of Glc-6-P dehydrogenase and 0.1 unit of hexokinase, and
then 50 pL samples were assayed in 96-well plate. For Fru
and Suc, phosphoglucose isomerase (0.4 unit/well) and acid
invertase (20 units/well), respectively, were added in the mix
before measurement using a plate reader (TECAN Infinite M
200) at 340 nm.

Analysis of the Activities of Sucrose
Synthase (SS), Sucrose Phosphate
Synthase (SPS), Glutamine Synthase (GS)

and Nitrate Reductase (NR)
Hypocotyl samples (0.05 g FW) were ground in a mortar
with liquid nitrogen and then the powder was transferred
together with 3 mL of a phosphate buffered solution (pH 7.0)
into centrifuge tubes. After 15 min centrifugation at 13,000 g
(4°C), the supernatant was collected for the analysis of enzymes
activities. Enzyme activities are expressed as moles of metabolite
generated/consumed per milligram of protein per unit of time.
SPS activity measurements were based on the method from
Klann et al. (1993),and 1 U= 0.5 pmol h~ 1.

SS activity was determined according to Klann et al. (1993).
Absorbance was measured at 540 nm using Fru as a standard with
1 U equal to 0.5 wmol h—1,

For NR, radish hypocotyl tissue (0.1 g) was ground in 1 mL
of buffer containing 50 mM KH,PO4-KOH buffer, pH 7.5, 2 mM
EDTA, 2 mM dithiothreitol, and 1% polyvinylpolypyrrolidone.
NR activity was measured according to the method from Reguera
et al. (2013). The activity of NR was expressed as the amount of
NO;~ produced per unit of fresh weight per hour and 1 U was
0.5 umol h™L.

GS were determined according to O'Neal and Joy (1973), 1 U
was 1 pmol h™!.

Statistical Analysis

Values presented are means =+ standard deviation (SD) of three
replicates. Data was subjected to analysis of variance (ANOVA),
and mean values were compared by Duncan’s and Tukey’s
multiple range test (p < 0.05). All the statistical analyses were
performed using SPSS 19.0 for Windows.

RESULTS

Radish Sprouts Grown in Nutrient
Solutions Show Lower Anthocyanin

Content

In our preliminary experiments, an interesting phenomenon
was observed in which the color of radish hypocotyls varied
depending on the composition of the culture solution used.
As the main pigment responsible for the red color in
radish sprouts are anthocyanins, the anthocyanin contents
in the hypocotyls of radish sprouts grown in Hoagland
solutions of different strengths were measured (Figure 1A).
The results showed that anthocyanin contents increased with
duration of the treatment, peaking at 32 h, after which
anthocyanin contents remained at relative steady levels. In
addition, amount of anthocyanins decreased with increase of
the strength of Hoagland solution, with almost twofold higher
level being measured in radish sprouts grown in deionized
water compared with those grown in full strength Hoagland
solution.

Radish Sprouts Accumulate More
Anthocyanins in Nitrogen Deficient
Conditions

The above finding was used to further investigate whether
a specific component of the Hoagland solution effected
the anthocyanin level. A single-factorial experiments were
designed with one of the nutrients [nitrogen (N), phosphorus
(P), sulfur (S), potassium (K), calcium (Ca) and magnesium
(Mg)] being removed at a time from the Hogland solution.
Radish seedlings were grown in each of the modified
Hogland solutions and assessed for anthocyanin contents
(Figures 1B-D). As shown in Figure 1B, the morphological
characteristics of radish sprouts grown in various conditions
were similar, while a considerable increase of anthocyanin
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FIGURE 1 | Changes of morphology, hypocotyl color and anthocyanin
content in hypocotyls of radish sprouts grown in different nutrient
solutions. (A) Anthocyanin contents in hypocotyls of radish sprouts grown in
different Hoagland nutrient solutions. The germinated radish seeds first were
grown in deionized water under dark condition for 48 h, and then the
deionized water was changed for different nutrient solutions: deionized water
(O H), 1/a strength Hoagland solution (1/4 H), half-strength Hoagland solution
(1/2 H) and full-strength Hoagland solution (1.0 H). After that, the radish
sprouts were transferred into incubators with light intensity of

100 pmol-m=2.s~ 7, and this time point was considered as 0 h time point. The
hypocotyls were collected after O, 16, 32, and 48 h of growth for anthocyanin
analysis. (B-D), changes of morphology (B), hypocotyl color (C) and
anthocyanin content (D) in hypocotyls of radish sprouts grown in different
nutrient solutions with various elemental deficiencies. After 48 h growth in
dark, the deionized water was changed for different nutrient solutions with
element deficiency, and sprouts were transferred into light for another 48 h.
Modified Hoagland solutions were deficient in a single nutrient to accomplish
nitrogen (-N), phosphorus (-P), sulfur (-S), potassium (-K), calcium (-Ca) and
magnesium (-Mg) deficiencies. The bar = 2 cm in (B). Data are means + SD
(n = 3). Mean values were compared by Duncan’s and Tukey’s multiple range
test (p < 0.05).Data labeled with different lower case letters are significantly
different.

content was observed only in the absence of N in the
nutrient solution (Figures 1C,D), suggesting that N element
is one of the major contributing factors to the observed
phenomenon.

