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Amorpha-4,11-diene synthase (ADS) and Cyt P450 monoox-
ygenase (CYP71AV1) in Artemisia annua L. are two key en-
zymes involved in the biosynthesis of artemisinin. The
promoters of ADS and CYP71AV1 contain E-box elements,
which are putative binding sites for basic helix-loop-helix
(bHLH) transcription factors. This study successfully isolated
a bHLH transcription factor gene from A. annua, designated
as AabHLH1, from a cDNA library of the glandular secretory
trichomes (GSTs) in which artemisinin is synthesized and
sequestered. AabHLH1 encodes a protein of 650 amino
acids containing one putative bHLH domain. AabHLH1 and
ADS genes were strongly induced by ABA and the fungal
elicitor, chitosan. The transient expression analysis of the
AabHLH1-green fluorescent protein (GFP) reporter gene re-
vealed that AabHLH1 was targeted to nuclei. Biochemical
analysis demonstrated that the AabHLH1 protein was cap-
able of binding to the E-box cis-elements, present in both
ADS and CYP71AV1 promoters, and possessed transactiva-
tion activity in yeast. In addition, transient co-transform-
ation of AabHLH1 and CYP71AV1Pro:GUS in A. annua
leaves showed a significant activation of the expression of
the GUS (B-glucuronidase) gene in transformed A. annua,
but mutation of the E-boxes resulted in abolition of activa-
tion, suggesting that the E-box is important for the
CYP71AV1 promoter activity. Furthermore, transient expres-
sion of AabHLH1 in A. annua leaves increased transcript
levels of the genes involved in artemisinin biosynthesis,
such as ADS, CYP71AV1 and HMGR. These results suggest
that AabHLH1 can positively regulate the biosynthesis of
artemisinin.
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annua L e Artemisinin biosynthesis ¢ bHLH transcription
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Abbreviations: ADS, amorpha-4,11-diene synthase; 3-AT,
3-amino-1,2,4-triazole; bHLH, basic helix-loop-helix; BSA,
bovine serum albumin; CaMV, Cauliflower mosaic virus;
CYP71AV1, Cyt P450 monooxygenase; DBR2, artemisinic

aldehyde A11(13) reductase; DMAPP, dimethylallyl diphos-
phate; EMSA, electrophoretic mobility shift assay; EST, ex-
pressed sequence tag; FPS, farnesyl diphosphate synthase;
GFP, green fluorescent protein; GST, glandular secretory
trichome; GUS, B-glucuronidase; HMGR, 3-hydroxy-3-methyl-
glutaryl coenzyme A reductase; IPP, isopentenyl diphosphate;
JA, jasmonic acid; MEP, 2C-methyl-p-erythritol 4-phosphate;
ORF, open reading frame; RACE, rapid amplification of cDNA
ends; RT-PCR, reverse transcription—PCR.

Introduction .

Artemisia annua, or sweet wormwood, an annual plant from
the Asteraceae family, has attracted attention as the source of
an alternative to quinoline drugs for the treatment of malaria.
The active ingredient is artemisinin, a sesquiterpene lactone,
and its semi-synthetic derivatives (Artemeter, Artesunate) have
been developed as drugs by the pharmaceutical industry
(Tissier 2012). Artemisinin-based combination therapies
(ACTs) have now been recommended since 2001 by the
World Health Organization (WHO) in order to reduce the
risk of drug resistance (Mutabingwa 2005). Currently,
A. annua is the only commercial source of artemisinin.
However, artemisinin contents are low (0.01-1.00% DW) in
the leaves and flowers of A. annua, but, in some hybrid varieties,
the content can reach 1.4%. The low content of artemisinin in
A. annua severely limits its commercialization and has triggered
numerous efforts to improve artemisinin production. An alter-
native microbial-based system that synthesizes an artemisinin
precursor for chemical conversion has been developed (Ro et al.
2006). However, this would not replace agricultural production,
which will continue to be an essential source of supply (Graham
et al. 2010). Owing to the importance of artemisinin in the
treatment of malaria, a better understanding of its biosynthetic
pathway is needed in order to increase its production.

