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Abstract
Key message  NtCycB2 negatively regulates the initiation of tobacco long stalk glandular trichomes and influences 
the expression of diterpenoid biosynthesis- and environmental stress resistance-related genes.
Abstract  Many asterid plants possess multicellular trichomes on their surface, both glandular and non-glandular. The CycB2 
gene plays a key role in multicellular trichome initiation, but has distinct effects on different types of trichomes; its mecha-
nisms remain unknown. In tomato (Solanum lycopersicum), SlCycB2 negatively regulates non-glandular trichome formation, 
but its effects on glandular trichomes are ambiguous. In this study, we cloned the SlCycB2 homolog of Nicotiana tabacum, 
NtCycB2, and analyzed its effect on three types of trichomes, long stalk glandular trichomes (LGT), short stalk glandular 
trichomes (SGT), and non-glandular trichomes (NGT). Knocking out NtCycB2 (NtCycB2-KO) promoted LGT formation, 
while overexpression of NtCycB2 (NtCycB2-OE) decreased LGT density. SGT and NGT were not significantly influenced in 
either NtCycB2-KO or NtCycB2-OE plants, indicating that NtCycB2 regulated only LGT formation in tobacco. In addition, 
compared with NtCycB2-OE and control plants, NtCycB2-KO plants produced more trichome exudates, including diter-
penoids and sugar esters, and exhibited stronger aphid resistance. To further elucidate the function of NtCycB2, RNA-Seq 
analysis of the NtCycB2-KO, NtCycB2-OE, and control plants was conducted. 2,552 and 1,933 differentially expressed genes 
(DEGs) were found in NtCycB2-KO and NtCycB2-OE plants, respectively. Gene Ontology analysis of the common DEGs 
revealed that ion transport, carbohydrate and amino acid metabolism, photosynthesis, and transcription regulation processes 
were significantly enriched. Among these DEGs, diterpenoid biosynthesis genes were upregulated in NtCycB2-KO plants 
and downregulated in NtCycB2-OE plants. Two MYB transcription factors and several stress resistance-related genes were 
also identified, suggesting they may participate in regulating LGT formation and aphid resistance.
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Abbreviations
DEG	� Differentially expressed gene
GC–MS	� Gas chromatography–mass spectrometry
LGT	� Long stalk glandular trichomes
NGT	� Non-glandular trichomes
qRT-PCR	� Quantitative real time PCR
SGT	� Short stalk glandular trichomes

Introduction

Plant trichomes are hair-like tissues that develop from aerial 
epidermal cells and can be found on many plant species. 
Trichomes vary in shape, size, metabolism, and secretion 
ability, and may be unicellular or multicellular, glandular 
or non-glandular (Huchelmann et al. 2017). Trichomes play 
an important role in response to biotic stress, as they act as 
a physical barrier against herbivores. Moreover, glandular 
trichomes can synthesize, store, and secrete large amounts of 
exudates, including alkaloids, polysaccharides, terpenoids, 
polyphenols, organic acids, and defensive proteins. In turn, 
these exudates can entrap or poison herbivores and prevent 
pathogen infection (Huchelmann et al. 2017; Alain 2018). In 
addition, trichomes provide protection against abiotic stress-
ors, such as UV–B radiation, drought, and high temperatures 
(Karabourniotis et al. 1995, 2019).

 *	 Hong Cui 
	 cuihong@henau.edu.cn

1	 College of tobacco science, Henan Agricultural University, 
63 Nongye Road, Zhengzhou 450002, China

http://orcid.org/0000-0002-1940-8589
http://crossmark.crossref.org/dialog/?doi=10.1007/s11103-021-01222-z&domain=pdf


66	 Plant Molecular Biology (2022) 108:65–76

1 3

As trichomes are easily accessed, and their development 
is precisely controlled, they are considered an excellent 
model for studying the molecular mechanisms involved in 
controlling plant cell division and differentiation (Yang and 
Ye 2013). In Arabidopsis, which is covered by unicellular 
non-glandular trichomes, the regulatory network controlling 
trichome initiation and development has been extensively 
studied, and many regulatory genes have been identified. 
These genes include GLABRA1 (GL1), which encodes an 
R2R3 MYB transcription factor, GLABRA3 (GL3) and its 
homolog ENHANCER OF GL3 (EGL3), which encode 
basic helix-loop-helix (bHLH) transcription factors, and 
TRANSPARENT TESTA GLABRA1 (TTG1), which encodes 
a WD-40 repeat protein. These proteins are able to form a 
MYB-bHLH-WD-repeat complex (Zhao et al. 2008), which 
activates the expression of GLABRA2 (GL2), a gene encod-
ing a homeodomain transcription factor that promotes tri-
chome initiation (Rerie et al. 1994). In addition to these pos-
itive regulatory genes, negative regulatory genes have also 
been identified, including TRIPTYCHON (TRY​), CAPRICE 
(CPC), ENHANCER OF TRY AND CPC 1 (ETC1), ETC2, 
TRICHOMELESS1 (TCL1), TCL2, and CPL3, which encode 
R3 MYB transcription factors that compete with GL1 for 
binding to GL3/EGL3 to form an inactive complex (Ishida 
et al. 2008).