Nitrogen Addition Decreases
Anthocyanin Accumulation and Soluble

Sugar Content

To investigate the effects of N in the regulation of anthocyanin
biosynthesis, radish seedlings were grown in Hoagland solutions
containing various amounts of N (from 0 to 8.0 mM)
and anthocyanin contents were assessed in the hypocotyl
tissues (Figure 2A). As expected, the contents of anthocyanin
accumulated depended on the N concentration in the nutrient
solution with a progressive decrease of the anthocyanin levels
according to the increase of N concentration. Additionally,
hypocotyls of sprouts grown under excessive N showed more
soluble proteins but less soluble sugars (Figures 2B,C).
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N Deficiency Increases the Contents of
Soluble Sugar and Exogenous Addition
of Sugars Enhance Anthocyanin

Accumulation

Suc, Fru and Glu are three main forms of soluble sugars
in plants (Rosa et al, 2009). In the hypocotyls of radish
sprouts, the concentration of Suc was the highest (approximate
13 mg/g FW), followed by Fru (approximate 10 mg/g FW),
with relatively low concentration in Glu (approximate 5 mg/g
FW) detected (Figure 3A). When subjected to N deficiency,
levels of all these soluble sugars were considerably increased,
with contents being 40, 20, and 40% higher for Suc, Fru and
Glu, respectively (Figure 3A). Addition of these soluble sugars
enhanced accumulation of anthocyanins in the hypocotyls. The
biggest changes were observed on addition of Suc with over
twofold increase under 10 mM Suc concentration. The response
was dose-dependent, with increase in anthocyanin contents
in response to increase of sugar concentrations (Figure 3B).
Exogenous addition of 50 mM soluble sugars inhibited the
growth of radish sprouts, thus a concentration of 10 mM was
selected for the following experiments.

To further determine the relationship between N deficiency
and soluble sugars in anthocyanin accumulation, sprouts were
grown in N-deficient conditions with addition of different
soluble sugars. Addition of 10 mM Suc significantly increased
the anthocyanin accumulation in the hypocotyls compared to
control, whereas only slight enhancement of anthocyanin content
was observed under addition of 10 mM Glu and Fru (Figure 3C).
Therefore, effect of Suc on the anthocyanin biosynthesis was
explored further. In addition, we observed that sprouts subjected
to addition of Glu or Suc under N deficiency showed much higher
level of anthocyanins as those grown under Glu or Suc with
presence of N (Figure 3C).

N Deficiency-Induced Anthocyanin
Accumulation Disappears When the
Biosynthesis of Carbohydrates Is
Inhibited

The results of cross section showed that anthocyanins mainly
accumulated in the epidermis of the hypocotyls of radish
sprouts (Figure 4A), and compared with control, addition of
Suc markedly increased the content of anthocyanins in the
hypocotyls. DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea]
inhibits photosynthetic electron transport, and consequently
reduce the production of chemical energy (ATP) and reducing
power (NADPH), resulting in inhibition of carbon fixation
process and, eventually, sugar biosynthesis (Jeong et al., 2010).
Addition of DCMU decreased the anthocyanin accumulation
significantly, which was reverted by Suc supplementation
(Figures 4A,B). N deficiency also induced observable increase in
anthocyanin content compared to control. Addition of 10 mM
Suc to N-deficient solution enhanced anthocyanin content by
40%, whereas addition of DCMU completely eliminated the effect
(Figure 4B). Supplementing Suc and DCMU together to growth
solution negated each other leading to anthocyanin content
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FIGURE 3 | Effects of N deficiency and sugar supplementation to the
growth solution on the sugar content and anthocyanin accumulation
in the hypocotyls of radish sprouts. (A) Amounts of sucrose, fructose, and
glucose contents accumulated in the presence (dark) and the absence (white
symbols) of N in the growth medium. Control (con) represents growth in a full
strength Hoagland solution while N deficiency is indicated as “-N.” The
asterisk represents the significance at P < 0.05 between respective pairs (i.e.,
presence vs. absence of N). (B) Effects of ascending concentrations of
sucrose, glucose, and fructose on anthocyanin accumulation in the normal
Hoagland solution. Seedlings were grown at various sugar concentrations (0,
5,10, 20, and 50 mM) in Hoagland solution. (C) Effects of the N deficiency
and different sugars (Glu, Suc and Fru) on the anthocyanin contents in the
hypocotyls of radish sprouts. After 48 h growth in dark, the deionized water
was changed into different nutrient solutions, and sprouts were transferred
into light for another 48 h when the samples were collected for analysis. Data
are means =+ SD (n = 3). Data labeled with different lower case letters are

significant differences at P < 0.05.

being similar to those in N-deficient solution. Change of growth
conditions also affected amounts of soluble sugars accumulated
in the hypocotyls of radish sprouts, with addition of Suc causing
their substantial increase under both growth conditions (the
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presence and absence of N in the nutrient solutions, Figure 4C).
The trend observed for soluble sugars was similar to changes in
anthocyanin levels described above (Figures 4B,C, respectively).

