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Abstract Gene expression is one of the major applications in plant molecular biology, which plays important role in theoretical
and agricultural application researches. Due to the weak foundation and lack of tools, most of the early studies used constitutive
promoters, such as the most commonly used 35S promoter of cauliflower mosaic virus, to overexpress. With the further
researches, people have more understanding of the molecular biology of gene expression, and then derived better and more tools.
In order to have spatiotemporal and quantitative fine-tune expression, several inducible gene expression systems have been
developed. Classified according to different inducers, the commonly used expression systems are as such, the tetracycline induced,
the steroid induced, the ethanol induced, the insecticide induced, and the copper induced. These systems have different working
principles because of the different factors and components used; at the same time, there are also commonalities in each of them,
they are usually composed of two elements, the activation element and the response element. In this paper, several plant inducible
expression systems are reviewed, and their characteristics are analyzed, reviewed and prospected.
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Early in the 1980s, constitutive promoters were served to study plant gene expression. Among them, the 35S
promoter (Odell et al., 1985) from cauliflower mosaic virus (CaMV) and the Nos promoter (Marton et al., 1979)
of carmine synthase gene from Agrobacterium tumefaciens Ti plasmid are the most widely used. Its
disadvantages are obvious, such as the continuous expression of foreign genes, sometimes have harmful effects
on the normal growth of plants. The application of tissue-specific promoter overcomes this disadvantage to
some extent, but it is still difficult to accurately control gene expression. With the development of genetic
engineering technology, the use of inducible promoters to control target genes transcription has become a new
choice. Compared with constitutive and tissue-specific promoters, inducible promoters have the following
advantages: 1. without inducer, the system cannot start transcription, thus do not express the target gene; 2. with
inducers, promoters can be activated, transcribed and expressed in specific plant growth periods, specific tissue
cells or special environmental conditions; 3. It is also possible to remove the inducer, to stop the transcription
of the target gene(Gatz and Lenk, 1998).

In recent years, there are many researches and discussions on inducible expression systems, among which the
chemical induction system, through which precise regulation can be achieved, is most widely used (Zuo and
Chua, 2000).

There are three mechanisms by which plant genes can be induced (Hu, 2003), namely, de-inhibition,
inactivation, and activation. A variety of induced expression systems have been constructed by using these three
mechanisms. The idea of the successfully constructed inducible expression system is basically the same, that is,
expression of two separate genes are controlled by suitable respective promoters, one gene encodes the
activation protein (transcriptional inhibitor or activator), and the other gene expresses the foreign target gene.
Therefore, the induced expression system generally consists of two necessary elements. the first element is used
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to express an artificially constructed chimeric transcription factor, which can specifically bind to a strictly
controlled promoter. and the promoter can be activated only after induction, which is generally referred to as a
driving element or an activating element. The second element contains the binding site of the transcription
factor expressed by the activating element, which is activated to regulate the expression of the target gene,
which is generally referred to as a reporter element or a response element. Activating elements can work under
the control of the CaM V35S promoter to obtain strong and universal expression, and can also work under the
control of developmental stage specific or tissue-specific promoters for local expression. The response element
usually contains a smallest CaMV35S promoter, mini35S, so that it can bind to endogenous transcriptional
mechanism. The activating element and response element can be different parts of the same DNA sequence to
form a unitary induced expression system, or they can be located in different expression cassettes of two
different vectors, to form a binary induced expression system after co-transformation of plants. In the early
researches, the unitary induced expression system is widely used. With the development of technology, the
binary induced expression system is more widely used.

1 Tetracycline (Tc) Induced Expression System

1.1 Tc-on system

E. coli transposon Tnl0 encodes a tetracycline inhibitory protein TetR (Tet Repressor). Tetracycline operon
contains a manipulative sequence in the promoter region (Operator; tetO). In the absence of tetracycline, TetR
protein can bind to tetO, so that the promoter cannot initiate the transcription of tetracycline resistance gene
(Chopra and Roberts, 2001). When tetracycline is added, the TetR protein specifically binds to the tetracycline
molecule and changes its structure, resulting in its separation from tetO, thus releases the expression the
tetracycline resistance gene. Using this principle, the researchers constructed Tc-on system and Tc-off system,
respectively.