The artemisinin biosynthetic pathway is gradually being
understood as the genes involved in artemisinin biosynthesis
are identified. It is believed that the artemisinin biosynthesis
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Fig. 1 Biosynthetic pathway for artemisinin in Artemisia annua. HMGR, 3-hydroxy-3-methyl-glutaryl coenzyme A reductase; FPS, farnesyl
diphosphate synthase; ADS, amorpha-4,11-diene synthase; CYP71AV1, Cyt P450 monooxygenase; DBR2, artemisinic aldehyde A11(13) reductase;
ALDH?1, aldehyde dehydrogenase 1; RED1, dihydroartemisinic aldehyde reductase.

precursor, isopentenyl diphosphate (IPP), comes from the
mevalonate pathway, which is localized in the cytosol. IPP is
synthesized from acetyl-CoA via mevalonic acid, a process that
is catalyzed by 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMGR) (Argolo et al. 2000). The five-carbon building
blocks of artemisinin metabolism, IPP and dimethylallyl diphos-
phate (DMAPP), are mainly derived from the mevalonate path-
way (Fig. 1), but they are also partly derived from
glyceraldehyde-3-phosphate and pyruvate via the 2C-methyl-
p-erythritol 4-phosphate (MEP) pathway (Towler and Weathers
2007). Farnesyl diphosphate synthase (FPS) (Brodelius et al.
2002, Han et al. 2006) catalyzes condensation of two molecules
of IPP and one DMAPP into farnesyl diphosphate and then the
cyclization of farnesyl diphosphate is catalyzed by amorpha-
4,11-diene synthase (ADS), which has been cloned by several
laboratories (Chang et al. 2000, Mercke et al. 2000, Wallaart
et al. 2001). Following this, armorpha-4,11-diene is hydroxylated
to yield artemisinic alcohol, which is catalyzed by a Cyt P450-
dependent armorpha-4,11-diene 12-hydroxylase (CYP71AV1)
(Ro et al. 2006, Teoh et al. 2006). This enzyme can also convert

artemisinic alcohol to artemisinic aldehyde and then into arte-
misinic acid. It has long been assumed that artemisinic acid is a
direct precursor of artemisinin. However, recent experiments
have shown that dihydroartemisinic acid is the precursor of
artemisinin. Dihydroartemisinic acid is formed from artemisinic
aldehyde in two steps via dihydroartemisinic aldehyde. The re-
duction is catalyzed by artemisinic aldehyde A11(13) reductase
(DBR2) (Zhang et al. 2008) and oxidation to the acid is by
aldehyde dehydrogenase 1 (ALDH1) (Teoh et al. 2009). The
intermediate, dihydroartemisinic acid, is converted to artemi-
sinin in a non-enzymatic reaction. An integrated artemisinin
biosynthetic pathway for A. annua is summarized in Fig. 1.
Artemisia, like many other species from the Asteraceae, pro-
duces sesquiterpene lactones in glandular secretory trichomes
(GSTs) localized on the leaves, stems and flowers. In A. annua,
the GSTs are thought to be the site of biosynthesis and storage
of artemisinin (Duke et al. 1994, Covello et al. 2007). In recent
years, the studies on specific expression in trichomes have
mainly focused on ADS and CYP71AV1. The fact that ADS is
highly expressed in trichomes was confirmed (Bertea et al.
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2005) and the specific expression of ADS in trichomes was
shown in transgenic plants carrying the ADS—promoter:GUS
(B-glucuronidase; H. Wang et al. 2011). Very recently, the
CYP71AV1 promoter has been cloned and the promoter—
GUS fusion exhibits a trichome-specific expression pattern
(Wang et al. 2011, Wang et al. 2013). Most of the genes involved
in the artemisinin biosynthetic pathway are likely to be trich-
ome specific (Liu et al. 2009, Olsson et al. 2009, Wang et al.
2009). These trichome-specific genes are likely to be controlled
by one or several transcription factors. In recent years, some
studies on the effects of transcription factors on the biosynthe-
sis of artemisinin in A. annua have been reported. For example,
the AaWRKY1 transcription factor has been shown to regulate
the biosynthesis of artemisinin positively by binding to the
promoter of ADS (Ma et al. 2009) and two jasmonic acid
(JA)-responsive  AP2/ERF subfamily transcriptional factors
(AaERF1 and AaERF2) have been shown to regulate artemisinin
biosynthesis positively by binding to CBF2 and RAA motifs that
are present in both the ADS and the CYP71AV1 promoters in
A. annua (Yu et al. 2012).