Expressions of Anthocyanin
Biosynthesis-Related Genes Are
Up-Regulated by Suc and N Deficiency
and Down-Regulated by DCMU

In addition to the content of anthocyanins, the transcript levels
of anthocyanin biosynthesis-related genes (PAL, CHS, CHI, F3H,
DFR, UFGT, LDOX, and ANS) were measured under different
treatments. As shown in Figure 5, the trends of changes in
gene transcriptions were in agreement with the changes of
anthocyanin content under the same growth conditions. Indeed,
sprouts had substantially higher expression of anthocyanin
biosynthesis-related genes under N deficiency compared to genes
expressed under control conditions (full strength Hoagland
solution) either in the presence or absence of Suc, DCMU and
their combination. The highest transcript levels of the genes
were observed in the hypocotyls of sprouts subjected to N
deficiency with addition of Suc. The latter phenomenon, however,
disappeared when sprouts were treated with DCMU.

N Deficiency Induces Activity of Sucrose
Synthase (SS), while Suc Addition
Induces a Decrease in the Activity of
Glutamine Synthase (GS) and Nitrate

Reductase (NR)

The activity of SS, sucrose phosphate synthase (SPS), GS and
NR were determined to further investigate the effects of N
deficiency on Suc biosynthesis and N metabolism (Figures 6A-
D). Results showed that N deficiency positively regulated SS
activity (Figure 6A) and negatively regulated NR activity with
the latter being reduced by nearly twofold (Figure 6D). No
effects on the activities of SPS and GS were found (Figure 6B,C).
Nitrogen deficiency also negatively affected free amino acids,
soluble proteins levels, and NR activity but not activity of GS
(Figures 6E-H).

We also assessed effects of Suc presence in the growth
solutions on levels of amino acids and soluble proteins and
enzymes activities. Addition of Suc to full strength Hoagland
solution (control) significantly reduced the content of soluble
proteins and activities of GS and NR (Figures 6F-H). Suc did not
affect levels of free amino acids in either control or N-deficient
solution (Figure 6E). No change was also found in GS activity
under N-deficient condition (Figure 6F). At the same time
addition of Suc to N deficient solution led to a decrease of NR
activity and to amounts of soluble proteins, similar to the trends
observed under control conditions (Figures 6F,H).

DISCUSSION

With more attention being focused on nutritious and healthy
food, radish sprouts have found their way to human diet due

-N -N + Suc -N + DCMU

-N + Suc + DCMU
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FIGURE 4 | The transection of hypocotyls (A), hypocotyl color and
anthocyanin content (B) and amount of soluble sugars (C)
accumulated in the hypocotyls of radish sprouts under different
growth conditions. Different nutrient solutions used for seedlings growth
were modified Hoagland solutions containing N (control, Con, dark) or
deficient in N (-N, white symbols) and various modifications of the two,
specifically: Hoagland full strength solution containing 10 mM sucrose (Con +
Suc), 10 pM DCMU (Con + DCMU), 10 mM sucrose and10 pM DCMU (Con
+ Suc + DCMU); N-deficient Hoagland solution containing 10 mM sucrose
(=N + Suc), 10 uM DCMU (=N + DCMU), 10 mM sucrose and10 pM DCMU
(=N + Suc + DCMU). Bar in Ais 0.3 mm. Data are means + SD (n = 3). Data
labeled with different lower case letters have significant differences at

P < 0.05.

to their high levels in antioxidants, carotenoids, vitamin C, fiber,
flavonoids and glucosinolates (Takaya et al., 2003; Marton et al.,
2010). Red skin radish sprouts have higher nutrition value due to
the red hypocotyls which are rich in anthocyanins (Papetti et al.,
2014).

In the present study, cultivating radish sprouts in deionized
water led to substantially more anthocyanins in the hypocotyls
than those in nutrient solutions (Figure 1A). Further assay
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showed that this phenomenon was due to N deficiency, which
was supported by (1) removing other ions from the Hoagland
nutrient solution (such as P, S, K, Ca, and Mg) had no effect on
anthocyanin accumulation; (2) more anthocyanins accumulated
when sprouts were grown in N deficient solution (Figures 1C,D).
These results are in agreement with earlier reports (Nemie-
Feyissa et al., 2014; Soubeyrand et al., 2014; Medina-Perez
et al., 2015) indicating that N deficiency affects regulation of
anthocyanin biosynthesis. Other authors reported enhancement
of anthocyanin content by P deficiency in strawberry fruits,
flower stalk of Chinese kale and Arabidopsis leaves (Valentinuzzi
et al., 2015; Khan et al., 2016), however, that was not the case in
our study. Similar to our findings, Jia et al. (2015) reported that
there was no effect of P deficiency on the anthocyanin content in
tobacco leaves. Additionally, it was suggested that macronutrients

deficiency might cause an abiotic stress in plants, and abiotic
stress would induce the anthocyanin enhancement (Van den
Ende and El-Esawe, 2013). Absence of increase in anthocyanin
content in radish sprouts observed in our experiments under
P, S, K, Ca or Mg deficiency might be explained by early
developmental stages of the sprout used in our experimental
conditions (3-day old) when abiotic stress induced by elemental
deficiency has not been appeared yet. Compared results in
Figure 1A with those in Figure 1D, the increase of anthocyanins
induced by deionized water was more than N deficiency, which
might result from the abiotic stresses from starvation, hypo-
osmotic and non-optimal pH conditions in deionized water.