Gatz and others established a tetracycline induced expression system and successfully transferred it into plants.
In the activation element of the system, they used the CaMV35S promoter to control the expression of TetR
protein; In the response element, they constructed a chimeric tetO-35s promoter, and used the promoter to
control the expression of B-glucuronidase (GUS) gene (Figure 1).

[CnMVSSS}:[ TetR J:[ Nos J = Activation element expresses TetR
S

tetO 358 ]:[ GUS H Nos ] [ tetOI 358 }:[ GUS J:{ Nos J RCSpOI’lSC element expresses GUS

No expression Expression

Figure 1 Tc-on system

Note: Activation protein TetR is expressed by the constitutive promoter CaMV35S; Nos: carmine synthase Terminator; In the
response element, three tetracycline operon sequences tetO were inserted on both sides of 35s promoter TATA-box to form a
chimeric promoter. Without tetracycline Tc, TetR binding tetO, B-glucuronidase (GUS) does not express; with Tc, TetR binding
Tc, and separates from tetO, releases GUS expression

Using this system, the plants with high expression of TetR protein were successfully obtained. When there is
lack of tetracycline in the plant growth environment, the over-expressed TetR combines with tetO, to prevent
GUS gene expression, and thus GUS activity could not be detected. When the plants are treated with 0.1mg/L
tetracycline, TetR binds tetracycline, releases tetO, thus leads to GUS expression and gives detectable GUS
activity (Gatz et al., 1992; Gatz and Quail, 1988).
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Tc-on system has been successfully used in tobacco, tomato and potato (David and Perrotrechenmann, 2001;
De Veylder et al., 2000). The advantages of the system are as follows: 1. Low background activity and high
inductive activity; 2. The amount of inducer is small and easy to be absorbed; 3. It can be used for the study of
local and instantaneous expressions, respectively. The disadvantages of the system are as follows: 1. It cannot
be used in the plant model organism arabidopsis thaliana, which may be because high level of TetR has serious
effects on the root development of the plant. 2. Tetracycline has a short half-life and requires frequent
supplementation of fresh tetracycline (Zuo and Chua, 2000); 3. Tetracycline is an antibiotic and cannot be used
in field experiments.

1.2 Tc-off system

Similar to the Tc-on system, this system also takes advantage of the characteristics between TetR and its operon
sequences. In the Tc-off system, the activation element expresses a tetracycline trans-activating protein (tTA),
which has both the DNA-binding activity of TetR protein and the transcriptional activation activity of herpes
virus protein (VP16) (De Veylder et al., 2000). In the response element, seven operon sequences are combined
with mini35S to form a chimeric promoter TOP10, that is placed upstream of the green fluorescent protein
(GFP) gene to regulate gene expression (Figure 2).

[CaM’VJ,SSJ:(TetR nm{vmmn Nos | —> Activation element expresses tTA

[ tetO*7 minBiS]:[ GFP ]:{ Nos ] [ tetO*7 IminiSSSJ:[ GFP J:{ Nos } Response element expresses GFP
—

N
TOP10 . .
Expression No expression

Figure 2 Tc-off system

Note: The activating protein tTA is expressed by the fusion expression of DNA binding domain (DBD) of TetR repressor and the
activation domain (VP16 AD) from herpes simplex virus protein 16, and is expressed by CaMV35S promoters; Nos: carmine
synthase Terminator; seven tetracycline operon and mini35S fusion TOP10 promoters regulate downstream GFP gene expression;
in the absence of tetracycline Tc, tTA binds tetO, very close to TOP10 TATA-box, activated GFP expression. With existence of
Tc, and tTA is separated from tetO, expression of GFP is turned off

When there is no tetracycline in the environment, tTA protein can bind to the operon. Using VP16 AD to
activate TOP10 promoter and transcribing downstream green fluorescent protein gene (GFP), fluorescence
activity thus can be detected. With the addition of tetracycline, tetracycline molecules specifically bind to tTA
protein, resulting in dissociation of tTA protein from operon, termination of transcription, and cessation of
downstream target gene expression (Weinmann et al., 1994). Studies have shown that tetracycline in 100ng/mL
is sufficient to inhibit this system.

