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© Springer-Verlag GmbH Austria, part of Springer Nature 2020Carrot is a root crop consumed worldwide and has great nutritional qualities.

It is considered as one of the ten most important vegetable crops. Cytokinins are an essential class of the plant hormones that
regulate many processes of plant growth. Till now, the effects of cytokinin, BAP, on lignin biosynthesis and related gene
expression profiles in carrot taproot is unclear. In order to investigate the effect of applied BAP on lignin-related gene expression
profiles, lignin accumulation, anatomical structures, and morphological characters in carrot taproots. Carrot roots were treated
with different concentrations of BAP (0, 10, 20, and 30 mg L™"). The results showed that the application of BAP significantly
increased plant length, shoot fresh weight, root fresh weight, and taproot diameter. In addition, BAP at 20 mg L' or 30 mg L™
enhanced the average number of petioles. BAP treatment led to increased number and width of xylem vessels. The parenchyma
cell numbers of pith were significantly induced in taproots treated with the BAP at a concentration of 30 mg L~'. BAP
significantly upregulated most of the expression levels of lignin biosynthesis genes, caused elevated lignin accumulation in carrot
taproots. Our results indicate that BAP may play important roles in growth development and lignification in carrot taproots. Our
results provide a valuable database for more studies, which may focus on the regulation of root lignification via controlling
cytokinin levels in carrot taproots.
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CCR Cinnamoyl-CoA reductase Introduction

COMT Caffeic acid O-methyltransferase

DW Dry weight
FS5H Ferulate 5-hydroxylase
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Carrot (Daucus carota L.), is a root vegetable crop of family
Apiaceae, one of the most important vegetable crops based on
the global production records of the main vegetables. Carrot
taproot is rich in pro-vitamin A, carotenoids, anthocyanins,
dietary fiber, and other nutrients (Que et al. 2019; Li et al.
2020; Wang et al. 2020c). Carrot crop is widely grown around
the world. The global cultivated area of carrots and turnips
was about 1.3 million hectares, while world production was
around 40 million tons. China tops the world production rank-
ings, with the production of both carrots and turnip about 17.9
million tons (FAO, 2018). Carrot taproots are used in various
ways, particularly as raw or cooked vegetables, an alternative
source of bioethanol and the food industries (Aimaretti et al.
2012; Que et al. 2019).
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Plant hormones are a class of natural organic substances
that regulate biological processes at low doses (Davies 2010;
Wani et al. 2016). Cytokinins are important plant hormones
that play a vital role in the regulation of cell division, prolif-
eration and differentiation, seed germination, photomorpho-
genesis, shoot promoting, and pushing floral initiation
(Werner and Schmulling 2009; Girgzde and Samsone 2017,
Wang et al. 2020a, b). In the shoot of carrot, the main cytoki-
nins were classified as 2-isopentenyladenosine and 2-
isopentenyladenine, while, in the root, only 2-
isopentenyladenin was observed in the root. The production
of these two cytokinins increased with the growth of the tap-
root. The endogenous cytokinins increased with taproot de-
velopment (Stiebeling and Neumann 1987). The fresh and dry
weight of the carrot taproots appeared to be positively related
to the activity of cytokinins. The increased growth of the car-
rot taproot diameter is positively correlated with the endoge-
nous cytokinin level (Stiebeling and Neumann 1987).
Cytokinins may play critical roles in the second growth phase
(40 days after sowing) of carrot (Wang et al. 2015). BAP is
very active and stable in aqueous solutions. In addition, it is
simply absorbed into the plant tissues and speedily metabo-
lized than the other cytokinins (Bertell and Eliasson 1992). In
carrot and radish, BAP induced cortex cell division and pro-
moted parenchyma cell numbers leading to the increased root
diameter (Webster and Radin 1972; Stiebeling et al. 1987).

