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Abstract

In sugar beet (Beta vulgaris L.), taproot weight and sucrose content are the important deter-

minants of yield and quality. However, high yield and low sucrose content are two tightly

bound agronomic traits. The advances in next-generation sequencing technology and the

publication of sugar beet genome have provided a method for the study of molecular mecha-

nism underlying the regulation of these two agronomic traits. In this work, we performed

comparative transcriptomic analyses in the high taproot yield cultivar SD13829 and the high

sucrose content cultivar BS02 at five developmental stages. More than 50,000,000 pair-end

clean reads for each library were generated. When taproot turned into the rapid growth

stage at the growth stage of 82 days after emergence (DAE), eighteen enriched gene ontol-

ogy (GO) terms, including cell wall, cytoskeleton, and enzyme linked receptor protein signal-

ing pathway, occurred in both cultivars. Differentially expressed genes (DEGs) of paired

comparison in both cultivars were enriched in the cell wall GO term. For pathway enrichment

analyses of DEGs that were respectively generated at 82 DAE compared to 59 DAE (the

earlier developmental stage before taproot turning into the rapid growth stage), plant hor-

mone signal transduction pathway was enriched. At 82 DAE, the rapid enlarging stage of

taproot, several transcription factor family members were up-regulated in both cultivars. An

antagonistic expression of brassinosteroid- and auxin-related genes was also detected. In

SD13829, the growth strategy was relatively focused on cell enlargement promoted by bras-

sinosteroid signaling, whereas in BS02, it was relatively focused on secondarily cambial cell

division regulated by cytokinin, auxin and brassinosteroid signaling. Taken together, our

data demonstrate that the weight and sucrose content of taproot rely on its growth strategy,

which is controlled by brassinosteroid, auxin, cytokinin, and gibberellin.

Introduction

As one of the most important sugar crops, sugar beet (Beta vulgaris ssp. vulgaris) provides up

to 30% of the world’s sugar production. Traditional breeding on sugar beet has been aimed to

increase the sucrose content and yield of taproot, as well as the resistance to biotic or abiotic

stress. Since the start of sugar beet breeding 200 years ago, an increase of 10% in sugar content,
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as well as a great improvement in taproot yield, has been achieved [1]. However, high yield

achievement was usually gained with a penalty of low sucrose content, and vice-versa. There-

fore, revealing the regulatory mechanism underlying taproot growth and sucrose accumula-

tion will be of great help for the engineering of new sugar beet cultivars with an optimal

balance of taproot yield and sucrose content.

Previously, studies using cDNA amplified fragment length polymorphism (AFLP), ESTs [2,

3] and microarray analyses [4, 5] have been performed to understand the basis of taproot

growth and sucrose accumulation at both morphological [6, 7] and physiological levels in

sugar beet [8]. During the early development of taproot [5], expressions of genes involved in

cell division, as well as those in water and non-electrolyte small molecule transport system,

were preferentially expressed. When taproot turned into rapid growth stage, expressions of

genes controlled by plant hormones were up-regulated [4]. In addition, genes involved in car-

bohydrate metabolism were also up-regulated in young sugar beet cells accumulating sucrose

[5], and none of those directly involved in sucrose metabolism were up-regulated when tap-

root was turning into rapid growth stage [4, 5], although the expressions of sucrose synthase

genes were positively correlated with the storage root growth rate in radish and sweet potato

[9]. The advance in next-generation sequencing technology of transcriptome, as well as the

completion of sugar beet genome, has provided an efficient method with spatially higher reso-

lution for the study of the molecular mechanism underlying taproot growth and sucrose accu-

mulation in sugar beet [10].

To explore the molecular regulatory mechanism of storage root development, transcrip-

tomic analyses, a powerful tool for the expression pattern analyses of gene with low abundance

of transcripts, have been performed on different crops, such as radish (Raphanus sativus L.)

[11], carrot (Daucus carota L.) [12], sweet potato (Ipomoea batatas) [13, 14], cassava (Manihot
esculenta Crantz) [15], and turnips (Brassica rapa L.) [16]. Some candidate genes and regula-

tory networks involved in storage root development have been identified. However, the precise

molecular regulatory mechanism involved in the morphological and physiological phenomena

of taproot development in sugar beet is still largely unknown. In this work, the high taproot

yield cultivar SD13829 (E-type; E) and high sucrose content cultivar BS02 (Z-type; Z) of sugar

beet at five different developmental stages were used to perform comparative transcriptomic

analyses. We demonstrate that the weight and sucrose content of taproot rely on its growth

strategy, which is controlled by brassinosteroid, auxin, cytokinin, and gibberellin signaling.

Among them, an antagonistic expression pattern of brassinosteroid- and auxin-related genes

in taproot might play a crucial role for its rapid growth at 82 DAE. We also infer that three GO

terms and some members of transcription factors may be involved in the regulation of taproot

growth and sucrose accumulation.

Materials and methods

Plant materials

The E-type cultivar SD13829 and ST13092 (with low sucrose content) was purchased from

Strube CmbH & CO. KG (Sollingen, Germany). Both SD13829 and ST13092 are mono-germy

diploid cultivars, with no specific resistance, and a respectively inclined erect and erect plant-

type. ST13092 was used for qRT-PCR verification of RNA-seq data only. The Z-type cultivar

BS02 and ND0905 (with low yield) was bred by Sugar Beet Physiological Research Institute,

Inner Mongolia Agricultural University, Hohhot, China. Both BS02 and ND0905 are pluri-

germy diploid cultivars, with no specific resistance, and a respectively erect and inclined erect

plant-type. Same as ST13092, ND0905 was used for qRT-PCR verification only, too. All of

these cultivars were bred by three-line system hybrid.
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Sugar beet (Beta vulgaris) was field planted on the farm of Inner Mongolia Agricultural

University at the location of 40˚52’54’’N, 111˚43’53’’E. Seeds sowed with 25 cm plant to plant

and 50 cm row to row distances on 21 April 2014 emerged on 29 April 2014, and grew under

local natural photoperiod. Plant were Irrigated at 21, 47, 71 and 90 DAE (days after emer-

gence), and 450m3/hm2 water was provided per time. Flusilazole was sprayed at 87, 98, 108

and 118 DAE to prevent cercospora leaf spot disease. In this way, no obvious disease attack

was observed. Taproot samples were collected weekly starting at 37 DAE. For each cultivar, 9

taproots (three biological replicates) at each time point were collected. The sampling strategy

was based on the number of new leaves. Sucrose content was calculated with a digital handheld

refractometer based on the Brix. The average temperature at 37, 59, 82 113 and 134 DAE were

18˚C, 24˚C, 22˚C, 21˚C and 16˚C, respectively. The sampling strategy of RNA-seq was “over-

lapping time points with high temporal resolution”, with no biological replicate. The sampling

area was shown in Fig 1A.

Total RNA isolation, cDNA library construction and RNA sequencing

Taproot samples were ground to fine powder using a Frozen Mixer Mill MM400 (RETSCH,

Germany). Total RNA was extracted using a Total RNA Isolation System (Takara, Shanghai,

China) according to the manufacturer’s instructions. The quality and concentration of total

RNA was checked using Nanodrop ND-430 2000, Agilent 2100 Bioanalyzer and a RNA Nano

chip device (Agilent, Santa Clara, CA, USA). The quality of RNA of all samples met the require-

ments of RNA-seq. The isolated mRNA was enriched using oligo-dT beads from 200 ng of total

RNA, and then was fragmented. cDNA was synthesized following the manufacturer’s instruc-

tions (Invitrogen, Corp., Carlsbad, CA, USA). Fragmented cDNA was treated following the

manufacturer’s instructions (Agencourt Bioscience Corporation, Beverly, Massachusetts, USA).

cDNA libraries were quantitated by Agilent 2100 bioanalyzer instrument and real-time quanti-

tative PCR, and pair-end sequenced with the HiSeq 2000 System (TruSeq SBS KIT-HS V3, Illu-

mina, 2 × 90 bp)(BGI Tech, Wuhan, China; http://www.bgitechsolutions.com/). Low quality

reads and those with adapters or containing more than 10% unknown bases were removed to

obtain clean reads.

Mapping of clean reads and assessment of DEGs

Clean reads were mapped to genome reference (RefBeet-1.1) and gene reference (RefBeet.

genes.1302.mrna) [1] using BWA (Burrows-Wheeler Alignment Tool) [17] and Bowtie[18],

respectively. To determine which transcripts are isoforms of the same gene, RSEM (RNA-Seq

by Expectation Maximization) has been taken as a powerful software package to compute max-

imum likelihood abundance estimation of each gene and isoform using the Expectation-Maxi-

mization (EM) algorithm for its statistical model, including the modeling of paired-end (PE)

and variable-length reads, fragment length distributions, and quality scores [19]. The tran-

scripts of genes in both Z-type and E-type were quantified with RSEM, and their expression

levels were calculated with the FPKM method [20]. Moreover, differentially expressed genes

for pairwise comparisons between each library were identified using a false discovery rate

(FDR)� 0.001 [21, 22] and the absolute value of fold change� 2 as the threshold.

Deep analysis of DEGs

DEGs were blasted to the NCBI non-redundant protein (Nr) database (http://www.ncbi.nlm.

nih.gov/) and were annotated using an E-value lower than 10−5. Functional annotation was

analyzed by the Blast2GO program [23] based on gene ontology terms (GO, http://

geneontology.org/). GO enrichment analysis was based on “GO::TermFinder” (http://smd.
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Fig 1. Taproot growth and sucrose accumulation analyses. The E-type cultivar SD13829 and the Z-type cultivar BS02

were grown in field. (A) The sampling area. (B) The growth curve of taproot. (C) The growth rate of taproot. (D) Phenotypes

of taproot at different growth stages. (E) Sucrose contents of taproot.

https://doi.org/10.1371/journal.pone.0175454.g001
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stanford.edu/help/GOTermFinder/GO_TermFinder_help.shtml/) taking corrected p-

value� 0.05, and cluster frequency� 1% as a requirement. The additional requirement, clus-

ter frequency� 1%, was aimed at excluding the terms related with the photosynthesis related

to culture effects [24]. The functions of DEGs were also predicted and classed using Kyoto

Encyclopedia of Genes and Genomes Pathway (KEGG; http://www.genome.jp/kegg/). For

pathway enrichment analysis of DEGs, hypergeometric test value Q�0.05 was set as the

threshold.

Expression pattern of candidate genes

HemI (Heatmap Illustrator, version 1.0.1; http://hemi.biocuckoo.org/) [25] was used to show

expression patterns of candidate genes. Z score transformation [26] was used to perform the

standardization in heat maps, which were calculated by subtracting the mean FPKM of all the

“main Beta vulgaris orthologs” in all of the ten samples, and dividing that result by the standard

deviation of all the “main Beta vulgaris orthologs” in all of the ten samples for each gene, based

on the following formula:

Zscore ¼ ðFPKMG � meanFPKMÞ � Std:

where G is any Beta vulgaris orthologous gene from the transcriptome database. The “main

Beta vulgaris orthologs” include DEGs or genes with FPKM�1 in any library.

Validation of RNA-Seq by qRT-PCR

Total RNA was treated with DNaseⅠ, and first-strand cDNA was generated using Oligo(dT)

(Takara, Japan). Quantitative real-time PCR was performed using LightCycler1 480 (Roche,

Switzerland) in a total volume of 20 μl based on iTaq™ Universal SYBR1 Green Supermix. The

condition of reaction was 95˚C for 3 min, followed by 40 cycles of 94˚C for 10 s, 55˚C for 10 s,

72˚C for 30 s. All reactions were performed in biological triplicates, and the results were

expressed relative to the expression levels of β-actin or GADPH in each sample by using the 2-

ΔΔCt method [27]. Primers were designed using online software (http://www.ncbi.nlm.nih.gov/

tools /primer-blast/) with the requirement that PCR products should span an exon-exon junc-

tion as possible in order to ignore DNA pollution and alternative splicing.

