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Abstract
Key message  The fusion gene 4CL-CCR​ promotes lignification and activates lignin-related MYB expression in tobacco 
but inhibits auxin-related gene expression and hinders the auxin absorption of cells.
Given the importance of lignin polymers in plant growth and their industrial value, it is necessary to investigate how plants 
synthesize monolignols and regulate the level of lignin in cell walls. In our previous study, expression of the Populus tomen-
tosa fusion gene 4CL-CCR​ significantly promoted the production of 4-hydroxycinnamyl alcohols. However, the function of 
4CL-CCR in organisms remains poorly understood. In this study, the fusion gene 4CL-CCR​ was heterologously expressed 
in tobacco suspension cells. We found that the transgenic suspension cells exhibited lignification earlier. Furthermore, 4CL-
CCR significantly reduced the content of phenolic acids and increased the content of aldehydes in the medium, which led to 
an increase in lignin deposition. Moreover, transcriptome results showed that the genes related to lignin synthesis, such as 
PAL, 4CL, CCoAOMT and CAD, were significantly upregulated in the 4CL-CCR group. The expression of genes related to 
auxin, such as ARF3, ARF5 and ARF6, was significantly downregulated. The downregulation of auxin affected the expres-
sion of transcription factor MYBs. We hypothesize that the upregulated genes MYB306 and MYB315 are involved in the 
regulation of cell morphogenesis and lignin biosynthesis and eventually enhance lignification in tobacco suspension cells. 
Our findings provide insight into the function of 4CL-CCR in lignification and how secondary cell walls are formed in plants.
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Introduction

Lignin is a major structural component of plant cell walls 
(Grossman and Vermerris 2019). The function of this 
polymer is mainly related to the terrestrial environment 
because it is responsible for mechanical support and pro-
tection (Ralph et al. 2019; Dong and Lin 2021). In addition 
to playing a central role in the development of vascular 
plants, lignin provides a significant contribution to the 
quality of a range of economical products derived from 
plant lignocellulosic biomass (Rais and Zibek 2019; Shi 
et al. 2023). Although the composition of lignin polymers 
is complex and varied, the main components are derived 
from the oxidative coupling of three p-hydroxycinnamyl 
alcohols (monolignols), p-coumaryl, coniferyl and sinapyl 
alcohols, which differ by methoxylation (Wang et  al. 
2016). After these monomers were incorporated into the 
lignin polymer, p-hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) units were produced (Vanholme et al. 2019). 
Given the importance of lignin polymers in plant growth 
and their industrial value, it is necessary to investigate 
how plants synthesize monolignols and regulate the level 
of lignin in cell walls.

4-Coumaric acid: coenzyme A ligase (4CL) is a key 
enzyme in the phenylpropanoid metabolic pathway that 
regulates the biosynthesis of lignin and flavonoids (Li et al. 
2020, 2023). Cinnamoyl-coenzyme A reductases (CCRs) 
have been reported as key enzymes involved in monolignol 
biosynthesis (Chao et al. 2019; Hu et al. 2021). In our pre-
vious study (Liu et al. 2015), 4CL and CCR were fused to 
generate an artificial bifunctional enzyme, 4CL-CCR. The 
fusing enzyme 4CL-CCR catalyzes continuous multistep 
reactions (Liu et al. 2017) and significantly enhances the 
biosynthesis of 4-hydroxycinnamyl alcohols (Vanholme 
et  al. 2019), which promotes the synthesis of lignin. 
However, the function of 4CL-CCR in organisms remains 
poorly understood. We found that cells treated with auxin 
analogs, including 2,4-dichlorophenoxyacetic acid (2,4-
D) or picloram, showed enhanced division and inhibited 
lignification, while treatment with benzylaminopurine 
(BA) induced lignification in bamboo (Ogita et al. 2018). 
In addition, the CCR​ gene was upregulated in response 
to BA treatment, and the 4CL gene was upregulated in 
response to both 2,4-D and BA treatments (Wiszniewski 
et al. 2009; Khadr et al. 2020). These findings suggest 
that the specific upregulation of genes encoding 4CL and 
CCR may be involved in lignification through coordinated 
transcriptional regulation and metabolic alterations.

In this study, we investigated the role of the fusion 
gene 4CL-CCR​ during the proliferation and lignifica-
tion of tobacco suspension cells. Histochemical staining 
and microscopic observations showed that 4CL-CCR 

significantly accelerated the lignification of tobacco 
suspension cells. Moreover, gas chromatography‒mass 
spectrometry (GC‒MS) and high-performance liquid 
chromatography‒mass spectrometry (HPLC‒MS) were 
used to analyze the lignin composition and its precursor, 
phenolic acid, respectively. Furthermore, the transcrip-
tional changes associated with lignification were exam-
ined to clarify the functions of 4CL-CCR. Our findings 
have provided knowledge of how secondary cell walls are 
formed in plants.

Materials and methods

Construction of plant expression vector

Nicotiana tabacum was cultivated in the laboratory. 
Pto4CL1-CCR​ was cloned as described previously (Liu 
et al. 2015). The full-length fusion Pto4CL1-CCR​ gene 
fragment was amplified using specific primers, and the 
sense primer and antisense primer were 5′-TCT​AGA​ATG​
AAT​CCA​CAA​GAAG-3′ and 5′-CCC​GGG​TTA​TTG​AAT​
CTT​CACAG-3′, respectively. The specific primers were 
designed on both sides of the gene with Xba I and Sma I 
restriction enzyme sites. The PCR product was gel-purified 
and cloned into the pBI121 plant expression vector under 
the transcriptional control of the 35S promoter and then 
introduced into Agrobacterium tumefaciens GV3101 and 
confirmed by PCR and DNA sequencing (TSINGKE, Bei-
jing, China).