This system has been successfully used in Tobacco, Arabidopsis (Love et al., 2000) and Mosses (Zeidler et al.,
1996). The characteristic of this system is that it can accurately regulate the transcription of genes and thus
compare the effects of different transcriptional levels of foreign genes on phenotypes (Gil and Green, 1996).
The advantages of the system are as follows: 1. Low background expression; 2. Can accurately control the
opening and closing of the target promoter, can carry out quantitative analysis; 3. Compared with Tc-on system,
there is no need to express too many regulatory proteins, which avoids the adverse effects of TetR protein on
host plants, and thus can be used in arabidopsis thaliana. The disadvantage of this system is that the system is a
negative regulation system, which needs to maintain a certain level of tetracycline concentration in order to
keep the target promoter closed, which reduces the practicability of the system.
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2 Steroid Induced Expression System

2.1 Dexamethasone induced GR fusion system

In mammals, the molecular mechanism of steroid nuclear receptor regulation is highly conservative. For
example, the glucocorticoid receptor (GR) interacts with heat shock protein (HSP90) to form an inactive
complex in the absence of steroid ligands. This complex is thought to interfere with the interaction of
transcription factors with other proteins or DNA targets through steric hindrance. In the presence of steroids,
the binding of steroids to the GR ligand binding domain (LBD) leads to the dissociation of the latter from the
HSP90 complex, and transcription factors can activate transcription normally (Picard, 1993). There is no
similar hormone system in plants, so in many studies, steroid transactivation systems are used to regulate gene
expression, such as dexamethasone induction system based on glucocorticoid receptor, such as GVG/UAS
system and pOp6/LhGR system, and B-estradiol induction system based on estrogen receptor (ER).

GR fusion system is the simplest dexamethasone induction system. The strategy of this system is to directly
fuse GR and transcription factors to obtain steroid-induced chimeric transcription factors (Schena et al., 1991),
which can be directly used to study transcription factors regulating leaf morphogenesis, floral organ
determination and lateral organ development in plants (Kirch et al., 2003). The advantage of this system is that
the strategy is simple and easy to use and directly express chimeric transcription factors.

2.2 Dexamethasone induced GVG/UAS system

Aoyama and Chua constructed the GVG/UAS system based on the principle of glucocorticoid receptor. The
activating element constructed by this system expresses an acting protein GVG protein. GVG contains yeast
transcription factor GAL4 DBD, VP16 AD and GR LBD (Aoyama and Chua, 1997). The target promoter of the
response element consists of a UAS activation region composed of six GAL4 binding sequences and mini35S
fusion, which regulates the expression of the target gene (Figure 3).

[Ca]\IV.SSS}:[GAL-l DB{GR LBDI\'[DIG AD — > @ Activation element expresses GVG

w Inactive GVG
[ UAS Imlnﬂss]:( Gene of interest

No expression Expression

Response clement expresses target gene

Figure 3 Dexamethasone induced GVG/UAS system

Note: The acting protein GVG is expressed by the fusion expression of yeast GAL4 transcription factor DNA binding domain
(GAL4 DBD) with mouse glucocorticoid receptor ligand binding domain (GR LBD) and herpes simplex virus protein 16
activation domain (VP16 AD). The CaM V35S promoter controls the constitutive expression of GVG; the pAocs: Terminator; the
target promoter is composed of UAS activation region and mini35S fusion, the earlier is composed of six GAL4 binding
sequences, mini35S to regulate downstream target gene expression. In the absence of dexamethasone dex, GVG binds to the
regulatory protein HSP90 in an inactive state; adding dex, GVG binds dex and thus changes the conformation and removes the
HSP90, GVG binding UAS sequence to activate the expression of the target gene