To further confirm the negative effects of nitrogen on
anthocyanin accumulation, radish sprouts were grown
under different N concentrations. As expected, increase of
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FIGURE 6 | Effects of N deficiency on the activity of sucrose synthase (SS; A), sucrose phosphate synthase (SPS; B), glutamate synthase (GS; C) and
nitrate reductase (NR; D). Effects of the presence of N and sucrose in the growth solution on amounts of free amino acids (E), soluble proteins (F)
and activities of GS (G) and NR (H) in radish sprouts. After 48 h growth in dark, the deionized water was changed for different nutrient solutions, which were full
strength Hoagland solution (control, Con), with addition of 10 mM sucrose (Con + Suc), N-deficient Hoagland solution (—N), with addition of 10 mM sucrose (—N +
Suc). After change of solution, sprouts were transferred to light for another 48 h, and the samples were collected for analysis. Data are means + SD (n = 3). Data
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N concentration in the growth solutions led to a decrease
anthocyanin content (Figure 2A). On the contrary, soluble
proteins increased according to the ascending N concentration
(Figure 2B). That was reasonable, as N is a crucial component
of proteins. An interesting result was that contents of soluble
sugars showed a similar descending trend with anthocyanin
accumulation (Figure 2C) indicating that there may be a negative
effect of N on the content of soluble sugars. This hypothesis was
confirmed by results in Figure 3A, in which the contents of Suc,
Glu and Fru, that comprise main soluble sugars (Rosa et al.,
2009), were all significantly increased in sprouts grown under
N deficiency. This phenomenon has been reported by a number
of researches showing that high nitrogen application resulted in

reduction of the sugar content (Bénard et al., 2009; Prvulovic
et al., 2009). The increased sugar contents positively affected
anthocyanin content in hypocotyls of sprouts. This was shown to
occur in the presence of Suc, Glu and Fru, with Suc being most
effective (Figure 3B). Similarly a number of researches reported
the positive effect of soluble sugars on anthocyanin accumulation
(Nagira and Ozeki, 2004; Loreti et al., 2008; Ram et al., 2011).
A study from Solfanelli et al. (2006) indicated that Suc is
specific in the sugar-dependent up-regulation of the anthocyanin
synthesis pathway. While both Suc addition and N deficiency led
to increase in anthocyanin level, the relationship between the two
factors remains largely unexplored. In this work we investigated
causative relationship between N levels and amounts of soluble
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sugars in the regulation of anthocyanin biosynthesis and
involvement of specific enzymatic pathways.

To investigate the relationship between N and Suc in
modulating of anthocyanin accumulation, radish sprouts were
treated with exogenous soluble sugars under normal or N
deficiency condition. Addition of Suc dramatically increased the
anthocyanin content in hypocotyls and this increase was further
enhanced under N deficiency condition (Figure 3C), implying
a potential role of Suc in N deficiency-induced anthocyanin
accumulation. To validate this hypothesis, an inhibitor of
carbohydrate biosynthesis, DCMU, was used. Addition of DCMU
to radish sprouts markedly reduced the content of soluble sugars
and anthocyanins in hypocotyls, and this inhibition was reversed
by application of Suc to the growth solution (Figure 4), indicating
involvement of sugar biosynthesis in the observed changes.
Additionally, N deficiency-induced anthocyanin accumulation
disappeared with application of DCMU. These results were
further supported by the expression levels of anthocyanin
biosynthesis-related genes (PAL, CHS, CHI, F3H, DFR, UFGT,
LDOX, and ANS; Figure 5) that will activate anthocyanin
biosynthesis, suggesting that N deficiency-induced increase of
anthocyanins was Suc-dependent. Sucrose synthase (SS) and
sucrose phosphate synthase (SPS) are two important enzymes
responsible for sucrose biosynthesis (Lunn and MacRae, 2003).
The activity of SS was markedly enhanced by the N deficiency
(Figure 6A), which provided a positive evidence for our
hypothesis while the activity of SPS was not affected (Figure 6B).

NR is the first enzyme in the system of transforming inorganic
nitrogen into organic nitrogen that would limit the overall
nitrogen assimilation in plants (Beevers and Hagemann, 1969).
In this study exogenous addition of Suc, no matter under normal
condition or N deficiency, reduced the content of soluble protein
and the activity of NR (Figures 6EH) suggesting implication of
Suc in the process. A significant decrease in glutamine synthase
(GS) activity was observed under control (in the presence of N)
condition when Suc was added (Figure 6G), suggesting inhibition
of N metabolic pathway by Suc. Nitrogen and carbon metabolism
are tightly linked in almost every biochemical pathway in the
plant (Coruzzi and Bush, 2001), and ratio of C/N is generally
suggested to be an important parameter for regulation of gene
expression (Lea et al., 2007). Results in this study indicate an
antagonistic effect between N concentration and Suc content in
regulation of anthocyanin biosynthesis. Besides, it was reviewed
that ethylene plays a pivotal role in N limitation-induced
anthocyanin accumulation by activating PAL activity (Khan et al.,
2015). All those hypothesis still requires further investigations.