Pto4CL1‑CCR gene transformation into tobacco 
plants

The positive GV3101 clone with the recombinant vector was 
cultivated in YEB medium containing 50 mg/L kanamycin, 
50 mg/L rifampicin, and 50 mg/L gentamicin at 28 °C over-
night. The activated bacteria were transferred to antibiotic-
free YEB liquid medium until the OD600 reached 0.3–0.6. 
Tobacco leaves were cut into small pieces (4.0 × 4.0 cm), 
immersed in Agrobacterium solution for 10 min, and then 
transferred to Murashige and Skoog (MS) solid medium 
supplemented with 1.5 mg/L 6-benzylamino-purine (6-BA) 
and 0.3 mg/L naphthylacetic acid (NAA) in the dark for 
2–3 days. To induce the root, the regenerated buds at a 
height of 1.0 cm were transferred to rooting medium. Pieces 
of rooted tobacco leaves were harvested for DNA extrac-
tion. The transgenic plants were determined by PCR with 
pBI121-specific primers (sense primer: 5′-ACG​CAC​AAT​
CCC​ACT​ATC​CTT-3′, antisense primer: 5′-TTC​ATT​TTC​
GTC​TGC​CTG​TGTT-3′) and southern blotting.
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Establishment of a suspension culture

Well-growing and identical plants were selected to induce 
calli. Sterilized leaf segments were cultured on MS 
medium supplemented with 0.3 mg/L NAA and 1.5 mg/L 
6-BA for four weeks under dark conditions. Initiated calli 
proliferated on MS medium supplemented with 1.0 mg/L 
NAA and 0.5 mg/L 6-BA for subculture for four weeks 
under dark conditions. Approximately 1.0 g fresh weight 
of friable white calli were transferred to 200 mL flasks 
containing 50 mL MS liquid medium supplemented with 
1 mg/L 2,4-D, incubated on a shaker with constant tem-
perature (110 rpm, 25 ℃), and stored in darkness. The 
suspension cultures were subcultured in fresh MS liquid 
medium at 10-day intervals. This procedure was repeated 
approximately 4–6 times. Then, the supernatant was fil-
tered through a 210 μm mesh filter, and the filtrate was 
used as an initial source for the subsequent cell suspen-
sion cultures. The suspension cells were subcultured by 
transferring 5 mL of fresh cells into 45 mL of fresh liquid 
medium at 7-day intervals. The cell viability and mor-
phology assays were performed by staining the cells using 
fluorescein diacetate (FDA) (Sigma, UK) by the method 
described previously (Namsi et al. 2019). The cell sus-
pension growth curve was estimated and monitored using 
fresh weight according to the method described (Pan et al. 
2020).

Identification of suspension cell lignification 
and lignin composition

The lignin content of suspension cells was measured 
according to the phloroglucinol-HCl reaction (Siegel 
1953). Cells were collected at different cultivation periods 
(2, 4, 11 and 24 days), centrifuged to move the medium, 
and then observed and imaged under a fluorescence micro-
scope (BX61TRF, Olympus, Japan). A GC‒MS system 
(Trace-GC Ultra) connected to a Trace-DSQ mass selec-
tive detector with EI ionization of full scan and selected 
ion monitoring (selected ion 1.0 mass unit) (Thermo-
Finnigan, San Jose, CA) was used in this experiment. The 
column used was a 30 m × 0.25 mm I.D., 0.25 μm film 
thickness, DB-5 ms fused silica capillary column (Agilent, 
USA). The analysis of lignin composition with GC‒MS 
assays was adapted from described previously (Qi et al. 
2019). In short, samples were milled to powder with liq-
uid nitrogen, extracted and dried, and then thiaoacidolysis 
solution was added under nitrogen. The extraction was 
transferred to a capillary, and then a derivative reaction 
was carried out with BSTFA. Finally, the reaction solution 
was analyzed by GC‒MS. The data were analyzed using 
Xcalibur 2.1 software (Thermo-Finnigan).

Qualitative and quantitative analyses of phenolic 
acids in culture medium by HPLC‒MS

The content of phenolic compounds was analyzed by 
HPLC‒MS (Agilent, Santa Clara, CA, USA) (Slazak 
et al. 2020). Briefly, suspended cells were collected at dif-
ferent cultivation periods (2, 4, 11 and 24 days) and cen-
trifuged to retain the medium, and then the medium was 
extracted and vacuum-dried, followed by resuspension in 
the mobile phase. The solution was separated and identi-
fied by an HPLC system and an ion trap mass spectrometer 
coupled with an ESI source, sequentially. HPLC separation 
was carried out using a reversed-phase column (ZORBAX 
300SB-C18, 2.1 × 150 mm, 3.5 μm). The solvents, mobile 
phases, and MS parameters were the same as described pre-
viously. The data were analyzed using Xcalibur 2.1 software 
(Thermo-Finnigan).

RNA extraction and sequencing

A modified CTAB method (Khairul-Anuar et al. 2019) was 
used to extract total RNA from tobacco suspension cells at 
different cultivation periods (2, 4, 11 and 24 days). The deg-
radation degree, concentration, purity and integrity of the 
RNA samples were measured. First, the mRNA was enriched 
with oligo (dT) magnetic beads and broken into short frag-
ments by adding fragmentation buffer. Random primers were 
used to synthesize the first strand of cDNA. Then, the sec-
ond strand cDNA was synthesized and purified, subjected 
to sticky end repair, and ligated. Finally, the effective con-
centration of the library was quantified to ensure the quality 
of the library. The constructed library was sequenced using 
the Illumina Sequencing Platform (San Diego, CA, USA).