Lignin is considered as a complex polymer of
phenylpropanoids, which is the second most popular biopolymer
after the cellulose in vascular plants (Boerjan et al. 2003). Lignin
biosynthesis in plants occurs through the two-stage process.
Firstly, the synthesis of three hydroxycinnamyl alcohol mono-
mers (p-coumaryl, coniferyl, and sinapyl alcohols) occurs via the
phenylpropanoid pathway. After then, the peroxidase and laccase
enzyme induce the formation of lignin polymers by using these
three hydroxycinnamyl alcohol monomers as substrate. This pro-
cess is termed as lignin polymerization. Throughout this process,
the formation of p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) units take place (Boerjan et al. 2003). Lignin is
fundamentally accumulated in the secondary cell wall, which
interacts with environmental conditions, including mechanical
accidents and stresses (Rogers and Campbell 2004; Zhao and
Dixon 2011). The primary role of lignin is providing mechanical
support and water transport within plant tissues (Somerville et al.
2004). Nevertheless, the quality of the carrot gets affected by
excessive lignin accumulation in carrot taproot (Que et al.
2019; Khadr et al. 2020). BAP elevated lignification and upreg-
ulate the expression level of several key genes related to lignin
biosynthesis (Ogita et al. 2012, 2018).

The objective of the present study is to investigate the ef-
fect of BAP on carrot plant growth and also the lignin content
and expression levels of related genes. This study provides a
potential useful reference for using BAP to improve carrot
taproots growth.
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Materials and methods
Plant materials

In the present study, a carrot cultivar (Kurodagosun, deposited
in State Key Laboratory of Crop Genetics and Germplasm
Enhancement, Nanjing Agricultural University) was used as
plant materials. The carrot seeds were germinated on wet filter
paper for 48 h at 25 °C in full darkness for further experi-
ments. The resulting plants were then moved into plastic pots
(30 x 27 cm) in a greenhouse and maintained at 22 +3 °C and
18 + 3 °C (day and night, respectively) with 65-75% humidity
under a 16/8 h photoperiod. The plants were cultivated in a
mixture of organic soil and vermiculite (1:1, v/v). Different
concentrations of BAP solutions (0, 10, 20, and 30 mg Lfl)
(Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China) were prepared by dissolving in ethyl alcohol then di-
luted with distilled water. After the 40 days of sowing of carrot
seeds, the soil mixture was sprayed with respective concentra-
tions of BAP, four times at 3-day intervals. Control plants
were sprayed with water without BAP. Carrot samples were
harvested for analysis at 60 days after sowing.

Anatomical structure analysis

The BAP effects on the anatomical structure of carrot tap-
root were examined using the previously described method
(Vazquez-Cooz and Meyer 2002; Wang et al. 2017; Zhou
et al. 2018). Briefly, taproots cross-sections from control
as well as BAP treated taproot (10, 20, and 30 mg Lfl)
were collected and kept in formalin-aceto-alcohol solution
(FAA) for 24 h. Then they were washed three times (1 h
each) with ethyl alcohol (75%) to remove FAA solution
residues. Afterward, the root sections were dehydrated in a
graded series of ethyl alcohol (75%, 85%, 95%, and
100%) at 1 h in each concentration. Then, root sections
were cleared with ethanol: xylene (1:1, v/v) solution for
1 h, led by 2 stages of separate xylene baths for 30 min
each. Fixed sections were placed in a xylene: paraffin (1:1,
v/v) combination for 2 h, then two times in paraffin for
30 min each, heated to 58—65 °C, dropped in paraffin and
cooled in water for 10 min. Thereafter, the sample-
embedded paraffin block was placed on a glass plate and
fixed on the sample stage with a heated dissection knife.
Samples were sliced to (5 um) sections using a Leica ul-
tramicrotome cutting machine. Sample slices were spread
on glass slides. Subsequently, the samples were prepared
for staining with 1% safranin O for 2 h and counterstained
with 0.5% fast green for 15 s. Sample slides were prepared
and analyzed for then subjected to microscopy analysis
using a light microscope (Olympus brand, CellSens
software).
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Quantitative determination of lignin content

