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Abstract Previous studies have indicated that hormonal
control is essential for plant root growth. The root of the
carrot is an edible vegetable with a high nutritional value.
However, molecular mechanisms underlying hormone-
mediated root growth of carrot have not been illustrated.
Therefore, the present study collected carrot root samples
from four developmental stages, and performed transcrip-
tome sequencing to understand the molecular functions of
plant hormones in carrot root growth. A total of 160,227
transcripts were generated from our transcriptome, which
were assembled into 32,716 unigenes with an average
length of 1,453 bp. A total of 4,818 unigenes were found
to be differentially expressed between the four develop-
mental stages. In total, 87 hormone-related differentially
expressed genes were identified, and the roles of the hor-
mones are extensively discussed. Our results suggest that
plant hormones may regulate carrot root growth in a phase-
dependent manner, and these findings will provide valuable
resources for future research on carrot root development.
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Introduction

The carrot (Daucus carota L.), a plant of the Apiaceae fam-
ily, is one of the most economically important vegetables
worldwide known for its edible and nutritious root (Luby
et al. 2014). The carrot root undergoes a notable size
change during its growth process, but only limited infor-
mation regarding carrot root development is available. In
higher plants, the root is an essential organ that absorbs
nutrients and water for plant growth (Petricka et al. 2012).
It is also involved in plant anchorage, hormone synthesis,
and storage (Schiefelbein and Benfey 1991). However, root
development has not been as extensively investigated as
that of other plant organs, although the root exhibits several
unique characteristics.

Transcriptome sequencing has been a useful method
of identifying novel transcripts and splice isoforms as
well as performing expression analysis. Indeed, numer-
ous sequences and plant molecular information have been
obtained using transcriptome sequencing (Klaus et al.
2000; Lu et al. 2010; Torti et al. 2012; Duarte et al. 2014,
Li et al. 2014), but such studies have not been conducted on
carrot development.

Previous work has suggested that hormones are the
major intrinsic regulators of plant growth (Durbak et al.
2012). Auxin derived from both shoots and roots contrib-
utes to normal root development (Reed et al. 1998; Saini
et al. 2013), and several lines of evidence indicate that auxin
promotes proliferation, elongation, and vascular tissue for-
mation in the roots (Aloni 2013; Takatsuka and Umeda
2014). As previously reported, auxin transport toward
the root tip seems to contribute largely to taproot elonga-
tion (Blilou et al. 2005). However, excess auxin results in
the severe inhibition of root growth (L6pez-Bucio et al.
2005). Cytokinins are critical regulators of root vascular
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Fig. 1 Growth status of carrots
at four different developmental
stages. a Stage 1, 22 days old;
b Stage 2, 40 days old; ¢ Stage
3, 56 days old; and d Stage 4,
95 days old. Vertical white lines
in the lower right corner of
each plant represent 3 cm

development (Yokoyama et al. 2007), but may also act as
growth inhibitors by affecting the root apical meristem
(Werner et al. 2003; Ren et al. 2009). Gibberellins appear
to control root growth through promoting cell elongation
(Inada and Shimmen 2000; Shani et al. 2013). Recent stud-
ies report that gibberellins also regulate cell production to
control root growth (Ubeda-Tomas et al. 2009). Ethylene
and abscisic acid are believed to have similar effects on
root growth, with low levels stimulating root growth and
higher levels inhibiting it (Joshi-Saha et al. 2011; Luo et al.
2014). Furthermore, ethylene-induced inhibition of root
growth appears to require the involvement of abscisic acid
(Ghassemian et al. 2000; Luo et al. 2014). The newly iden-
tified hormones, brassinosteroids and jasmonates also play
important roles in root growth (Miissig et al. 2003; Hacham
et al. 2011).

As shown above, these hormones have overlapping func-
tions and often interact with each other to form a complex
regulatory network for root growth (Jung and McCouch
2013). Using advanced molecular genetic analysis, the
crosstalk and cooperation between their biosynthesis and
signaling pathways have been extensively observed, thus
substantially improving our understanding of hormone-
mediated root growth (Mouchel et al. 2006; Zhou et al.
2011). Plant hormones are clearly essential for root growth
and development (Jung and McCouch 2013; Liu et al.
2014), and such regulation may be achieved in a develop-
mental stage-dependent manner (Sharp et al. 2004; Joshi-
Saha et al. 2011).