In contrast to Arabidopsis with its unicellular non-glandu-
lar trichomes, many asterid plants possess multicellular glan-
dular trichomes (Yang et al. 2015). However, overexpression 
of Arabidopsis GL1 in tobacco plants does not influence 
glandular trichome formation (Payne et al. 1999), suggest-
ing that the molecular mechanism involved in controlling 
glandular trichome development may differ from that in 
Arabidopsis. Our current knowledge regarding this mecha-
nism is limited; however, advances have been made with 
the discovery of some vital transcription factors (Chalvin 
et al. 2020). For instance, the R2R3 MYB transcription fac-
tor MIXTA has been found to positively regulate glandular 
trichome initiation in Artemisia annua (Shi et al. 2018) and 
tomato (Solanum lycopersicum) (Ewas et al. 2016). Another 
MYB protein in A. annua, AaMYB1, also promotes glandu-
lar trichome development (Matías-Hernández et al. 2017). In 
tomato (S. lycopersicum), the C2H2 zinc-finger gene Hair 
(Chang et al. 2018) and bHLH gene SlMYC1 (Xu et al. 2018) 
have also been shown to positively regulate glandular tri-
chome formation.

HD-ZIP IV transcription factors are also important regu-
lators of glandular trichome development. For instance, 
AaHD1 and AaHD8 are two HD-ZIP IV proteins in A. 
annua that play important roles in glandular trichome devel-
opment (Yan et al. 2017, 2018), while the AaHD8 homolog 
SlCD2 promotes glandular trichome initiation in tomato 
(S. lycopersicum) (Nadakuduti et al. 2012). Woolly (Wo) is 
another HD-ZIP IV transcription factor gene that controls 

glandular trichome formation in tomato (S. lycopersicum) 
(Yang et al. 2011). Microarray analysis has shown that Wo 
upregulates the expression of SlCycB2, a B-type cyclin gene, 
and direct protein–protein interactions are formed between 
Wo and SlCycB2 (Yang et al. 2011). Overexpression of 
SlCycB2 results in significantly decreased numbers of both 
glandular and non-glandular trichomes. Meanwhile, RNA 
interference (RNAi) of SlCycB2 leads to increased density 
of non-glandular type III and V trichomes and decreased 
density of glandular type I trichomes. However, glandular 
type IV and VI trichome density are not changed by RNAi 
of SlCycB2 (Gao et al. 2017). These findings suggest that 
SlCycB2 is a key regulatory gene in tomato trichome devel-
opment, but also that it has different effects on the various 
types of trichomes. Specifically, SlCycB2 negatively regu-
lates non-glandular trichome formation, but has ambiguous 
effects on glandular trichomes.

In our previous study, we cloned the homologs of Wo and 
SlCycB2 in Nicotiana benthamiana and found that NbWo 
and NbCycB2 are able to control trichome development. 
Similar to that in tomato, NbWo could positively regulate tri-
chome formation; however, unlike that in tomato, NbCycB2 
could negatively regulate glandular trichome formation. We 
further demonstrated that NbWo is able to directly bind the 
NbCycB2 promoter and promote its expression. On the other 
hand, NbCycB2 represses the activity of NbWo through 
protein-protein interactions, thereby negatively regulating 
trichome formation (Wu et al. 2020).

Although the functions of Wo and CycB2 in control-
ling glandular trichome initiation have been characterized 
and the relationships between them identified, this cannot 
explain the reason for CycB2 having different effects on dif-
ferent types of trichomes, and thus, further information is 
still needed.

Taking this in consideration, we chose Nicotiana taba-
cum as a model system as it contains only three types of 
trichomes (Cui et al. 2011), being much simpler than tomato, 
which contains seven types (McDowell et al. 2011). We 
cloned NtCycB2, the homolog of CycB2 in N. tabacum, 
and then constructed its overexpression (NtCycB2-OE) and 
knockout (NtCycB2-KO) lines. The effects of NtCycB2 on 
trichome density and exudate content were analyzed by com-
paring the wild-type, overexpression, and knockout lines. 
We also conducted transcriptome analysis of NtCycB2-KO, 
NtCycB2-OE, and control plants to further explore the func-
tion of NtCycB2. Finally, the newly gained information and 
its implications for understanding the function of NtCycB2 
and the molecular mechanisms of multicellular glandular 
trichome formation were discussed.
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Materials and methods

Plant materials and growth conditions

Tobacco (Nicotiana tabacum) cultivar K326 was used as the 
wild type, plants were grown under greenhouse conditions of 
16 h light/8 h dark and 25 °C/20 °C day/night temperature.

Sequence analysis

The coding sequence (CDS) of SlCycB2 (Gao et al. 2017) 
and NbCycB2 (Wu et al. 2020) were used as queries to blast 
against the reference genome sequence of N. tabacum at 
Sol Genomics Network (SGN) database (https://​solge​nom-
ics.​net/), and e-value < 1e−10 was set as the query threshold. 
The CDS and amino acid sequence of the putative NtCycB2 
genes were downloaded; multiple sequence alignments were 
carried out using the Clustal Omega program (https://​www.​
ebi.​ac.​uk/​Tools/​msa/​clust​alo/) using default parameters.