Results

Taproot growth and sucrose accumulation

As a first step to understand the developmental processes of sugar beet taproot, the growth

traits of both Z-type and E-type, especially the growth and sucrose content of taproot, were

compared. The taproot of both cultivars grew slowly before 59 DAE, but turned into rapid

growth stage after this time point until 113 DAE (Fig 1B and 1C). Due to the faster growth

rate, the weight of taproot of the E-type cultivar SD13829 was remarkably bigger than that of

the Z-type cultivar BS02 throughout almost the whole growing period (Fig 1B and 1D). How-

ever, the sucrose content in Z-type was higher than in E-type (Fig 1E). The lower sucrose con-

tent in the E-type cultivar SD13829 could be due to the greater taproot weight, which has

diluted the sucrose content, and the faster taproot growth which has used up more energy by

hydrolyzing sucrose during the growth.

RNA-Seq libraries and clean read mapping

In order to understand the molecular mechanism involved in the taproot growth and sucrose

accumulation in sugar beet, we collected the taproot samples of BS02 (Z-type) and SD13829
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(E-type) at 37 DAE (the initial stage of taproot growth), 59 DAE (the transition stage before

the rapid growth of taproot), 82 DAE (the rapid growth stage of taproot), 113 DAE (the transi-

tion stage before sucrose accumulation), and 134 DAE (the sluggish growth stage of taproot

with still active sucrose accumulation), based on their growth and sucrose accumulation. The

sampling area for RNA-seq was shown Fig 1A. Different from the tangential width of sampling

area at other development stages (0.8cm), the tangential width of sampling area at 37 DAE was

0.3cm. Ten cDNA libraries were constructed for subsequent RNA-Seq analyses. The RNA-Seq

reads of these libraries obtained from Illumina HiSeq™ 2000 were shown in Table 1. Clean read

data were also deposited in the Sequence Read Archive (SRA) of the National Center for Bio-

technology Information (NCBI) with the accession number of SRP090408. Clean reads, which

count over 97% of the raw reads, were mapped onto a reference gene database (http://bvseq.

molgen.mpg.de/Genome/Download/RefBeet-1.1/RefBeet.genes.1302.mrna.fa) including

27,421 protein-coding genes supported by mRNA evidence and filtered for transposable ele-

ments [1]. The mapped clean read percentages ranged from 81.75% (library Z-134) to 85.03%

(library E-37). Perfectly matched clean read percentages ranged from 56.04% (library Z-134)

to 58.95% (library E-37), whereas uniquely matched clean read percentages ranged from

69.77% (library Z-37) to 73.17% (library E-37).

Analyses of co-expressed and specifically expressed genes

We compared the expression levels of genes in both Z-type and E-type. At the five growth

stages of 37 DAE, 59 DAE, 82 DAE, 113 DAE and 134 DAE, a total number of 18455 and

18866 genes were respectively co-expressed in Z-type and E-type. The numbers for specifically

expressed genes were 704 in Z-type and 791 in E-type at 37 DAE, 308 in Z-type and 219 in E-

type at 59 DAE, and 236 in Z-type and 202 in E-type at 82 DAE (Fig 2A and 2B). From 59 to

134 DAE, the numbers of stage-specific genes were relatively constant in both cultivars.

Screening of differentially expressed genes

The numbers of DEGs from 8 stepwise comparisons, including E-37-vs-E-59, E-59-vs-E-82, E-

82-vs-E-113, E-113vs-E-134, Z-37-vs-Z-59, Z-59-vs-Z-82, Z-82-vs-Z-113 and Z-113vs-Z-134,

were marked on the top of histogram (Fig 3A). Fewer DEGs were found in the comparisons of

Z-82-vs-Z-113, Z-113-vs-Z-134, E-82-vs-E-113 and E-113-vs-E-134, than in Z-37-vs-Z-59, Z-

59-vs-Z-82, E-37-vs-E-59 and E-59-vs-E-82, suggesting that gene expression changes have slo-

wed down in the later developmental stages of taproot (Fig 3A).

From the eight comparisons shown in Fig 4, a total number of 1556 and 1168 genes were

specifically up- and down-regulated in E-37-vs-E-59, respectively. The numbers of specifically

up- and down-regulated genes were 1371 and 1879 in E-59-vs-E-82, 1141 and 729 in E-82-vs-

E-113, 345 and 769 in E-113-vs-E-134, 1767 and 1170 in Z-37-vs-Z-59, 1513 and 1670 in Z-

59-vs-Z-82, 984 and 855 in Z-82-vs-Z-113, and 684 and 940 in Z-113-vs-Z-134 (Fig 4A and

4B). Compared to other comparisons, more concurrently up-regulated genes were found in

the comparisons of E-37-vs-E-59 and E-59-vs-E-82, with a total number of 185 genes, and in

the comparisons of Z-37-vs-Z-59 and Z-59-vs-Z-82, with a total number of 129 genes.

Gene ontology analyses of DEGs

GO is composed of three ontologies: cellular component, molecular function, and biological

process. Gene function was defined with GO ID gained at gene annotation. Usually, a signifi-

cantly enriched GO term may be related to a biological problem. In the comparison of E-

37-vs-E-59, a total number of 1378, 1760 and 1457 DEGs were respectively assigned to cellular

component, molecular function and biological process (Table 2). More detailed results were
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shown in S1 Table. Taking corrected p-value� 0.05 and cluster frequency� 1% as a threshold,

the GO terms, which showed significant enrichment in the ontology of cellular component,

molecular function and biological process, respectively, in each comparison, were provided in

Fig 5.

Table 1. Summary of mapping results.

Sample

Name

Total Reads Total BasePairs Total Mapped

Reads

Perfect Match Mismatch Unique Match Multi- position

Match

Total

Unmapped

Reads

Z-37 55,436,762

(100.00%)

4,989,308,580

(100.00%)

46,676,080

(84.20%)

32,186,180

(58.06%)

14,489,900

(26.14%)

38,680,862

(69.77%)

7,995,218

(14.42%)

8,760,680

(15.80%)

Z-59 50,575,736

(100.00%)

4,551,816,240

(100.00%)

41,856,308

(82.76%)

28,401,569

(56.16%)

13,454,739

(26.60%)

35,980,490

(71.14%)

5,875,818

(11.62%)

8,719,426

(17.24%)

Z-82 50,438,146

(100.00%)

4,539,433,140

(100.00%)

41,474,712

(82.23%)

28,625,899

(56.75%)

12,848,813

(25.47%)

35,713,530

(70.81%)

5,761,182

(11.42%)

8,963,432

(17.77%)

Z-113 51,007,456

(100.00%)

4,590,671,040

(100.00%)

42,192,148

(82.72%)

29,283,962

(57.41%)

12,908,186

(25.31%)

35,899,510

(70.38%)

6,292,638

(12.34%)

8,815,306

(17.28%)

Z-134 50,745,002

(100.00%)

4,567,050,180

(100.00%)

41,481,510

(81.75%)

28,437,037

(56.04%)

13,044,473

(25.71%)

35,642,594

(70.24%)

5,838,916

(11.51%)

9,263,490

(18.25%)

E-37 50,973,422

(100.00%)

4,587,607,980

(100.00%)

43,344,256

(85.03%)

30,048,993

(58.95%)

13,295,263

(26.08%)

37,298,988

(73.17%)

6,045,268

(11.86%)

7,629,164

(14.97%)

E-59 50,920,054

(100.00%)

4,582,804,860

(100.00%)

42,166,760

(82.81%)

29,711,488

(58.35%)

12,455,272

(24.46%)

36,431,802

(71.55%)

5,734,958

(11.26%)

8,753,292

(17.19%)

E-82 50,892,430

(100.00%)

4,580,318,700

(100.00%)

42,327,024

(83.17%)

29,509,676

(57.98%)

12,817,348

(25.19%)

36,399,996

(71.52%)

5,927,028

(11.65%)

8,565,404

(16.83%)

E-113 50,896,922

(100.00%)

4,580,722,980

(100.00%)

42,252,042

(83.01%)

29,836,824

(58.62%)

12,415,218

(24.39%)

36,153,506

(71.03%)

6,098,536

(11.98%)

8,644,878

(16.99%)

E-134 50,999,590

(100.00%)

4,589,963,100

(100.00%)

42,225,672

(82.80%)

29,597,359

(58.03%)

12,628,313

(24.76%)

36,065,036

(70.72%)

6,160,636

(12.08%)

8,773,916

(17.20%)

https://doi.org/10.1371/journal.pone.0175454.t001

Fig 2. Venn diagrams of co-expressed and specifically expressed genes at five growth stages of taproot. (A) The Venn diagram of E-type. (B)

The Venn diagram of Z-type.

https://doi.org/10.1371/journal.pone.0175454.g002
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In the comparison of E-59-vs-E-82, significantly enriched DEGs in the cellular component

GO term were external encapsulating structure, cell periphery, cell wall, extracellular region,

chromatin, membrane, chromosomal part, chromosome, intrinsic to membrane, microtubule

cytoskeleton, cytoskeleton, external encapsulating structure part, non-membrane-bounded

organelle, and intracellular non-membrane-bounded organelle. Significantly enriched DEGs

in the molecular function GO term were motor activity, catalytic activity, hydrolase activity,

acting on glycosyl bonds, kinase activity, transferase activity, transferring phosphorus-contain-

ing groups, hydrolase activity, hydrolyzing O-glycosyl compounds, transferase activity, trans-

ferring glycosyl groups, transferase activity, phosphotransferase activity, and alcohol group as

acceptor. Significantly enriched DEGs in the biological process GO terms were protein-DNA

complex subunit organization, enzyme linked receptor protein signaling pathway, nucleosome

organization, microtubule-based process, and cytoskeleton organization. Results for the GO

significantce enrichment analyses of DEGs in other paired comparisons were shown in Fig 5

and S1 Table. Based on the above analyses, the most significantly enriched GO terms were

identified at 82 DAE, the most rapidly expanding stage of taproot.