The present study investigated the growth characteris-
tics and anatomical structure of the carrot root during root
enlargement. Transcriptome analysis of the carrot root was
also conducted, and genes involved in hormone biosynthe-
sis and signaling pathways were extensively investigated to
help elucidate the hormonal control of root growth based
on digital gene expression.
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Fig. 2 Shoot weight, root weight, and root diameter during carrot
root development. Data are means =+ standard errors (SE shown by
error bars) of three independent replicates

Materials and methods
Plant material and tissue preparation

‘Kurodagosun’ carrot seeds were sown at Nanjing Agri-
cultural University (32°02'N, 118°50’E) in December
2013. The plants were cultivated in a container with a
mixture of vermiculite and organic soil. The artificial
weather was maintained at 25 °C for 14 h in the daytime
with 320 wmol m~2s~! light intensity and at 18 °C for
10 h during the night. Plants were divided into four stages
of 22 (Stage 1), 40 (Stage 2), 56 (Stage 3), and 95 days
(Stage 4) after the seeds were planted. The roots from
these four stages were harvested and stored at —80 °C
until analysis.



Mol Genet Genomics (2015) 290:1379-1391

1381

a

Fig. 3 Anatomical structure of carrot roots from a Stage 1, b Stage
2, (c—e) Stage 3, and (f-h) Stage 4. ¢ and f show the outer vascular
parenchyma cells close to the epidermis; d and g represent the inner
vascular parenchyma cells; e and h represent the central part of car-

Anatomical structure analysis

To investigate the changes in anatomical structure of the
carrot root, fresh root samples were cut into small pieces
and stored in phosphate buffer (pH 7.2) with 2.5 % glu-
taraldehyde. The slices were dehydrated with ethanol and
treated with epoxy propane the soaked and embedded with
Spurr resin (Spurr 1969). Using a Leica ultramicrotome
(Germany), we cut the samples into thin sections (~1 pm)
and stained them with methyl violet for 3 min. The slices
were observed and then photographed using a Leica DMLS
microscope (Germany).

)
ATN

rot roots. BC border cells, Ep epidermis, PC parenchymal cell, Ph
phellogen, PP primary phloem, Px protoxylem, SG starch granule, SP
secondary phloem, VC vascular cambium, Ve vessels. Scale bars in a
and b, 100 wm; scale bars in ¢-h, 50 pm

RNA extraction and mRNA-seq library construction

Total RNA from roots of all four stages was extracted using
an RNAprep pure plant kit (Tiangen, Beijing, China) accord-
ing to the manufacturer’s instructions. An Illumina HiSeq™
library was constructed according to the manufacturer’s
instructions. Briefly, mRNA was purified by attaching beads
containing oligo-dT to the poly-A. mRNAs were then cut
into short fragments using a chemical reagent and apply-
ing a high temperature. Subsequently, these short fragments
were used as templates to synthesize first-strand cDNA.
Buffer, ANTPs, RNase H, and DNA polymerase I were used
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Fig. 4 Distribution for a E value, b identity, and ¢ NR species

to synthesize second-strand cDNA from first-strand cDNA.
The overhangs from fragmentation were converted into blunt
ends using an end-repair mix (Illumina). Indexing adapters
were ligated to the ends of double stranded cDNA when sin-
gle A nucleotides were added to the 3’ ends of blunt frag-
ments to prepare these adapters for hybridization in a flow
cell. The short fragments with adapters ligated on both ends
were enriched by PCR amplification and establishment of
a cDNA library. After checking and quantifying, we mixed
the multiplexed DNA libraries with normalized 10 nM con-
centration in equal volumes. The library was then sequenced
using an Illumina HiSeq™ 2000 platform.