Transcriptome analysis

After sequencing, the raw reads were filtered to obtain clean 
reads. The reads with adapters, a proportion of N greater 
than 10%, and low quality (the number of bases with 
Qphred < 5 accounted for more than 50% of the total reads) 
were removed. Subsequently, the clean reads were compared 
using TopHat software (http://​ccb.​jhu.​edu/​softw​are/​tophat). 
The comparison results were calculated, and the num-
ber of read counts of each sample compared to each gene 
was obtained, which were the input data of differentially 
expressed genes (DEGs). For biologically duplicated sam-
ples, we performed an analysis using DESeq2. The screening 
threshold was p < 0.05 and |log2FoldChange |> 1. Annota-
tions from Gene Ontology (GO) (Ashburner et al. 2000) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(Zheng et al. 2019) were tested for enrichment.

http://ccb.jhu.edu/software/tophat
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Results

Establishment of cell suspension cultures of tobacco

To obtain transgenic tobacco plants, the recombinant vec-
tor pBI121-4CL-CCR​ was transformed into A. tumefaciens 
strain GV3101 and then introduced into tobacco plants. 
To confirm whether pBI121-4CL-CCR was successfully 
transferred to the target strain, regenerated tobacco plants 
were screened by PCR (Fig. S1a). In addition, southern 
blotting analysis was carried out on the DNA obtained 
from the transgenic plants. The results indicated that there 
were the following positive transgenic lines were present: 
4CL-CCR 2, 4CL-CCR 5–2, 4CL-CCR 10–1, 4CL-CCR 
16–1 and 4CL-CCR 20–2 (Fig. S1b). The patterns of the 
hybridization bands differed from plant to plant, indicating 
independent transformation events and random integra-
tion. The positive transgenic plants were further analyzed. 
Friable and cream callus clumps were collected, and the 
optical growth condition was used to start the cell suspen-
sion culture (Fig. S1c-e). To find the best growth node, the 
growth curve of suspension cells was mapped by measur-
ing the fresh weight of suspension cells. We found that 
the fresh weight of the 4CL-CCR plants was significantly 
higher than that of the WT plants (Fig. 1, ** P < 0.01). 
Furthermore, the suspension cell line entered the loga-
rithmic stage on the 4th day and the plateau stage on the 
11th day (Fig. 1). Therefore, suspension cells of Day 2, 
Day 4, Day 11 and Day 24 were used for the subsequent 
experiments.

4CL‑CCR promoted the lignification of suspension 
cells in tobacco

To observe the morphological differences more closely dur-
ing suspension cell growth, we used FDA staining (a fluo-
rescent dye that markers living cells). We found that there 
was no significant difference in cell morphology between 
the 4CL-CCR group and the WT group at Days 4 and 11 
(Fig. 2a). However, the cells in the 4CL-CCR group showed 
link fracture and a single globular aggregation when the 
growth of suspension cells reached a plateau at Day 24, 
and no significant change were observed in the WT group 
(Fig. 2a). Since the 4CL-CCR group showed morphologi-
cal changes related to lignification (Habarugira et al. 2015; 
Que et al. 2018), we measured the level of lignification in 
the two groups of cells by phloroglucinol-HCl reactions. 
The results showed that the cells in the 4CL-CCR group 
exhibited a higher level of lignification than those in the WT 
group (Fig. 2b, c), and the tobacco culture medium of the 
4CL-CCR group appeared pale-yellow and then gradually 
darkened (Fig. 2d). These results confirm that 4CL-CCR 
promotes the lignification of suspension cells in tobacco.

Effect of 4CL‑CCR on lignin synthesis 
in the suspension cell

To investigate the mechanism by which 4CL-CCR regulates 
lignin synthesis, the lignin precursor phenolic acid (p-cou-
maric acid, caffeic acid, ferulic acid and sinapic acid) and 
its derivatives (cinnamic aldehyde, caffeyl aldehyde, coni-
fer aldehyde and sinap aldehyde) in suspension cell culture 
medium were measured to reflect the synthesis of lignin. 
These phenolic acids and aldehydes were analyzed by 
HPLC‒MS. We found that the phenolic acid content in the 
suspension cell culture medium decreased significantly in 
the 4CL-CCR group (Fig. 3a–d; ** P < 0.01). Although there 
were some differences at different time points, the phenolic 
acid content in the 4CL-CCR group showed a downward 
trend with increasing subculture time, while the phenolic 
acid content in the WT group showed an upward trend.

We also found that the contents of cinnamic aldehyde, 
caffeyl aldehyde, and conifer aldehyde in the suspension cell 
culture medium were increased significantly in the 4CL-
CCR group (Fig. 3e–g; ** P < 0.01). There was no signifi-
cant difference in the content of sinap aldehyde between the 
WT and 4CL-CCR groups (Fig. 3h), which indicates that 
4CL-CCR had no catalytic effect on sinapic acid.

Moreover, the aldehyde content in the WT group was 
basically stable, while the aldehyde content in the 4CL-CCR 
group increased with increasing culture time. This indicates 
that there are more upstream substrates catalyzed by 4CL-
CCR to form lignin precursor aldehydes.

Fig. 1   Tobacco cell suspension types in the different growth phase. 
Quantification of the fresh weight of suspension cells in WT and 
4CL-CCR group. (F (22, 88) = 7.079, P < 0.0001; two way ANOVA 
with Bonferronl’s multiple comparisons). Data are mean ± S.E.M. **, 
P < 0.01
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The above results indicated that the rapid consumption of 
phenolic acid by 4CL-CCR prompted the cells to reabsorb 
phenolic acid in the medium, further catalyzed the forma-
tion of corresponding aldehydes, and finally released the 
aldehydes into the extracellular environment.

