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Abstract 

 

The synthetic growth hormone2,4-dichlorophenoxyacetic acid (2,4-D) significantly inhibits shikonin and its derivatives 

biosynthesis in the medicinal plant Lithospermum erythrorhizon. However, the molecular mechanism of this regulation remains 

unclear.In this study, we attempt to address this issue by comparing the transcriptome of 2,4-D treated cell cultureswith that of 

the control (CK). A total of 216 up-regulated and 269 down-regulated genes by 2,4-D were discovered. Gene ontology (GO) 

enrichment analysis revealed that differentially expressed genes (DEGs) were statistically significantly related to the metabolic 

process. Pathway classification enrichment analysis further confirmed that the DEGs were mainly related to the secondary 

metabolism. More importantly, 2,4-D has no effect on the two key enzyme genes ACS and ACO for ethylene biosynthesis. 

However,2,4-D significantly down-regulated the genes directly involved in ethylene signal transduction pathway (ESTP), 

including HMA5, EIN3, and ORCA3. 2,4-D also down-regulated two indirect genes, LOX and GA2ox, thereby conferring the 

jasmonate (JA) and GA biosynthesis, which regulates ESTP by targeting EIN3. By blocking ESTP, 2,4-D finally down-

regulated the phenylpropanoid formation-related genes, thereby conferring shikonin and its derivatives biosynthesis. Our 

findingsprovide new hints for the deep understanding of the molecular mechanism of shikonin formation.  
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Introduction 

 
Secondary metabolites play multiple pivotal roles in 

plant growth, development, stress, and resistance. Many 
kinds of these metabolites, especially compounds formed in 
medicinal plants, are also widely used in clinical 
application. Shikonin and its derivatives are a kind of 
naphthoquinone metabolites only synthesized in the root 
organs of the medicinal Boraginaceae plants, such as 
Lithospermum erythrorhizon, Onosma paniculatum, 
Arnebia euchroma and Arnebia guttata. These compounds 
have significant antimicrobial, anti-inflammatory, 
antitumor, and anti-HIV activities (Chen et al., 2003; 
Papageorgiou et al., 2006; Chen et al., 2011; Gong & Li 
2011; Lu et al., 2011; Chen et al., 2012; Tian et al., 2015; 
Yang et al., 2015). Given that these compounds are red 
pigments, they are also widely used as natural colorant 
either for food or pharmacy and cosmetic industry.  

The metabolic pathway of shikonin and its 
derivatives formation has been well clarified. Many 
regulators, such as methyl jasmonate (MeJA) (Yazakiet 
al., 1997a), mineral elements (Fujita et al., 1981), light 
signal (Yazaki et al., 1999), nitric oxide (Wu et al., 2009), 
andethylene (ET) (Touno et al., 2005; Fang et al., 
2016a,b), have also been involved in their formation.  

The synthetic growth hormone 2,4-
dichlorophenoxyacetic acid (2,4-D) is widely used in tissue 
culture system. However, unlike the positive phytohormones, 
(such as ET and MeJA) used for regulating shikonin 
biosynthesis, 2,4-D can dramatically inhibit shikonin and its 
derivatives biosynthesis (Yazaki et al., 1999), which provides 

an excellent reverse experimental system for analyzing the 
molecular mechanism of shikonin formation. However, the 
molecular regulatory mechanism remains unknown. In this 
study, we constructed and compared the expression profiling 
of 2,4-D treated cell cultures with that of the control (CK) by 
using the advanced high-throughput transcriptome 
sequencing strategy to address this question. Our findings 
can provide new hints for the deep understanding of the 
molecular mechanism of shikonin biosynthesis.  

 

Materials and Methods 

 

