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Abstract

Nicotine is one of the most important secondary metabolites in tobacco, and its
biosynthesis can be induced by topping and jasmonic acid treatment. NtMYC2s play
pivotal roles in the regulation of nicotine. The mediator server as a bridge betwen the
transcription factors and RNA polymerase in order to facilitates transcription and
functions in plants. However, the role of mediator in the regulation of nicotine
biosynthesis remains unknown. In this study, we firstly identify the NtMED25
through homologous analysis. NtMED25 interacts with NtMYC2s through the MD
region. Interestingly, the nicotine content is decreased in the the knock-down
transgenic lines of NtMED25, and the expression levels of two nicotine biosynthesis
genes, NtQPT2 and NtPMT2, are also reduced when compared with that in the
wild-type plants. Furthermore, NtMED25 enhances the binding of NtMYC2a/
NtMYC2b to the promoter of NtPMT2 and NtQPT2, and then facilitates the nicotine
biosynthesis. Therefore, our study revealed the function of mediator in the regulation
of nicotine, and provide the insight role on the transcriptional regulation of plant

secondary metabolites.
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Introduction

Tobacco (Nicotiana tabacum) can produce a variety of alkaloids that account for
0.6-3.0% of the dry matter mass in the leaves, which can protect them from insects
feeding [1-3]. Among the alkaloids, the main ingredient is nicotine. The biosynthesis
of nicotine is derived from the production of putrescine. Ornithine and arginine can be
catalyzed to form putrescine through ornithine decarboxylase (ODC) or arginine
decarboxylase (ADC), respectively [4]. S-adenosylmethionine (SAM) and putrescine
are catalyzed by putrescine N-methyltransferase (PMT) into N-methyl putrescine
(NMP) and S-adenosine homocysteine (SAH) [5]. NMP is oxidized by
N-methtlputrescine oxidase (MPO) to produce 4-methylaminobutyraldehyde. The
spontaneous  cyclization of 4-methylaminobutyraldehyde can form the
N-methyl-A'-pyrrolidine salts, which can be condensed with pyridine rings to produce
nicotine [6]. The pyridine ring of nicotine is provided by nicotinic acid and the
precursor of nicotinic acid is quinolinic acid that is produced from L-aspartic acid.
The quinolinic acid is catalyzed by quinolinic acid phosphate ribosyltransferase
(QPRT) to form the nicotinamide adenine dinucleotide (NAD), which is further
cycled through the pyridine nucleotide pathway to nicotinic acid [7,8]. The
biosynthesis of nicotine can be induced by herbivore feeding, insect biting, and
pathogen attacking [9], as well as jasmonic acid and its derivatives (JAs), mechanical
wounding and topping [10-12].

JAs are one of the most important phytohormones in planta. JAs can regulate
the multiple processes of plant growth and development, including root growth,
pollen development, fruit ripening, senescence and the biosynthesis of plant
secondary metabolites [13-17]. It has also been found that JAs are participate in various
biotic and abiotic stresses such as pathogen infection, insect feeding, mechanical
wounding, salt stress[18-22]. To date, the pathway of JA-mediated nicotine synthesis
has been well investigated. In the presence of JA, its derivative JA-Ile can bind to the
JA receptor COIIl to result in ubiquitin degradation of the negative regulator JAZ
protein, which can release the downstream transcriptional activators and activate

jasmonate response in plants [23]. In tobacco, the regulators of the JA pathway COI1
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and JAZ proteins have been demonstrated to be regulatory factors for the nicotine
biosynthesis[11]. Moreover, various transcription factors that can regulate the nicotine
biosynthesis were identified including JAP1, ERF32 and ORC1 from ERF
transcription factor family [24], bHLH1/2 and MYC2 from bHLH transcription factor
family [25,26]. Furthermore, these ERF and bHLH transcription factors can affect the
nicotine metabolism through their cross-regulation [12,27].