Identification of genes potentially involved in lignin 
biosynthesis

RNA-seq analysis of the suspension cells was performed in 
four developmental stages (Day 2, Day 4, Day 11 and Day 
24) to characterize the dynamics of the transcriptome during 
suspension cell development and to identify genes involved 

in 4CL-CCR-specific lignification. Nicotiana sylvestris was 
used as a reference genome, and detailed information about 
differentially expressed genes (DEGs) can be found in the 
supplementary data, including Day 2 in Table S1, Day 4 
in Table S2, Day 11 in Table S3, and Day 24 in Table S4. 
We first focused on lignin-related DEGs, and a total of 49 
DEGs in 8 lignin biosynthesis gene families were obtained. 
As shown in Table 1, among the 3 homologous genes of phe-
nylalanine ammonia lyase (PAL), only PAL-like expression 
increased at different sampling times. Increased expression 
was found for the 4CL family members except 4CL-like 7. 
The upregulated genes in the 4CL family of tobacco were 
mainly 4CL2 and 4CL2-like. The members of the tobacco 

Fig. 2   Dynamic changes in 
cell suspension growth rate, 
morphology and lignin accu-
mulation during development. a 
Observation of suspension cell 
morphology by FDA at different 
time points, bar = 100 μm. b, c 
The degree of lignification of 
suspension cells was determined 
by phloroglucinol-HCl reaction 
at different time points. d The 
suspension cell growth showed 
a color difference at different 
culture time
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4CL gene family can be divided into the following broad cat-
egories: one is involved in the synthesis of lignin monomers, 
and the other is involved in the synthesis of flavonoids (Lee 
and Douglas 1996). In this experiment, 4CL2 and 4CL2-
like, which were mainly upregulated genes in the 4CL fam-
ily, may be involved in the synthesis of tobacco flavonoids. 
Presumably, tobacco cells contain enough 4CL protein to 
synthesize the lignin precursor due to the expression of 
the fusion gene 4CL-CCR​ (Hu et al. 2010). Therefore, the 
expression of the endogenous 4CL gene involved in lignin 
synthesis in tobacco was not changed. Because of the feed-
forward effect of the substrate, the expression of 4CL genes 
involved in flavonoid synthesis increased (Fig. 4a).

In addition, several genes, such as cinnamyl alco-
hol dehydrogenase (CAD), caffeic acid O-methyltrans-
ferase (COMT), caffeoyl-CoA 3-O-methyltransferase 
(CCoAOMT) and ferulate 5-hydroxylase (F5H), are 
involved in the lignin biosynthesis pathway (Table 1). 
We also found that CAD1 and CAD6 were significantly 
upregulated in 4CL-CCR suspension cells. The COMT- 
and CCoAOMT-related genes, which are involved in 
transformation from H-units lignin to G-units lignin, were 
increased significantly (Fig. 4a). However, transcriptome 
results showed that the expression of F5H in the 4CL-CCR 
suspension cell line was downregulated compared with 
WT during the whole subculture period (Table 1).

Fig. 3   Solubility phenolic acid 
and aldehyde of suspension cell 
at different subculture time. a 
Quantification of the p-cou-
maric acid level of suspension 
cells in Wild Type and 4CL-
CCR group. (F (1, 16) = 33.62, 
P < 0.0001). b Quantifica-
tion of the caffeic acid level 
of suspension cells in Wild 
Type and 4CL-CCR group. 
(F (1, 16) = 181.5, P < 0.0001). 
c Quantification of the ferulic 
acid level of suspension cells 
in Wild Type and 4CL-CCR 
group. (F (1, 16) = 134.5, 
P < 0.0001). d Quantifica-
tion of the sinapic acid level 
of suspension cells in Wild 
Type and 4CL-CCR group. (F 
(1, 16) = 65.79, P < 0.0001). e 
Quantification of the cinnamic 
aldehyde level of suspension 
cells in Wild Type and 4CL-
CCR group. (F (1, 16) = 5562, 
P < 0.0001). f Quantification 
of the caffeyl aldehyde level 
of suspension cells in Wild 
Type and 4CL-CCR group. (F 
(1, 16) = 222.3, P < 0.0001). g 
Quantification of the conifer 
aldehyde level of suspension 
cells in Wild Type and 4CL-
CCR group. (F (1, 16) = 20.44, 
P = 0.0003). h Quantification 
of the sinap aldehyde level 
of suspension cells in Wild 
Type and 4CL-CCR group. (F 
(1, 16) = 0.093, P = 0.7646). Two 
way ANOVA with Bonferronl’s 
multiple comparisons. Data are 
mean ± S.E.M. *, P < 0.05, **, 
P < 0.01
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Table 1   GO analysis of differentially expressed lignin biosynthesis genes

ACCESSION PREDICTED Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT)
Day 2 Day 4 Day 11 Day 24