CONCLUSION

N deficiency and high sugar concentration (especially Suc),
respectively, or together, have been the focus on the enhancement

REFERENCES

Andersen, O. M., Jordheim, M., Byamukama, R., Mbabazi, A., Ogweng, G.,
Skaar, L, et al. (2010). Anthocyanins with unusual furanose sugar (apiose) from

of anthocyanin accumulation. Though a number of researches
reported their separate positive effects on anthocyanin
biosynthesis, few of them aimed to investigate the relationship
between N deficiency and Suc addition in the regulation of
anthocyanin content. In this study, we demonstrated that
anthocyanins were accumulated to substantially higher levels
under N deficiency in the hypocotyls of radish sprouts. The
increased endogenous Suc induced by N limitation and the
inhibition effects of DCMU in N deficiency-induced anthocyanin
accumulation together implied that when perceived signals
from the growth environment with N deficiency, plants
synthesized more Suc (most likely through enhancing the
activity of SS), which contributed to the increase of anthocyanin
content. The detailed mechanism of N deficiency-induced
anthocyanin accumulation still remains unclear, while in the
present study, we introduce propose and introduce some
proof that Suc is an important regulator of this process.
Though the relationship between N metabolism and sugar
changes in anthocyanin biosynthetic pathway still need further
confirmation, the results presented in this research provide
the basis to improve our understanding of the regulatory
mechanism in anthocyanin biosynthesis that might lead to
practical application to production of more nutritious radish
sprouts.

AUTHOR CONTRIBUTIONS

JC initiated the research. QW designed the research. QW and NS
performed the experiments. QW analyzed the data and made all
figures. NS wrote the paper, which was revised by JC.

FUNDING

This work was supported by National Science Foundation of
China (31572169).

ACKNOWLEDGMENT

Thank Lana Shabala in Tasmania University for revising the
paper thoroughly.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2016.01976/
full#supplementary- material

leaves of Synadenium grantii (Euphorbiaceae). Phytochemistry 71, 1558-1563.
doi: 10.1016/j.phytochem.2010.05.025

Beevers, L., and Hagemann, R. H. (1969). Nitrate reduction in higher plants. Annu.
Rev. Plant Physiol. 20, 495-522. doi: 10.1146/annurev.pp.20.060169.002431

Frontiers in Plant Science | www.frontiersin.org

December 2016 | Volume 7 | Article 1976


http://journal.frontiersin.org/article/10.3389/fpls.2016.01976/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fpls.2016.01976/full#supplementary-material
https://doi.org/10.1016/j.phytochem.2010.05.025
https://doi.org/10.1146/annurev.pp.20.060169.002431
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Suetal.

Sucrose and Nitrogen in Anthocyanin-Biosynthesis

Bénard, C., Gautier, H., Bourgaud, F., Grasselly, D., Navez, B., Caris-Veyrat, C,,
et al. (2009). Effects of low nitrogen supply on tomato (Solanum lycopersicum)
fruit yield and quality with special emphasis on sugars, acids, ascorbate,
carotenoids, and phenolic compounds. J. Agric. Food Chem. 57, 4112-4123.
doi: 10.1021/jf8036374

Coruzzi, G., and Bush, D. R. (2001). Nitrogen and carbon nutrient and metabolite
signaling in plants. Plant Physiol. 125, 61-64. doi: 10.1104/pp.125.1.61

de Aguiar Cipriano, P., Ekici, L., Barnes, R. C., Gomes, C., and Talcott, S. T. (2015).
Pre-heating and polyphenol oxidase inhibition impact on extraction of purple
sweet potato anthocyanins. Food Chem. 180, 227-234. doi: 10.1016/j.foodchem.
2015.02.020

Forbes-Hernandez, T. Y., Gasparrini, M., Afrin, S., Bompadre, S., Mezzetti, B.,
Quiles, J. L., et al. (2015). The healthy effects of strawberry polyphenols: Which
strategy behind antioxidant capacity? Crit. Rev. Food Sci. Nutr. 56, 46-59.
doi: 10.1080/10408398.2015.1051919

Giampieri, F., Forbes-Hernandez, T. Y., Gasparrini, M., Alvarez-Suarez, J. M.,
Afrin, S., Bompadre, S., et al. (2015). Straw berry as a health promoter: an
evidence based review. Food Funct. 6, 1386-1398. doi: 10.1039/c5f000147a

Gordon, J. A., Minchin, R. F,, Skot, L., and James, L. C. (1997). Stress-induced
declines in soybean N2 fixation are related to nodule sucrose synthase activity.
Plant Physiol. 114, 937-946. doi: 10.1104/pp.114.3.937

Guo, H., and Ling, W. (2015). The update of anthocyanins on obesity and type 2
diabetes: experimental evidence and clinical perspectives. Rev. Endocr. Metab.
Disord. 16, 1-13. doi: 10.1007/s11154-014-9302-z

Hara, M., Oki, K., Hoshino, K., and Kuboi, T. (2004). Effects of sucrose on
anthocyanin production in hypocotyl of two radish (Raphanus sativus) varieties.
Plant Biotechnol. 21, 401-405. doi: 10.5511/plantbiotechnology.21.401

Huang, J., Gu, M., Lai, Z., Fan, B., Shi, K., Zhou, Y., et al. (2010). Functional analysis
of the Arabidopsis PAL gene family in plant growth, development, and response
to environmental stress. Plant Physiol. 153, 1526-1538. doi: 10.1104/pp.110.
157370

Jeong, S. W, Das, P. K., Jeoung, S. C., Song, J. Y., Lee, H. K,, Kim, Y. K, et al.
(2010). Ethylene suppression of sugar-induced anthocyanin pigmentation in
Arabidopsis. Plant Physiol. 154, 1514-1531. doi: 10.1104/pp.110.161869