KEGG pathway enrichment analyses of DEGs

KEGG pathway enrichment analyses can provide the insight into how taproot growth and

sucrose metabolism are regulated. Usually, DEGs in the same pathway exercise their biological

functions together. As shown in Table 3 and S2 Table, in the comparison of E-37-vs-E-59, a

total number of 2185 DEGs were mapped to the KEGG plant database, and 1674 DEGs of

them were significantly enriched in 17 different KEGG pathways. For the rapid taproot growth

Fig 3. The numbers of differentially expressed genes (DEGs). DEGs obtained in each paired comparison were shown. (A) DEGs obtained in

each stepwise comparison. (B) DEGs obtained in each genotype comparison.

https://doi.org/10.1371/journal.pone.0175454.g003
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stage (from 59 to 82 DAE), these results imply a very active metabolism, cell division and cell

growth differentiation in the taproot of sugar beet. Interestingly, more enriched KEGG path-

ways were observed in the E-type cultivar SD13829 than in the high sucrose but low yield culti-

var BS02. Detailed results of each comparison were shown in S2 Table. For DEGs in plant

hormone signal transduction pathway of the comparison of E-59-vs-E-82, which is critical for

the rapid growth of taproot, the xyloglucan: xyloglucosyl transferase (TCH4; EC: 2.4.1.207)

encoding gene Bv_51330_psrc.t1 showed the highest up-regulation (except the specifically

expressed genes). Whereas Bv3_067020_oenm.t1 that encodes the protein brassinosteroid

Fig 4. Venn diagrams to show the concurrently and specifically expressed DEGs in different comparison. (A) Significantly up-regulated genes

identified at the growth stages of 59 DAE, 82 DAE, 113 DAE and 134 DAE. (B) Significantly down-regulated genes identified at the growth stages of 59

DAE, 82 DAE, 113 DAE and 134 DAE. The numbers of concurrently and specifically expressed DEGs at each development stages were respectively

marked in the overlapped and non-overlapped regions.

https://doi.org/10.1371/journal.pone.0175454.g004

Table 2. GO enrichment analyses of DEGs.

comparison cellular component molecular function biological process

E-37-vs-E-59 1378 1760 1457

E-59-vs-E-82 1630 2013 1695

E-82-vs-E-113 852 1088 891

E-113-vs-E-134 675 917 758

Z-37-vs-Z-59 1457 1924 1554

Z-59-vs-Z-82 1394 1782 1437

Z-82-vs-Z-113 842 1116 899

Z-113-vs-Z-134 900 1142 934

Z-37-vs-E-37 723 1044 805

Z-59-vs-E-59 748 1006 784

Z-82-vs-E-82 1007 1341 1096

Z-113-vs-E-113 981 224 1000

Z-134-vs-E-134 836 1112 911

https://doi.org/10.1371/journal.pone.0175454.t002
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Fig 5. GO enrichment analyses. (A) The enriched terms of DEGs gained from the comparisons of E-37-vs-

E-59, E-59-vs-E-82, E-82-vs-E-113 and E-113vs-E-134. (B) The enriched terms of DEGs gained from the

comparisons of Z-37-vs-Z-59, Z-59-vs-Z-82, Z-82-vs-Z-113 and Z-113vs-Z-134. (C) The enriched terms of
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insensitive 1 (EC: 2.7.10.1; 2.7.11.1) showed the highest down-regulation. More detailed results

were provided in S3 Table.

At the growth stage from 113 to 134 DAE, taproot growth became sluggish but sucrose

accumulation was still active. Coincidently, the Z-type cultivar BS02 showed more significantly

enriched KEGG pathways than did the E-type cultivar SD13829. More information was given

in S2 Table.

Candidate genes involved in plant hormone biosynthesis and

metabolism

In this study, 2 of 4 Beta vulgaris CYP90B1 (K09587) orthologs [28] and 1 of 2 Beta vulgaris
CYP90A1 (K09588) orthologs [29] which encode the rate-limiting enzymes for brassinosteroid

biosynthesis were identified as DEGs in one or more paired comparisons (Fig 6A, S4 Table).

DEGs, 5 of 16 YUCCA (K11816) for IAA [30], 5 of 13 IPT (K10760) for zeatin [31], 6 of 13

GA3-ox (K04124) [32] and 5 of 11 GA20-ox (K05282) [33] for GA, which encode the rate-limit-

ing enzymes for other hormone biosynthesis, were also identified (Figs 7A, 8A and 9A, S4

Table). Furthermore, 20 of the 29 Beta vulgaris CYP734A1 (K15639) orthologues which encode

the PHYB activation tagged suppressor 1 involved in brassinosteroid metabolism [34] were

identified as DEGs (Fig 6A and S4 Table). DEGs, 14 of 24 UGT76C1_2 (K13493) for zeatin

[35] and 1 of 1 GA2-ox (K04125) for GA [36] involved in other hormone metabolism, were

also identified (Figs 8A and 9A, S4 Table).

DEGs in plant hormone signal transduction pathway

In the analyzed thirteen comparisons, a total number of 98 to 170 DEGs were enriched in

plant hormone transduction pathways (S2 Table). In brassinosteroid signal transduction path-

way, 2 of 5 Beta vulgaris brassinosteroid resistant 1/2 (BZR1/2) orthologues, 8 of 10 Beta

DEGs gained from the comparisons of Z-37-vs-E-37, Z-59-vs-E-59, Z-82-vs-E-82, Z-113-vs-E-113 and Z-

134-vs-E-134. No enriched term in the comparison of Z-59-vs-E-59 was identified. The names of GO terms

were replaced with GO accession numbers and shown in S8 Table.

https://doi.org/10.1371/journal.pone.0175454.g005

Table 3. Pathway enrichment analyses of DEGs.

Comparison Number of DEGs mapped to KEGG

pathway

Number of DEGs belong to the significantly

enriched pathway

Number of significantly enriched

pathway

E-37-vs-E-59 2185 1674 17

E-59-vs-E-82 2419 1255 16

E-82-vs-E-113 1328 488 6

E-113-vs-E-

134

1178 290 3

Z-37-vs-Z-59 2371 1911 19

Z-59-vs-Z-82 2217 431 3

Z-82-vs-Z-113 1408 1118 13

Z-113-vs-Z-

134

1471 404 7

Z-37-vs-E-37 1332 970 12

Z-59-vs-E-59 1271 1063 18

Z-82-vs-E-82 1628 1111 9

Z-113-vs-E-

113

1567 284 5

Z-134-vs-E-

134

1404 1015 13

https://doi.org/10.1371/journal.pone.0175454.t003
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vulgaris TCH4 orthologues, and 4 of 10 Beta vulgaris CYCD3 orthologues were identified as

DEGs (Fig 6B, S5 Table) [37, 38]. In the auxin signal transduction pathway, 7 of 17 auxin

response factor (ARF) orthologues, 7 of 16 auxin-responsive gene IAA (AUX/IAA) ortholo-

gues, 4 of 5 auxin responsive GH3 family genes (GH3), and 17 of 38 SAUR family genes

(SAUR) were identified as DEGs (Fig 7B, S5 Table). In the cytokinin signal transduction path-

way, 20 of 38 Beta vulgaris B-ARR orthologues encoding two-component response regulator

ARR-B family transcription factor [39], and 6 of 9 Beta vulgaris A-ARR orthologues of the two-

component response regulator ARR-A family which negatively regulate cytokinin signaling,

were identified as DEGs (Fig 8B, S5 Table) [40].

Fig 6. Expression pattern of genes involved in the brassinosteroid signaling. (A) Orthologues of genes

encoding the key enzymes for the biosynthesis and metabolism of brassinosteroid. (B) Orthologues of genes

encoding the components in the signal transduction pathways of brassinosteroid. Z score transformation [26]

was calculated by subtracting the mean FPKM of all the “main Beta vulgaris orthologs” in all of the ten

samples, and dividing that result by the standard deviation based on all the “main Beta vulgaris orthologs” in

all of the ten samples for each gene. The “main Beta vulgaris orthologs” included the DEGs or the genes with

FPKM�1 in any library. Gene IDs were marked on the left. +, up-regulated; -, down-regulated; T, up- and

down-regulated compared the previous growth stage; C, E-type compared with Z-type.

https://doi.org/10.1371/journal.pone.0175454.g006
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Genes involved in sucrose metabolism

In order to understand the molecular mechanism of sucrose accumulation in sugar beet tap-

root, we analyzed DEGs involved in sucrose metabolism. We found that taproot sugar content

increased during the early developmental stages (Fig 1E), but decreased at the growth stage

from 82 to 95 DAE. We further compared the expressions of SPS (sucrose phosphate synthase;

EC2.4.1.14), SS (sucrose synthase; EC 2.4.1.13) and SI (sucrose invertase; EC 3.2.1.26), the

major candidate genes in the sucrose metabolic pathway, and found that 1 of 2 Beta vulgaris
SPS orthologues, 5 of 7 Beta vulgaris SS orthologues and 1 of 9 Beta vulgaris SI orthologues

were identified as DEGs in one or more comparisons (Fig 9B, S6 Table). The expression level

of SPS orthologue, Bv2_031430_mgoq.t1, was up-regulated 2.93 folds at 82 DAE in Z-type,

whereas the fold changes in E-type at 59 and 113 DAE were 4.37 and 0.24, respectively. The

expression levels of these 5 SS orthologues in stepwise comparisons were up-regulated from

2.10 to 4.37 folds, and were down-regulated from 0.44 to 0.23 fold. The expression level of SI

Fig 7. Expression pattern of genes involved in auxin signaling. (A) Orthologues of genes encoding the

key enzyme for the biosynthesis of auxin. (B) Orthologues of genes encoding the components in the signal

transduction pathways of auxin. Gene IDs were marked on the left. +, up-regulated; -, down-regulated; T, up-

and down-regulated compared to the previous growth stage; C, E-type compared with Z-type.

https://doi.org/10.1371/journal.pone.0175454.g007
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orthologue, Bv7_173910_jyup.t1, was up-regulated 2.17 folds at 59 DAE in Z-type, whereas the

fold changes in E-type at 59 and 113 DAE were respectively 2.16 and 2.28.

The analyses of DEGs in genotype comparisons

In addition to the stepwise comparisons, the numbers of DEGs from 5 genotype comparisons,

including Z-37-vs-E-37, Z-59-vs-E-59, Z-82-vs-E-82, Z-113-vs-E-113 and Z-134-vs-E-134,

were marked on the top of histogram (Fig 3B). At the active growth stages of 82 and 113

DAEs, more DEGs were identified (Fig 3B).

The DEGs of significantly enriched GO term are usually related to a biological problem.

The numbers of significantly enriched GO terms in the comparison of Z-82-vs-E-82 and Z-

113-vs-E-113 were respectively 17 and 3 (Fig 5C). KEGG pathway enrichment analyses can

provide the insight into why taproot weight and sucrose content are different in E-type and Z-

Fig 8. Expression pattern of genes involved in cytokinin signaling. (A) Orthologues of genes encoding

the key enzymes for the biosynthesis and metabolism of cytokinin. (B) Orthologues of genes encoding the

components in the signal transduction pathways of cytokinin. Gene IDs were marked on the left. +, up-

regulated; -, down-regulated; T, up- and down-regulated compared to the previous growth stage; C, E-type

compared with Z-type.

https://doi.org/10.1371/journal.pone.0175454.g008
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type cultivars. A total number of 9 and 5 KEGG pathways were significantly enriched in the

comparison of Z-82-vs-E-82 and Z-113-vs-E-113 respectively (S2 Table). In addition, pant

hormone signal transduction pathway, including 107 DEGs, was enriched in the comparison

of Z-82-vs-E-82, with a Q value of 0.05437378 (S2 Table).

In order to gain insight into how pant hormone signal transduction pathway drove physio-

logical differences between E-type and Z-type, we deeply analyzed the expression level of some

candidate genes (Figs 6–9). These candidate genes included genes encoding the rate-limiting

enzymes for plant hormone biosynthesis and metabolism, DEGs in plant hormone signal

transduction pathway and genes involved in sucrose metabolism. The expression pattern of

these candidate genes was shown in Figs 6–9.

Fig 9. Expression pattern of genes involved in the biosynthesis and metabolism of gibberellin and

sucrose. (A) Orthologues of genes encoding the key enzymes for the biosynthesis and metabolism of

gibberellin. (B) Genes involved in sucrose biosynthesis and metabolism. Gene IDs were marked on the left. +,

up-regulated; -, down-regulated; T, up- and down-regulated compared to the previous growth stage; C, E-type

compared with Z-type.

https://doi.org/10.1371/journal.pone.0175454.g009
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Differentially expressed transcription factors (TFs) at 82 DAE

In this study, members of various transcription factor (TF) families were identified. In the

comparisons of Z-59-vs-Z-82, E-59-vs-E-82 and Z-82-vs-E-82, a total number of 60, 73, and

42 TF encoding genes were identified as DEGs, respectively. Among them, 32 out of 60, 42 out

of 73, and 23 out of 42 genes were up-regulated. In addition, 22 genes were concurrently up-

regulated in the comparison of Z-59-vs-Z-82 and E-59-vs-E-82, 11 genes were concurrently

up-regulated in the comparisons of E-59-vs-E-82 and Z-82-vs-E-82, and 6 genes were concur-

rently up-regulated in the above three comparisons (Table 4).