XM_009778105 cinnamoyl-CoA reductase 1-like 2.82 1.61 – 1.06 1.38
XM_009784438 cinnamoyl-CoA reductase 2-like 2.37 1.27 2.23 0.04
XM_009804807 cinnamoyl-CoA reductase 1 – 2.8 – 0.52 – 1.56 1.52
XM_009796108 phenylalanine ammonia-lyase-like 10.06 8.08 5.48 4.09
XM_009761643 phenylalanine ammonia-lyase G4-like 5.12 1.94 0.87 0.19
XM_009768603 phenylalanine ammonia-lyase 2.83 0.79 0.83 0.4
XM_009619911 4-coumarate–CoA ligase-like 6 isoform X1 7.29 1.18 0.02 2.6
XM_009769408 4-coumarate–CoA ligase-like 10 4.83 1.98 2.83 4.83
XM_009790217 4-coumarate–CoA ligase 2-like 4.72 7.71 6.35 5.43
XM_009800561 4-coumarate–CoA ligase 1 4.6 0.63 0.42 – 0.07
XM_009776171 4-coumarate–CoA ligase-like 5 3.7 0.5 – 0.18 0.47
XM_009799810 4-coumarate–CoA ligase 2 3.68 1.39 1.02 2.49
XM_009792146 4-coumarate–CoA ligase-like 9 2.52 0.32 0.94 4.04
XM_009798387 4-coumarate–CoA ligase-like 6 isoform X2 1.24 1.15 1.33 – 1.04
XM_009788507 4-coumarate–CoA ligase-like 7 0.42 – 1.1 – 1.4 – 1.2
XM_009789161 cinnamyl alcohol dehydrogenase 1 5.6 7.87 4.92 8.23
XM_009777260 cinnamyl alcohol dehydrogenase 6 0.98 4.62 3.02 2.51
XM_009803185 cinnamyl alcohol dehydrogenase 2 – 1.6 – 0.92 0.6 – 0.27
XM_009759260 caffeic acid 3-O-methyltransferase 6.77 – 0.83 – 0.22 0.03
XM_009785756 caffeic acid 3-O-methyltransferase-like 1.02 1.44 2.45 1.64
XM_009782373 caffeoylshikimate esterase-like isoform X1 5.99 0.91 0.02 0.42
XM_009784278 caffeoylshikimate esterase 4.23 0.97 1.88 – 0.05
XM_009787911 caffeoylshikimate esterase-like 2.7 0.07 1.52 – 0.69
XM_009778611 caffeoyl-CoA O-methyltransferase 5 7.38 4.6 5.61 4.01
XM_009782088 caffeoyl-CoA O-methyltransferase 1.24 0.84 1.81 0.68
XM_009762081 caffeoyl-CoA O-methyltransferase 6 0.95 – 0.22 – 0.8 – 0.21
XM_009791622 Nicotiana sylvestris cytochrome P450 84A1-like – 2.64 – 5.1 – 9.18 – 6.08
XM_009785498 peroxidase 16-like 9.37 5.27 10.34 6.54
XM_009805546 cationic peroxidase 1-like 6.79 4.23 10.7 6.35
XM_009764725 peroxidase 44-like 6.49 5.29 5.27 6.58
XM_009788572 peroxidase P7 6.34 7.11 9.97 4.48
XM_009777556 peroxidase 11 6.24 5.99 5.19 3.51
XM_009801914 peroxidase 3-like 6.1 1.95 1.02 0.19
XM_009795261 peroxidase 12-like 4.38 2.47 1.02 5.3
XM_009786936 suberization-associated anionic peroxidase-like 4.35 0.72 1.04 3.09
XM_009765579 peroxidase 7 3.24 – 0.82 – 0.98 – 0.9
XM_009803551 lignin-forming anionic peroxidase-like 1.83 5.18 6.23 6.97
XR_715583 peroxidase 21-like 1.8 0.09 – 0.56 0.77
XM_009786377 peroxidase 15-like 1.39 1.53 2.96 2.03
XM_009795391 peroxidase 72-like 1.22 – 1.25 – 3.3 – 2.78
XM_009791707 peroxidase 21 0.95 0.92 0.08 2.63
XM_009789663 peroxidase 24-like – 2.58 – 0.85 2.31 1.91
XM_009782887 peroxidase 5-like – 3.22 1.39 0.57 1.51
XM_009790279 putative Peroxidase 48 – 3.76 – 4.46 – 2.48 – 5.51
XM_009787112 probable peroxidase 61 – 5.28 – 0.14 – 0.84 – 1.81
XM_009765466 laccase-12-like 5.05 – 0.13 – 0.93 – 1.61
XM_009773336 laccase-6 4.83 2.11 – 1.14 – 3.4
XM_009805930 laccase-15-like 4.05 6.18 1.12 3.09
XM_009762607 laccase-7-like 3.83 1.09 2.81 – 0.83
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Moreover, we found that the expression levels of most 
peroxidases were upregulated during the entire suspen-
sion cell culture period (Table 1, Fig. 4b), while only two 
members of laccase increased (Table 1). This result sug-
gests that these peroxidases may play an important role in 
the oxidative polymerization of monolignols in transgenic 
suspension cells. The reason for this phenomenon may be 
that the oxygen content in the culture flask decreases due 
to the increase in the cell numbers during the cell culture 
period, and laccase requires oxygen to catalyze the synthe-
sis of lignin (Duroux and Welinder 2003). Furthermore, 
peroxidase is involved in the polymerization of lignin to 
protect plants from diseases and is associated with auxin 
metabolism (Passardi et al. 2006; Marjamaa et al. 2009). We 
found that the expression of anion peroxides formed by per-
oxidase 16-like, peroxidase 44-like, peroxidase P7, peroxi-
dase 11-like, peroxidase 3-like and lignin-forming anionic 
peroxidase-like were significantly increased in the 4CL-CCR 

group (Table 1). Thus, we speculated that peroxidase was 
involved in the oxidative polymerization of lignin monomers 
in the process of lignin synthesis promoted by 4CL-CCR.