Vector construction and transformation of N. 
tabacum

The CRISPR/Cas9-mediated targeted mutagenesis was used 
to knockout NtCycB2, with the methods as described before 
(Gao et al. 2015), the targeting sequence (GTG​ATC​AAC​
CAC​CCA​CAA​G) and its reverse complement oligomer were 
chemically synthesized and annealed, the dimers obtained 
were then inserted into the pORE-Cas9 binary vector (Gao 
et al. 2015). For NtCycB2 overexpression, the full-length 
CDS were amplified (Primers are listed in Table S1) from 
the cDNA of N. tabacum leaves, and inserted into the 
pCXSN vector under the control of CaMV 35 S promoter 
(Chen et al. 2009).

The constructs obtained above were separately trans-
formed into the competent cells of Agrobacterium tumefa-
ciens strain GV3101 using the freeze-thaw method. Leaf 
discs from 6-week-old N. tabacum were infected by A. tume-
faciens strain GV3101 harboring the NtCycB2 knockout 
and overexpression vectors respectively using the methods 
described before (Gao et al. 2015). The leaf discs infected 
were then plated onto the regeneration medium (MS medium 
contains 3% (w/v) sucrose, 1 mg/L 6-Benzylaminopurine, 
0.15 mg/L 1-Naphthaleneacetic acid and 50 mg/L Cefotax-
ime sodium, 8 mg/L hygromycin, pH 5.6). The hygromycin 
resistant seedlings were obtained, the genomic DNA was 
extracted using the DNeasy Plant Mini Kit (Qiagen, Ger-
many) and used for further examination.

For the screening of NtCycB2-OE plants, PCR amplifi-
cation of the hygromycin resistant gene from the genomic 
DNA was performed for preliminary screening (primers 

used were shown in Table S1), and the positive single-
tons were further confirmed by qRT-PCR measurement of 
NtCycB2 expression level.

For the screening of NtCycB2-KO plants, the NtCycB2 
gene was amplified by PCR from genomic DNA (prim-
ers used were shown in Table S1), the PCR products were 
Sanger sequenced to detect the mutations.

Observation of trichome morphology

At the flowering stage, the newly emerged leaves (5 cm in 
length) of NtCycB2-KO, NtCycB2-OE, and control plants 
were collected and stained with 2% rhodamine B for 30 min, 
after washed away the unbound dye, the trichome was 
observed using a VHX-5000 microscope (Keyence, Japan). 
The trichome density was counted and shown as trichome 
number per mm2 leaf area.

Analysis of trichome exudates

At the flowering stage, the trichome exudates of NtCycB2-
KO, NtCycB2-OE and control plants were analyzed. Five 
healthy plants were selected from each line, and their middle 
leaves (10th to 12th leaf from the stem base) were collected. 
Leaf disks of 10 cm in diameter were cut out along both 
sides of the midrib, a total of 60 disks were obtained for each 
line, and divided into three repeats. Trichome exudates were 
extracted using the method described before (Huang et al. 
2018). Briefly, leaf disks were immersed in 500 ml of dichlo-
romethane for eight times of 2 s each. After that, 1 ml of 
internal standard solution (mixture of 2.020 mg/ml sucrose 
octaacetate and 2.542 mg/ml n-heptadecane alcohol) was 
added into each extract, well mixed and concentrated using 
a rotary evaporator, and finally dried in a nitrogen concentra-
tion. The extracts were then subjected to silylation treatment 
by adding 500 µl mixture of N,N-Dimethylformamide and 
N,O-Bis (trimethylsilyl) trifluoroacetamide (1:1, v:v), and 
incubated in 75 °C for 60 min.

The solutions obtained above were then analyzed by 
gas chromatography-mass spectrometry (GC-MS) using a 
TRACE GC ULTRA-DSQ II (Thermo Fisher Scientific, US) 
system coupled with a DB-5MS column (30 m × 0.25 mm) 
(Agilent Technologies, US). Helium was used as the carrier 
gas, the column flow was set as 0.8 ml/min. For each run, 
a volume of 1 µl sample was analyzed, with the split ratio 
set as 1:15. The injector temperature was 250 °C, and the 
oven was programmed to begin at 40 °C for 2 min, then 
6 °C per min to 180 °C, hold for 2 min; the temperature then 
increased by 2 °C per min until it reached to 280 °C, and 
maintained at this temperature for 20 min. The MS trans-
fer line temperature was 250 °C, and MS conditions were 
50–650 AMU scanning range, and the ion source 230 °C. 
The MS profiles were used to identify components based 

https://solgenomics.net/
https://solgenomics.net/
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https://www.ebi.ac.uk/Tools/msa/clustalo/
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on the NIST12 spectral library (https://​www.​nist.​gov/​srd). 
For each component, the area under the corresponding GC 
chromatogram peak was integrated, and compared to that of 
the internal standard, so that their amounts were calculated.