The signal pathway integration not only occurs at the level of transcriptional
regulation and protein posttranslational modification such as phosphorylation and
ubiquitination, but also includes the transcription initiation through the mediator
complex and RNA Polymerase 11[28,29]. The Pre-initiation complex (PIC) with RNA
polymerase II as its core component is the functional unit to initiate transcription in
the eukaryotes [29]. Numerous studies showed that mediator complex play an essential
role in the regulation of signal transduction in eukaryotes. The mediator was firstly
found and functionally investigated in yeast [28]. It was then found that human
mediator plays a key role in multiple signaling pathways including Wnt-f-catenin
[30], Hedgehog [31], RAS-MAPK [32] and TGFB-SMAD [33]. Since the
identification of mediator in the model plant Arabidopsis Thaliana [34], many studies
have been carried out on the role of the mediator in the integration of plant signal
pathways. Arabidopsis mediator AtMED?25 is considered as an integrator of multiple
signaling pathways and more than 20 proteins have been reported to interact with
AtMED?25 [35]. It has been found that AtMED25 mediates the transduction of JA
signal through AtMYC2, which activates the downstream disease resistance process.
Moreover, AtMED25 also interacts with AtABIS, an important transcription factor in
the ABA pathway [36]. Meanwhile, AtMED16 can bind to EIN3 and EIL1 which are
two key transcription factors involved in ethylene (ET) signaling pathways through
AtMED?25, and AtMEDI16 was positively regulating iron ion assimilation [37].
However, MED25 was involved in the regulation of nicotine biosynthesis remain
unknown. In the current study, expressions of the nicotine biosynthesis genes NtQPT2
and NtPMT2 were significantly decreased in the NtMED25 interference lines, and

then the nicotine content was greatly reduced in the NtMED?25 interference lines
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when compared with that in the wild-type plants. Yeast two hybrid assays showed that
NtMED25 binds to NtMYC2 through the MD region. Importantly, NtMED25
interacts with NtMYC2s which resulted in enhancing the transactivation ability of
NtMYC2a and NtMYC2b to the downstream genes NTPMT2 and NTQPT2, and then

regulating the nicotine biosynthesis.

Results

Identification of NtMED25

Based on the sequence similarity, a homolog of AtMED?25 in tobacco was identified
and was named NtMED?25. The coding sequence of NtMED25 includes 526 bases and
consists of 841 amino acids. The protein sequences of MED25 from tobacco,
Arabidopsis, maize, rice and capsicum showed the higher similarities, suggesting that
MED?25 protein is evolutionarily conservative among the plants. According to the
domains in AtMED25 protein, the MED25 proteins can be divided into four parts,
including vWF-A, MD, ACID and GD. Compared with other MED25 proteins,
NtMED25 contains 60 more amino acids in the vVWF-A region (Figure 1A). The
evolutionary analysis showed that MED25 proteins from monocots maize and rice
were clustered together while MED25 proteins from the Solanaceae family tobacco
and capsicum were clustered together. Arabidopsis MED25 is evolutionarily located

between the monocots and the Solanaceae family (Figure 1B).

NtMED?2S5 Interacts with NtMYC2s in Tobacco

Arabidopsis MED25 physically interacts with the basic helix-loop helix transcription
factor MYC2 though the ACID and the MD domain[30]. We therefore examined
whether there was interaction between NtMED25 and NtMYC2 proteins (NtMYC2a
and NtMYC2b) in tobacco. The NtMED25 sequences were cloned into pDEST32
vector, and the NtMYC2a and NtMYC2b sequences were cloned into pDEST22
vector, respectively. Similar to AIMED25, NtMED25 and NtMYC2b can activate the

transcription of reporter genes in yeast after long-term culture, while there was none
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of self-activation after short-term culture. In accordance with Arabidopsis MED25,
NtMED?25 could interact with NtMYC2a or NtMYC2b in yeast, separately (Figure 2).
To further elucidate the interaction domain between NtMED25 and NtMYC2, the
NtMED?25 protein was divided into four main regions, including NtMED25YWF-A,
NtMED25MP, NtMED254¢!P and NtMED255P. The sequences encoding of these four
regions were cloned into pDEST32 vector, respectively, and then assay these possible
interactions with NtMYC2a or NtMYC2b, respectively. Interestingly, only
NtMED25MP could interact with NtMYC2a as well as NtMYC2b. Moreover, the
coding sequence of NtMED254YWEA' NtMED25 46D, NtMED25MP-ACID  and
NtMED25ACID-GD were cloned into pDEST32, respectively, and then map their
interaction with NtMYC2a or NtMYC2b, respectively. The results showed that
NtMED254YWFA NtMED25 260, NtMED25MP-ACID ¢oyld interact with NtMYC2a as
well as NtMYC2b (Figure 2), indicating that MD domain is the critical for NtIMED25

by interacting with NtMYC2 proteins.