Verification of transcriptomic data

To verify the validity of transcriptomic data, 9 genes including Bv6_135080_nyuw.t1,

Bv5_107720_ydci.t1,Bv5u_123680_kpon.t1, Bv1_003090_wwiu.t1,Bv2_031950_qerp.t1,

Bv5_113980_zuju.t1, Bv9_230570_fmcp.t1,Bv5_097380_eoic.t1 and Bv1_000100_pnxw.t1were

randomly selected for real time RT-PCR (qRT-PCR) analyses. As shown in Fig 10A, the results

were consistent with the RNA-Seq data, suggesting that transcriptomic sequencing in this

study revealed actual gene expressions during sugar beet taproot development. We also per-

formed qRT-PCR analyses for some crucial genes in another E-type and Z-type cultivar at 59

and 82 DAE (Fig 10B–10D). These crucial genes included 1 orthologue of CYP90A1, 1 ortholo-

gue of BZR1/2, 3 orthologues of TCH4, 1 orthologue of CYCD3, 1 orthologue of YUCCA, 2

orthologues of B-ARR, and 3 orthologues of Dof.

Discussion

The development of Beta vulgaris taproot includes three interrelated processes: (1) cell division

in the secondary meristem rings [6, 41]; (2) turgor-driven cell enlargement along the deriva-

tives of cambiums [5, 6]; and (3) sucrose accumulation in the parenchyma cells [5]. During the

development of taproot, the growth and sucrose accumulation in it are two opposite agro-

nomic traits. A better understanding of Beta vulgaris taproot development may be achieved

through the analyses of the molecular mechanisms underpinning this complex developmental

process. Although some genes involved in Beta vulgaris taproot growth and sucrose accumula-

tion have been identified by EST sequencing or cDNA microarray technique [2, 4, 5], the pre-

cise mechanisms regulating these processes are still not clear. Previously, we appraised the

yield and quality of a total of 79 sugar beet cultivars. And two typical E-type cultivars, SD13829

and ST13092, and two typical Z-type cultivars, BS02 and ND0905, were identified. In order to

explore the molecular regulatory mechanism of taproot growth and sucrose accumulation, the

E-type cultivar SD13829 and Z-type cultivar BS02 of sugar beet were used to perform compar-

ative transcriptomic analyses.

Based on the growth curve of taproot development (Fig 1B, 1C and 1E), which was consis-

tent with previous reports [5, 6], the key developmental stages for taproot growth and sucrose

accumulation were 37 DAE, 59 DAE, 82 DAE, 113 DAE and 134 DAE. Taproot sucrose con-

tent of SD13829 and BS02 was respectively similar to that of USH20 and SR96 [4]. Among

them, the key determining stages for taproot weight were 59 DAE and 82 DAE. We then per-

formed comparative transcriptomic analyses at the above stages. The results of clean read map-

ping (Table 1) were similar to the data reported in potato, maize and rice [42–44]. Analyses of

co-expressed and specifically expressed genes were designed to check the elementary stage (the

initial stage before the taproot starts to develop) of taproot development. The numbers of co-

expressed genes in two cultivars revealed that there were about 18000 housekeeping genes dur-

ing all stages, which might be required for the regular growth of taproots. The numbers of spe-

cifically expressed genes at 37 DAE for both cultivars were significantly greater than that at
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Table 4. Commonly up-regulated TF genes in the comparisons of Z-59-vs-Z-82, E-59-vs-E-82 and Z-82-vs-E-82.

Gene ID TF family log2Ratio (Z-59-vs-Z-82) log2Ratio (E-59-vs-E-82) log2Ratio (Z-82-vs-E-82)

Bv_07170_ishy.t1 zf-HD 9.94 3.72 2.15

Bv8_193570_hpsu.t1 C2H2 3.90 3.64 1.01

Bv9_229380_fkap.t1 WRKY 3.53 3.37 1.13

Bv1_012110_zfms.t1 Dof 1.35 3.29 1.99

Bv1_012090_yjik.t1 Dof 2.48 3.16 1.39

Bv6_130710_cdca.t1 Dof 1.52 1.30 5.45

https://doi.org/10.1371/journal.pone.0175454.t004

Fig 10. Comparisons of the gene expression as determinated by RNA-Seq and qRT-PCR analyses, respectively. (A) Expression pattern

validation of transcriptomic data in SD13829 or BS02 by qRT-PCR. (B) Expression pattern validation of selected genes in another E-type cultivar

ST13092. (C) Expression pattern validation of selected genes in another Z-type cultivar ND0905. (D) Comparisons of the selected gene expression in

the comparison of Z-82-vs-E-82 determined by RNA-Seq and ND0905-82-vs-ST13092-82 determined by qRT-PCR. Gene ID, abbreviation and

primer of target gene were shown in S9 Table.

https://doi.org/10.1371/journal.pone.0175454.g010
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other stages (Fig 2A and 2B). Therefore, the elementary stage of taproot development was 37

DAE. The numbers of specifically expressed genes at other stages were relatively constant in

both cultivars (Fig 2A and 2B). But the function of the specifically expressed genes in each

stage was different from the others. One of the reasons for this constancy is that different spe-

cifically expressed genes are required for different growth stages of taproots. More DEGs were

identified at 82 and 113 DAEs (Fig 3), suggesting that the molecular regulation of taproot

development was more activity at these stages. In every stepwise comparison, the different

number of DEGs and of up- and down-regulated genes is relatively similar between E-type

and Z-type; however, it seems that the number of genes specifically activated/repressed in that

time lapse follows a different pattern for the two genotypes (Fig 4A and 4B). Therefore, the

stage-determining genes are more or less the same, but they are regulated at slightly different

times in the two sugar beet types. The analyses of concurrently up- and down-regulated genes

(Fig 4A and 4B) showed that 59 DAE and 82 DAE were the more active growth stages for the

molecular regulation of taproot development. Therefore, we perform further analyses of DEGs

at the stages of 59 DAE and 82 DAE.

In the studies on the taproot development of radish and carrot, several key GO terms (such

as cell wall, cytoskeleton, and regulation of biological process) have been identified [11, 12,

45]. These GO terms reflected the major physiological events of storage root development. In

order to annotate the DEGs in the 8 stepwise comparisons, we performed GO enrichment

analyses, and found that three GO terms including cell wall, cytoskeleton and enzyme linked

receptor protein signaling pathway (the child term of regulation of biological process) were

enriched at 82 DAE when taproot turned into the rapidest growth stage. Among these DEGs,

the up-regulated genes at 82 DAE included genes encoding pectinesterase and beta-glucosi-

dase (bglB) involved in cell wall elongation [46], dynein light chain LC8-type, kinesin family

member C2/C3 and anaphase-promoting complex subunit 3 that regulate mitosis in transcrip-

tional level [47–50], FERONIA receptor-like kinase (FER) [51], gibberellin-regulated protein

1, protein brassinosteroid insensitive 1 [52, 53], and receptor-like protein kinase HAIKU2 [54,

55] involved in the signal transduction of plant development and the controlling of cell size

[56, 57] (S7 Table). These results suggest that DEGs enriched in these three GO terms were

responsible for the rapid growth of taproot [13] via the regulation of cell wall elongation,

which depends on cell growth, mitosis, and cell wall sensing signal transduction.

KEGG pathway enrichment analyses has been used as a powerful tool to understand the

functions of biological systems in plants [58]. Previously, it was reported that plant hormone

signal transduction pathway, zeatin biosynthesis pathway and secondary metabolite biosynthe-

sis pathway were associated with taproot development [59], and the starch and sucrose meta-

bolic pathway was also involved in the secondary root thickening in radish [11]. Here, we

demonstrate that these genes may regulate taproot growth together. KEGG pathway enrich-

ment analyses of DEGs in the comparisons of E-59-vs-E-82 and Z-59-vs-Z-82 were carried

out. In the comparisons of E-59-vs-E-82 and Z-59-vs-Z-82, a total number of 170 and 158

DEGs were significantly enriched in the plant hormone signal transduction pathway, respec-

tively (S2 Table). Therefore, similar to the observations in radish [59], plant hormone signal

transduction pathway was involved in the regulation of taproot growth rates from 59 to 82

DAE. However, different from the results in radish [59], the brassinosteroid biosynthesis path-

way was enriched in the comparisons of E-37-vs-E-59 and Z-37-vs-Z-59 in our study (S2

Table), suggesting that the growth strategy of sugar beet taproot, which was mainly regulated

by brassinosteroid, is different from that of radish. The starch and sucrose metabolism path-

way was enriched in the comparisons of E-113-vs-E-134 (S2 Table). But the plant hormone

signal transduction pathway was enriched only in the comparison of E-113-vs-E-134 (S2
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Table). Therefore, both pathways could be involved in the functional transition from taproot

growth to sucrose accumulation at the growth stages from 113 to 134 DAE.

A set of plant hormones (i.e. brassinosteroid, auxin, cytokinin and GA) have been studied

in root development in the model plant species such as Arabidopsis and rice [24, 60, 61], or

non-model species producing storage root such as radish, sweet potato and sugar beet [5, 42,

59]. In taproot with tertiary structure, cellular communication is very important for the coor-

dinating division and growth of cambium cells [24]. Brassinosteroid, which functions as cellu-

lar signaling molecular, can improve root cell division and growth in plants [60, 62]. So we

further analyzed DEGs involved in brassinosteroid biosynthesis, metabolism and signal trans-

duction during taproot development (Fig 6A and 6B). The expression of CYP90A1, encoding

the rate-limiting enzyme steroid hydroxylase in brassinosteroid biosynthesis, was up-regulated

at 82 DAE compared to that at 59 DAE. Interestingly, only 1 in E-type, but 5 in Z-type, of

CYP734A1orthologues, which is also involved in the regulation of brassinosteroid metabolism,

were up-regulated at 82 DAE [63]. Therefore, the higher brassinosteroid content (data not

shown) in the E-type cultivar SD13829, which was related to the faster growth of taproot, may

be due to the relatively lower metabolic activity in it [60].

Brassinosteroid signal transduction also plays a crucial role in taproot development [12]. In

higher plants, the activity of BZR1/2, the transcription factor of brassinosteroid signal trans-

duction pathway [64], is mainly regulated by dephosphorylation at post transcription level

[65]. At 82 DAE, only 1 of BZR1/2 orthologue was down-regulated in the E-type (Fig 6B). The

expression level of TCH4, a xyloglucan:xyloglucosyl transferase encoding gene, showed similar

expression pattern to the taproot growth rate in both E-type and Z-type (Fig 6B). We postu-

lated that TCH4 could also be involved in the taproot growth of sugar beet. This postulation is

also partially supported by previous studies in sugar beet [5] and radish [66].

In Arabidopsis, it has been well documented that both brassinosteroid and auxin signaling

work together to regulate root development [60, 62, 67, 68]. At the growth stages from 59 DAE

to 82 DAE, of the three YUCCA orthologues, one was down-regulated in both E-type and Z-

type, one was up-regulated in the Z-type, and the other one was down-regulated in the E-type

(Fig 7A). The expression of important components in auxin signal transduction pathway (ARF,

AUX/IAA, GH3 and SUAR) followed an opposite pattern with the rate of taproot growth (Fig

7B). Similar results were also observed in the roots of Arabidopsis [60]. In plants, optimal root

growth requires a balance between the antagonistic actions of brassinosteroid and auxin [60,

67]. Our results imply that in opposite to their synergistic functions in shoots, brassinosteroid

and auxin work antagonistically in taproot to regulate the spatiotemporal balance of secondary

cambium cell dynamics. Therefore, the functional integration of auxin and brassinosteroid is

important for optimal taproot growth.