Data filtering and de novo assembly

Raw reads from four samples were collected to remove unsuit-
able reads and to perform subsequent de novo assembly. Data
filtering was performed according to standard procedures. In
brief, the adapter sequences and reads with a low quality score
or a final length <50 were removed. High quality reads were
assembled into contigs, transcripts, and unigenes using Trin-
ity (http://trinityrnaseq.sourceforge.net/), non-redundant (NR)
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B vicis vinifera [26282) 32.24%

W Solanumlycopersicum [12481] 15.31%
B Prunus persica [7618] 9.35%

W Populus trichocarpa [6065] 7.44%

B Ricinus communis [5596] 6.86%

[l Fragariavesca [3492] 4.28%

B Ghcine max [2639] 3.24%

W Cucumis sativus [2169] 2.66%

W Cicer arietinum [1626] 1.99%

B others [13547] 16.62%

protein database (http:/blast.ncbi.nlm.nih.gov/Blast.cgi), and
NCBI Blast software (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). Unigenes were submitted to BLASTX search to identify
homology against the NR database with a cut-off E value of
le3, and top-hit species were indicated.

Gene annotation and analysis

We used the evolutionary genealogy of genes: nonsu-
pervised orthologous groups (eggNOG), a database of
orthologous groups of genes, to identify and annotate
unigene distribution. Gene ontology (GO) was also intro-
duced to analyze the complicated biological behaviors of
these unigenes during root enlargement. A Venn plot was
constructed in which numbers in a circle denoted phase-
specific genes, while numbers in two or more intersecting
circles indicated phase overlapping genes.

Identification of differentially expressed genes (DEGs)

Reads per kilobase per million mapped reads (RPKM)
were used to quantify gene expression. RPKM values were
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Fig. 5 Unigene length distribution in carrot root development

Number of unigenes

Fig. 6 Function classification of unigenes in evolutionary genealogy
of genes: non-supervised orthologous groups (eggNOG). A total of
26, 188 unigenes showed significant similarity to sequences in egg-

7000

6000 |-

5000 |-

4000 |

3000 |-

2000 |-

1000 |

0
ABCDEFGHIJKLMNOPQRSTUVWXYZ

Function class

A: RNA processing and modification

B: Chromatin structure and dynamics

C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
R: General function prediction only

S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport
V: Defense mechanisms

W: Extracellular structures

X: Undetermined

Y: Nuclear structure

Z: Cytoskeleton

NOG database and were classified into 26 groups. Letters on x-axis
indicates groups (shown on right of histogram), and y-axis represents
unigene number
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Fig. 7 Gene ontology (GO) classification of assembled unigenes. Each unigene was classified into at least one GO term and all unigenes were
grouped into three categories: molecular function, cellular component and biological process

Stage 2

Fig. 8 Venn diagram showing the number of genes commonly and
uniquely expressed at each sampling point. Numbers in an oval
denote phase-specific genes, and numbers in two or more intersecting
ovals represent overlapped genes
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normalized, and genes with expression levels exhibiting
more than twofold changes between two phases were clus-
tered into DEGs. GO enrichment was adopted to further
investigate the DEGs (significant difference at the 0.05 and
0.01 level). Relative RPKM was log, (RPKM + 1) trans-
formed to perform cluster analysis, and a heat map was
then generated from log, ‘relative RPKM’ using average
linkage analysis.

Results

Plant growth analysis

We harvested carrots at all four stages of growth: 22 days
old (Stage 1), 40 days old (Stage 2), 56 days old (Stage 3),

and 95 days old (Stage 4) (Fig. 1). In Stage 1, the root was
white, but had become orange in color and increased in size
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Fig. 9 Distribution of DEGs among different stages of carrot root
development. Stage 2/Stagel represents a comparison of up-regulated
or down-regulated genes in Stage 2 compared with stage 1. The labe-
ling is similar for other stages

by Stage 2. Fresh root and shoot weights increased over the
different stages (Fig. 2), while the middle diameter of the
root gradually increased during root development.

Anatomical observation of carrot roots

Leica DMLS microscopy revealed the internal structure of
the roots at different developmental stages. In Stage 1, the
protoxylem and the primary phloem were relatively thin
(Fig. 3a), but the number and size of cells in these parts
had increased by Stage 2, resulting in thickening of the car-
rot roots. This thickening could also be attributed almost
exclusively to the constant division of the vascular cam-
bium (VC), located between the xylem and the phloem
(Fig. 3b). The VC differentiated inwards to form the sec-
ondary xylem, and outwards to form the secondary phloem
(SP). After this time point, expansion of the outer vascu-
lar parenchyma cells was visible (Fig. 3b, c, f), and starch
granules (SGs) were also seen during the later stages of
growth (Fig. 3b—d, {, g).