Plant material and 2,4-D treatment: The Y8 cell line 

used in the present research was induced from the 

Lithospermum erythrorhizonyoung shoots (Zhao et al., 

2014) and maintained in B5 growth medium for cell 

proliferation (Gamborg et al., 1968)under 16 h dark/8 h 

light (80 μM M−2 S−1, TLD36W/54, Philips, Einhoven, 

The Netherlands) at 25°C (Zhao et al., 2015). For the 

formation of shikonin and its derivatives, the cells should 

be transferred into M9 production medium from B5 

growth medium (Fujita et al.,1981) and cultured in 

darkness in a shaker at 120 rpm at 25°C. About 1 g of 

callus cells were cultured in 20 mL of M9 liquid medium 

in the 100 mL flasks. For treatment, callus cells were 

transferred into M9 medium containing 1 μM 2,4-D and 

collected on day three (this period is the early evoke stage 

for shikonin biosynthesis) for transcriptome analysis the 

callus cells treated with ddH2O were used as control 

(Zhao et al., 2014).  
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RNA isolation, library construction, and sequencing: 
Total RNA was prepared with TRIZOL reagent 
(Invitrogen, Carlsbad, CA, USA). After mRNA was 
purified with oligo-d(T) beads, the libraries were 
constructed and then sequenced by using IlluminaMiSeq. 
Raw reads with adaptors, without uncertainty nucleotides, 
length shorter than 50 base pairs, and of low quality 
(<Q20) were discarded (Shanghai Personal Biotechnology 
Co., Ltd. Shanghai, China).  

 
Sequence bioinformatics analyses and functional 
annotation: The sequences were spliced by using the 
Velvet/ Oases software (http://www.ebi.ac.uk/~zerbino/ 
oases; http://www.ebi.ac.uk/~zerbino/velvet) after trimming 
and quality evaluation. Unigenes were obtained by 
BLASTanalysis with the spliced transcripts. The cluster and 
annotation of unigenes were analyzed by using the non-
redundantdatabase in NCBI (http://www.ncbi.nlm.nih.gov/). 
Evolutionary genealogy of genes: Non-supervised 
Orthologous Groups (eggNOG) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) were analyzed at http://eggnog. 
embl.de/andhttp://www.genome.jp/kegg/, respectively. The 
normalized basemean of the gene with two-fold change and 
p<0.05 was designated as differentially expressed gene 
(DEG). Gene Ontology (GO) classification of all DEGs was 
conducted as previously reported (Ashburner et al., 2010).  

 

Results 

 

Characterization of the transcriptome sequences: The 

RNA-seq strategy was applied to analyze the genome-

wide transcriptional response of the callus cells to 2, 4-D 

regulator. The callus cells treated with or without 2, 4-D 

were sequenced by using IlluminaMiSeq. We obtained 

approximately 7,779,424 and 6,464,274 high-quality 

reads of 214 and 191 bp from 2, 4-D and CK sample, 

respectively. The percentage of the useful reads of 2,4-D 

and CK sample is 85.90% and 85.44%, respectively. The 

average length of the contig, transcript, and unigene is 

172, 587, and 1,162, respectively (Table 1, Fig. 1). 

 
Identification of DEGs in response to 2,4-D: According 
to the criteria (two-fold change and p<0.05) for screening 
the preceding DEGs mentioned, we completely identified 
485 DEGs, in which 269 and 216 genes were down-
regulated and up-regulated genes by 2,4-D, respectively 
(Fig. 2). A total of 23814 genes did not show significant 
expression difference. The percentage of the down-
regulated and up-regulated genes accounted for 0.89% 
and 1.11% of total genes, respectively.  
 

Functional analyses and annotations of the DEGs: GO 

enrichment analysis reveals that the DEGs were 

preferentially statistically related to the metabolic process, 

the response to endogenous stimulus, transport, cellular 

process, and binding, with the –log10 (p-value) of 66.69, 

24.46, 16.14, 15.75, and 13.16, respectively (Fig. 3). The 

functions of the DEGs were dramatically involved in the 

biological process, which suggests that 2,4-D treatment 

affected shikonin and its derivatives biosynthesis mainly by 

regulating multiple biological processes of the callus cells. 

Pathway classification enrichment analysis further confirmed 

the GO enrichment analysis result. As shown in Fig. 4, the 

DEGs were mainly statistically related to the metabolism 

process, in which the DEGs were further preferentially 

statistically related to the biosynthesis of secondary 

metabolites (the –log10 (p-value) is 8.77), followed by 

amino acid metabolism and energy metabolism..  

 

 
 

Fig. 1. Length distribution of the unigenes. 

 

 
 

Fig. 2. Volcano plot of the EDGs of 2,4-D versus CK. The genes 

with two-fold change and p<0.05 were designated as DEGs. Red 

dots represent DEGs, and the black dots indicate the genes with 

no difference. The two vertical lines and one horizontal line 

within the graph indicated the threshold value of two-fold 

change and p<0.05, respectively. 