In radish, in addition to brassinosteroid and auxin, cytokinin is also an important regulator

which drives the radial storage root growth via controlling cell proliferation in the secondary

cambium [69]. But in sugar beet, it is not clear whether cytokinin signalling regulates taproot

growth. As shown in Fig 8B, a total number of 9 B-ARR orthologues were up-regulated at the

growth stages from 37 DAE to 59 DAE. A total number of 6 B-ARR orthologues were down-

regulated at the growth stage of 82 DAE (Fig 8B). Therefore, when taproot turned into rapid

growth stages from 37 to 82 DAE, B-ARR worked actively, with the highest activity at 59 DAE.

Similar results were also reported in radish [59]. Based on these analyses, we conclude that

cytokinin signal transduction pathway also plays a critical role in taproot growth.

In sugar beet, gibberellin activity was well correlated with the period of rapid cell enlarge-

ment at the temporal scale [6]. GA20-ox was preferentially expressed during late development,

while GA2-ox was preferentially expressed during early development [5]. In our study, similar

expression patterns of them were observed, with an earlier predominant expression of GA20-ox
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in both E-type and Z-type, and GA2-ox in the Z-type (Fig 9A). The expression of GA3-ox fol-

lowed a similar pattern to that of GA20-ox. These results demonstrate that gibberellin functions

in cell enlargement during the later development since 59 DAE.

In addition to taproot yield, taproot sucrose content is another economically important

character. We analyzed the expressions of sucrose metabolic enzymes, including SPS, SS and

SI, which not only regulate phloem unloading and import of sucrose into taproots [70–72],

but also provide energy and substance for cell growth [73, 74]. As shown in Fig 9B, 1 SPS
orthologue was up-regulated following the transition of rapid growth stage in both cultivars.

The expression of Bv7_173910_jyup.t1 encoding a beta-fructofuranosidase (cell-wall invertase-

like) followed a similar pattern with an up-regulation at 59 DAE. These results were different

from the previous report that neither SPS nor SI orthologues were differentially expressed [5].

One explanation is that DEGs were identified by rational sampling and advanced sequence

technology in our study.

In previous studies with radish and sweet potato, SS was the most actively expressed gene

compared to SPS and SI in sucrose metabolism, and was related to storage root development

[9, 66]. Similar to the results in radish [11], 2 of 3 main SS orthologues, which showed much

higher expression levels than the other SS family members, were up-regulated at 59 DAE (Fig

9B). The other one showed a higher expression level at the growth stages of 37 and 59 DAE

compared to the later developmental stages (Fig 9B), which was consistent with the previous

microarray analyses in sugar beet taproot development [5]. In addition, Bv7_164110_jmqz.t1
and Bv7_164110_jmqz.t2, the product of alternative splicing, showed different expression pat-

terns. The expression level of Bv7_164110_jmqz.t1was up-regulated 2.10 and 3.32 folds in

both E-type and Z-type at 59 DAE, respectively, and was up-regulated 2.25 folds in the E-type

than that in the Z-type at 37 DAE. But, the expression of Bv7_164110_jmqz.t2was only down-

regulated 0.37 fold in the Z-type at 134 DAE. These results suggest that SS could be involved in

the later development stages of taproot growth, and the early development stages of sucrose

accumulation. The sharp decrease of sucrose content from 82 to 95 DAE could be due to the

faster cell growth and sucrose metabolism.

Based on the molecular regulatory mechanism of taproot growth, we analyzed the DEGs in

the genotype comparisons to gain insight into the type-determining molecular mechanism. As

discussion above, DEGs enriched in the GO terms of cell wall, cytoskeleton and enzyme linked

receptor protein signaling pathway were related to the rapid growth of taproot. We found that

the cell wall GO term was also enriched in the comparison of Z-82-vs-E-82. In the comparison

of Z-113-vs-E-113, three GO terms, cell wall, cell periphery and external encapsulating struc-

ture, were significantly enriched. Therefore, DEGs enriched in the cell wall GO term could be

responsible for the difference of taproot growth rate that occurred between both E-type and Z-

type at 82 and 113 DAEs. Among these DEGs, the up-regulated genes in the E-type at 82 DAE

included genes encoding beta-glucosidase (bglB) involved in cell wall elongation [46], and

genes encoding FERONIA receptor-like kinase (FER) [51] involved in the signal transduction

of plant development and the controlling of cell size [56, 57] (S7 Table). And two genes, bglB
and FER, that may be involved in determining the taproot growth rate, were up-regulated.

These results suggest that DEGs enriched in the cell wall GO term were responsible for the

rapid growth of taproot [13].

We further analyzed the KEGG pathway that may be related to the type-determining of

sugar beet cultivar. The plant hormone signal transduction pathway was related to the rapid

growth of taproot at 82 DAE. And in the paired comparison of Z-82-vs-E-82, a total number

of 107 DEGs were enriched in plant hormone signal transduction pathway with a Q value of

0.05437378. Therefore, plant hormone signal transduction pathway might also be responsible

for the different taproot growth rates between the E-type and the Z-type at 82 DAE [59]. The
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brassinosteroid biosynthesis pathway was enriched in the comparison Z-59-vs-E-59 (S2

Table), suggesting that the different growth strategy between the E-type and the Z-type culti-

vars was mainly regulated by brassinosteroid. Same as all of other comparisons, plant-patho-

gen interaction pathway was enriched in the comparison of Z-113-vs-E-113, suggesting that

both E-type and Z-type cultivars were subjected to different pathogen pressures at 5 stages.

This could be due to the field growth on the farm where pathogens were widespread. In addi-

tion, the starch and sucrose metabolism pathway was enriched in the comparisons of Z-

134-vs-E-134. Therefore, this pathway could be involved in the different sucrose accumulation

between the E-type and the Z-type at 134 DAE. In the comparison of Z-134-vs-E-134, DEGs

were involved not only in the starch and sucrose metabolism pathways, but also in the biosyn-

thesis of secondary metabolite and branched-chain amino acid degradation pathways (S2

Table).

A set of plant hormones (i.e. brassinosteroid, auxin, cytokinin and GA) have been analyzed

in the taproot development to understand how these hormones regulate the rate of taproot

growth in both E-type and Z-type cultivar. At either 59 DAE or 82 DAE, no significant expres-

sion difference of CYP90A1was observed in both E-type and Z-type. And, the expression level

of TCH4was higher in the E-type than in the Z-type at 82 DAE (Fig 6B). Since TCH4 functions

as a cell wall-loosening enzyme [75, 76], we postulated that TCH4 could also be involved in the

higher taproot growth rate of two E-type. This postulation is similar to the previous studies in

sugar beet [5]. The higher expression of CYCD3 in the Z-type than in the E-type suggests that

cell proliferation in the secondary meristem of the tertiary structure were more active in the Z-

type cultivar (Fig 6B). Based on these observations, we infer that the growth strategy of the E-

type cultivar was relatively focused on cell enlargement promoted by brassinosteroid signaling,

while that of the Z-type was relatively focused on cell division. This conclusion was also sup-

ported by the anatomy analysis of taproots at 59 DAE and 82 DAE (data not shown), and the

study on taproot sucrose content and cell size of Milford [7]. Therefore, the rapid taproot

growth could have been promoted by the different growth strategy in the E-type cultivar.

Both brassinosteroid and auxin signaling work together to regulate the development of tap-

root. The expression level of 1 YUCCA orthologue was higher in the E-type cultivar from 82 to

134 DAE (Fig 7A). But, the expression of ARF, AUX/IAA, GH3 and SUAR followed an inverse

ratio with the rate of taproot growth between both E-type and Z-type cultivars (Fig 7B). Similar

results were also observed in the roots of Arabidopsis [60]. Therefore the functional integration

of auxin and brassinosteroid is important for the determining of the growth rate of taproots.

In taproot development, in addition to brassinosteroid and auxin, cytokinin is another

important regulator. We found that the expression level of one of the three IPT orthologues

was higher in the E-type than in the Z-type cultivar at 59 DAE, while the expression levels of

the other two were lower in the E-type than in the Z-type cultivar at 82 DAE (Fig 8A). At 59

DAE, the expression level of 3 UGT76C1_2 orthologues was lower, while the other 2 ortholo-

gues was higher, in the E-type than in the Z-type cultivar. At the growth stages of 82 and 113

DAEs, the expression level of 5 and 3 UGT76C1_2orthologues were lower, respectively, in the

E-type than in the Z-type cultivar (Fig 8A). These results suggest that, relative to that of the Z-

type cultivar, the taproot of the E-type cultivar may possess a higher cytokinin activity at the

growth stage of 59 DAE. In addition, the expression level of B-ARR was significantly higher in

the E-type cultivar at 82 DAE (Fig 8B), suggesting that cytokinin signal transduction pathway

also plays a role in regulating the growth rate of taproot.

In taproot development, gibberellin activity was related to the rapid cell enlargement at the

temporal scale [6]. During the growth stages from 59 and 134 DAE, the expression levels of 1

GA20-ox orthologue and 1 GA2-ox orthologue were higher in the E-type than in the Z-type cul-

tivar (Fig 9A). The higher expression level of GA20-ox and GA2-ox occurred at the same time
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in the E-type cultivar points to the importance of gibberellin synthesis and homeostasis in tap-

root development of the E-type cultivar, although more details studies are still needed to dis-

sect the molecular mechanism.

In addition to GO and KEGG enrichment analyses, we also analyzed differentially

expressed TF genes. As shown in Table 4, six genes of four TF families, including zf-HD,

C2H2, WRKY and Dof, possibly required for rapid taproot growth, were concurrently up-reg-

ulated in the comparisons of Z-59-vs-Z-82 and E-59-vs-E-82, when taproot shifted to a rapid

growth stage, and in the comparison of Z-82-vs-E-82, when the E-type cultivar taproot grew

faster than did the Z-type taproot. Members of zf-HD family are related to intercellular traffick-

ing [77], stem growth [78] and hormone signaling [79]. C2H2 family members are the major

regulator in cell fate determination in Arabidopsis [80], and play an important role in Medicago
truncatula root enhancement [81]. The members of the WRKY family, GmWRKY13, were

involved in promoting lateral root development regulated by the auxin signaling pathway [82].

Furthermore, WRKY22 and WEKY27 were involved in the storage root development of sweet

potato. In Arabidopsis, WRKY12 plays a role in restraining the ectopic deposition of lignin,

xylan and cellulose in secondary walls of pith cells [83]. Members of DOF family, characterized

with a conserved region of 50 amino acids with a C2-C2 finger structure involved in the regula-

tion of genes for carbon metabolism [84], undertake an important role in vascular development

and interfascicular cambium formation [85–88]. Taken together, these results indicate that tran-

scriptional factors could drive the growth rate of taproot through regulating intercellular traf-

ficking, cell fate determination, auxin signalling, secondary wall strength, and carbohydrate

metabolism. Therefore, brassinosteroid, auxin, and cytokinin signaling promoted secondary

cambial cell division before taproot turned into rapid growth.

In addition to taproot weight, the difference of sucrose content also existed between two

cultivars. The expression level of Bv2_031430_mgoq.t1 (SPS) was significantly higher (3.27

folds) at 59 DAE, whereas lower (0.32 fold) at 113 DAEs, in the E-type than in the Z-type culti-

var (Fig 9B). The expression level of Bv7_173910_jyup.t1 (SI) was higher (2.24 folds) in the E-

type than in the Z-type cultivar at 113 DAE (Fig 9B). Therefore, the slower sucrose content

increase in the E-type cultivar was correlated to the expression level of Bv2_031430_mgoq.t1
and Bv7_173910_jyup.t1 at 113 DAE, but was not significantly correlated to the expression

level of SPS and SI at 59 DAE.