Aphid bioassay

Tobacco aphids (Myzus nicotianae) resistance of NtCycB2-
KO, NtCycB2-OE, and control plants were compared at the 
8-leaf stage. Four healthy plants for each line were selected, 
and ten aphid larvae were inoculated on the leaves for each 
plant. Each plant was confined to a cage assembled with an 
insect proof net, and grown in a chamber with conditions of 
25 °C, 70% relative humidity, and 16:8 h light/dark photo-
period. The aphid number was calculated every week for a 
nine-week period.

RNA extraction

Different plant tissues were harvested and frozen immedi-
ately using liquid nitrogen. Total RNA was isolated using 
TRIzol reagent (Invitrogen, US). The integrity of the RNA 
samples was examined by 1% agarose gel electrophoresis. 
The quality and quantity of these RNA samples were further 
determined by measuring the relative absorbance at 260/280 
and 260/230 nm using NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, US).

RNA‑Seq analysis

The RNA-Seq libraries were produced and sequenced in 
Shanghai OE Biotech Co., Ltd (China) using the Illumina 
HiSeqTM 2000 sequencing platform. 150 bp paired-end clean 
reads were generated from the raw data by removing the 
adaptors and low-quality reads. All the clean reads were 
then mapped to the N. tabacum reference genome (ftp://​ftp.​
solge​nomics.​net/​genom​es/​Nicot​iana_​tabac​um/​edwar​ds_​et_​
al_​2017/​assem​bly/​Nitab-​v4.5_​genome_​Scf_​Edwar​ds2017.​
fasta) (Edwards et al. 2017) using hisat2 software (Kim et al. 
2015). Gene expression levels were calculated as FPKM, 
and differentially expressed genes (DEGs) were identified 
using the DESeq R package (Anders and Huber 2012), 
P-value < 0.05, fold change < 0.5 or > 2 were set as the 
thresholds for significantly differential expression. To analy-
sis the function of DEGs, Gene Ontology (GO) functional 
enrichment analysis was performed using topGO (Alexa and 
Rahnenfuhrer 2010) software.

Quantitative real time PCR (qRT‑PCR)

First-strand cDNA was synthesized from 2 µg of total RNA 
using Goscritp reverse transcriptase (Promega, US). qRT-
PCR reaction mixture contains 10 µl of SYBR Green I 

Master Mix (TOYOBO, Japan), 0.5 µl of forward primers 
(10 µM), 0.5 µl of reverse primers (10 µM), 1 µl of cDNA 
template and 8 µl of distilled water. qRT-PCR was performed 
on the Roche Light Cycler 480 system (Roche, Switzerland) 
with the parameters set as follows: 95 °C for 2 min, followed 
by 40 cycles of 95 °C for 15 s, annealing temperature for 
30 s, and 72 °C for 20 s. A melting curve was established by 
slow heating from 60 to 95 °C within 20 min. Relative gene 
expression levels were calculated using 2−ΔΔCt, with three 
technical replicates for each sample and the results were 
shown as means ± standard deviation (SD). All the primers 
used are listed in Table S1.

Statistical analysis

For the experiments described above, three separate tests 
were carried out for each sample. The data obtained were 
subjected to one-way analysis of variance (ANOVA) using 
IBM SPSS Statistics 19 software (IBM, New York, USA), 
followed by the least significant difference multiple compari-
son test. Statistical significance of the difference between 
data obtained from different materials was considered at P 
< 0.05.

Results

NtCycB2 negatively regulated tobacco long stalk 
glandular trichome (LGT) initiation

Two  l o c i ,  N i t a b 4 . 5 _ 0 0 1 4 6 9 7 g 0 0 1 0 . 1  a n d 
Nitab4.5_0012062g0010.1, were identified as putative 
homologs of CycB2 in the N. tabacum reference genome 
(Edwards et al. 2017) and were arbitrarily designated as 
NtCycB2-1 and NtCycB2-2, respectively. Both contained a 
333-bp open reading frame (Fig. S1a), and no introns were 
found in their genomic sequence. Their protein sequences 
were identical to each other (Fig. S1b) and showed 96.4% 
and 71.1% identity to NbCycB2 and SlCycB2 protein 
sequences, respectively.

The expression pattern of NtCycB2 was examined in dif-
ferent plant tissues, including roots, stems, leaves, flowers, 
and trichomes separated from leaves. NtCycB2 showed the 
highest expression in trichomes and the lowest in roots, 
while its expression in flowers was higher than that in leaves 
and stems. When comparing NtCycB2-1 and NtCycB2-2, we 
found that NtCycB2-1 was expressed at higher levels than 
that of NtCycB2-2 in all tissues except the roots (Fig. S1c).