 

Table 1.The characterization of contig, transcript, and unigene. 

Type 
Total length 

(bp) 

Sequence/transcript/ 

unigene No. 

Max length 

(bp) 

Ave length 

(bp) 
N50 

>N50 reads 

No. 

GC  

% 

Contig 44,743,510 259,717 1,400 172 177 90,495 41.8% 

Transcript 70,693,280 120,363 9,054 587 1,359 16,116 42.3% 

Unigene 28,235,987 24,299 9,054 1,162 1,582 5,908 42.16% 

http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/
http://www.baidu.com/link?url=rSJUVurlUXMb3hjoPmXgnGonABpgsOql88h0enprcOi
http://www.baidu.com/link?url=rSJUVurlUXMb3hjoPmXgnGonABpgsOql88h0enprcOi
http://www.genome.jp/kegg/
http://www.baidu.com/link?url=vKRshQqN4KowiWAQljs2BCd3c5K40TV1ha-6Qp-NwllqHi2pRELirZEAqmn4L2sAJOFQgAHEfXt6YuX6Nl9pnnzcE3WBJ4i3_N_nsDF-D9FMjZIL2ACv6_4TBb7Wi2Xl
http://www.baidu.com/link?url=wuEe1OJbrn3TT7Ky9l44CyfcUTq8edoYf17Tlzrpe4NKcueJrSA8LoT38GCcfwNrYT8CmbNfdWcVUcGx3zKLqMsopKoyS_JbGSwp4InupBa00XoaSMhX6euMcL2DVDNZ
http://www.baidu.com/link?url=vhYNQ1rGR45GWQ9wE9kqFJ_V7RNsDERz9uUA_tj_3uJjqxykGKDOZFROBWfIsVdlKSpPMBzASl_vkBFiTwtswKM1srjqLRUa4N_ASOth1DYe9aL3XdluB8SOngF8Mi-C
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Fig. 3. GO enrichment analysis of the DEGs. The GO functions 

were mainly classified into three categories, namely, biological 

process, cellular component, and molecular function. The bar 

with high –log10 (p-value) indicated that the DEGs were 

preferentially statistically related to this function category. 

 

 
 

Fig. 4. Pathway classification enrichment of the DEGs.The bar 

with high –log10 (p-value) indicated thatthe DEGs were 

preferentially statistically related to this function pathway. 

DEGs involved in secondary metabolite biosynthesis in 
response to 2,4-D: The DEGs in the biosynthesis of 
secondary metabolites in response to 2,4-D are listed in 
Table 2. All the DEGs involved in the biosynthesis of 
phenolic (phenylpropanoid, stilbenoid, diarylheptanoid 
and gingerol, flavonoid, and anthocyanin) and alkaloid 
compounds (isoquinoline alkaloid, tropane, piperidine, 
and pyridine alkaloid) were down-regulated by 2,4-D. As 
for terpenoid compounds, the gene related to terpenoid 
backbone biosynthesis was down-regulated, whereas 
other genes related to diterpenoid, brassinosteroid, and 
zeatin biosynthesis were up-regulated.  

We also detected a few reported genes involved in 
the pathway of shikonin biosynthesis. Although the 
expression of these genes was not designated as DEGs 
based on our strict screening criteria, these genes were 
down-regulated by 2,4-D to some extent, except the two 
gene members PGT-2 and C4H-1, which were up-
regulated by 2,4-D to some extent.The two genes were 
possibly not main participants in shikonin and its 
derivatives formation as PGT-1 and C4H-2 (Table 3). 
 

Influence of 2,4-D on the genes related to ethylene 
formation and signal transduction pathway: Two 
genes involved in ethylene biosynthesis, ACC synthase 
gene (ACS) and ACC oxidase gene (ACO), were detected 
in the transcriptome data, but their expression was not 
regulated by 2,4-D. However, the genes in ethylene signal 
transduction pathway (ESTP) were all significantly down-
regulated by 2,4-D, including the copper-transporting 
ATPase gene (HMA5), which transports copper ion to the 
ethylene receptor to activate its activity for highaffinity 
with ethylene signal; the EIN3-like gene (EIL), which acts 
as the pivotal positive transcription factor for ESTP; the 
JA-responsive APETALA2 (AP2)-domain transcription 
factor gene from Catharanthusroseus (ORCA3); the key 
enzyme lipoxygenase gene (LOX) conferring the 
biosynthesis of JA, which regulates the ESTP by targeting 
EIN3; and the key enzyme gibberellin 2-oxidase gene 
(GA2ox) conferring the degradation of GA, which also 
regulates the ESTP by targeting EIN3 (Table 4, Fig. 5). 
 