The previously described methods by Cervilla et al. (2009)
and Wang et al. (2017) were followed in lignin extraction
and quantification. The carrot taproot samples were prepared
with three independent biological replicates. Briefly, root
sample (2.0 g) was grounded with a mortar and pestle in liquid
nitrogen to be powder, then immediately homogenized in
6 mL of 99.7% ethanol in centrifuge tubes. The individual
sample was then centrifuged for 20 min at 12,000xg. The
supernatant was removed, and the sediment was collected
and dried at room temperature overnight.10 mg of the air-
dried residue was placed in a fresh centrifuge tube. Then,
1 mL of 2 M hydrochloric acid (HCI) and 0.1 mL of
thioglycolic acid was added into the tube. The reaction tube
was left in a water bath at 100 °C for 8 h and cooled on ice,
then centrifuged at 12,000xg for 20 min at 4 °C. The precip-
itate was washed with 1 mL of sterile distilled water and
dissolved in 1 mL of 1 M sodium hydroxide (NaOH), follow-
ed by 18 h in a shaker-incubator at 25 °C and then centrifuged
for 20 min. The supernatant was collected and transferred to a
clean tube with 1 mL of concentrated HCI and was incubated
at 4 °C for 6 h to precipitate lignin thioglycolic acid. After the
final 20 min of centrifuging, the sediment was resuspended in
1 mL of 1 M sodium hydroxide, also sodium hydroxide as
blank. The absorption was detected at 280 nm using
SpectraMax iDS5, Soft Max Pro7 Software (Molecular
Devices, Shanghai, China). The content of lignin is expressed
as OD,go mg g ' dry weight (DW).

Total RNA extraction and cDNA synthesis

Total RNA from individual carrot taproot samples of control,
as well as samples treated with different concentrations of
BAP was extracted using an RNA extraction kit (Tiangen,
Beijing, China). Quantification of total RNA concentration
in the sample was performed using a NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, Wilmington,
USA). The total RNA was treated with gDNAEraser
(TaKaRa, Dalian, China) for 2 min at 42 °C, to remove the
DNA contamination from samples. Synthesis of cDNA from
total RNA obtained in respective samples was carried out
using PrimeScriptRT reagent Kit (TaKaRa, Dalian, China).

Gene selection and expression levels analysis by RT-
qPCR

The genes involved in lignin biosynthesis and polymerization
were chosen according to the references from our published pa-
per (Wang et al. 2017) based on a genomic and transcriptomic
database Carrot DB (http://apiaceae.njau.edu.cn) (Xu et al.
2014). Real time quantitative PCR (RT-qPCR) experiment was
performed using TaKaRa SYBR Premix Ex Taq (TaKaRa,
Dalian, China) to quantify the transcript expression in control
as well as BAP treated carrot plant samples. The primers used
for RT-qPCR assays of DcPAL, DcC4H, Dc4CL, DcHCT,
DcC3’H, DcCCoAOMT, DcF5SH, DcCOMT, DeCCR, DcCAD,
DcPERI, DcPER2, DcLACI, and DcLAC2 were selected ac-
cording to the references from our previously published articles
(Wang et al. 2017). All PCR reaction mixtures comprised 10 puL.
of SYBR Premix Ex Tag, 7.4 pL of deionized water, 0.4 puL of
each forward and reverse primer, and 2 pL of diluted cDNA
strand. PCR cycle was set up to run initially 30 s at 95 °C follow-
ed by 40 cycles at 95 °C for 5 s, and 60 °C for 30 s. The relative
mRNA was determined by following the method of Tian et al.
(2015) trough normalizing the threshold cycle number of each
gene to those of reference gene DcActin and DcTUB.
Furthermore, utilizing delta-delta Ct method, gene expressions
were computed from the threshold cycle.

Protein-protein interaction network analysis

We analyzed the protein-protein interaction network based on
the STRING database (https://string-db.org/) for

Fig. 1 Morphology of carrots treated with different BAP concentrations. Ctrl (control, without BAP); 10 mg L' BAP; 20 mg L' BAP; 30 mg L™ BAP.
White lines in the lower right corner of each plant represent 5 cm in that pixel
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Fig. 2 Effect of BAP on overall plant length and root length of carrot.
Error bars represent standard deviation (SD). Lowercase letters represent
significant differences at P <0.05

understanding the interactions of enzymes relevant to lignin
biosynthesis (Franceschini et al. 2013).