In order to test the universality of this study, the expression pattern of some crucial genes at

59 and 82 DAEs, in another E-type cultivar ST13092 and another Z-type cultivar ND0905,

were compared against the RNA-seq results of the E-type cultivar SD13829 and the Z-type cul-

tivar BS02 (Fig 10B–10D). As shown in Fig 10B–10D, at both growth stages, the expression

patterns of these genes in ST13092 and ND0905 were respectively similar to that in SD13829

and BS02. But, the expression of TCH4_psrc.t1 in ND0905, unlike in BS02, was down-regu-

lated at 82 DAE, whereas TCH4_ydci.t1was significantly up-regulated in ND0905, even

though it was not significantly up-regulated in BS02 (Fig 10C). These results imply that differ-

ent orthologue of TCH4 are involved in the taproot growth of different cultivars, but TCH4
always play an important role in both types of cultivars.

GA signaling mainly functions in the transition period before taproot turned into rapid

growth. An antagonistic expression pattern of brassinosteroid- and auxin-related genes in tap-

roots was detected in the rapid growth stage of taproots at 82 DAE. In the E-type cultivar

SD13829, the growth strategy was relatively focused on cell enlargement promoted by brassi-

nosteroid signaling, whereas in the Z-type cultivar BS02, it was relatively focused on secondar-

ily cambial cell division regulated by cytokinin, auxin and brassinosteroid signaling. The

primary cause for high yield and low sucrose content in the two cultivars was not caused by

enzymes in sucrose metabolism but the rate of cell enlargement that was promoted by
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brassinosteroid signaling. In conclusion, our data demonstrate that the weight and sucrose

content of taproot in sugar beet rely on its growth strategy, which is controlled by the biosyn-

thesis and signaling of brassinosteroid, auxin, cytokinin and gibberellin.

Supporting information

S1 Table. GO enrichment analyses of DEGs.

(XLS)

S2 Table. KEGG pathway enrichment analyses of DEGs.

(XLS)

S3 Table. Analyses of DEGs in plant hormone signal transduction pathway for E-59-vs-E-

82.

(XLS)

S4 Table. Expression level of genes involved plant hormone biosynthesis and metabolism.

(XLS)

S5 Table. Expression pattern of transcription factor and early response gene of plant hor-

mone signal transduction pathway.

(XLS)

S6 Table. Expression pattern of sucrose metabolism genes.

(XLS)

S7 Table. Up-regulated gene expression of GO terms involved in taproot growth.

(XLS)

S8 Table. GO accession numbers of GO terms.

(XLS)

S9 Table. Primers used in this study.

(XLS)

Acknowledgments

We thank Ms. Jessie Zhang (McMaster University, Canad), Mr. Jiehui Guanzhang (University

of Toronto, Canada) and Prof. Karen Fugate (Agricultural Research Service, United States

Department of Agriculture, USA) for the critical reading and comments on this manuscript.

Author Contributions

Conceptualization: SYZ YFZ.

Data curation: SYZ.

Formal analysis: YFZ.

Funding acquisition: SYZ.

Investigation: YFZ.

Methodology: YFZ.

Project administration: SYZ GLL YQS YFZ.

Resources: SYZ GLL.

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 23 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175454.s009
https://doi.org/10.1371/journal.pone.0175454


Software: YFZ.

Supervision: SYZ GLL YQS.

Validation: YFZ XFW.

Visualization: YFZ.

Writing – original draft: YFZ.

Writing – review & editing: SYZ.

References
1. Dohm JC, Minoche AE, Holtgrawe D, Capella-Gutierrez S, Zakrzewski F, Tafer H, et al. The genome of

the recently domesticated crop plant sugar beet (Beta vulgaris). Nature. 2014; 505: 546–549. https://

doi.org/10.1038/nature12817 PMID: 24352233

2. Bellin D, Werber M, Theis T, Schulz B, Weisshaar B, Schneider K. EST Sequencing, Annotation and

Macroarray Transcriptome Analysis Identify Preferentially Root-Expressed Genes in Sugar Beet. Plant

Biology. 2002; 4: 700–710.

3. Herwig R, Schulz B, Weisshaar B, Hennig S, Steinfath M, Drungowski M, et al. Construction of a ’uni-

gene’ cDNA clone set by oligonucleotide fingerprinting allows access to 25 000 potential sugar beet

genes. Plant Journal. 2002; 32: 845–857. PMID: 12472698

4. Trebbi D, McGrath JM. Functional differentiation of the sugar beet root system as indicator of develop-

mental phase change. Physiologia Plantarum. 2009; 135: 84–97. https://doi.org/10.1111/j.1399-3054.

2008.01169.x PMID: 19121102

5. Bellin D, Schulz B, Soerensen TR, Salamini F, Schneider K. Transcript profiles at different growth

stages and tap-root zones identify correlated developmental and metabolic pathways of sugar beet. J

Exp Bot. 2007; 58: 699–715. https://doi.org/10.1093/jxb/erl245 PMID: 17307746

6. Elliott MC, Weston GD. Biology and physiology of the sugar-beet plant. In: Cooke DA, Scott RK, editors.

The Sugar Beet Crop. World Crop Series: Springer Netherlands; 1993. pp. 37–66.

7. MILFORD GFJ. The growth and development of the storage root of sugar beet. Annals of Applied Biol-

ogy. 1973; 75: 427–438.

8. Leigh RA, Rees T, Fuller WA, Banfield J. The location of acid invertase activity and sucrose in the vacu-

oles of storage roots of beetroot (Beta vulgaris). The Biochemical journal. 1979; 178: 539–547. PMID:

454363

9. Li XQ, Zhang DP. Gene expression activity and pathway selection for sucrose metabolism in developing

storage root of sweet potato. Plant and Cell Physiology. 2003; 44: 630–636. PMID: 12826628

10. Roh SW, Abell GCJ, Kim K-H, Nam Y-D, Bae J-W. Comparing microarrays and next-generation

sequencing technologies for microbial ecology research. Trends in Biotechnology. 2010; 28: 291–299.

https://doi.org/10.1016/j.tibtech.2010.03.001 PMID: 20381183

11. Mitsui Y, Shimomura M, Komatsu K, Namiki N, Shibata-Hatta M, Imai M, et al. The radish genome and

comprehensive gene expression profile of tuberous root formation and development. Scientific Reports.

2015; 5.

12. Wang GL, Jia XL, Xu ZS, Wang F, Xiong AS. Sequencing, assembly, annotation, and gene expression:

novel insights into the hormonal control of carrot root development revealed by a high-throughput tran-

scriptome. Molecular Genetics and Genomics. 2015; 290: 1379–1391. https://doi.org/10.1007/s00438-

015-0999-5 PMID: 25666462

13. Firon N, LaBonte D, Villordon A, Kfir Y, Solis J, Lapis E, et al. Transcriptional profiling of sweetpotato

(Ipomoea batatas) roots indicates down-regulation of lignin biosynthesis and up-regulation of starch bio-

synthesis at an early stage of storage root formation. Bmc Genomics. 2013; 14.

14. Tao X, Gu YH, Wang HY, Zheng W, Li X, Zhao CW, et al. Digital Gene Expression Analysis Based on

Integrated De Novo Transcriptome Assembly of Sweet Potato [Ipomoea batatas (L.) Lam.]. Plos One.

2012; 7.

15. Chen X, Xia J, Xia ZQ, Zhang HF, Zeng CY, Lu C, et al. Potential functions of microRNAs in starch

metabolism and development revealed by miRNA transcriptome profiling of cassava cultivars and their

wild progenitor. Bmc Plant Biology. 2015; 15.

16. Li JJ, Ding Q, Wang FD, Zhang YH, Li HY, Gao JW. Integrative Analysis of mRNA and miRNA Expres-

sion Profiles of the Tuberous Root Development at Seedling Stages in Turnips. Plos One. 2015; 10.

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 24 / 28

https://doi.org/10.1038/nature12817
https://doi.org/10.1038/nature12817
http://www.ncbi.nlm.nih.gov/pubmed/24352233
http://www.ncbi.nlm.nih.gov/pubmed/12472698
https://doi.org/10.1111/j.1399-3054.2008.01169.x
https://doi.org/10.1111/j.1399-3054.2008.01169.x
http://www.ncbi.nlm.nih.gov/pubmed/19121102
https://doi.org/10.1093/jxb/erl245
http://www.ncbi.nlm.nih.gov/pubmed/17307746
http://www.ncbi.nlm.nih.gov/pubmed/454363
http://www.ncbi.nlm.nih.gov/pubmed/12826628
https://doi.org/10.1016/j.tibtech.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20381183
https://doi.org/10.1007/s00438-015-0999-5
https://doi.org/10.1007/s00438-015-0999-5
http://www.ncbi.nlm.nih.gov/pubmed/25666462
https://doi.org/10.1371/journal.pone.0175454


17. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.

2009; 25: 1754–1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

18. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA

sequences to the human genome. Genome Biology. 2009; 10.

19. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-

ence genome. Bmc Bioinformatics. 2011; 12.

20. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and quantifying mammalian tran-

scriptomes by RNA-Seq. Nature Methods. 2008; 5: 621–628. https://doi.org/10.1038/nmeth.1226

PMID: 18516045

21. Audic S, Claverie JM. The significance of digital gene expression profiles. Genome research. 1997; 7:

986–995. PMID: 9331369

22. Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide expres-

sion patterns. Proceedings of the National Academy of Sciences of the United States of America. 1998;

95: 14863–14868. PMID: 9843981

23. Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. Blast2GO: a universal tool for anno-

tation, visualization and analysis in functional genomics research. Bioinformatics. 2005; 21: 3674–

3676. https://doi.org/10.1093/bioinformatics/bti610 PMID: 16081474

24. Zhai R, Feng Y, Wang H, Zhan X, Shen X, Wu W, et al. Transcriptome analysis of rice root heterosis by

RNA-Seq. BMC Genomics. 2013; 14.

25. Deng W, Wang Y, Liu Z, Cheng H, Xue Y. HemI: A Toolkit for Illustrating Heatmaps. Plos One. 2014; 9.

26. Cheadle C, Vawter MP, Freed WJ, Becker KG. Analysis of microarray data using Z score transforma-

tion. Journal of Molecular Diagnostics. 2003; 5: 73–81. https://doi.org/10.1016/S1525-1578(10)60455-

2 PMID: 12707371

27. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods (San Diego, Calif). 2001; 25: 402–408.