NtMED2S5 Affects the Nicotine Biosynthesis in Tobacco

AtMED?2S5 is not only involved in the JA-induced resistance gene expression, but also
participates in MYC2-mediated JA inhibition of taproot growth[31]. Meantime,
NtMYC2 has been proved to be the core transcription factor in the nicotine
biosynthesis that is mediated by JA in tobacco[26]. Therefore, we speculate that
NtMED25 might be participated in the regulation of nicotine biosynthesis. We firstly
obtained the knock-down transgenic lines of NtMED25 by RNA interference. It was
showed that expression levels of NtMED25 were significantly reduced in two
transgenic lines by quantitative real-time PCR assay (Figure 3A). Expectedly, the
nicotine content was much lower in two lines with reduction about 50% when
compared with that in wild-type plants (Figure 3B). We then determine whether
nicotine biosynthesis genes were differentiated expressed in response to JA. It was
showed that the expressions of NtPMT2 and NtQPT2 were significantly induced
under JA treatment in the wild-type plants (Figure 3C). Meanwhile, the transcript
level of NtPMT?2 and NtQPT2 were largely induced at 1 h after JA treatment and then
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decreased at 3 h and 6 h.In consist with nicotine content, the expressions of NtPMT2
and NtQPT2 were significantly lower in two transgenic lines than those in the

wild-type plants (Figure 3C) .

NtMED2S5 Enhances the Binding of NtMYC2a/ NtMYC2b to the Promoter of
NtPMT?2 and NtQPT2

Previous studies revealed that NtMYC2 proteins bind to the G-box motif in the
NtPMTl1a promoter to activate the nicotine biosynthesis in tobacco [26]. NtMED25
could interact with NtMY C2a/NtMYC2b (Figure 2), and NtMED?25 plays pivotal role
in regulating the nicotine biosynthesis in tobacco (Figure 3B). we therefore speculated
that NtMED25 could serves as a bridge between NtMYC2 proteins and the RNA
polymerase machinery to regulate the transcription of downstream genes. The
reporter-effector transient expression assay system was performed in tobacco leaves.
The promoter sequences of NtfQPT2 and NtPMT2 genes were cloned into the vector
pGreen0800 to form two reporter vector Probopr2::LUC and Probpur:::LUC,
respectively. The coding sequences of NtMYC2a, N(MYC2b and NtMEDZ25 gens were
cloned into the downstream of the 35S promoter to form activator vectors
ProssssNtMYC2a, Prosss:NtMYC2b and Prosss:NtMED?25, respectively (Figure 4A).
The LUC assays showed that the expression levels of LUC were very low when only
Probopr2:LUC or Probpur:LUC was injected into tobacco leaves (Figure 4B).
However, the fluorescence intensity of LUC was enhanced by 2-8 folds when
Probopr2:LUC and Probpur2:LUC were injected into tobacco leaves together with
Prosss:NtMYC2a  or  Proszss::N(MYC2b  (Figure 4B).  Furthermore, when
Prosss::NtMEDZ25 was injected into tobacco leaved together with Prosss::NtMYC2 and
Probopr2::LUC/Probpur2::LUC, the fluorescence intensity of LUC was further
increased. When Proszss:NtMED?25 was injected, the LUC fluorescence intensity was
twice as high as that of the absence of Prosss:NtMEDZ25 (Figure 4B). These results
suggesting that NtMED25 could promote the expression of NtQPT2 and NtPMT?2
genes in cooperation with NtMYC2a and NtMY C2b.
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The model of NtMED2S regulates NtMYC2-mediated dynamic transcriptional
output of JA signaling