Aoyama and Chua, and others showed that GVG protein was constitutively expressed. In the absence of
dexamethasone (dex), GVG protein is inactive and foreign genes are not expressed; in the presence of
dexamethasone, GVG protein binds to dexamethasone, GVG protein dissociates to active state, binds to UAS
activation region, and foreign genes are expressed. Masashi and others (Mori et al., 2001) built an efficient
expression system of foreign gene mRNA in transgenic plants using GVG system. The system has been
successfully applied in tobacco and Arabidopsis thaliana, but the system itself has some defects. When
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Arabidopsis thaliana and other plants accumulate too much GVG proteins, normal plants growth is affected,
seriously and even lethal (Kang et al., 1999). Other studies have shown that the system will affect the
expression of some defense-related genes in host plants.

2.3 Dexamethasone induced pOp6/LhGR system

SamalovaM and BrzobohatyB established pOp6/LhGR system based on glucocorticoid receptor (Samalova et
al., 2005). The activating element of this system expresses LhGR protein, which is the fusion product of the
high affinity DNA binding mutant lacl His17 DBD, transcriptional activation domainll of GAL4 and GR LBD.
The pOp6 chimeric promoter contains six lac operons upstream of the mini35S promoter to regulate the
expression of downstream target genes (Figure 4).

[‘5“1“"'355}:[‘”‘ LBDIL“H DBDIGAL"'H — Activation element expresses LhGR

Inactive LhGR
[ pOp6 ]imlniSSSJ:{ GUS

No expression Expression

LhGR

pOp6 miniSSSJ:[ GUS I Response element expresses GUS

Figure 4 Dexamethasone induced pOp6/LhGR system

Note: The acting protein LhGR is expressed by the fusion expression of DNA binding domain (LacH DBD) of Saccharomyces
cerevisiae lac inhibitor mutant with mouse glucocorticoid receptor ligand binding domain (GR LBD) and yeast transcription
factor GAL4 transcriptional activation domain (GAL-II). CaM V35S promoter controls the constitutive expression of LhGR; Nos:
carmine synthase Terminator; the target promoter is the fusion expression of six lac operon and mini35S to regulate downstream

adding dex, LhGR binds to dex to change the conformation, breaking away from the HSP90, LhGR binds to pOp6 sequence to
activate GUS expression

POp6/LhGR system provides a highly sensitive chemically induced transgenic expression system for tobacco,
and this system may be suitable for many other plants (Moore et al., 2006). In addition, the system is
compatible with previously reported LhG4 systems (Moore et al., 1998); for LhG4 systems, there are a large
number of tissue-specific activation mutants available. Therefore, by crossing with appropriate LhGR or LhG4
activation lines, the gene expression can be accurately regulated in time or space by introducing the target gene
into tobacco under the control of pOp6 promoter.

2.4 B-estradiol induced ER-C1 system

Bruce and others established a B-estradiol induction system. The construction strategy of the system is to
express an acting factor ER-C1 protein through the activation element, which is expressed by the fusion of the
trans-activation domain (AD) of corn activator C1 and the human ER activation domain (LBD). The target
promoter in the response element is comprised of 4 copies of ER element (ERE) and mini35S promoter, which
regulates the expression of downstream luciferase (LUC) gene (Figure 5).

Bruce and others verified that the system can be applied to maize BMS (Black Mexican Sweet) cell line (Bruce
et al., 2000). Before induction, ER-C1 protein was inactive and could not bind to ERE activation and
transcription of LUC gene. After induction with estradiol, ER-C1 protein combine with ERE to activate
transcription of downstream luciferase gene. Two days after induction, 14000 relative light unit luciferase
activity was detected. The advantage of this induction system is that the amount of inducer is low and there is
no obvious toxic effect on plants, but there is no report on the application of this system to transgenic plants.
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Figure 5 B-estradiol induced ER-C1 system