Statistical analysis

The experimental data were based on a completely random-
ized design set up with five replications. The recorded data
was determined using one-way ANOVA. The difference in
the mean data of the treatments and control was analyzed at
the 0.05 significance level by Duncan’s method using the
SPSS statistics software (Version 16, SPSS Inc. Chicago,
USA). Correlations between lignin content and expression
levels of genes involved in the lignin biosynthesis were deter-
mined by Pearson’s correlation coefficient () analysis.
Significance was determined at P < 0.05 and P<0.01.
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Fig. 3 Effect of BAP on the fresh weight of both shoot and taproot of
carrot. Error bars represent standard deviation (SD). Lowercase letters
represent significant differences at P < 0.05.
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Fig. 4 Effect of BAP on the number of petioles of carrot. Error bars
represent standard deviation (SD). Lowercase letters represent
significant differences at P < 0.05

Results

Morphological changes in carrot plant in response to
BAP treatment

To determine the effect of BAP on carrot growth, 40-day-old
carrot plants were treated with BAP. BAP enhanced the shoot
growth and the taproot diameters of the treated carrot plants than
the control (Fig. 1). Six morphological parameters, including
plant length, root length, shoot fresh weight, root fresh weight,
the number of petioles, and root diameter of carrot plants were
determined for comparing amongst the different treatments. BAP
was significantly increased the total plant length, but there was no
significant effect on the root length of the carrot. The highest
plant length was 77.5 cm, achieved in plants treated with
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Fig. 5 Effect of BAP treatment on taproot diameter of carrot. Error bars
represent standard deviation (SD). Lowercase letters represent significant
differences at P <0.05
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Fig. 6 Effect of BAP on the anatomical structure of carrot taproots. The central part of the taproot cross-section is shown. Ctrl (control, without BAP);
10 mg L' BAP; 20 mg L™' BAP; 30 mg L™ BAP. Scale bars in the lower right comer represent 100 pm in length

20 mg L' BAP (Fig. 2), Further, the treatment with BAP signif-
icantly increased the fresh weight of both the shoot and the
taproot compared with the control. The highest shoot fresh
weight was 15.34 g under treatment with 20 mg L.

Similarly, the highest average single fresh weight of taproot was
20 g at 20 mg L' BAP treatment. There is no significant variance
between the treatment of 20 mg L' and 30 mg L' BAP (Fig. 3).
Under 20 mg L' or 30 mg L' BAP treatments, the numbers of
petioles were 1.45- and 1.23-fold than that of the control, respective-
ly. There was no significant difference between the 10 mg L™ BAP
and the control (Fig. 4). The taproot diameter of the carrot was
significantly increased under 10 mg L', 20 mg L™, or
30 mg L' BAP treatments than that of control (Fig. 5).

Effect of BAP on the anatomical structure in carrot
taproots

The transverse sections of taproots treated with different con-
centrations of BAP and the control were taken and stained
with safranin O and fast green to highlight the basic anatom-
ical structure of carrot taproots (Fig. 6). It was observed that
the treatment with BAP enhanced the number and width of
root xylem vessels comparing with the control. The

parenchyma cell numbers in pith were significantly increased
under 30 mg L' BAP treatment than control.
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Fig. 7 Effect of BAP on lignin content of carrot taproots. Error bars
represent standard deviation (SD). Lowercase letters represent
significant differences at P <0.05. The abbreviation (DW) means dry
weight
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Effect of BAP on the lignin accumulation of carrot
taproots

Lignin accumulation in carrot taproots under different treatments was
determined. BAP significantly enhanced lignin content in carrot taproots
(Fig. 7). The lignin content in the control was 18.52 mg g . The lignin
contents were 20.61, 23.12, and 33.83 mg gﬁ1 in taproots treated with
10, 20, and 30 mg L' BAP, respectively.
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Influence of BAP on the expression level of key genes
involved in lignin biosynthesis and polymerization

BAP involved in regulating lignin biosynthesis in the taproot
of carrot. The accumulation of lignin in BAP-treated carrot
taproots may be due to changed expression of the genes. To
find out the molecular basis for the role of BAP in lignin
biosynthesis and polymerization in carrot roots, the RT-
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qPCR was used for detecting the expression profiles of the
selected genes. Nucleotide sequences of key enzymes related
to lignin biosynthesis were obtained from the CarrotDB data-
base (Xu et al. 2014). As shown in Figs. 8 and 9, BAP signif-
icantly upregulated most of lignin-related genes expression
levels, including DcPAL, DcC4H, Dc4CL, DcHCT, DcF5H,
DcCOMT, DcCCR, DcCAD, DcPERI, and DcLACI. The ex-
pression levels of DcC3’H showed 1.64- and 14.68-fold in-
creases as compared with the control under 20 mg L™" or
30 mg L' BAP treatment, respectively. In the same trend,
the expression levels of DcCCoAOMT increased due to
20 mg L' and 30 mg L™ BAP, about 5.91- and 9.35-fold
that of the control. There was no significant difference in
DcLAC?2 expression pattern under both 10 mg L' and
20 mg L' BAP treatments and the control. The expression
pattern peaked at the carrot taproots-treated with 30 mg L™
BAP. On the other hand, the expression pattern of DcPER2
showed dramatic downregulation, which exhibited the con-
trast trend of DcPERI.