Discussion 
 

As one kind of artificial auxin, 2,4-D is crucial in plant 
growth, development, and somatic embryogenesis, similar 
to other phytohormones belonging to the auxin category, 
such as indole-3-acetic acid (IAA),3-indolebutyric acid, 
and 1-naphthaleneacetic acid (Cruz et al., 1990; Cleland, 
1995; Ljunget al., 2002; Bakhtiar et al.,2014). A few 
studies showed that 2,4-D can also positively or negatively 
regulate the formation of secondary metabolites in higher 
plants. The 2,4-D treatment suppressed the biosynthesis of 
anthocyanin (Ozeki et al., 1993; Takeda, 1990). The cell 
lines of red beet showing different colors were induced 
from secondary callus with specific strategies. The colors, 
including white, yellow, orange, red, deep violet,and green, 
represent all kinds of pigments in red beet plant. The ratio 
of 2,4-D to 6-BAP was acritical factor in the regulation of 
these processes (Girod & Zryd, 1991). Many other 
secondary compounds, such as lycopene (Robertson et al., 
1995), indole alkaloids (Carpinet al., 1997), nicotine 
(Takahashi & Yamada, 1973), saponin(Lu et al., 2001), and 
coumarin (Bais et al., 2001; Lu et al., 2001) can be 
negatively regulated by 2,4-D but activated by the supply 
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of IAA or zeatin. The 2,4-D also regulated the production 
of low-molecular-weight secondary metabolite phytoalexin. 
In Arabidopsis seedlings, the treatment of 2,4-D yielded a 
decrease in camalexin production (Glawischniget al., 2004). 
However, the 6-methoxymellein production in carrot cells 
was promoted by 2,4-D but not by IAA in the medium 
(Kurosaki et al., 1985). The regulator 2,4-D significantly 
irreversibly inhibited shikonin and its derivatives 
biosynthesis even at a very low concentration (Yazakiet al., 
1999). However, the molecular regulatory mechanism of 
this process remains unknown. 

In recent years, the advanced high-throughput 
transcriptome sequencing strategy has been applied to 
uncover the molecular mechanisms of diverse plant 
physiological processes (Morozovaet al., 2008; Shendure & 
Ji, 2008; Wang et al., 2009; Calzadilla et al., 2016; Cao et al., 
2016; Chen et al., 2016; Islam et al., 2016; Muñoz-Espinoza 
et al., 2016; Vojtaet al., 2016; Xuet al., 2016; Cheng et al., 
2018). We used this approach in the present study to 
compare the transcriptome differences between 2,4-D treated 
callus cells and the CK. The results showed that 485 genes 
were significantly regulated by 2,4-D. GO enrichment 
analysis revealed that the DEGs were preferentially 
statistically related to the metabolic process, response to 
endogenous stimulus, transport, cellular process, and binding, 
with the higher –log10(p-value) of 66.69, 24.46, 16.14, 15.75, 
and 13.16, respectively. These results revealed that 2,4-D 
mainly affected the metabolic processes of the callus cells, 
and this regulation was possibly controlled by the 
endogenous stimulus induced by 2,4-D. In addition, due to 
the absence of shikonin formation under 2,4-D treatment, the 
genes related to the transport of shikonin and its derivatives 
and other substrates for shikonin biosynthesis were 
significantly influenced by 2,4-D. Moreover, the functions of 
the DEGs were dramatically involved in the biological 
process, suggesting that 2,4-D treatment affected shikonin 
and its derivatives biosynthesis mainly by regulating multiple 
biological processes of the callus cells. Pathway 
classification enrichment analysis showed that the DEGs 
were mainly statistically related to the metabolism process, 
in which the DEGs were preferentially statistically related to 
the biosynthesis of secondary metabolites with the highest –
log10 (p-value) of 8.77, thereby further confirming the GO 
enrichment analysis result.  