Note: The acting protein ER-C1 is expressed by the fusion of human estrogen receptor activation domain (ER LBD) and maize
activator C1 transactivation domain (C1 AD). The constitutive expression of ER-C1 is controlled by CaMV35S promoter., Nos:
carmine synthase Terminator, and the target promoter is the fusion expression of four ERE elements and mini35S, which
regulates the expression of downstream LUC gene. In the absence of B-estradiol (E), ER-C1 could not bind to ERE elements and
luciferase (LUC) could not be expressed, while the conformational change of E-binding to ERE elements could activate the
expression of LUC with the addition of Erector

2.5 p-estradiol induced XVE/OlexA system

Zuo and others established the XVE/OlexA induction system (Zuo et al., 2000a). The activating element of the
system expresses the acting protein XVE, which consists of DBD from the LexA protein of E.Coli, VP16 AD
and ER LBD. The target promoter in the response element consists of an 8-copy LexA binding site (OlexA) and
mini35S promoter, which regulates the expression of downstream green fluorescent protein gene (Figure 6).

[PG10-90 J:[LemDBDIVPIGADIER LBD —> @ Activation element expresses XVE

[01ex,x*x{mmmss):[ GFP l

No expression Expression
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Figure 6 B-estradiol induced XVE/OlexA system

Note: The acting protein XVE consists of three fusion parts, namely, the DNA binding region (LexA DBD) of E. coli LexA
protein, the transcriptional activation region (VP16 AD) of herpes simplex virus protein 16 and the constitutive expression of
XVE controlled by the human estrogen receptor regulatory region (ER LBD), pG10-90 promoter; the Nos: carmine synthase
Terminator; the target promoter is the fusion expression of eight LexA binding sites (OlexA) and mini35S to regulate the
downstream GFP gene expression. In the absence of B-estradiol (E), XVE could not bind to OlexA elements and GFP could not
express; while the addition of E, XVE combined with E to change the conformation could activate GFP expression by binding to
OlexA elements

In transgenic Arabidopsis thaliana (Zuo et al., 2002) and tobacco, there was no expression of green fluorescent
protein without induction. After induction with estradiol, the expression of green fluorescent protein was
activated, and the expression level of GFP was 3-5 times than that of CaMV 35 promoter. The advantage of this
system is that compared with GVG/UAS system, B-estradiol inducer has no obvious toxic effect on plants and
does not affect the expression of endogenous defense-related genes in host plants (Zuo et al., 2000b). The
disadvantage is that the system cannot be used in plants containing plant steroids such as soybeans.
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3 Binary Control TGV System

Bohner and others established a binary TGV regulation system (Bohner et al., 1999), which overcomes the
limitations of Tc-on and Tc-off systems, but combines the advantages of both of them. The activation element
of the system expresses a chimeric transcriptional activator TGV protein, which is composed by three
components, namely, TetR DBD, GR LBD and VP16 AD; in the response element, the target gene expression is
controlled by the TOP10 promoter (Figure 7).

[CuMVSSSJ:[TcIR DBDIGR LBDIvPlﬁ AD — Activation element expresses TGV

Inactive TGV

!

TGV

[ 1et0*7 miniJSS}:[ GUS Nos [ tetO*7 Iminiﬁﬁ]:[ GUS ':‘ Nos | Response element expresses GUS
A ———

TOP10

Expression No expression

Figure 7 Dexamethasone-tetracycline binary induced system

Note: The acting protein TGV is expressed by the fusion expression of TetR repressor DNA binding domain (TetR DBD) with
mouse glucocorticoid receptor ligand binding domain (GR LBD) and herpes simplex virus protein 16 activation domain (VP16
AD). The CaMV35S promoter controls the constitutive expression of TGV; the Nos: carmine synthase Terminator; the target
promoter is a TOP10 promoter fused with seven tetracycline operators and mini35S to regulate the expression of downstream
GFP gene. In the absence of dexamethasone dex, TGV binds to the regulatory protein HSP90, and thus was inactive. With dex,
TGV binds dex and was removed from the HSP90, TGV binds to promoter TOP10 to activate reporter gene expression. While
removing Dex plus adding tetracycline Tc, TGV protein was dissociated from TOP10 and transcribed back to uninduced level