Jia, H., Wang, J., Yang, Y., Liu, G., Bao, Y., and Cui, H. (2015). Changes in flavonol
content and transcript levels of genes in the flavonoid pathway in tobacco under
phosphorus deficiency. Plant Growth Regul. 76, 225-231. doi: 10.1007/s10725-
014-9990-0

Khan, A. G., Vogiatzaki, E., Glauser, G., and Poirier, Y. (2016). Phosphate
deficiency induces the jasmonate pathway and enhances resistance to insect
herbivory. Plant Physiol. 171, 632-644. doi: 10.1104/pp.16.00278

Khan, M. I. R,, Trivellini, A., Fatma, M., Masood, A., Francini, A., Igbal, N., et al.
(2015). Role of ethylene in responses of plants to nitrogen availability. Front.
Plant Sci. 6:927. doi: 10.3389/fpls.2015.00927

Klann, E. M., Chetelat, R. T., and Bennett, A. B. (1993). Expression of acid invertase
gene controls sugar composition in tomato (Lycopersicon) fruit. Plant Physiol.
103, 863-870. doi: 10.1104/pp.103.3.863

Landi, M., Tattini, M., and Gould, K. S. (2015). Mutiple functional roles of
anthocyanins in plant-environment interactions. Environ. Exp. Bot. 119, 4-17.
doi: 10.1016/j.envexpbot.2015.05.012

Lea, U. S, Slimestad, R., Smedvig, P., and Lillo, C. (2007). Nitrogen deficiency
enhances expression of specific MYB and bHLH transcription factors and
accumulation of end products in the favonoid pathway. Planta 225, 1245-1253.
doi: 10.1007/500425-006-0414-x

Loreti, E., Poverol, G., Novi, G., Solfanelli, C., Alpi, A., and Perata, P. (2008).
Gibberellins, jasmonate and abscisic acid modulate the sucrose-induced
expression of anthocyanin biosynthetic genes in Arabidopsis. New Phytol. 179,
1004-1016. doi: 10.1111/j.1469-8137.2008.02511.x

Lunn, E. J., and MacRae, E. (2003). New complexities in the synthesis of
sucrose. Curr. Opin. Plant Biol. 6, 208-214. doi: 10.1016/S1369-5266(03)
00033-5

Marton, M., Mandoki, Z., Csapo-Kiss, Z., and Csapo, J. (2010). The role of sprouts
in human nutrition. Acta Univ. Sapientiae Aliment. 3, 81-117.

Medina-Perez, V., Lopez-Laredo, R. A., Sepulveda-Jimenez, G., Zamilpa, A., and
Trejo-Tapia, G. (2015). Nitrogen deficiency stimulates biosynthesis of bioactive
phenylethanoid glycosides in the medicinal plant Castilleja tenuiflora Benth.
Acta Physiol. Plant. 37:93. doi: 10.1007/s11738-015-1841-8

Moore, S., and Stein, W. H. (1948). Photometric ninhydrin method for use in the
chromatography of amino acids. J. Biol. Chem. 176, 367-388.

Morris, D. L. (1948). Quantitative determination of carbohydrates with dreywood’s
anthrone reagent. Science 107, 254-255. doi: 10.1126/science.107.2775.254

Nagata, T., Todoriki, S., Masumizu, T., Suda, I, Furuta, S., Du, Z., et al. (2003).
Levels of active oxygen species are controlled by ascorbic acid and anthocyanin
in Arabidopsis. J. Agric. Food Chem. 7,2992-2999. doi: 10.1021/jf026179+

Nagira, Y., and Ozeki, Y. (2004). A system in which anthocyanin synthesis is
induced in regenerated torenia shoots. J. Plant Res. 117, 377-383. doi: 10.1007/
$10265-004-0170-6

Nemie-Feyissa, D., Olafsdottir, M. S., Heidari, B., and Lillo, C. (2014). Nitrogen
depletion and small R3-MYB transcription factors affecting anthocyanin
accumulation in Arabidopsis leaves. Phytochemistry 98, 34-40. doi: 10.1016/j.
phytochem.2013.12.006

Olejnik, A., Rychlik, J., Kido'n, M., Czapski, J., Kowalska, K., Juzwa, W., et al.
(2016). Antioxidant effects of gastrointestinal digested purple carrot extract on
the human cells of colonic mucosa. Food Chem. 190, 1069-1077. doi: 10.1016/j.
foodchem.2015.06.080

O’Neal, D., and Joy, K. W. (1973). Glutamine synthetase of pea leaves. I.
Purification, stabilization, and pH optima. Arch. Biochem. Biophys. 159,
113-122. doi: 10.1016/0003-9861(73)90435-9

Papetti, A., Milanese, C., Zanchi, C., and Gazzani, G. (2014). HPLC-DAD-
ESI/MSn characterization of environmentally friendly polyphenolic extract
from Raphanus sativus L. var. “Cherry Belle” skin and stability of its red
components. Food Res. Int. 65, 238-246. doi: 10.1016/j.foodres.2014.04.046