Shikonin and its derivatives are formed from the 

following two crucial precursors: geranyl pyrophosphate 

derived from the isoprenoid pathway and p-

hydroxybenzoic acid formed from the phenylpropanoid 

pathway. Therefore, the factors affecting the two pathways 

can influence shikonin and its derivatives biosynthesis. The 

functional annotations proved that the DEGs related to the 

biosynthesis of secondary metabolites were dramatically 

regulated by the compound 2,4-D. Among these genes, all 

the DEGs involved in the phenylpropanoid biosynthesis 

pathway were down-regulated by the compound 2,4-D. 

Although the genes related to diterpenoid, brassinosteroid, 

and zeatin biosynthesis were up-regulated, the rate-limiting 

enzyme gene of the isoprenoid pathway (Campbell et al., 

1998; Berthelotet al., 2012), isopentenyldiphosphate 

isomerase gene, was dramatically down-regulated by 2,4-D. 

Therefore, the two pathways for shikonin biosynthesis were 

all blocked by 2,4-D to a considerable extent. In addition, a 

few reported genes related to the biosynthesis pathway of 

shikonin and its derivatives (i.e., PAL-1, PAL-2 (Yazaki et 

al., 1997b), C4H-2 (Yamamura et al., 2001), 4CL-1, 4CL-2 

(Yazaki et al., 1995), and PGT-1 (Yazaki et al.,2002)), and 

the important gene possibly involve in the trapping and/or 

intra-cell wall excretion of shikonin and its derivatives, 

LePS-2, were all down-regulated by 2,4-D to some extent 

although the expression of these genes was not designated 

as DEGs based on our strict screening criteria.  
 

 
 

Fig. 5. Proposed model illustrating the molecular mechanism of 
2,4-D in regulating the biosynthesis of shikonin and its 
derivatives by blocking the ESTP. The arrow and bars 
represented positive and negative regulation, respectively. The 
green and red background indicated the gene down-regulated 
and up-regulated by 2,4-D, respectively. 

 

Since the previous studies proved that ethylene signal 
plays a pivotal role in regulating shikonin and its 
derivatives biosynthesis (Touno et al., 2005; Fang et al., 
2016a,b), the factors affecting the ethylene biosynthesis 
and ESTP would finally influence the formation of 
shikonin pigments. In this study, two genes involved in 
ethylene biosynthesis, ACS and ACO, were not regulated 
by the compound 2,4-D. However, the genes involved in 
ESTP were all significantly down-regulated by the 
compound 2,4-D, in which the P-type copper-transporting 
ATPase gene HMA5 transported copper ion to the 
ethylene receptor to activate its activity for highaffinity 
with ethylene signal. The EIL acted as the pivotal positive 
transcription factor gene for ESTP; the JA-responsive 
APETALA2 (AP2)-domain transcription factor gene from 
C. roseus ORCA3 activated the transcription of the 
shikonin biosynthesis-related genes. Although the LOX 
and GA2oxgenes were not directly involved in the ESTP, 
the two genes were key enzyme genes conferring the 
biosynthesis of JA and GA, which indirectly regulated the 
ESTP by targeting EIN3 through JAZ and DELLA 
protein, respectively (Fig. 5). These results suggested that 
blocking the ESTP is possibly the key point for 2,4-D-
inhibited shikonin biosynthesis in L. erythrorhizon. This 
speculation provided new directions for the 
comprehensive investigation of the molecular regulation 
of shikonin biosynthesis by 2,4-D in future studies. 
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Conclusions 

 

In conclusion, unlike ET and MeJA signals that act as 

positive regulators for shikonin biosynthesis, 2,4-D 

negatively regulates the accumulation of shikonin and its 

derivatives, thereby providingan excellent experimental 

system for dissecting the molecular mechanism of these 

valuable secondary metabolites. However, the molecular 

mechanism remains unknown. By using the advanced high-

throughput transcriptome sequencing strategy, we dissected 

the expression profiling of the DEGs regulated by 2,4-D in 

L. erythrorhizon callus cells. The results revealed that 2,4-D 

dramatically affected the metabolism process. In particular, 

it down-regulated the biosynthesis-related genes for 

phenylpropanoidbiosynthesis.This regulation might be 

achieved by directly blocking the ESTP or indirectly 

regulating the JA and GA to target EIN3 of the ESTP, 

whereas 2,4-D has no regulation on ET biosynthesis. Our 

findings provide new hints for the comprehensive 

understanding of the molecular mechanism of shikonin 

biosynthesis in future studies. 
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