The system can be regulated by both tetracycline and dexamethasone. In the absence of dexamethasone, TGV
binds to regulatory protein HSP90, and thus is inactive; In the existence of dexamethasone, TGV binds to
dexamethasone and thus separated from HSP90, TGV binds to TOP10 promoter and thus activate the
expression of B-glucuronidase gene. After removing dexamethasone and adding tetracycline, TGV protein was
dissociated from TOP10, transcription back to uninduced level. The advantages of the system are as follows: 1.
The transcription and termination of foreign genes are regulated by two inducers; 2. The concentration of
inducer required is low; 3. The newly constructed target promoter does not have the problem caused by tetO
methylation. The deficiency of this system is that there is a low level of background expression in BY2 cell
line.

4 Insecticide Induced Expression System

4.1 Tebufenozide induced GVHVEcR system

In practical application, tetracycline and sterol inducers are not suitable for large-scale field applications.
Researchers have developed several pesticide induction systems based on insect ecdysone receptor (EcR),
which are suitable for field trials.

Martinez and others constructed the GVHVECR system (Martinez et al., 1999), in which the activating element
protein GVHVECR is expressed, which contains the GR DNA transactivation domain (GR Act), GR DBD,
VP16 AD and Heliothisvirescens EcCR LBD(HVEcR). The target promoter in the response element contains 6
copies of glucocorticoid response element (GRE) and mini35S promoter. The reporter gene is the
B-glucuronidase (UidA) gene (Figure 8).
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Figure 8 Tebufenozide induced GVHVECR system

Note: The acting protein GVHVECR is fused by the DNA transactivation domain and DNA binding domain (GRAct; GR DBD) of
mammalian glucocorticoid receptor, the transcriptional activation domain (VP16 AD) of herpes simplex virus protein 16 and the
ligand binding domain (HvEcR LBD) of (Heliothisvirescens) ecdysone receptor in Helicoverpa armigera. CaMV35S promoter
controls the constitutive expression of GVHVECR; Nos: carmine synthase Terminator. The target promoter is the fusion
expression of six glucocorticoid response elements (GRE) and mini35S, which regulates the expression of downstream
B-glucuronidase (UidA) gene. In the absence of Tebufenozide (Teb), GVHVECR could not bind to OlexA element and UidA could
not express, and the addition of Teb, GVHVECR could activate UidA expression by binding to GRE element

Tebufenozide is a non-steroidal ecdysone antagonist, which is often used as a Lepidoptera-specific insecticide
in crops. The transcription of the target promoter is induced by the insecticide. In transgenic tobacco, the
expression of B-glucuronidase induced by this insecticide is equivalent to 150% of the activity of CaMV35S
promoter. The advantage of this system is that it is suitable for field use and has no toxicity to plants. The main
deficiency of this system is that the foreign gene has a high level of background expression.

4.2 Methoxyfenozide induced GVEcR system

Padidam and others developed a system based on spruce EcR (Padidam et al., 2003), The chimeric factors
containing EcR LBD, GAL4 or LexA DBD and VP16AD were constructed. In the presence of methoxyfenozide,
the activating factor activates the expression of luciferase gene, which is controlled by a chimeric promoter
containing a GAL4 or LexA response element and a mini35S promoter (Figure 9).