Assembly, functional annotation, and classification
A total of 22,940,679 clean reads were obtained for Stage

1, 48,885,725 for Stage 2, 36,758,033 for Stage 3, and
35,189,581 for Stage 4. The Trinity software generated

160,227 transcripts by de novo assembly, and each tran-
script was aligned with the NR database (Fig. 4). Based
on the results of the top-hits from BLASTX, we assem-
bled the transcripts into 32,716 unigenes with an average
length of 1,453 bp and a 41.03 % GC content. Among these
unigenes, 13,832 (42.28 %) were in the size range 200—
1,000 bp, and only 419 (1.28 %) were >2 kb (Fig. 5).

All unigenes were predicted and classified on the basis
of eggNOG database, which is a database that can explore
the ancestry of a protein. A total of 26,188 unigenes were
found to be similar with eggNOG, and were then clustered
into 26 categories (Fig. 6). The largest category was “func-
tion unknown”, followed by “general function prediction
only” (4,564, 17.43 %), and ‘“‘signal transduction mecha-
nisms” (2,329, 8.89 %).

Based on GO annotations, the unigenes were classified
into different functional categories (Fig. 7). “Molecular
process” and “cellular process” were the most abundant
GO slims within the biological process category, while
“cell” and “binding” were the most highly represented
groups within the cellular component category and molecu-
lar function category, respectively. Genes involved in other
important biological processes such as stress response, ana-
tomical structure, and growth were also identified.

Figure 8 shows the Venn diagrams presenting the com-
monly or uniquely expressed genes detected at each devel-
opmental stage. A total of 26,730 genes were expressed
in all four stages, with approximately 237, 311, 439, and
62 genes exclusively expressed in Stages 1, 2, 3, and 4,
respectively.

Analysis of differentially expressed genes

Compared with Stage 1, there were 408 up-regulated and
462 down-regulated genes in Stage 2. For each compari-
son, the number of down-regulated genes exceeded that of
up-regulated genes (Fig. 9). To gain more insights into the
functions of differentially expressed genes (DEGs), we
searched for markedly enriched GO terms compared with
the reference gene background (Fig. 10). According to
molecular function, the DEGs mapped to “binding” were
enriched during the later stages of development (Stages
3 and 4). According to cellular component, the GO term
“extracellular region” was enriched in all developmen-
tal stages. Considering biological processes, the DEGs
that mapped to “sequence-specific DNA binding tran-
scription factor activity” and “response to stress” were
enriched in all stages. The DEGs in later developmental
stages (Stages 2, 3, and 4) constituted a high proportion of
“metabolic process” genes, suggesting that a substantial
number of this type of gene may be involved in metabolic
processes.
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Fig. 10 GO enrichment analy-
sis of DEGs. Asterisk and dou-
ble asterisk indicate significant
difference at the 0.05 and 0.01

probability levels, respectively
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22 d (Stage 1)
40 d (Stage 2)
56 d (Stage 3)
95 d (Stage 4)
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Fig. 11 Expression changes and cluster analysis of DEGs in differ-
ent developmental stages. Cluster analysis was conducted on the basis
of average linkage clustering. Red, green, and black boxes represent
genes with high, low, and moderate expressions, respectively (color
figure online)

A total of 4,818 DEGs were identified in root enlarge-
ment, which were then clustered using hierarchical clus-
ter analysis (Fig. 11). DEGs in Stage 1 were located close
to those of Stage 2, while a similar pattern was observed
between DEGs of Stages 3 and 4.

Hormonal control of carrot root growth

Figure 12 shows the number of DEGs involved in plant
hormone metabolism and signaling during carrot root
development. A total of 87 DEGs were hormone-related,
involving auxin, cytokinin, abscisic acid, gibberellins,
ethylene, brassinosteroids, and jasmonic acid pathways
(Table 1).