The correlation between expression of genes related in the
lignin biosynthesis polymerization and lignin accumulation in
carrot taproots has been also analyzed (Table 1). DcCOMT,
DcLAC2, DcC3’H, DcCCoAOMT, DcC4H, DcPAL, DcHCT,
DcLACI, and Dc4CL expression profiles showed significant

BAP concentration (mg L)

positive correlations with the content of lignin in carrot tap-
roots (P <0.01; »=0.992, 0.972, 0.969, 0.914, 0.908, 0.905,
0.887,0.800, and 0.795, respectively). The expression profiles
of DcF5H and DcCAD showed close correlations with the
content of lignin in carrot taproots (P <0.05; »r=0.651 and
0.645, respectively).

Protein-protein interaction analysis

String network analysis between lignin biosynthesis-involved
proteins and polymerization-involved proteins was realized
(Fig. 10). Arabidopsis thaliana has been selected as the basis
for the orthologs. In the interaction network map, most lignin-
involved proteins showed interactions with multiple
Arabidopsis proteins, particularly OMT1, which interacted
with all lignin-involved proteins except LAC3 and LACI11.
Otherwise, LAC3 only interacted with RCI3. Moreover, it
was found that PAL1 and C4H had the top score of interac-
tions (0.997), whereas the interaction score of LAC3 and RCI3
was the lowest. Line numbers reflect the degree of closeness
between the proteins. DcCOMT interacted with eleven lignin
biosynthesis—related enzymes, including Dc4CL, DcF5H,
DcC3’H, DcHCT, DcPAL, DcCCoAOMT, DcC4H,
DcCAD, DcPER1, DcPER2, and DcCCR. In addition,
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Fig. 10 Interaction network of lignin-involved proteins in carrot and Arabidopsis. Line numbers reflect the degree of closeness between the proteins

DcPAL, Dc4CL, and DcHCT interacted with nine proteins.
On the other hand, DcLACI only interacted with DcPER2.

Discussion

In our study, carrot plants were treated with different concen-
trations of BAP to examine the effects on lignin biosynthesis
and related gene expression levels in carrot. The results of the
current study exhibited that BAP increased plant length and
shoot weight. Also, BAP enhanced the number of petioles
under concentration 20 and 30 mg L™" compared with the
control. This result is consistent with the results of previous
studies which observe that applied cytokinin to promote the
shoot growth, shoot branching, the thickness of leaves, and

shoot fresh weight (Stiebeling et al. 1987; Pathak et al. 2006;
Shimizu-Sato et al. 2009; Sajjad et al. 2014; Yasmeen et al.
2014). BAP significantly enhanced the root diameter and the
root fresh weight. It seems that BAP promotes the biosynthe-
sis of endogenous cytokinin and stimulates the growth of the
cortical cell, causing increased root diameter, thereby, increas-
ing the root fresh weight of carrots (Stiebeling and Neumann
1987; Stiebeling et al. 1987). In addition, the increment of the
taproot diameter may due to swelling in the root elongation
zone. This swelling is owing to the extreme expansion of
cortex cells in response to the exogenous cytokinin
(Svensson 1972; Kappler and Kristen 1986; Bertell et al.
1990). On the other hand, no significant effect on the root
length has been found. A similar result has been reported on
the carrot taproot (Stiebeling et al. 1987).