We then constructed the NtCycB2 knockout line 
NtCycB2-KO using a CRISPR-Cas9 system. Sanger 
sequencing showed that a 7-bp deletion was induced for 
NtCycB2-1, and a 5-bp deletion coupled with an A/T 
bp insertion was found for NtCycB2-2 (Fig.  1a). The 

https://www.nist.gov/srd
ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Scf_Edwards2017.fasta
ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Scf_Edwards2017.fasta
ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Scf_Edwards2017.fasta
ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/Nitab-v4.5_genome_Scf_Edwards2017.fasta
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NtCycB2-1 coding sequence was used to construct the 
overexpression line NtCycB2-OE. A pair of conserved 
primers (Table S1) was designed to estimate the total 
NtCycB2-1 and NtCycB2-2 expression. Based on qRT-
PCR analysis, there was a 58-fold higher expression level 
of NtCycB2 in NtCycB2-OE than that in control plants 
(Fig. 1b). Three types of trichomes, long stalk glandular 
trichomes (LGT), short stalk glandular trichomes (SGT), 
and non-glandular trichomes (NGT) were found on the leaf 
surface of wild-type plants (Fig. 1d). Compared to that 
of the control plants, significantly more trichomes were 
observed on the leaves and stems of NtCycB2-KO plants 
(Fig. 1e). In contrast, a hairless phenotype was observed 
in NtCycB2-OE plants (Fig. 1f). The densities of LGT, 

SGT, and NGT were individually calculated to elucidate 
detailed changes. The results showed that LGT density 
in NtCycB2-KO plants was two-fold higher than that of 
the control plants, whereas in NtCycB2-OE plants was 
15% of that in control plants. However, no significant 
changes were found for SGT and NGT densities in either 
NtCycB2-KO or NtCycB2-OE plants compared to those of 
the control plants (Fig. 1c). We also examined the flower 
phenotypes, since NtCycB2 showed a higher expression 
in flowers than that in leaves, as shown in Fig. S2, flow-
ers of both NtCycB2-KO and NtCycB2-OE plants were 
well developed. LGT density was increased in NtCycB2-
KO flowers but decreased in NtCycB2-OE flowers, which 
is similar to that in leaves. These results suggest that 
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Fig. 1   Construction of NtCycB2 knockout and overexpression lines 
and observation of leaf trichome. a Targeted mutagenesis of NtCycB2 
gene using CRISPR-Cas9 system. DNA insertions and deletions 
are shown in red letters and dashes. PAM, the protospacer adjacent 
motif. b Relative expression of NtCycB2 in NtCycB2-KO, NtCycB2-
OE and control plants measured by qRT-PCR, the columns and bars 

represent the means and standard errors (n = 3) respectively. The 
relative expression levels in different plants were calculated by set-
ting the expression value in control plants as 1. c Statistics of the leaf 
trichome density. Representative phenotype pictures for d wild type, 
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NtCycB2 negatively regulated the formation of LGT, but 
had no effect on that of SGT or NGT.

NtCycB2 affected the accumulation of leaf surface 
chemical components

We analyzed the trichome exudates of NtCycB2-KO, 
NtCycB2-OE, and control plants. The main components of 
tobacco glandular trichomes are generally diterpenoids and 
sugar esters (Huang et al. 2018). GC-MS analysis showed 
that the quantity of both diterpenoids and sugar esters in 
NtCycB2-KO plants was significantly increased, specifically 
1.76-fold for diterpenoids and 1.36-fold for sugar esters, 
compared to that in control plants (Fig. 2b, c). Conversely, 
the quantity of diterpenoids and sugar esters in NtCycB2-OE 
plants was dramatically decreased to only 7.1% for diterpe-
noids and 24.4% for sugar esters relative to that in wild-type 
plants (Fig. 2b, c).

NtCycB2 affected tobacco resistance to aphids

We investigated aphid resistance differences between 
NtCycB2-KO, NtCycB2-OE, and control plants by com-
paring aphid survival and reproduction. Ten aphids were 
transferred to each tobacco plant, and the aphid number 
was determined weekly. Our results showed that the aphid 
number for NtCycB2-OE plants was much higher than 
that for control plants throughout the experimental period 
(Fig. 3b, d). In contrast, NtCycB2-KO plants showed fewer 
aphids than that of the control plants (Fig. 3c, d). The aphid 
number reached its highest point five weeks after the initial 
infestation, and the average aphid number for NtCycB2-OE 
plants was 3.5-fold higher than that for control plants. In 
contrast, the aphid number for the NtCycB2-KO plants was 
reduced to only 25% of that for wild-type plants (Fig. 3d). 
These results suggest that aphid resistance was increased in 
NtCycB2-KO plants and decreased in NtCycB2-OE plants.

Fig. 2   GC-MS analysis of glandular trichome exudates. a  GC-MS 
profiles of trichome exudates on control, NtCycB2-KO and NtCycB2-
OE plants. b  Statistics of diterpenoids content. c  Statistics of sugar 

ester content. The columns and bars represent the means and standard 
errors (n = 3) respectively. The means marked by different letters are 
statistically significant (P < 0.05)
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NtCycB2 manipulation triggered gene expression 
profile changes

We performed a comparative transcriptome analysis of 
NtCycB2-KO, NtCycB2-OE, and control plants. Three 
independent biological replicates were used for each line. 
Approximately 47 million paired-end clean reads of 150 bp 
in length were generated for each sample. Approximately 
97% of the clean reads were successfully mapped to the 
N. tabacum reference genome (Edwards et al. 2017), and 
approximately 87% of the reads were uniquely mapped 
(Table S2). Sample cluster analysis based on gene expres-
sion showed that the biological replicates were more highly 
correlated within samples than between samples (Fig. S3a). 
These results suggest that the quality of the sequence data 
was sufficient for subsequent gene expression analysis.