[Calm 3w€J:[GAL4/LexA DBDIVP]G ADI EcRI BD - Activation element expresses GVEcR

[UAS/OIexAIminiSSSJZ{ LUC [ ] Nos

No expression Expression

GVEcR

UAS/OlexA minﬁisjz[ Luc . Response element expresses LUC

Figure 9 methoxyfenozide induced GVEcR system

Note: The acting protein GVEcR is fused by yeast GAL4 transcription factor or Escherichia coli LexA protein DNA binding
domain (GAL4/LexA DBD), herpes simplex virus protein 16 transcriptional activation domain (VP16 AD) and spruce ecdysone
receptor hormone regulatory domain (EcR LBD). CaMV35S promoter controls the constitutive expression of GVEcR; Nos:
carmine synthase Terminator. The target promoter is the fusion expression of GAL response element (UAS) or LexA response
element (OlexA) and mini35S, which regulates the expression of downstream luciferase gene (LUC). In the absence of
methoxyfenozide (Me), GVEcR could not bind to the target promoter and LUC could not express, and the addition of Me,GVEcR
could activate LUC expression by binding to the target promoter
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The expression of low basal and high induced luciferase was optimized by cloning activating elements and
reporter genes in different tandem directions. Padidam and others did not observe the abnormal effect of
methoxyfenozide on plant growth and development. With the further improvement of methoxyfenozide
induction system, EcR from different species of insects can be used to synthesize corresponding inducers, and
then multiple induction systems that regulate several genes independently can be developed.

5 Ethanol Induced AlcR/AlcA System

In Aspergillus nidulans, transcription factor AlcR controls the expression of AlcA gene, and the expression
product of AlcA gene is a kind of ethanol dehydrogenase (Felenbok, 1991). Michael and others constructed the
AlcR/AlcA expression system based on this principle (Salter et al., 1998). The activation element of the system
is controlled by the CaMV35S promoter, and the target promoter in the response element is the fusion of AlcA
and mini35S, which regulates the transcription of chloramphenicol acetyltransferase (CAT) gene (Figure 10).

ll = Activation element expresses AlcR

eLhdnul

AleA | m'"B*SJ:( M ﬁmmmsﬁ Nes | Response element expresses CAT

No expression Expression

Figure 10 Ethanol induced AlcR/AlcA expression system

Note: CaM V35S promoter group expressed transcription factor AlcR; AlcA promoter fused with mini35S promoter to form target
promoter; Nos: carmine synthase Terminator; without ethanol, transcription factor AlcR could not bind to AlcA promoter and
CAT not express; in the presence of ethanol, transcription factor AlcR could bind to AlcA promoter and activate CAT expression

The advantages of the system are as follows: 1. The inducer is cheap and easy to degrade; 2. The system
construction strategy is very simple (Roslan et al., 2001); 3. The induction response is fast and suitable for field
application. The disadvantages of the system are as follows: 1. Ethanol is unstable and volatile; 2. Plants
produce ethanol under hypoxia, resulting in foreign gene expression (Deveaux et al., 2003).

The induction system is very suitable for local induction. Tissue-specific promoters can be used to control the
expression location of AlcR, and ethanol can be used to quickly induce the expression of foreign genes (Maizel
and Weigel, 2004). The system has been successfully applied in plants such as potato, tomato and rape
(Sweetman et al., 2002), and has a good application prospect in field experiments.

6 Copper Induced ACE1 System

Mett and others (Mett et al., 1996) described a plant gene expression system based on the regulation mechanism
of yeast metallothionein (MT) gene (Wright et al., 1988). In this system, CaMV35S controls the expression of
ACEL, which encodes a metal-responsive transcription factor. In the presence of copper ions, the ACE1 protein
changes its conformation and binds to the metal regulatory element (MRE), and activates the target gene
transcription through a chimeric promoter composed of mini35S and six metal regulatory elements (Figure 11).

In order to detect the function of the system in plants, Mett and others prepared a vector containing GUS
reporter gene under the control of chimeric promoter, and obtained transgenic tobacco plants. The results
showed that whether 50 pM CuS0s was added to the nutrient solution or 0.5 uM CuSOs was sprayed on the
leaves, the GUS activity in the leaves of transgenic plants increased by more than 50 times. Another study by
Mett and others showed that the copper controllable system constructed with tissue-specific promoters can be
used to regulate gene expression in lotus root nodules in a tissue-specific way.
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[CaMVéSSJ:( ACE1 ]:[ Nos ] — Activation element expresses ACE1
'C:prpr;raerrirtkﬁ‘li

E\ﬂua*slminisss]:[ GUS Nos MRE*6 mini3SSJ:[ GUS Nos | Response element expresses GUS