In the auxin metabolism and signaling pathway, 10 of
15 DEGs showed down-regulated trends, whereas only
one was up-regulated. Similar results were observed in
the cytokinin, gibberellin, jasmonic acid, and brassinos-
teroid pathways. In the abscisic acid biosynthesis path-
way, where some unigenes also regulate the accumula-
tion of lycopene, carotenes, and lutein, six of 11 DEGs
showed up-regulated trends, while five of nine DEGs in
the abscisic acid signaling pathway were down-regulated
during root growth. In the ethylene pathway, ACS/ and
ACS3 encoding 1-aminocyclopropane-1-carboxylic acid
(ACC) synthase showed a similar pattern, indicating
redundant roles for ACSI and ACS3. However, two uni-
genes, ACOI and ACOS, encoding ACC oxidase showed
opposite trends (Fig. 12).

Discussion

Molecular mechanisms play vital roles in plant growth and
development (Wu and Cheng 2014), and it is important to
identify the genes responsible for controlling plant devel-
opment to fully comprehend these mechanisms. To date,
studies based on increasingly available sequence data have
detected numerous genes and expression profiles that occur
during the development of plant tissues such as flowers,
leaves, and fruits (Ando et al. 2012; Sweetman et al. 2012;
Singh et al. 2013; Lou et al. 2014). The root provides the
plant growth with water, nutrients, and anchorage (Rich
and Watt 2013), and an understanding of how root growth
is controlled by hormones is essential for crop production,
especially for fleshy root plants such as the carrot (Herder
et al. 2010; Remans et al. 2012). However, the dynamics
of the genes involved in carrot root development remain
unclear.

‘Kurodagosun’ is a carrot variety widely cultivated
for its high and stable production, which is also used
as a model for genetic and breeding research (Huang
et al. 2014; Xu et al. 2014a, b). Its root undergoes a
significant size change during plant growth, provid-
ing useful material for our present work. As previously
described, root growth is a consequence of an increase
in both the number of cells in the root and their size
(Perilli et al. 2012). Our results show that carrot root
enlargement can be attributed to the differentiation of
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VC, a cylindrical meristematic tissue that gives rise to To gain a better understanding of root growth and devel-
the secondary xylem toward the inner part, and to SP  opment, carrot roots from four stages were analyzed by
toward the outer part. We also observed SGs deposi-  high-throughput Illumina sequencing. A total of 32,716
tion in the carrot root; its distribution is similar to that unigenes were assembled, of which 26,730 were co-
of sugar and carotene, which are located in the cortex  expressed during all four developmental stages, indicating
(Vilaine et al. 2013). that they are essential for root development. The genes that
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Table 1 List of differentially expressed genes (DEGs) related to

plant hormone metabolism and signaling

Hormone Gene ID Gene name Putative function
Auxin gene43558 DcCYPS83BI1 Biosynthesis
gene47813 DcYUCIO0 Biosynthesis
gene40028-1 DcLAXI Transport
gene40028-3  DcLAX2 Transport
gene37261 DcLAX3 Transport
gene43753 DcIAA4 Signaling
gene32603 DcIAA7 Signaling
gene38111 DcIAAS Signaling
gene42857 DcIAAll Signaling
gened2568 DclAAI3 Signaling
gene38082 DclAAI4 Signaling
gene40549 DcIAAI6 Signaling
gene48599 DcARFS Signaling
gene46571 DcGH3.1 Conjugation
gene49187 DcGH3.5 Conjugation
Cytokinin gene48943 DcIPTI Biosynthesis
gene32166 DcIPT2 Biosynthesis
gene34617 DcIPT3 Biosynthesis
gene38662 DcCYP735A1 Biosynthesis
gene39794 DcCYP735A2 Biosynthesis
gene46960 DcCISOG1 Biosynthesis
gene45592 DcCISOG2 Biosynthesis
gene47359 DcCKX1 Degradation
gene47985 DcCKX2 Degradation
gene45447 DcAHPI Signaling
gene35677 DcAHP4 Signaling
gene46768 DcARR-Al Signaling
gene46802 DcARR-A2 Signaling
gene41088 DcARR-B Signaling
Abscisic acid gene37860 DcPSY1 Biosynthesis
gene26551 DcPSY2 Biosynthesis
gene46397 DcZDS Biosynthesis
gene40661 DcCHXBI Biosynthesis
gene41045 DcLCYE Biosynthesis
gene30694 DcCXHE Biosynthesis
gene45567 DcVDE Biosynthesis
gene41395 DcNCEDI1 Biosynthesis
gene46542 DcNCED2 Biosynthesis
gene47183 DcAAO3 Biosynthesis
gene30694 DcLUTI Biosynthesis
gene46720 DcABAHI Catabolism
gene24738 DcABAH4 Catabolism
gene41467 DcPYLI Signaling
gene45542 DcPYL2 Signaling
gene50119 DcPYL3 Signaling
gene34677 DcPYL4 Signaling
gene41116 DcPP2CI Signaling
gene48703 DcPP2C2 Signaling