Gene expression levels were compared between different 
samples, and differentially expressed genes (DEGs) were 
defined as fold change < 0.5 or > 2. Statistical significance 
was set at P-value < 0.05. Compared with that of the con-
trol plants, 1,235 DEGs were upregulated and 1,317 DEGs 
were downregulated in NtCycB2-KO plants, while 1,063 
DEGs were upregulated and 870 DEGs were downregulated 
in NtCycB2-OE plants. To further confirm the RNA-Seq 
results, 17 DEGs were randomly selected, and their expres-
sion were validated using qRT-PCR (genes and primers are 
listed in Table S1). The results showed that gene expression 
levels measured by qRT-PCR and RNA-Seq had a strong 
correlation (R2 = 0.71) (Fig. S3b), indicating the high qual-
ity of our RNA-Seq results.

Among the 2,552 total DEGs in NtCycB2-KO plants and 
1,933 total DEGs in NtCycB2-OE plants, 695 were shared 
by both plant lines (Fig. 4a). We performed Gene Ontol-
ogy (GO) enrichment of these common DEGs to evaluate 
their functional categories. The GO terms of the enriched 

biological processes are listed in Table S5. The top 20 most 
significant GO terms are shown in Fig. 4b and are mainly 
involved in ion transport, carbohydrate and amino acid 
metabolism, photosynthesis, and transcription regulation 
processes.

We speculated that the DEGs showing opposite changes 
in NtCycB2-KO and NtCycB2-OE plants were functionally 
associated with NtCycB2. As shown in the Venn diagram 
(Fig. 4c), 25 DEGs were upregulated in NtCycB2-KO plants 
and downregulated in NtCycB2-OE plants, while only 13 
DEGs were downregulated in NtCycB2-KO plants and 
upregulated in NtCycB2-OE plants (Fig. 4d), and they were 
listed in Table S6. Among the group of 25 DEGs in Fig. 4c 
and 13 were related to secondary metabolite biosynthesis 
and transport, while five were related to abiotic or biotic 
stress resistance (Fig. 4e, Table S6). Among the group of 13 
DEGs in Fig. 4d, three were related to secondary metabolite 
biosynthesis and four were related to abiotic or biotic stress 
resistance (Fig. 4f, Table S6). These results indicated that in 
addition to trichome formation, NtCycB2 may also regulate 
metabolic processes and environmental stress resistance.

Interestingly, among the group of 25 DEGs in Fig. 4c, 
two transcription factor genes were identified, namely 
Nitab4.5_0004186g0020.1 and Nitab4.5_0005769g0080.1, 
both belonging to the MYB family. Expression of 
Nitab4.5_0004186g0020.1 and Nitab4.5_0005769g0080.1 
was confirmed using qRT-PCR (Fig. S4), indicating that 
they may work in conjunction with NtCycB2 to control the 
formation of glandular trichomes.

NtCycB2 affected the expression of diterpenoid 
biosynthesis‑related genes

Changes in the amounts of trichome exudate and the DEGs 
related to secondary metabolite biosynthesis prompted us 

Fig. 3   Aphid resistance 
analysis. Phenotype of aphid 
resistance for a control, 
b NtCycB2-OE and c NtCycB2-
KO. d Statistics of aphid 
number. Photos shown in panel 
A–C were taken 35 days after 
colonization
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to compare the expression levels of diterpenoid biosyn-
thesis genes. In tobacco glandular trichomes, diterpenoid 
biosynthesis is catalyzed by four enzymes, cembratrien-ol 
synthases (CBTS), cytochrome P450 (CYP71D16), copalyl 
diphosphate synthases (CPS2), and abienol synthase (ABS) 
(Wang and Wagner 2003; Sallaud et al. 2012). Based on 
the fragments per kilobase of transcript per million mapped 
reads (FPKM) values of these four gene families, we found 
that most of them were upregulated in NtCycB2-KO plants, 
but downregulated in NtCycB2-OE plants (Fig. 5). To fur-
ther confirm these results, one member from each gene 

family was randomly selected, and their expression ana-
lyzed using qRT-PCR. Although some quantitative differ-
ences existed at the expression level, the qRT-PCR results 
revealed similar expression patterns to those of the RNA-Seq 
data (Fig. S4).

Homologs of known trichome development‑related 
genes were not regulated by NtCycB2

Many trichome development regulatory genes have 
been identified, such as GL1, GL3/EGL3, and TTG1 in 

0

2

4

6

8

10

12

14

Secondary metabolites

biosynthesis

Stress resistance

s
G

E
D f

o re
b

m
u

N

Up-regulated in NtCycB2-KO and down-regulated in 

NtCycB2-OE

0

1

2

3

4

5

Secondary metabolites

biosynthesis

Stress resistance

N
u
m

b
er

 o
f 

D
E

G
s

Down-regulated in NtCycB2-KO and up-regulated in 

NtCycB2-OE

2552 1933695

NtCycB2-KO_vs_Control NtCycB2-OE_vs_Control

0 10 20 30 40 50

cellular aldehyde metabolic process
zinc ion transmembrane transport
small molecule catabolic process