4CL CAD PERI/LACI
p- ic acid > p- oyl-CoA CCR: p- coumaraldehyde ———> p- coumaryl alcohol ——> -
PERZLAC2

C4HT

Cinnamic acid

wof

Phenylalanine

HCT l

p- Coumaroyl shikimate

CS'Hl

CCoAOMT

HCT CCR, . CAD . PERVLACI
Caffeoyl shikimate =———> Caffeoyl-CoA = Feruloyl-CoA ——> Coniferaldehyde—— Coniferyl alcohol _>-

PERZLAC2
F5H F5H

5-hydroxy-coniferaldehyde S-hydroxy-coniferaldehyde
COMT COMT

CAD PER1/LACI
Sinapaldehyde = Sinapyl alcohol ———>
PERZLAC2

Fig. 11 Simplified diagram of the lignin biosynthetic pathway in carrot. Red color refers to the expression level of the gene up-regulation. Green color

refers to the downregulation
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Cytokinin alone does not induce the vascular tissue, but it
promotes vascular differentiation and regeneration in the ex-
istence of the indole-3-acetic acid (IAA) (Aloni 1995).
Cytokinin stimulates the division of cells into vascular tissues
(Roberts et al. 2012), which is limiting and regulating factor in
tissue culture, leading to increases in the number of xylem
vessels (Aloni 1982). Cytokinins boost the activity of vascular
cambium, thereby enhance vascular regeneration via raising
the xylem vessels number (Baum et al. 1991; Aloni 1995;
Aloni et al. 2006). BAP increased the number of parenchyma
cells of storage tissue in both carrot and radish roots (Webster
and Radin 1972; Stiebeling et al. 1987). In the same trend of
these mention findings, we also observed an enhancement in
the number and width of xylem vessels in the higher levels of
BAP-treated roots compared with the control. Also, BAP at
30 mg L' promoted the parenchyma cells in the pith.

BAP increased lignin content of carrot in a dose-dependent
manner. This result is in agreement with the findings of the
previous study, which demonstrated that BAP promoted the
lignification in bamboo (Ogita et al. 2012). Former studies
have shown that alterations in lignin content are followed by
a changed expression of the genes encoding the lignin path-
way enzymes (Ali and McNear 2014; Wang et al. 2017; Wang
et al. 2018; Duan et al. 2019). Therefore, we have studied the
correlation between lignin content accumulation in carrot root
tissue and the transcription pattern of genes involved in lignin
biosynthesis and polymerization pathway. In the present
study, most of the studied key genes involved in the lignin
synthesis pathway, including DcPAL, DcC4H, Dc4CL,
DcHCT, DcF5H, DcCOMT, DcCCR, DcCAD, DcLACI,
and DcPERI showed significant upregulation in response to
the BAP treatment as compared with control. In addition,
DcC3’H and DcCCoAOMT expression profiles showed sig-
nificantly increased under 20 mg L' and 30 mg L' BAP.
DcLAC?2 upregulated under 30 mg L' BAP, while downreg-
ulated at 10 mg L' and 20 mg L' BAP. However, the
DcPER?2 expression level significantly decreased, showing
the opposite trend to DcPERI (Fig. 11).

Our results confirm the earlier reports, which demonstrated
that lignin accumulation increased owing to the expression level
increase of key genes in the lignin synthetic pathway. The genes,
PAL, 4CL, C4H, CAD, CCoAOMT, and CCR, were positively
correlated with lignin accumulation in common buckwheat (Hu
etal. 2015). In addition, PAL, C4H, 4CL1, F5H, and CCoAOMT
were the potential key lignin-related genes in ramie (Tang et al.
2019), as well as CCoAOMT, 4CL, COMT, and F5H in the
xylem of flax (Wang et al. 2009). Ogita and his colleges found
that BAP application induced the lignification and the expression
levels of lignin-involved genes (Ogita et al. 2012, 2018). In our
study, we found positive and significant correlations between the
expression of selected lignin-related genes and lignin content in
carrot taproots. Similarly, prior studies have shown the physio-
logical functions of most key genes related to lignin biosynthesis

@ Springer

have a positive correlation with the accumulation and composi-
tion of lignin (Simmons et al. 2010; Vanholme et al. 2010).

In the current study, BAP treatment changed the morpholog-
ical characters, anatomical structure, lignin content, and the ex-
pression profiles of genes related to lignin biosynthesis in carrot
plants. The treatment of BAP at 20 mg L™ could be recommend-
ed to enhance the growth parameters of the carrot taproots.
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