28. Choe S, Dilkes BP, Fujioka S, Takatsuto S, Sakurai A, Feldmann KA. The DWF4 gene of Arabidopsis

encodes a cytochrome P450 that mediates multiple 22alpha-hydroxylation steps in brassinosteroid bio-

synthesis. The Plant cell. 1998; 10: 231–243. PMID: 9490746

29. Bancos S, Nomura T, Sato T, Molnar G, Bishop GJ, Koncz C, et al. Regulation of transcript levels of the

Arabidopsis cytochrome P450 genes involved in brassinosteroid biosynthesis. Plant Physiology. 2002;

130: 504–513. https://doi.org/10.1104/pp.005439 PMID: 12226529

30. Zhao Y. Auxin Biosynthesis: A Simple Two-Step Pathway Converts Tryptophan to Indole-3-Acetic Acid

in Plants. Molecular Plant. 2012; 5: 334–338. https://doi.org/10.1093/mp/ssr104 PMID: 22155950

31. Miyawaki K, Tarkowski P, Matsumoto-Kitano M, Kato T, Sato S, Tarkowska D, et al. Roles of Arabidop-

sis ATP/ADP isopentenyltransferases and tRNA isopentenyltransferases in cytokinin biosynthesis. Pro-

ceedings of the National Academy of Sciences of the United States of America. 2006; 103: 16598–

16603. https://doi.org/10.1073/pnas.0603522103 PMID: 17062755

32. Yamaguchi S, Smith MW, Brown RG, Kamiya Y, Sun T. Phytochrome regulation and differential expres-

sion of gibberellin 3beta-hydroxylase genes in germinating Arabidopsis seeds. The Plant cell. 1998; 10:

2115–2126. PMID: 9836749

33. Gilmour SJ, Bleecker AB, Zeevaart JA. Partial purification of gibberellin oxidases from spinach leaves.

Plant physiology. 1987; 85: 87–90. PMID: 16665690

34. Turk EM, Fujioka S, Seto H, Shimada Y, Takatsuto S, Yoshida S, et al. BAS1 and SOB7 act redundantly

to modulate Arabidopsis photomorphogenesis via unique brassinosteroid inactivation mechanisms.

Plant Journal. 2005; 42: 23–34. https://doi.org/10.1111/j.1365-313X.2005.02358.x PMID: 15773851

35. Hou BK, Lim EK, Higgins GS, Bowles DJ. N-glucosylation of cytokinins by glycosyltransferases of Ara-

bidopsis thaliana. Journal of Biological Chemistry. 2004; 279: 47822–47832. https://doi.org/10.1074/

jbc.M409569200 PMID: 15342621

36. Thomas SG, Phillips AL, Hedden P. Molecular cloning and functional expression of gibberellin 2- oxi-

dases, multifunctional enzymes involved in gibberellin deactivation. Proceedings of the National Acad-

emy of Sciences of the United States of America. 1999; 96: 4698–4703. PMID: 10200325

37. Wang ZY, Nakano T, Gendron J, He JX, Chen M, Vafeados D, et al. Nuclear-localized BZR1 mediates

brassinosteroid-induced growth and feedback suppression of brassinosteroid biosynthesis. Develop-

mental Cell. 2002; 2: 505–513. PMID: 11970900

38. He JX, Gendron JM, Sun Y, Gampala SSL, Gendron N, Sun CQ, et al. BZR1 is a transcriptional repres-

sor with dual roles in brassinosteroid homeostasis and growth responses. Science. 2005; 307: 1634–

1638. https://doi.org/10.1126/science.1107580 PMID: 15681342

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 25 / 28

https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1038/nmeth.1226
http://www.ncbi.nlm.nih.gov/pubmed/18516045
http://www.ncbi.nlm.nih.gov/pubmed/9331369
http://www.ncbi.nlm.nih.gov/pubmed/9843981
https://doi.org/10.1093/bioinformatics/bti610
http://www.ncbi.nlm.nih.gov/pubmed/16081474
https://doi.org/10.1016/S1525-1578(10)60455-2
https://doi.org/10.1016/S1525-1578(10)60455-2
http://www.ncbi.nlm.nih.gov/pubmed/12707371
http://www.ncbi.nlm.nih.gov/pubmed/9490746
https://doi.org/10.1104/pp.005439
http://www.ncbi.nlm.nih.gov/pubmed/12226529
https://doi.org/10.1093/mp/ssr104
http://www.ncbi.nlm.nih.gov/pubmed/22155950
https://doi.org/10.1073/pnas.0603522103
http://www.ncbi.nlm.nih.gov/pubmed/17062755
http://www.ncbi.nlm.nih.gov/pubmed/9836749
http://www.ncbi.nlm.nih.gov/pubmed/16665690
https://doi.org/10.1111/j.1365-313X.2005.02358.x
http://www.ncbi.nlm.nih.gov/pubmed/15773851
https://doi.org/10.1074/jbc.M409569200
https://doi.org/10.1074/jbc.M409569200
http://www.ncbi.nlm.nih.gov/pubmed/15342621
http://www.ncbi.nlm.nih.gov/pubmed/10200325
http://www.ncbi.nlm.nih.gov/pubmed/11970900
https://doi.org/10.1126/science.1107580
http://www.ncbi.nlm.nih.gov/pubmed/15681342
https://doi.org/10.1371/journal.pone.0175454


39. Hosoda K, Imamura A, Katoh E, Hatta T, Tachiki M, Yamada H, et al. Molecular structure of the GARP

family of plant Myb-related DNA binding motifs of the Arabidopsis response regulators. Plant Cell. 2002;

14: 2015–2029. https://doi.org/10.1105/tpc.002733 PMID: 12215502

40. To JPC, Haberer G, Ferreira FJ, Deruere J, Mason MG, Schaller GE, et al. Type-A Arabidopsis

response regulators are partially redundant negative regulators of cytokinin signaling. Plant Cell. 2004;

16: 658–671. https://doi.org/10.1105/tpc.018978 PMID: 14973166

41. HE H. Chenopodiaceae: Beta vulgaris. In: TM C, editor. The Structure of Economic Plants. New York:

Macmillan; 1938. pp. 247–282.

42. Wang Z, Fang B, Chen X, Liao M, Chen J, Zhang X, et al. Temporal patterns of gene expression associ-

ated with tuberous root formation and development in sweetpotato (Ipomoea batatas). Bmc Plant Biol-

ogy. 2015; 15.

43. Qu JZ, Ma C, Feng JJ, Xu ST, Wang L, Li FF, et al. Transcriptome Dynamics during Maize Endosperm

Development. Plos One. 2016; 11.

44. Yang J, Zhang F, Li J, Chen JP, Zhang HM. Integrative Analysis of the microRNAome and Transcrip-

tome Illuminates the Response of Susceptible Rice Plants to Rice Stripe Virus. Plos One. 2016; 11.

45. Yu RG, Wang J, Xu L, Wang Y, Wang RH, Zhu XW, et al. Transcriptome Profiling of Taproot Reveals

Complex Regulatory Networks during Taproot Thickening in Radish (Raphanus sativus L.). Frontiers in

Plant Science. 2016; 7.

46. Moustacas AM, Nari J, Borel M, Noat G, Ricard J. Pectin methylesterase, metal ions and plant cell-wall

extension. The role of metal ions in plant cell-wall extension. The Biochemical journal. 1991; 279 (Pt 2):

351–354.

47. Xiao F, Weng J, Fan K, Wang W. Mechanism of Ser88 Phosphorylation-Induced Dimer Dissociation in

Dynein Light Chain LC8. Journal of Physical Chemistry B. 2010; 114: 15663–15672.

48. Mary H, Fouchard J, Gay G, Reyes C, Gauthier T, Gruget C, et al. Fission yeast kinesin-8 controls chro-

mosome congression independently of oscillations. Journal of Cell Science. 2015; 128: 3720–3730.

https://doi.org/10.1242/jcs.160465 PMID: 26359299

49. Marrocco K, Bergdoll M, Achard P, Criqui M-C, Genschik P. Selective proteolysis sets the tempo of the

cell cycle. Current Opinion in Plant Biology. 2010; 13: 631–639. https://doi.org/10.1016/j.pbi.2010.07.

004 PMID: 20810305

50. Rojas CA, Eloy NB, Lima MdF, Rodrigues RL, Franco LO, Himanen K, et al. Overexpression of the Ara-

bidopsis anaphase promoting complex subunit CDC27a increases growth rate and organ size. Plant

Molecular Biology. 2009; 71: 307–318. https://doi.org/10.1007/s11103-009-9525-7 PMID: 19629716

51. Cheung AY, Wu H-M. THESEUS 1, FERONIA and relatives: a family of cell wall-sensing receptor

kinases? Current Opinion in Plant Biology. 2011; 14: 632–641. https://doi.org/10.1016/j.pbi.2011.09.

001 PMID: 21963060

52. She J, Han Z, Kim T-W, Wang J, Cheng W, Chang J, et al. Structural insight into brassinosteroid per-

ception by BRI1. Nature. 2011; 474: 472–476. https://doi.org/10.1038/nature10178 PMID: 21666666

53. Jiang W-B, Huang H-Y, Hu Y-W, Zhu S-W, Wang Z-Y, Lin W-H. Brassinosteroid Regulates Seed Size

and Shape in Arabidopsis. Plant Physiology. 2013; 162: 1965–1977. https://doi.org/10.1104/pp.113.

217703 PMID: 23771896

54. Luo M, Dennis ES, Berger F, Peacock WJ, Chaudhury A. MINISEED3 (MINI3), a WRKY family gene,

and HAIKU2 (IKU2), a leucine-rich repeat (LRR) KINASE gene, are regulators of seed size in Arabidop-

sis. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102:

17531–17536. https://doi.org/10.1073/pnas.0508418102 PMID: 16293693

55. Wang A, Garcia D, Zhang H, Feng K, Chaudhury A, Berger F, et al. The VQ motif protein IKU1 regulates

endosperm growth and seed size in Arabidopsis. Plant Journal. 2010; 63: 670–679. https://doi.org/10.

1111/j.1365-313X.2010.04271.x PMID: 20545893

56. Guo H, Li L, Ye H, Yu X, Algreen A, Yin Y. Three related receptor-like kinases are required for optimal

cell elongation in Arabidopsis thaliana. Proceedings of the National Academy of Sciences of the United

States of America. 2009; 106: 7648–7653. https://doi.org/10.1073/pnas.0812346106 PMID: 19383785

57. Li J, Chory J. A putative leucine-rich repeat receptor kinase involved in brassinosteroid signal transduc-

tion. Cell. 1997; 90: 929–938. PMID: 9298904

58. Seo D, Lee MH, Yu SJ. Development of Network Analysis and Visualization System for KEGG Path-

ways. Symmetry-Basel. 2015; 7: 1275–1288.

59. Sun Y, Qiu Y, Zhang X, Chen X, Shen D, Wang H, et al. Genome-wide identification of microRNAs

associated with taproot development in radish (Raphanus sativus L.). Gene. 2015; 569: 118–126.

https://doi.org/10.1016/j.gene.2015.05.044 PMID: 26013046

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 26 / 28

https://doi.org/10.1105/tpc.002733
http://www.ncbi.nlm.nih.gov/pubmed/12215502
https://doi.org/10.1105/tpc.018978
http://www.ncbi.nlm.nih.gov/pubmed/14973166
https://doi.org/10.1242/jcs.160465
http://www.ncbi.nlm.nih.gov/pubmed/26359299
https://doi.org/10.1016/j.pbi.2010.07.004
https://doi.org/10.1016/j.pbi.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20810305
https://doi.org/10.1007/s11103-009-9525-7
http://www.ncbi.nlm.nih.gov/pubmed/19629716
https://doi.org/10.1016/j.pbi.2011.09.001
https://doi.org/10.1016/j.pbi.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21963060
https://doi.org/10.1038/nature10178
http://www.ncbi.nlm.nih.gov/pubmed/21666666
https://doi.org/10.1104/pp.113.217703
https://doi.org/10.1104/pp.113.217703
http://www.ncbi.nlm.nih.gov/pubmed/23771896
https://doi.org/10.1073/pnas.0508418102
http://www.ncbi.nlm.nih.gov/pubmed/16293693
https://doi.org/10.1111/j.1365-313X.2010.04271.x
https://doi.org/10.1111/j.1365-313X.2010.04271.x
http://www.ncbi.nlm.nih.gov/pubmed/20545893
https://doi.org/10.1073/pnas.0812346106
http://www.ncbi.nlm.nih.gov/pubmed/19383785
http://www.ncbi.nlm.nih.gov/pubmed/9298904
https://doi.org/10.1016/j.gene.2015.05.044
http://www.ncbi.nlm.nih.gov/pubmed/26013046
https://doi.org/10.1371/journal.pone.0175454


60. Chaiwanon J, Wang Z-Y. Spatiotemporal Brassinosteroid Signaling and Antagonism with Auxin Pattern

Stem Cell Dynamics in Arabidopsis Roots. Current Biology. 2015; 25: 1031–1042. https://doi.org/10.