inositol metabolic process
phosphate ion transport

asparagine biosynthetic process
glutamine family amino acid catabolic…

oligosaccharide biosynthetic process
regulation of transcription, DNA-templated

oligopeptide transport
photosynthesis, light reaction

disaccharide biosynthetic process
cellular cation homeostasis

cellular iron ion homeostasis
transmembrane transport

cellular carbohydrate metabolic process
photosynthesis, light harvesting

trehalose metabolic process
sulfate transport

Gene numbers

1210 84525

Up-regulated in 

NtCycB2-KO

Down-regulated 

in NtCycB2-OE

1304 105013

Down-regulated 

in NtCycB2-KO

Up-regulated in 

NtCycB2-OE

a b

c d

e f

Fig. 4   RNA-Seq analysis of control, NtCycB2-KO and NtCycB2-
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between NtCycB2-KO and NtCycB2-OE. b Top 20 most significant 
enriched GO terms of the common 695 DEGs between NtCycB2-
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Arabidopsis (Pattanaik et al. 2014), Wo and SlCycB2 in 
tomato (Yang et al. 2011; Gao et al. 2017), and AaMIXTA 
and AaHD1 in A. annua (Yan et al. 2017; Shi et al. 2018). 
We compared the expression levels of tobacco homologs of 
23 known trichome development-related genes (Table S7). 
Although the expression of some genes changed, these 
expression changes were only significant for a small num-
ber of genes, and changes in expression were not consistent 
with changes in trichome density. This suggested that these 
genes may not be associated with NtCycB2.

Discussion

Trichomes, especially glandular trichomes, can protect 
plants from damage by various biotic and abiotic stressors 
(Glas et al. 2012), thus increasing trichome density is an 
efficient way to improve plant resistance. Therefore, a deep 
study of the molecular mechanisms controlling multicellular 
glandular trichome formation will aid in increasing trichome 
density. CycB2 encodes a putative B-type cyclin and is a key 
gene regulating trichome initiation in tomato and N. bentha-
miana (Gao et al. 2017; Wu et al. 2020), but the detailed 
mechanism remains unclear.

In this study, we cloned NtCycB2, the homolog of CycB2 
in N. tabacum. We then analyzed the role of NtCycB2 in 
the formation of different types of trichomes, biosynthesis 

of trichome exudates, and aphid resistance by generating 
overexpression and knockout tobacco lines. Furthermore, 
we identified genes through RNA-Seq analysis that may be 
regulated by NtCycB2. Our results provide new information 
regarding the function of NtCycB2.

NtCycB2 has different roles in glandular 
and non‑glandular trichome formation

Previous studies have shown that suppression of CycB2 
increases trichome density in both tomato and N. bentha-
miana, while overexpression of CycB2 causes a hairless 
phenotype (Gao et al. 2017; Wu et al. 2020). We obtained 
similar results in our study, but differences still exist in 
these similar appearances. In tomato plants, which are 
covered by seven types of trichomes (Glas et al. 2012), the 
non-glandular trichome (type III and V) numbers are dra-
matically decreased in SlCycB2 overexpression plants, but 
significantly increased in SlCycB2 RNAi lines, suggesting 
that non-glandular trichomes formation is negatively regu-
lated by SlCycB2. Regarding glandular trichomes (type I, 
IV, VI, and VII), type I are almost absent in both SlCycB2 
overexpression and RNAi plants, whereas type IV and VI 
glandular trichome density is decreased in SlCycB2 over-
expression lines but not changed in SlCycB2 RNAi plants 
(Gao et al. 2017). This makes it difficult to define the role 
of SlCycB2 in glandular trichome formation. In contrast, 

Fig. 5   Heat map of gene 
expression difference in diter-
penoids biosynthesis pathway 
between control, NtCycB2-
KO and NtCycB2-OE plants. 
Log2foldchanges were shown 
here. CPS2 copalyl diphosphate 
synthases, ABS abienol syn-
thase, CBTS cembratrien-ol syn-
thases, CYP71D16 cytochrome 
P450
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CycB2 in N. benthamiana has been shown to be a negative 
regulator of glandular trichomes, as their density decreases 
in NbCycB2 overexpression lines and increases in NbCycB2 
RNAi lines (Wu et al. 2020). However, N. benthamiana does 
not possess non-glandular trichomes and thus, it was not 
clear whether CycB2 has any effects on non-glandular tri-
chomes in tobacco plants. In our study, NtCycB2 negatively 
regulated LGT formation but had no effect on SGT or NGT 
formation (Fig. 1). These inconsistent results indicate that 
CycB2 has different roles in the formation of glandular and 
non-glandular trichomes and that the function of CycB2 in 
trichome formation may differ among Solanaceae species.

Previous studies have also found that the function of some 
trichome regulatory genes is conserved among different 
species, such as MIXTA in A. annua (Shi et al. 2018) and 
tomato plants (Ewas et al. 2016), and AaHD8 in A. annua 
(Yan et al. 2018) and its homolog SlCD2 in tomato plants 
(Nadakuduti et al. 2012). However, few studies have com-
pared their roles in different trichome types among species. 
Here, we found that even though CycB2 decreased trichome 
density in tomato plants, N. benthamiana, and N. tabacum, 
it had different impacts on glandular and non-glandular tri-
chomes. This finding expands our knowledge about multicel-
lular trichome formation.