4CL‑CCR inhibits auxin‑related gene expression

The morphology of suspension cells changed significantly 
during the process of suspension cell culture, and plant 
hormones play an important role in the regulation of cell 
morphology. Since the only hormone added to the culture 
medium was auxin analogs (2,4-D), we focused on the anal-
ysis of the differential expression of auxin-related genes, 
including the auxin transporter AUX1 gene and downstream 
genes related to the auxin response.

The transcriptome results showed that auxin transporter-
like protein 2, auxin transporter-like protein 3, and auxin 
transporter-like protein 4, which are responsible for the regu-
lation of auxin flow, were significantly downregulated in 
4CL-CCR suspension cells (Table 2). In addition, we found 
that auxin response factors (ARF), such as ARF 3, ARF 5, 
ARF 6, ARF 17 and 7 other genes, were significantly down-
regulated in 4CL-CCR suspension cells (Table 2). It has 
been shown that the downregulation of the ARF 2.1 gene 
leads to lignification in P. tomentosa (Fu et al. 2019), which 
is consistent with the results of this study that the lignifica-
tion of suspension cells increased in the 4CL-CCR group. 
Therefore, we speculated that the downregulation of AUX-
related gene expression may inhibit the absorption of auxin 
in 4CL-CCR suspension cells and further accelerate lignifi-
cation in the 4CL-CCR group.

4CL‑CCR affects the expression of MYB‑related 
genes

Moreover, MYB transcription factors are mainly involved 
in the biogenesis of secondary cell wall biosynthesis, 
and MYB proteins are also involved in the regulation of 
phenylpropanoid biosynthesis, affecting the biosynthesis 
of phenolic compounds. We found that the expression of 
the MYB306, MYB315 and MYB330 genes was signifi-
cantly increased, while MYB308 and MYB-B were signifi-
cantly downregulated in the 4CL-CCR group (Table 3). 
MYB306 in tobacco is homologous to MYB36 in Arabi-
dopsis thaliana, and AtMYB36 regulates root endothelial 

Table 1   (continued)

ACCESSION PREDICTED Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT)
Day 2 Day 4 Day 11 Day 24

XM_009792622 laccase-14-like 2.48 0.24 – 1.3 0.56

Note: TG: 4CL-CCR group, WT: Wild Type group

Fig. 4   Lignin biosynthesis pathway and monolignol biosynthesis 
related gene expression. a The monolignol biosynthesis pathway 
including phenylalanine ammonia lyase (PAL), 4-coumarate-CoA 
ligase (4CL), p-coumarate 3-hydroxylase (C3H), cinnamoyl CoA 
reductase (CRR), ferulate 5-hydroxylase (F5H), cafeic acid O-meth-
yltransferase (COMT) and cinnamyl alcohol dehydrogenase (CAD). 
b Expression of tobacco peroxidase and laccase in transgenic suspen-
sion cells. Gene expression was scaled using the Z-score of RPM in 
the heatmap. For each heatmap, the key is located at right with RPM 
values increasing from blue to red
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cells from proliferation to differentiation, which is related 
to lignin synthesis (Liberman et al. 2015). This implied 
that MYB306 may be involved in regulating the expres-
sion of lignin synthesis in the 4CL-CCR group. In addi-
tion, MYB315 in tobacco is homologous to AtMYB85, and 
AtMYB85 is involved in the control of cell wall biosyn-
thesis and activates lignin biosynthesis in fibers and/or 
vessels (Geng et al. 2020). This suggests that MYB315 may 
have a similar function in tobacco. Furthermore, overex-
pression of AtMYB92 induced the expression of fatty acid 
biosynthetic genes (To et al. 2020). Thus, MYB306 may 
also have similar functions mainly due to its homology 
with AtMYB92. Thus, we speculated that the upregulation 
of MYB gene expression promotes secondary cell wall 
formation and lignin deposition in the suspension cells of 
the 4CL-CCR group.

Discussion

In this study, we found that 4CL-CCR significantly pro-
moted lignification of tobacco suspension cells, and the 
suspension cell culture medium of the 4CL-CCR group 
showed obvious color changes when the tobacco suspen-
sion cells were subcultured. Monolignols are supplied for 
lignification biosynthesis from the suspension cells and 
also from the medium in vitro (Koutaniemi et al. 2005; 
Takeuchi et al. 2018). We measured these phenolic acids 
and aldehydes in the medium by HPLC‒MS and found 
that the phenolic acid content in the suspension cell cul-
ture medium decreased significantly, while the aldehyde 
content increased significantly in the 4CL-CCR group. 
According to soluble phenolic acid and its derivative 
analysis, the most secreted aldehyde in all cell lines was 

Table 2   GO analysis of differentially expressed auxin-related genes

Note: TG: 4CL-CCR group, WT: Wild Type group

ACCESSION PREDICTED Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT)
Day 2 Day 4 Day 11 Day 24

XM_009782741 auxin transporter-like protein 4 1.08 – 2.72 – 2.23 – 4.59
XM_009774089 auxin transporter-like protein 3 – 0.76 – 0.97 – 3.22 – 4.02
XM_009800633 auxin transporter-like protein 2 – 4.84 – 4.94 – 4.54 – 7.35
XM_009785359 auxin response factor 1-like 2.88 1.39 0.68 2.05
XM_009778108 auxin response factor 18 2.69 – 0.69 – 0.94 – 3.14
XM_009785453 auxin response factor 16 1.53 – 0.93 – 2.25 – 2.96
XM_009762127 auxin response factor 5 1.37 – 0.64 – 0.56 – 1.2
XM_009774979 auxin response factor 6 1.16 – 1.12 – 0.52 – 0.46
XM_009806130 auxin response factor 3 1.14 – 0.83 – 0.23 – 3.22
XM_009792804 auxin response factor 17 1.11 – 0.1 – 0.21 – 0.6
XM_009771241 auxin response factor 2-like − 1.12 – 1.1 – 1.78415 – 1.81
XM_009771234 auxin response factor 8-like − 1.19 – 2.26 – 1.18116 – 3.33
XM_009799317 auxin response factor 18-like − 1.65 – 0.16 – 0.94203 – 1.17
XM_009793540 auxin response factor 19-like − 1.7 – 1.99 – 2.9768 – 5.1
XM_009799145 auxin response factor 9-like − 2.68 – 2.66 – 3.21626 – 4.08
XM_009764955 protein TRANSPORT INHIBITOR 