NtMED2S5 interacts with NtMYC2a/NtMY C2b, and then bridge the NtMYC2 proteins
and the RNA polymerase machinery to regulate the transcription of NtQPT2 and
NtPMT?2 genes, resulted in the regulation of the nicotine biosynthesis in tobacco.
Therefore, a model of NtMED25 involved in the transcriptional regulation of the
nicotine biosynthesis was developed. In the absence of JA, JAZ proteins can interact
with NtMYC2a and NtMYC2b to repress the transactivation ability of NtMYC2
(Figure 5A), which results in lower expression levels of NtPMT2 and NtQPT2 genes
that are the key enzyme genes in the nicotine biosynthetic pathway. Therefore, the
lower content of nicotine was produced at this stage. However, when JA is present, JA
promotes the binding of SCF°!" to JAZ proteins, and JAZ is degraded through the
26S proteasome pathway (Figure 5B). NtMYC2a and NtMYC2b are further released
from inhibition of JAZ proteins and promote their transactivation ability. Moreover,
because NtMED25 can interact with NtMYC2a/NtMYC2b and recruit RNA
polymerase machinery, the transactivation ability of NtMYC2a and NtMYC2b could
be enhance in order to increase the transcript of NTPMT2 and NTQPT?2 (Figure 5C),

and then leads to the biosynthesis of nicotine.

Discussion

The mediator plays an important role in the transcriptional regulation. The main
function of the mediator is to connect the transcription factors with RNA polymerase
machinery, which makes the transcription factors recruit RNA polymerase machinery
and then transactivates the downstream genes. The function of mediator was firstly
reported in animals and later investigated in plants. The main research currently
focused on the development and stress resistance in plants [29-32]. However, the role
of the mediator in plant secondary metabolism remains unknown.

Tobacco is one of the most important model plants, and nicotine is its most vital

secondary metabolite. Nicotine has been deeply studied in tobacco, including the key
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enzyme genes and the transcriptional regulators involved in the biosynthesis pathway
[26]. Among them, COI1-JAZ-MYC2 has been identified as the important
transcriptional regulation pathway, which is induced by JA. It has been found that the
expression of NtMYC2 was increased when tobacco plants suffered topping, insect
attacking or JA treatment [33]. COIl bound to JAZ proteins, resulting in degradation
of JAZ by 26S and release of NtMYC2 [11]. Thus, NtMYC2 could bind to the
promoters of NtPMT2 and NtQPT2 genes, leading to their expression and finally the
production of nicotine [26]. As a transcription factor, NtMYC2 needs to recruit Pol II,
and there is a mediator to connect NtMYC2 and Pol II. According to the previous
study, AtMED2S5, a tail protein of mediators in Arabidopsis can connect AMYC2 to
Pol 1II, which affects the expression of resistance genes VSPI and PDFI.2 and the
resistance to DC3000 [30]. Therefore, we speculated that the homolog of AtMED25 in
tobacco could also function as a link protein between NtMYC2 and RNA polymerase
machinery .

MED25 proteins from representative plants are evolutionally conservative,
including dicotyledonous Arabidopsis and capsicum, and monocots corn and rice. All
of them contain four domains including the vWF-A, MD, ACID and GD. The longer
vWF-A domain in NtMED25 indicates their differentiated function. The polygenetic
analysis showed that MED25 can be used to distinguish monocots from dicotyledons,
and also distinguish cruciferous plants from solanaceous plants (Figure 1). The Y2H
assays showed that NtMED25 could interact with NtMYC2a and NtMYC2b, which
suggests that their interactions could facilitate NtMYC2a and NtMYC2b to activate
the expression of NtPMT2 and NtQPT?2 genes. The interactions between the different
regions of NtMED25 and NtMYC2 showed that the NtMED25MP was the key domain
responsible for interaction between NtMED25 and NtMYC2 proteins (Figure 2).
However, the key domain responsible for interaction between AtMED25 and
AtMYC2 in Arabidopsis was AtMED25MP-ACD  and  the two domains were
indispensable. The key domains for interactions between MED25 and MYC2 proteins
are different in Arabidopsis and tobacco, which suggests MED25 could function with