NtCycB2 negatively regulates the accumulation 
of leaf surface chemical components and aphid 
resistance

Trichomes play an important role in response to biotic stress, 
as they not only act as a physical barrier against herbivores, 
but, due to their exudates, also provide chemical protection 
(Huchelmann et al. 2017; Alain 2018). Consistent with this, 
our study showed that knocking out of NtCycB2 significantly 
increased aphid resistance (Fig. 3). Based on our results, we 
speculate that NtCycB2 regulated tobacco aphid resistance 
in three ways.

First, NtCycB2 was able to dramatically influence tri-
chome density, which directly enhanced the physical bar-
rier. Furthermore, more glandular trichomes meant more 
“factories” for the biosynthesis of exudates, which further 
strengthened aphid resistance.

Second, NtCycB2 negatively regulated the expres-
sion of trichome exudate biosynthesis genes, as they were 
upregulated in NtCycB2-KO plants and downregulated in 
NtCycB2-OE plants (Fig. 5). Consistent with this, NtCycB2 
showed a higher expression level in trichomes than that in 
other tissues we examined (Fig. S1c). Thus, changes in the 
accumulation of leaf surface chemical components may 
have been partially due to changes in the expression of these 
genes. It has also been found in previous studies that some 
trichome formation-related transcription factors have a dual 
function. In addition to controlling trichome initiation, these 

transcription factors are able to regulate trichome metabo-
lism. For example, the AP2 transcription factor TAR1 of A. 
annua regulates the development of trichomes and biosyn-
thesis of artemisinin (Tan et al. 2015), and the transcription 
factor SlMYC1 of tomato plants regulates type VI glandu-
lar trichome formation and terpenoid biosynthesis (Xu et al. 
2018). A recent study showed that SlWo in tomato plants can 
directly bind the promoter of terpene synthase genes and 
activate their expression (Hua et al. 2021), indicating that the 
CycB2-Wo pathway (Wu et al. 2020) may also participate in 
tobacco trichome secondary metabolite biosynthesis.

Third, NtCycB2 regulated the expression of other resist-
ance-related genes. Among the DEGs that exhibited oppo-
site changes in NtCycB2-KO and NtCycB2-OE plants, many 
were involved in abiotic/biotic stress resistance (Table S6), 
which provided additional protection against aphid invasion. 
Similar to our results, SlCycB2 in tomato plants regulates the 
expression of defense-related genes, such as protein inhibi-
tors (Gao et al. 2017).

NtCycB2 may regulate trichome formation 
through pathways that different from those 
of known genes

NbCycB2 has been found to influence trichome formation 
through the CycB2-Wo feedback loop by suppressing the 
activity of the NbWo protein in N. benthamiana (Wu et al. 
2020). However, it is unknown whether other genes are 
involved in this process. Therefore, further investigation is 
needed.

Trichome formation regulating genes have been identi-
fied in many species, such as Arabidopsis (Pattanaik et al. 
2014), cotton (Yang and Ye 2013), A. annua, and tomato 
(Chalvin et al. 2020), and previous studies suggest that 
their function may be conserved in different plant species 
(Payne et al. 1999; Chang et al. 2018). We identified the 
homologs of 23 known trichome-related genes in tobacco 
(Table S7), and their expression in NtCycB2-KO, NtCycB2-
OE, and control plants were compare using RNA-Seq data. 
However, none showed an expression pattern related with 
the changes in glandular trichome density. Similarly, in a 
previous study, the expression of known trichome-related 
genes showed no significant changes when tomato Wo was 
ectopically expressed in N. tabacum (Yang et al. 2015). This 
indicates that the expression of these genes is not regulated 
by NtCycB2 and that they may not participate in NtCycB2-
regulated trichome formation pathways.

Interestingly, two transcription factor genes were identi-
fied among the DEGs that were upregulated in NtCycB2-
KO plants and downregulated in NtCycB2-OE plants, 
Nitab4.5_0004186g0020.1 and Nitab4.5_0005769g0080.1 
(Table S6).
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Nitab4.5_0004186g0020.1 is a RADIALIS-like protein, 
which is a member of MYB transcription factor family. A 
previous study showed that the RADIALIS-like gene GbRL1 
of cotton is strongly expressed in ovules and cotton fiber 
during the initiation stage. The authors of that study inferred 
that GbRL1 may play a role in fiber initiation (Zhang et al. 
2011), which is a process similar to trichome formation. 
Meanwhile, Nitab4.5_0005769g0080.1 is a homolog of the 
Arabidopsis MYB108 protein. In Arabidopsis, MYB108 is 
a jasmonic acid (JA)-inducible transcription factor that plays 
an important role in stamen development (Mandaokar and 
Browse 2009) and biotic stress responses (Mengiste et al. 
2003). In many plant species, it has been found that JA plays 
an important role in trichome development (Boughton et al. 
2005; Qi et al. 2011; Yan et al. 2017), suggesting that this 
gene may also regulate glandular trichome development in 
tobacco. We hypothesize that these two transcription factors 
may regulate tobacco glandular trichome development, but 
this requires further study.
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