Park, W. T,, Kim, Y. B,, Seo, J. M., Kim, S., Chung, E., Lee, J., et al. (2013).
Accumulation of anthocyanin and associated gene expression in radish sprouts
exposed to light and methyl jasmonate. J. Agric. Food Chem. 61, 4127-4132.
doi: 10.1021/jf400164g

Passeri, V., Koes, R., and Quattrocchio, F. M. (2016). New challenges for the design
of high value plant products: stabilization of anthocyanins in plant vacuoles.
Front. Plant Sci. 7:153. doi: 10.3389/fpls.2016.00153

Prvulovi¢, D., Popovi¢, M., Malenei¢, D., Marinkovi¢, B., and Ja¢imovi¢, G. (2009).
Effects of nitrogen fertilization on the biochemical and physiology parameters
in leaves and root of sugar beet associated with Azotobacter chroococcum.
J. Plant Nutr. 33, 15-26. doi: 10.1080/01904160903391040

Ram, M., Prasad, V. K., Kaur, C., Singh, K. S., Arora, A., and Kumar, S. (2011).
Induction of anthocyanin pigments in callus cultures of Rosa hybrida L. in
response to sucrose and ammonical nitrogen levels. Plant Cell Tissue Organ
Cult. 104, 171-179. doi: 10.1007/s11240-010-9814-5

Reguera, M., Peleg, Z., Abdel-Tawab, M. Y., Tumimbang, B. E., Delatorre,
A. C,, and Blumwald, E. (2013). Stress-induced cytokinin synthesis increases
drought tolerance through the coordinated regulation of carbon and nitrogen
assimilation in rice. Plant Physiol. 163, 1609-1622. doi: 10.1104/pp.113.227702

Rosa, M., Prado, C., Podazza, G., Interdonato, R., Gonzalez, A. J., Hilal, M., et al.
(2009). Soluble sugars—Metabolism, sensing and abiotic stress. A complex
network in the life of plants. Plant Signal. Behav. 4, 388-393. doi: 10.4161/psb.
4.5.8294

Samadi, A. K, Bilsland, A., Georgakilas, A. G., Amedei, A., Amin, A,
Bishayee, A., et al. (2015). Amulti-targeted approach to suppress tumor-
promoting inflammation. Semin. Cancer Biol. 35, 151-184. doi: 10.1016/j.
semcancer.2015.03.006

Shen, D., Sun, H., Huang, M., Zheng, Y., Li, X., and Fei, Z. (2013). RadishBase:
a database for genomics and genetics of radish. Plant Cell Physiol. 54:e3. doi:
10.1093/pcp/pes176

Solfanelli, C., Poggi, A., Loreti, E.,, Alpi, A., and Perata, P. (2006). Sucrose
specific induction of the anthocyanin biosynthetic pathway in Arabidopsis.
Plant Physiol. 140, 637-646. doi: 10.1104/pp.105.072579

Soubeyrand, E., Basteau, C., Hilbert, G., Leeuwen, C., Delrot, S., and Gomes, E.
(2014). Nitrogen supply affects anthocyanin biosynthetic and regulatory genes
in grapevine cv. Cabernet-Sauvignon berries. Phytochemistry 103, 38-49. doi:
10.1016/j.phytochem.2014.03.024

Su, N, Lu, Y., Wu, Q., Liu, Y., Xia, Y., Xia, K., et al. (2016). UV-B-induced
anthocyanin accumulation in hypocotyls of radish sprouts continues in the dark
after irradiation. J. Sci. Food Agric. 96, 886-892. doi: 10.1002/jsfa.7161

Su, N., Wu, Q,, Liu, Y., Cai, J., Shen, W, Xia, K., et al. (2014). Hydrogen-rich water
reestablishes ROS homeostasis but exerts differential effects on anthocyanin

Frontiers in Plant Science | www.frontiersin.org

December 2016 | Volume 7 | Article 1976


https://doi.org/10.1021/jf8036374
https://doi.org/10.1104/pp.125.1.61
https://doi.org/10.1016/j.foodchem.2015.02.020
https://doi.org/10.1016/j.foodchem.2015.02.020
https://doi.org/10.1080/10408398.2015.1051919
https://doi.org/10.1039/c5fo00147a
https://doi.org/10.1104/pp.114.3.937
https://doi.org/10.1007/s11154-014-9302-z
https://doi.org/10.5511/plantbiotechnology.21.401
https://doi.org/10.1104/pp.110.157370
https://doi.org/10.1104/pp.110.157370
https://doi.org/10.1104/pp.110.161869
https://doi.org/10.1007/s10725-014-9990-0
https://doi.org/10.1007/s10725-014-9990-0
https://doi.org/10.1104/pp.16.00278
https://doi.org/10.3389/fpls.2015.00927
https://doi.org/10.1104/pp.103.3.863
https://doi.org/10.1016/j.envexpbot.2015.05.012
https://doi.org/10.1007/s00425-006-0414-x
https://doi.org/10.1111/j.1469-8137.2008.02511.x
https://doi.org/10.1016/S1369-5266(03)00033-5
https://doi.org/10.1016/S1369-5266(03)00033-5
https://doi.org/10.1007/s11738-015-1841-8
https://doi.org/10.1126/science.107.2775.254
https://doi.org/10.1021/jf026179+
https://doi.org/10.1007/s10265-004-0170-6
https://doi.org/10.1007/s10265-004-0170-6
https://doi.org/10.1016/j.phytochem.2013.12.006
https://doi.org/10.1016/j.phytochem.2013.12.006
https://doi.org/10.1016/j.foodchem.2015.06.080
https://doi.org/10.1016/j.foodchem.2015.06.080
https://doi.org/10.1016/0003-9861(73)90435-9
https://doi.org/10.1016/j.foodres.2014.04.046
https://doi.org/10.1021/jf400164g
https://doi.org/10.3389/fpls.2016.00153
https://doi.org/10.1080/01904160903391040
https://doi.org/10.1007/s11240-010-9814-5
https://doi.org/10.1104/pp.113.227702
https://doi.org/10.4161/psb.4.5.8294
https://doi.org/10.4161/psb.4.5.8294
https://doi.org/10.1016/j.semcancer.2015.03.006
https://doi.org/10.1016/j.semcancer.2015.03.006
https://doi.org/10.1093/pcp/pcs176
https://doi.org/10.1093/pcp/pcs176
https://doi.org/10.1104/pp.105.072579
https://doi.org/10.1016/j.phytochem.2014.03.024
https://doi.org/10.1016/j.phytochem.2014.03.024
https://doi.org/10.1002/jsfa.7161
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Suetal.