the presence of the MED25MP domain during the evolution.
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The dual LUC assays were used to detect the transactivation ability in vivo using
NtMED25, NtMYC2a and NtMYC2b as activators and the promoters of NtPMT2 and
NtQPT2 genes as reporters. The expression of LUC reporter gene was almost not
detected in N. Benthamiana leaves when only transformed with the reporter gene,
suggesting that NtQPT2 and NtPMT2 genes were highly tissue-specific. They failed to
be expression in leaves, which is the same as the previous results in tobacco [39,40].
The co-transformation of activators (NtMYC2a and NtMYC2b) and LUC reporters
significantly enhanced the expression of LUC protein, suggesting that the expression
of NtPMT2 and NtQPT2 genes were dependent on NtMYC2a and NtMYC2b.
However, the results were different from those in BY2 cells with overexpression of
NtMYC2a and NtMYC2b genes. The expression levels of Nt QPT2 and NtPMT?2 genes
were not enhanced in BY2 cells with over-expression of NtMYC2a or NtMYC2b.
However, the expression levels of NtQPT2 and NtPMT?2 genes were decreased in the
BY?2 cells with NtMYC2 RNAi when JA treatment was applied [34]. The results in
RNAIi cells were consistent with our results that the expression of NtQPT2 and
NtPMT?2 genes depend on NtMYC2 genes. The inconsistent results in over-expression
of NtMYC2a and NtMYC2b in BY2 cells may be due to the different plant materials.
Importantly, the expression levels of NtPMT2 and NtQPT2 genes were significantly
decreased before and after JA treatment in two NtMED25 knock-down transgenic
lines, indicating that NtMED25 regulate the nicotine biosynthesis through
differentiated expression of key enzyme genes.

Although it has been reported that mediators can facilitate transcription of the
downstream genes, most of the researches were related to plant growth and
development. It has been demonstrated that AtMED25 plays a role in promotion in
expression of disease resistance genes in Arabidopsis. However, it was unclear
whether MED25 has multiple functions. In the present study, we demostrated that
NtMED25 could promote the expression of the key genes involved in the nicotine
formation, suggesting NtMED25 plays a central role in the biosynthesis of plant
secondary metabolites. Therefore, our results provide new insights into the functions

of plant mediators and lay a basis for further research.
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Methods

Plant Materials and Growth Conditions

The Nicotiana tabacum L. seeds were obtained from Yunnan Academy of Tobacco
Agricultural Sciences (Yunnan, China). Surface-sterilized seeds were directly sowed
into the soil in pots. The Nicotiana young seedlings were grown in the plant growth
chamber with a 16-h-light/8-h-dark photoperiod under continuous white light (~75
mol m—2 s—1) at 28 ‘C -day/ 23 ‘C -night. All plants were kept well-watered after
sowing.

Tobacco samples were collected from plants in the field and flash-frozen in
liquid nitrogen. Field management was performed according to regular agricultural
practices.

Phylogenetic and alignment

The protein sequences were obtained from China tobacco genome database V2.0 and

NtMED25 proteins were predicted by HMMER [35]. NtMED25, AtMED2S5 ,
ZmMED25, OSMED25 and CcMED25 were aligned with Clustal W software [36], and
an unrooted phylogenetic tree was constructed using MEGA 7.0
(https://www.megasoftware.net/) with the neighbor-joining method and 1000
replicates of bootstrap [37].
JA treatment

The 8-week-old tobacco plants were removed from pots and the roots were
cleanly washed and immersed in water for 12 h. The roots were then immersed in 100

uM JA solution and were harvested after treatment for 1 h, 3 h and 6 h, respectively.

RNA Extraction, cDNA Preparation and quantitative real time PCR

Total RNA was extracted with the SuperPure Plantpoly RNA Kit (GeneAnswer,
Beiling, China). All RNA samples were treated with RNase-free DNase I
(GeneAnswer, Beiling, China). NtMED25, NtPMT2 , NtQPT genes were examined
via qPCR and the method of qPCR were described by Bai et al.[38]. Breifly, A total of
2 ng of total RNA in a 20 pL reaction was converted to cDNA with a SuperScript 111
Reverse Transcriptase (Invitrogen, Waltham, Massachusetts, USA) by the
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manufacturer’s instructions on an Eppendorf Mastercycler thermocycler (Eppendorf
AG, Germany). qPCR reactions were made with a SuperReal PreMix Plus SYBR
Green Kit (TTANGEN Biotech, BeiJing, China) following manufacturer’s instructions
in a 20 pL volume. qPCR was done on an Applied Biosystems™ QuantStudio™ 6
Flex Real-Time PCR System (ThemoFisher Scientific, Waltham, Massachusetts,
USA). The log2fold change was calculated by the 244CT method using 26S as a

reference gene. The CT values represent the average of three technical replicates.