Table 1 continued

Hormone Gene ID Gene name Putative function
gene47229 DcSNRK2-1 Signaling
gene50213 DcSNRK?2-2 Signaling
gened4744 DcSNRK2-3 Signaling

Gibberellin gene34720 DcKO Biosynthesis
gene43121 DcGA200x1 Biosynthesis
genel8860 DcGA200x2 Biosynthesis
gene48493 DcGA3oxl Biosynthesis
genel7101 DcGA3ox2 Biosynthesis
gened44237 DcGA20x1 Deactivation
gened7688 DcGA20x2 Deactivation
gene47590 DcGA20x3 Deactivation

Jasmonic acid gene44168 DcFAD Biosynthesis
gene46390 DcDADI-1 Biosynthesis
gene48786 DcDADI-2 Biosynthesis
gene48258 DcDGL Biosynthesis
gene48840 DcAOSI Biosynthesis
gene38648 DcAOS2 Biosynthesis
gene45214 DcOPRI Biosynthesis
gene49464 DcOPR?2 Biosynthesis
gene35807 DcOPR3 Biosynthesis
gene43477 DcJMT Biosynthesis
gene43883 DcMYC2 Signaling

Brassinosteroids ~ gene44962 DcCPD Biosynthesis
gene42688 DcDWF4 Biosynthesis
gene33014 DcBR60x2 Biosynthesis
gened5116 DcDWF7 Biosynthesis
gene34693 DcBASI-1 Deactivation
gene47463 DcBAS1-2 Deactivation
gene50635 DcBKI1 Signaling
gene46510 DcCYCD3 Signaling
gene49332 DcBRLI Signaling

Ethylene gene41021 DcSAMS Biosynthesis
gene46706 DcACS1 Biosynthesis
gened4542 DcACS2 Biosynthesis
gene27965 DcACS3 Biosynthesis
gene34303 DcACO1 Biosynthesis
gene42469 DcACO3 Biosynthesis
gene32565 DcACOS5 Biosynthesis
gene39464 DcERFI Signaling

were expressed in one to three developmental stages may
instead correlate with phase-specific processes. In total,
4,818 DEGs were identified in four developmental stages,
which can provide novel genetic material for further studies
aimed to measure and characterize root development.

Plant hormones are intrinsic regulators of plant growth
in response to environmental cues (Malamy 2005), and
have been shown to be necessary for carrot root growth
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and development (Michalczuk et al. 1992; Mitsuhashi et al.
2003; Kulka 2008). We identified 87 DEGs involved in hor-
mone biosynthesis, deactivation, and signaling pathways,
indicating that plant hormones regulate carrot root growth
in a stage-dependent manner (Michalczuk et al. 1992). Most
DEGs showed down-regulated trends, leading us to hypoth-
esize that hormones play vital roles in root formation and
initiation (Aloni et al. 2006). Alternatively, they may work
actively in metabolism regulation and pigmentation (Woeste
et al. 1999; Titapiwatanakun and Murphy 2009), which is
supported by the observed roles of hormones in sugar and
anthocyanin metabolism (Shan et al. 2009; LeClere et al.
2010). On the other hand, jasmonic acid and cytokinin
inhibit root growth (Creelman 1998; Kuderova et al. 2008),
which may explain the observed down-regulated trends of
the unigenes associated with these two hormones. Further-
more, the similar expression profiles in different hormones
reveal that extensive hormonal crosstalk occurs during the
regulation of root development (Nemhauser et al. 2006).

In conclusion, root development appears to be a com-
plex process involving several changes. Our current work
has provided a novel view of carrot root development, indi-
cating that 4,818 DEGs are involved in root enlargement,
and that 87 unigenes are hormone-related. As a result, plant
hormones may regulate root growth in a developmental
stage-dependent manner. These transcriptome sequencing
data will increase the genetic resources available for scien-
tists working on root enlargement.
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