The basic helix—loop—helix (bHLH) proteins are the second
largest transcription factor family in the genome, behind only
the MYB superfamily. Members of this family share the bHLH
signature domain, which consists of around 60 amino acids
with two distinct regions: a basic stretch at the N-terminus,
consisting of around 15 amino acids involved in DNA binding,
and a C-terminal region of around 40 amino acids composed of
two amphipathic a-helices, mainly consisting of hydrophobic
residues linked by a variable loop (the ‘helix—loop—helix’
region), which is responsible for promoting protein—protein
interactions through the formation of homo- and heterodi-
meric complexes (Toledo-Ortiz et al. 2003, Osorio et al. 2012).
The bHLHSs are found in all three eukaryotic kingdoms and are
involved in a myriad of regulatory processes. They are involved
in developmental processes, such as stomata development,
root hair formation and the control of petal size (Pires and
Dolan 2010). They are also reportedly involved in the metabolic
regulation of various hormones, including brassinosteroids
(BRs) (Friedrichsen et al. 2002), ABA (Abe et al. 2003) and
auxin synthesis/homeostasis (Schlereth et al. 2010). Some
bHLHs are involved in the regulation of light signaling
(Castelain et al. 2012), iron and phosphate homeostasis (Yi
et al. 2005, Long et al. 2010) and various abiotic stresses, includ-
ing cold, drought and high salinity (Abe et al. 2003, Chinnusamy
et al. 2003, Kim and Kim 2006). Interestingly, two bHLH tran-
scription factors are reported to regulate alkaloid biosynthesis
in Catharanthus roseus and isoquinoline alkaloid biosynthesis in
Coptis japonica (Yamada et al. 2011, Zhang et al. 2011). The core
DNA sequence motif recognized by the bHLH proteins is a
consensus hexanucleotide sequence known as the E-box (5'-
CANNTG-3'). The promoters of ADS and CYP71AV1 involved
in the biosynthesis of artemisinin contain E-box elements,
which are putative binding sites for bHLH transcription factors.
In order to explore further the transcription factors capable of
regulating the biosynthesis of artemisinin, this study initiated
the cloning and characterization of bHLH transcription factors
from a cDNA library of GSTs. The specific binding of the protein

encoded by AabHLH1 to E-box cis-elements was verified by
EMSA (electrophoresis mobility shift assay) and yeast one-
hybrid assay. Overexpression of AabHLH1 in transiently trans-
formed A. annua leaves was able to activate key enzymes
related to artemisinin biosynthesis and the promoters of ADS
and CYP71AV1. These results suggest that AabHLH1 can regu-
late the biosynthesis of artemisinin.