Vector Construction

The RNAI fragment was amplified with NO(MED25 RNAi F and NtMED25 RNAi R
primers and the cDNA of N. Tabacum Yunyan87. The amplified fragment was cloned
into pPDONR/ZEO vector by the BP reaction with the Gateway BP Clonase II and
further cloned into the pHellsgatel2 vector through the LR reaction with
Gateway LR Clonase. The Yunyan 87 plant leaves were used to transformation to
produce RNAI plants according to the previous report. The different fragments of
NtMED25 were cloned into pDEST22 vector while the sequences of NtMYC2a and
NtMYC2b were cloned into Pdest32 vector, respectively.
Yeast two hybrids

Using the LiOAC method, each pair of AD and BD constructs were
co-transformed into Saccharomyces cerevisiae strain AH109. were used for
co-transformation with empty pDEST22 and pDEST32 vectors, respectively.
Transforms were plated on the SD minimal media without leucine (Leu) and
tryptophan (Trp). The positive yeasts were grown in liquid SD-Leu/Trp medium at 30
C for 1 day and 10 11 of dilutions of 1:10, 1:100, 1:1,000 and 1:10,000 were pipetted

onto various plates (SD-Leu/Trp, SD-Leu/Trp/His)
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Figure legends

Figure 1. Idenfication of NtMED25. (A) The collinear analysis and domain analysis
of MED2S5 proteins in tobacco, pepper, Arabidopsis, rice and corn. The red, yellow,
blue and perple boxes indicate vVWF-A domain, MD domain, ACID domain and GD
domain, respectively. (B) The evolutionary tree of MED25 proteins from different

species including Tobacco, pepper, Arabidopsis, rice and maize.

Figure 2. NtMED2S interacts with NtMYC2s in tobacco. Mapping of the domains
involved in the NtMED25/NtMYC2 interaction using yeast two-hybrid assay. Based
on the schematic protein structure of NtMED25 (top panel), full-length MED25 or its
derivatives (PDEST22-NtMED25 or PDEST22-NtMED25 derivatives) were tested
for interaction with MYC2 (PDEST32-MYC2) (see Methods for details).
Transformed yeast was grown on selective media lacking His and Leu, and Trp (SD-3)
to test protein interactions (left panel). The empty PDEST32 vector was

cotransformed with MED25 and its derivatives in parallel as negative controls

Figure 3. NtMED2S5 affected the nicotine content. (A) The expression levels of
NtMED25 in two RNAi lines (MED25-il6 and MEDZ25-i20) were significantly
decreased. (B) The nicotine contents in two RNAI lines were remarkably decreased.
(C) The expression levels of NtQPT2 genes were decreased after JA treatment in two
RNAI lines. (D) The expression levels of NtPMT2 genes were decreased after JA

treatment in two RNAI lines.

Figure 4. Dual-LUC analysis showed that NtMED2S5 enhanced the
transcriptional activation of NtMYC2a and NtMYC2b to the promoters of
NTQPT2 and NTPMT genes that are key enzymes in nicotine biosynthesis in
tobacco. (A) The coding sequences of NtMED25, NtMYC2a and NtMYC2b were
cloned into the overexpression vector, respectively, while the promoter sequences of

NtQPT2 and NtPMT genes were cloned into pGreen0800 vector. (B) The
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transcriptional activation of NtQPT and NtPMT was determined by comparing
transformation of only MYC2a/MYC2b with transformation of MYC2a/MYC2b and
NtMED?25.

Figure 5. MED2S5 regulates MYC2-mediated dynamic transcriptional output of
JA signaling. (A) In the absence of bioactive JA, JAZ proteins interact with MYC2
and repress MYC2 activity. The expression level of JA-responsive genes is low. (B) In
the presence of JA-Ile, COIl interaction with JAZ proteins, and subsequent
degradation of JAZ repressors, which releases MYC2. (C) At the activation stage,
MED25 physically interacts with Pol II and MYC2 form a transcriptional activator
complex, which favors MYC2-mediated expression of JA-responsive genes. COII,
CORONATINEINSENSITIVE 1; JA-Ile, jasmonoyl-isoleucine; JAZ, jasmonate-ZIM
domain; MED25, Mediator subunit 25; Pol II, RNA polymerase II.
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