No expression Expression

Figure 11 Copper induced ACE1 expression system

Note: CaMV35S Promoter Molding expression transcription Factor ACE1; Target Promoter is fused expression of six metal
regulatory elements (MRE) and mini35S promoter; Nos: carmine synthase Terminator; In the absence of copper ion, transcription
factor ACE1 cannot bind to MRE, GUS is not expressed; in the presence of copper ion, transcription factor ACE1 can combine
with MRE, to activate GUS expression

GrangerC and CyrR introduced green fluorescent protein (GFP) gene under the control of copper inducible
promoter into Arabidopsis thaliana(Granger and Cyr, 2001), describing the time process of GFP expression
up-regulated and down-regulated with copper level, the optimal regulation level of copper, and the
tissue-specific types expressed in three transgenic lines. It is suggested that the copper-induced promoter
subsystem may be useful in regulating the time and location of gene expression in Arabidopsis thaliana.

7 Heat Shock Induced System

The HSP 18.2 gene in Arabidopsis thalian encodes a low molecular weight heat shock protein, its promoter has
been successfully used in several plants (Shinmyo et al., 1998), through heat-shock at 37°C, to induce
expression of downstream genes. It is known that the HSP18.2 promoter is suppressed in the absence of heat
stress (Matsuhara et al., 2000). Yoshida and others (Yoshida K. et al., 1995) inserted the DNA fragment of
925bp in the 5 'flanking region of HSP18.2 gene into the upstream of GUS to construct a binary plasmid
(Figure 12). The constructed HSP18.2-GUS was introduced into BY-2 cells by electroporation or through
Agrobacterium tumefaciens-mediated method to verify that heat shock can induce the expression of HSP18.2
promoter in cultured tobacco cells.

LB Km" HSP 18.2 GUS ]:[ Nos ]:[ RB

Figure 12 Binary plasmid pGA482-pHSP18.2 T-DNA regional diagram
Note: The heat shock promoter HSP18.2 contains six possible heat shock elements (HSEs); GUS: luciferase gene; Kmr: neomycin

phosphotransferase gene; Nos: carmine synthase Terminator; LB/RB: T-DNA left and right boundary sequence

SaidiY and others (Saidi et al., 2005) studied the induction of soybean heat shock Gmhsp17.3B promoter in
moss. In stably transformed moss, the expression of Gmhspl17.3B-driven GUS was very low at 25°C, while
non-invasive heat treatment at 38°C for a short time could rapidly induce expression of more than 3 orders of
magnitude. And the induction level is proportional to the temperature and duration of heat treatment, which
proves that the system can fine-tune the expression of protein.

8 Summary and Prospect

In the past three decades, the inducible gene expression systems of more than a dozen species of plants have
been reported. The practicability of different systems mainly depends on its non-induced expression level and
strong induction level. In the ideal system, there is no expression or very low expression in the uninduced state,
but in the fully induced state, the expression level should be similar to that of the constitutive strong promoter

10
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such as CaMV35S. In fact, this requires its regulatory scope to be 1000 times or higher. Equally important is
the applicable concentration range of inducers, and the concentration required for complete induction is far less
than the concentration that interferes with the normal physiology or development of plants. In addition,
artificially constructed chimeric transcription factors should not cause any adverse effects in the induced or
non-induced state; the inducible system should also be applicable to a variety of plants, including at least
Arabidopsis thaliana and tobacco. So far, the reported systems only partially meet one or more of the above
criteria; an ideal system that can accurately induce the expression of target genes in plant organs or tissues and
meet all the standards is still the goal of people's expectation and efforts.

At present, worldwide researchers have been committed to the development of new plant inducible expression
systems, or to further optimize the existing systems. By using different activation domains and binding domains
to construct new chimeric transcription factors, or optimizing the basic promoter and transcription factor
binding sequences in chimeric promoters, low background expression or no background expression can be
obtained. At the same time, the ideal system should have high level of induced expression. At the same time,
with the development of proteomics and systems biology, it is often necessary to study the function of multiple
genes at the same time; therefore, a multi-induced expression system which can regulate several genes
independently will have a very good application prospect.
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