RESPONSE 1-like
− 3.09 – 1.2 – 2.40466 – 1.27

Table 3   GO analysis of differentially expressed MYB transcription factors genes

Note: TG: 4CL-CCR group, WT: Wild Type group

ACCESSION PREDICTED Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT) Log2 (TG/WT)
Day 2 Day 4 Day 11 Day 24

XM_009805957 myb-related protein 306 4.7 4.05 6.8 6.18
XM_009785453 myb-related protein B-like – 2.02 – 1.3 – 0.11 – 1.3
XM_009781321 myb-related protein 315 2.12 4.05 3.74 3.46
XM_009774979 myb-related protein 330-like isoform X2 1.24 0.28 3.4 1.81
XM_009806130 myb-related protein 308-like – 1.16 – 1.14 – 2.02 – 5.06
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coumarin aldehyde, which suggests that coumaric acid in 
tobacco cells is catalyzed, and a large amount of coumarin 
aldehyde was finally produced and effluxed. In vitro exper-
iments confirmed that the 4CL-CCR protein could catalyze 
ferulic acid to coniferyl aldehyde, but only a small amount 
of coniferyl aldehyde was found in the medium (Xie et al. 
2018). However, G-unit lignin was detected in the cell wall 
of the transgenic suspension cells. This indicates that the 
coniferous aldehyde secreted into the medium may be used 
to synthesize lignin polymers. In contrast, cinnamaldehyde 
is not catalyzed by CAD because a large amount of cin-
namaldehyde is secreted into the medium. As mentioned 
above, conifer aldehyde is used to produce lignin.

In addition, these observations are supported by our 
RNA-seq analyses showing that lignin biosynthetic genes 
were up- or downregulated in the 4CL-CCR group. In the 
lignin biosynthesis pathway, the expression of CAD mem-
bers was significantly upregulated due to the introduced 
fusion gene 4CL-CCR​. The COMT and CCoAOMT genes, 
which are involved in transformation from H-unit lignin to 
G-unit lignin (Singh and Sharma 2022), were increased sig-
nificantly. This suggests that the transformation of lignin 
monomers from H-units to G-units in transgenic tobacco 
relies on the conversion of phenolic acid to caffeic acid via 
p-coumarate 3-hydroxylase (C3H) and then to ferulic acid 
via COMT catalysis. It is also possible to finally generate 
coniferyl aldehyde and coniferyl alcohol through the con-
version reaction between aldehydes. These genes showed 
different patterns of expression. This suggests that subfunc-
tionalization may have caused the expression patterns of 
these putative paralogous genes to diversify. However, tran-
scriptome results showed that the expression of F5H, which 
is another important gene related to the transition from 
G-units monomer to S-units monomer (Cao et al. 2022), 
was downregulated compared with that of WT during the 
whole subculture period in the 4CL-CCR suspension cell 
line. This indicates that the absence of S-unit monomers 
in the 4CL-CCR group is probably related to the decreased 
expression of the F5H gene.

Furthermore, auxin is very important for the normal 
growth of suspension cells, and it participates in regulat-
ing many metabolic adjustments of cells (Han et al. 2014). 
It has been confirmed that 2,4-D inhibited cell lignifica-
tion of cells in tobacco and moso bamboo suspension cells 
(Kuboi and Yamada 1976; Ogita et al. 2012). However, 
we found that lignification of transgenic suspension cells 
occurred even in the presence of 2,4-D in the medium. 
Therefore, it is necessary to analyze the gene expression 
differences between the 4CL-CCR and WT groups in 
response to plant hormones, especially auxin. The results 
showed that the expression of auxin transport-related 
genes was significantly decreased in the 4CL-CCR group. 
It has been demonstrated that the intracellular transport 

of auxin mediated by AUXs responds to 75% of the auxin 
influx, and the other 20% is crossed by other amino acids 
in Arabidopsis (Maraschin Fdos et al. 2009; Lakehal et al. 
2019), and the amount of auxin entering the cell through 
free diffusion is negligible (Rutschow et al. 2014; Bakker 
et al. 2022). The expression of three tobacco AUX proteins 
in this study and Arabidopsis AUX1 was downregulated 
(Xu et al. 2018). This suggests that these three AUX pro-
teins are responsible for the uptake of auxin. Downregu-
lation of these three genes resulted in suppression of the 
2,4-D influx in transgenic tobacco suspension cells, lead-
ing to disruption of the auxin signal transduction pathway.