1016/j.cub.2015.02.046 PMID: 25866388

61. Petricka JJ, Winter CM, Benfey PN. Control of Arabidopsis Root Development. Plant Biology. 2012; 63:

563–590.

62. Sun Y, Fan XY, Cao DM, Tang WQ, He K, Zhu JY, et al. Integration of Brassinosteroid Signal Transduc-

tion with the Transcription Network for Plant Growth Regulation in Arabidopsis. Developmental Cell.

2010; 19: 765–777. https://doi.org/10.1016/j.devcel.2010.10.010 PMID: 21074725

63. Turk EM, Fujioka S, Seto H, Shimada Y, Takatsuto S, Yoshida S, et al. CYP72B1 inactivates brassinos-

teroid hormones: An intersection between photomorphogenesis and plant steroid signal transduction.

Plant Physiology. 2003; 133: 1643–1653. https://doi.org/10.1104/pp.103.030882 PMID: 14605216

64. Zhao J, Peng P, Schmitz RJ, Decker AD, Tax FE, Li JM. Two putative BIN2 substrates are nuclear com-

ponents of brassinosteroid signaling. Plant Physiology. 2002; 130: 1221–1229. https://doi.org/10.1104/

pp.102.010918 PMID: 12427989

65. Wang ZY, He JX. Brassinosteroid signal transduction—choices of signals and receptors. Trends in

Plant Science. 2004; 9: 91–96. https://doi.org/10.1016/j.tplants.2003.12.009 PMID: 15102375

66. Yu RG, Wang Y, Xu L, Zhu XW, Zhang W, Wang RH, et al. Transcriptome profiling of root microRNAs

reveals novel insights into taproot thickening in radish (Raphanus sativus L.). Bmc Plant Biology. 2015;

15.

67. Nagase T, Takase H, Sekiya J, Prieto R. The axhs1/dwf4 auxin-hypersensitive mutant of Arabidopsis

thaliana defines a link for integration of auxin and brassinosteroid mediated root elongation. Plant Bio-

technology. 2015; 32: 125–137.

68. Kim H, Park PJ, Hwang HJ, Lee SY, Oh MH, Kim SG. Brassinosteroid signals control expression of the

AXR3/IAA17 gene in the cross-talk point with auxin in root development. Bioscience Biotechnology and

Biochemistry. 2006; 70: 768–773.

69. Jang G, Lee J-H, Rastogi K, Park S, Oh S-H, Lee J-Y. Cytokinin-dependent secondary growth deter-

mines root biomass in radish (Raphanus sativus L.). Journal of Experimental Botany. 2015; 66: 4607–

4619. https://doi.org/10.1093/jxb/erv220 PMID: 25979997

70. Godt D, Roitsch T. The developmental and organ specific expression of sucrose cleaving enzymes in

sugar beet suggests a transition between apoplasmic and symplasmic phloem unloading in the tap

roots. Plant Physiology and Biochemistry. 2006; 44: 656–665. https://doi.org/10.1016/j.plaphy.2006.

09.019 PMID: 17095237

71. Li M, Feng F, Cheng L. Expression Patterns of Genes Involved in Sugar Metabolism and Accumulation

during Apple Fruit Development. Plos One. 2012; 7.

72. Fieuw S, Willenbrink J. Sugar transport and sugar-metabolizing enzymes in sugar beet storage roots

(Beta vulgaris ssp. altissima). Journal of Plant Physiology. 1990; 137: 216–223.

73. Cho J-I, Kim H-B, Kim C-Y, Hahn T-R, Jeon J-S. Identification and Characterization of the Duplicate

Rice Sucrose Synthase Genes OsSUS5 and OsSUS7 Which Are Associated with the Plasma Mem-

brane. Molecules and Cells. 2011; 31: 553–561. https://doi.org/10.1007/s10059-011-1038-y PMID:

21533550

74. Sturm A, Tang GQ. The sucrose-cleaving enzymes of plants are crucial for development, growth and

carbon partitioning. Trends in Plant Science. 1999; 4: 401–407. PMID: 10498964

75. Friedrichsen D, Chory J. Steroid signaling in plants: from the cell surface to the nucleus. BioEssays:

news and reviews in molecular, cellular and developmental biology. 2001; 23: 1028–1036.

76. Xu W, Purugganan MM, Polisensky DH, Antosiewicz DM, Fry SC, Braam J. Arabidopsis TCH4, regu-

lated by hormones and the environment, encodes a xyloglucan endotransglycosylase. The Plant cell.

1995; 7: 1555–1567. https://doi.org/10.1105/tpc.7.10.1555 PMID: 7580251

77. Kim JY, Rim Y, Wang L, Jackson D. A novel cell-to-cell trafficking assay indicates that the KNOX home-

odomain is necessary and sufficient for intercellular protein and mRNA trafficking. Genes & Develop-

ment. 2005; 19: 788–793.

78. Smith HMS, Campbell BC, Hake S. Competence to respond to floral inductive signals requires the

homeobox genes PENNYWISE and POUND-FOOLISH. Current Biology. 2004; 14: 812–817. https://

doi.org/10.1016/j.cub.2004.04.032 PMID: 15120075

79. Himmelbach A, Hoffmann T, Leube M, Hohener B, Grill E. Homeodomain protein ATHB6 is a target of

the protein phosphatase ABI1 and regulates hormone responses in Arabidopsis. Embo Journal. 2002;

21: 3029–3038. https://doi.org/10.1093/emboj/cdf316 PMID: 12065416

80. Yan A, Wu M, Zhao Y, Zhang A, Liu B, Schiefelbein J, et al. Involvement of C2H2 zinc finger proteins in

the regulation of epidermal cell fate determination in Arabidopsis. Journal of Integrative Plant Biology.

2014; 56: 1112–1117. https://doi.org/10.1111/jipb.12221 PMID: 24862531

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 27 / 28

https://doi.org/10.1016/j.cub.2015.02.046
https://doi.org/10.1016/j.cub.2015.02.046
http://www.ncbi.nlm.nih.gov/pubmed/25866388
https://doi.org/10.1016/j.devcel.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21074725
https://doi.org/10.1104/pp.103.030882
http://www.ncbi.nlm.nih.gov/pubmed/14605216
https://doi.org/10.1104/pp.102.010918
https://doi.org/10.1104/pp.102.010918
http://www.ncbi.nlm.nih.gov/pubmed/12427989
https://doi.org/10.1016/j.tplants.2003.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15102375
https://doi.org/10.1093/jxb/erv220
http://www.ncbi.nlm.nih.gov/pubmed/25979997
https://doi.org/10.1016/j.plaphy.2006.09.019
https://doi.org/10.1016/j.plaphy.2006.09.019
http://www.ncbi.nlm.nih.gov/pubmed/17095237
https://doi.org/10.1007/s10059-011-1038-y
http://www.ncbi.nlm.nih.gov/pubmed/21533550
http://www.ncbi.nlm.nih.gov/pubmed/10498964
https://doi.org/10.1105/tpc.7.10.1555
http://www.ncbi.nlm.nih.gov/pubmed/7580251
https://doi.org/10.1016/j.cub.2004.04.032
https://doi.org/10.1016/j.cub.2004.04.032
http://www.ncbi.nlm.nih.gov/pubmed/15120075
https://doi.org/10.1093/emboj/cdf316
http://www.ncbi.nlm.nih.gov/pubmed/12065416
https://doi.org/10.1111/jipb.12221
http://www.ncbi.nlm.nih.gov/pubmed/24862531
https://doi.org/10.1371/journal.pone.0175454


81. Yang X, Qing-Hu M. Medicago truncatula Mt-ZFP1 encoding a root enhanced zinc finger protein is regu-

lated by cytokinin, abscisic acid and jasmonate, but not cold. Dna Sequence. 2004; 15: 104–109.

PMID: 15346764

82. Zhou Q-Y, Tian A-G, Zou H-F, Xie Z-M, Lei G, Huang J, et al. Soybean WRKY-type transcription factor

genes, GmWRKY13, GmWRKY21, and GmWRKY54, confer differential tolerance to abiotic stresses in

transgenic Arabidopsis plants. Plant Biotechnology Journal. 2008; 6: 486–503. https://doi.org/10.1111/

j.1467-7652.2008.00336.x PMID: 18384508

83. Wang H, Avci U, Nakashima J, Hahn MG, Chen F, Dixon RA. Mutation of WRKY transcription factors

initiates pith secondary wall formation and increases stem biomass in dicotyledonous plants. Proceed-

ings of the National Academy of Sciences of the United States of America. 2010; 107: 22338–22343.

https://doi.org/10.1073/pnas.1016436107 PMID: 21135241

84. Yanagisawa S. Dof1 and Dof2 transcription factors are associated with expression of multiple genes

involved in carbon metabolism in maize. The Plant journal: for cell and molecular biology. 2000; 21:

281–288.

85. Konishi M, Yanagisawa S. Sequential activation of two Dof transcription factor gene promoters during

vascular development in Arabidopsis thaliana. Plant Physiology and Biochemistry. 2007; 45: 623–629.

https://doi.org/10.1016/j.plaphy.2007.05.001 PMID: 17583520

86. Guo Y, Qin G, Gu H, Qu L-J. Dof5.6/HCA2, a Dof Transcription Factor Gene, Regulates Interfascicular

Cambium Formation and Vascular Tissue Development in Arabidopsis. Plant Cell. 2009; 21: 3518–

3534. https://doi.org/10.1105/tpc.108.064139 PMID: 19915089

87. Gardiner J, Sherr I, Scarpella E. Expression of DOF genes identifies early stages of vascular develop-

ment in Arabidopsis leaves. International Journal of Developmental Biology. 2010; 54: 1389–1396.

https://doi.org/10.1387/ijdb.093006jg PMID: 20563990

88. Kim H-S, Kim SJ, Abbasi N, Bressan RA, Yun D-J, Yoo S-D, et al. The DOF transcription factor Dof5.1

influences leaf axial patterning by promoting Revoluta transcription in Arabidopsis. Plant Journal. 2010;

64: 524–535. https://doi.org/10.1111/j.1365-313X.2010.04346.x PMID: 20807212

Transcriptomic profiling of sugar beet

PLOS ONE | https://doi.org/10.1371/journal.pone.0175454 April 13, 2017 28 / 28

http://www.ncbi.nlm.nih.gov/pubmed/15346764
https://doi.org/10.1111/j.1467-7652.2008.00336.x
https://doi.org/10.1111/j.1467-7652.2008.00336.x
http://www.ncbi.nlm.nih.gov/pubmed/18384508
https://doi.org/10.1073/pnas.1016436107
http://www.ncbi.nlm.nih.gov/pubmed/21135241
https://doi.org/10.1016/j.plaphy.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17583520
https://doi.org/10.1105/tpc.108.064139
http://www.ncbi.nlm.nih.gov/pubmed/19915089
https://doi.org/10.1387/ijdb.093006jg
http://www.ncbi.nlm.nih.gov/pubmed/20563990
https://doi.org/10.1111/j.1365-313X.2010.04346.x
http://www.ncbi.nlm.nih.gov/pubmed/20807212
https://doi.org/10.1371/journal.pone.0175454