Sucrose and Nitrogen in Anthocyanin-Biosynthesis

synthesis in two varieties of radish sprouts under UV-A irradiation. J. Agric.
Food Chem. 62, 6454-6462. doi: 10.1021/j£5019593

Takaya, Y., Kondo, Y., Furukawa, T., and Niwa, M. (2003). Antioxidant
constituents of radish sprout (Kaiware-daikon), Raphanus sativus L. J. Agric.
Food Chem. 51, 8061-8066. doi: 10.1021/jf0346206

Titta, L., Trinei, M., Stendardo, M., Berniakovich, L., Petroni, K., Tonelli, C., et al.
(2010). Blood orange juice inhibits fat accumulation in mice. Int. J. Obes.
(Lond.) 34, 578-588. doi: 10.1038/ij0.2009.266

Valentinuzzi, F., Mason, M., Scampicchio, M., Andreotti, C., Cesco, S., and
Mimmo, T. (2015). Enhancement of the bioactive compound content in
strawberry fruits grown under iron and phosphorus deficiency. J. Sci. Food
Agric. 95, 2088-2094. doi: 10.1002/jsfa.6924

Van den Ende, W., and El-Esawe, S. K. (2013). Sucrose signaling pathways leading
to fructan and anthocyanin accumulation: a dual function in abiotic and biotic
stress responses? Environ. Exp. Bot. 108, 4-13. doi: 10.1016/j.envexpbot.2013.
09.017

Winkel-Shirley, B. (2001). Flavonoid biosynthesis. A colourful model for genetics,
biochemistry, cell biology, and biotechnology. Plant Physiol. 126, 485-493.

Zhang, W., and Furusaki, S. (1999). Production of anthocyanins by plant
cell cultures. Biotechnol. Bioprocess Eng. 4, 231-252. doi: 10.1007/BF0293
3747

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Su, Wu and Cui. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 11

December 2016 | Volume 7 | Article 1976


https://doi.org/10.1021/jf5019593
https://doi.org/10.1021/jf0346206
https://doi.org/10.1038/ijo.2009.266
https://doi.org/10.1002/jsfa.6924
https://doi.org/10.1016/j.envexpbot.2013.09.017
https://doi.org/10.1016/j.envexpbot.2013.09.017
https://doi.org/10.1007/BF02933747
https://doi.org/10.1007/BF02933747
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Increased Sucrose in the Hypocotyls of Radish Sprouts Contributes to Nitrogen Deficiency-Induced Anthocyanin Accumulation
	Introduction
	Materials And Methods
	Plant Materials, Growth Conditions, and Treatments
	Nutrition Solution Preparation
	Anthocyanin Analysis
	Observation of the Hypocotyls Cross Section
	Quantitative and Real-Time RT-PCR Analysis
	Contents of Soluble Proteins Analysis
	Quantification of Soluble Sugar, Free Amino Acids and Sucrose, Fructose and Glucose
	Analysis of the Activities of Sucrose Synthase (SS), Sucrose Phosphate Synthase (SPS), Glutamine Synthase (GS) and Nitrate Reductase (NR)
	Statistical Analysis

	Results
	Radish Sprouts Grown in Nutrient Solutions Show Lower Anthocyanin Content
	Radish Sprouts Accumulate More Anthocyanins in Nitrogen Deficient Conditions
	Nitrogen Addition Decreases Anthocyanin Accumulation and Soluble Sugar Content
	N Deficiency Increases the Contents of Soluble Sugar and Exogenous Addition of Sugars Enhance Anthocyanin Accumulation
	N Deficiency-Induced Anthocyanin Accumulation Disappears When the Biosynthesis of Carbohydrates Is Inhibited
	Expressions of Anthocyanin Biosynthesis-Related Genes Are Up-Regulated by Suc and N Deficiency and Down-Regulated by DCMU
	N Deficiency Induces Activity of Sucrose Synthase (SS), while Suc Addition Induces a Decrease in the Activity of Glutamine Synthase (GS) and Nitrate Reductase (NR)

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgment
	Supplementary Material
	References