TIR1, an important protein in the signal transduction 
pathway, is auxin dose-dependent (Xiao et  al. 2023). 
When the concentration of intracellular auxin increases, 
the expression of TIR1 is activated, and TIR1 mediates 
the ubiquitination and degradation of IAA protein (Qi 
et al. 2022). Then, ARFs that originally bind to IAA are 
released, and the released ARFs form a homologous or 
heterodimer activator dimer (Shimizu-Mitao and Kaki-
moto 2014; Lakehal et al. 2019). The dimer recognizes 
the target genes downstream of the auxin signal pathway 
target gene and binds to the cis-acting elements of the tar-
get genes; as a result, expression of the gene is activated 
to complete the auxin signaling pathway (Maraschin Fdos 
et al. 2009; Trenner et al. 2017). In this study, we found 
that the TIR1-like gene in transgenic tobacco suspension 
cells was significantly downregulated compared with that 
in WT cells. As a result, the low concentration of auxin in 
the cell inhibits the expression of the TIR1 gene, and the 
reduction in TIR1 protein cannot prevent IAA ubiquitina-
tion-based degradation, but the TIR1 protein will combine 
with ARF to form a heterodimer. ARF is a type of gene 
transcription factor that indirectly corresponds to auxin, 
and some ARFs are involved in regulating cell morphology 
(Niu et al. 2022). It has been shown that the loss of ARF2 
significantly increased the size of seeds in Arabidopsis 
by increasing cell division cell expansion (Schruff et al. 
2006). Therefore, when ARF exhibited no transcriptional 
activation function, the transgenic tobacco suspension 
cells finally showed a nearly circular cell shape. ARFs 
are also involved in regulating the biosynthesis of lignin 
(Hu et al. 2023). Inhibiting the expression of the ARF2.1 
gene in Populus trichocarpa showed that the petioles of P. 
trichocarpa were excessively lignified (Fu et al. 2019). In 
this study, the transgenic tobacco ARF2-like protein con-
tains the same conserved domains as P. trichocarpa and 
Arabidopsis PtrARF2.1 and AtARF2, which is inferred to 
perform the same function as PtrARF2.1 and AtARF2 (Li 
et al. 2014; Liu et al. 2018). In addition, the lignin-specific 
phloroglucinol-HCl reaction observed in the transgenic 
tobacco suspension cells is consistent with the excessive 
lignification of the petiole in the P. tomentosa mutant.
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Moreover, it has been demonstrated that MYB-related 
genes enhance flavonoid production, which further nega-
tively modulates the auxin response (Bernardi et al. 2019; 
Martínez-Rivas et al. 2023). Therefore, low concentrations 
of auxin cannot affect the expression of MYBs, and many 
upregulated MYB genes in the 4CL-CCR group are associ-
ated with decreased auxin concentrations. The subfamily 
domain that contains two repeats of R2R3 DNA binding is 
the largest domain in the MYB family (Stracke et al. 2001). 
Some R2R3 MYB proteins achieve mediation functions by 
binding AC cis-acting elements in the promoter (Luo et al. 
2023). The promoter regions of multiple genes in the phenyl-
propanoid pathway contain AC elements (Grotewold et al. 
1994; Sablowski et al. 1994). In previous studies, it was 
found that the R2R3 MYB protein was indeed involved in 
the regulation of phenylpropane biosynthesis and ultimately 
affected the biosynthesis of phenolic compounds, includ-
ing flavonoids and lignin (Tamagnone et al. 1998; Borevitz 
et al. 2000).

The MYB family members of A. thaliana that had been 
reported to participate in the regulation of the cell wall 
(Shi et al. 2022), and the MYB family members that were 
upregulated in this study were analyzed by MEGA7. The 
translation product proteins of tobacco transcription factors 
MYB306 and MYB315 were closely related to AtMYB36 
and AtMYB43, respectively. AtMYB36 is an important tran-
scription factor that mediates root endothelial cells from 
the proliferation to the differentiation stage (Fernández-
Marcos et al. 2017), and the sign of cell differentiation is 
the appearance of the casparian strip (Liberman et al. 2015). 
In this process of cell differentiation, MYB36 performs its 
feedforward effect (Liberman et al. 2015), while AtMYB43 
and AtMYB85 both directly regulate the expression of genes 
related to lignin synthesis. In addition, AtMYB43 was found 
to be directly involved in activating inhibitors in Arabidop-
sis (Jiang et al. 2020), and this inhibitor could inhibit the 
expression of flavonoid genes, causing more phenylalanine 
metabolic intermediate products to flow to lignin (Geng 
et al. 2020). Therefore, MYB306 in tobacco may activate the 
secondary metabolism of tobacco suspension cells, MYB315 
inhibits the biosynthesis of flavonoids, and more lignin accu-
mulates in suspension cells.

However, transcriptome sequencing was performed on 
tobacco transgenic suspension cells in different periods, we 
detected lots of DEGs, but only focused on a small number 
of DEGs related to lignin synthesis, as well as auxin related 
DEGs and MYB transcription factors that may be involved in 
regulating lignin synthesis. There are many important issues 
that needs to be focused on in further studies. For example, 
there could be hormonal crosstalk in the regulatory cascades 
leading lignin biosynthesis, therefore, in addition to auxin, 
other plant hormones may also be involved in regulating 
lignin synthesis. Furthermore, it also would be interesting 

to see whether there are up-regulation of other transcription 
factors during the process of secondary growth of the cells, 
and lignin deposition in the cell wall area. Besides MYBs, 
there could be involvement of other transcription factors. 
In order to solve the above problems, we have made the 
transcriptome data available in the supplementary data for 
future analysis, which might aid in discovering novel and 
underexplored mechanisms to the formation of lignin.

Conclusion

Overexpression of the 4CL-CCR gene promotes lignifica-
tion in tobacco suspension cells. The fusion gene 4CL-CCR 
may break the inhibitory effect of auxin on the lignifica-
tion of tobacco suspension cells. The low concentration of 
auxin in the cell may initiate the expression of MYB306 
and MYB315 in tobacco cells, respectively, turning on the 
secondary growth of cells and lignin deposition in the cell 
wall area.
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