Results

Isolation and sequence analysis of AabHLH1 cDNA

In previous studies, a cDNA library of A. annua, was constructed
using GSTs as the source of mRNA, and three expressed se-
quence tag (EST) fragments of the candidate bHLH transcrip-
tion factor were found by alignment through the NCBI in the
cDNA library (Ma et al. 2009). Since ADS and CYP71AV1 in
A. annua are key enzymes involved in the biosynthesis of arte-
misinin and the promoters of ADS and CYP71AV1 contain
E-box elements, which are putative binding sites for bHLH tran-
scription factors, RACE (rapid amplifiction of cDNA ends)-PCR
was used in this study in order to try and obtain the whole
cDNA sequences of the three EST fragments in the cDNA li-
brary. However, only the cDNA sequences of two bHLH tran-
scription factor geness, designated as AabHLH1 and AabHLH2,
were obtained. In addition, AabHLH1 was found to bind to the
E-box cis-elements (Figs. 5, 6) while AabHLH2 failed to bind to
the E-box (data not shown). As a result, this study only con-
centrated on AabHLH1. The full-length cDNA of AabHLH1 was
found to be a 1,950 bp long open reading frame (ORF). The ORF
encoded a protein of 650 amino acids with a calculated mol. wt.
of 71.83kDa and an isoelectric point of 5.75. AabHLH1 con-
tained one basic helix—loop—helix conservative domain at the
N-teminus and AabHLH1 belonged to Group B of the bHLH
family, based on the Atchley theory (Atchley et al. 2000). In
general, the basic region in the bHLH domain determines the
DNA binding activity of the protein. Toledo-Ortiz et al. (2003)
identified 147 proteins as members of the bHLH family in
Arabidopsis and, depending on the presence or absence of
basic residues in the first 17 positions of the bHLH domain,
two major categories were defined: (i) DNA-binding bHLHs
and (ii) non-DNA-binding bHLHs. The DNA-binding bHLH cat-
egory can be further subdivided into two subcategories based
on the predicted DNA binding sequence: (i) the E-box binders
and (i) the non-E-box binders. This subdivision is based on the
presence or absence of two specific residues: glutamate (E) and
arginine (R), in the basic region (Toledo-Ortiz et al. 2003).
AabHLH1 belongs to the E-box binders because it contains an
average of six basic residues and has glutamate (E) and arginine
(R) in the first 17 positions of the basic region (Table 1). In
previous studies, bHLH transcription factors were also found in
other plants besides Arabidopsis. The alignment of AabHLH1
with some of the bHLH proteins from other plants is shown in
Fig. 2. AabHLH1 exhibited 48.43% sequence identity with
CrMYC2 protein, 44.37% sequence identity with LjpHLH22 pro-
tein, 47.64% identity with NbbHLH1 protein, 47.91% sequence
identity with StbMYC1 protein, 48.82% sequence identity with
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bHLH number PID number Basic Helix Loop Helix

10 ER 20 30 40 50 60
A
AtbHLH67 CAB71902 EIENQRINHI AVERNRRRQM NEHINSLRAL LPPSYIQ.RG DQASIVGGAI NYVKVLEQII
AtbHLH57 CAB77716 EVENQRMTHI  AVERNRRRQM NEHLNSLRSL MPPSFLQ.RG DQASIVGGAI DFIKELEQLL
AtbHLH95 AAG13058 EESPDHEIHI WTERERRKKM RDMFSKLHAL LPQ.LPP.KA DKSTIVDEAV SSIKSLEQTL
AtbHLH92 BAB11628 PEKERSRRHM LKERTRREKQ KQSYLALHSL LPFA ... TKN DKNSIVEKAV  DEAIAKLQRL
AtbHLH10 AAD20667 GRGSRKSRTS PTERERRVHF NDRFFDLKNL IPNP ... TKI DRASIVGEAI DYIKELLRTI
AtbHLH89 AAF80214 GRGSKKRKIF PTERERRVHF KDRFGDLKNL IPNP ... TKN DRASIVGEAI DYIKELLRTI
AtbHLH19 AACG63587 RSPVLAKEHV LAERKRREKL SEKFIALSAL LPGL...KKA DKVTILDDAI SRMKQLQEQL
AtbHLH20 AACG63588 REPHLLKEHV LAERKRRQKL NERLIALSAL LPGL . ..KKT DKATVLEDAI KHLKQLQERV
AabHLH1 NGREEPLNHV EAERQRREKL NQRFYALRAV VPNV ...SKM DKASLLGDAI LYIKELKSKV
AtbHLH14 AAB62853 KHHPAVLSHV EAEKQRREKL NHRFYALRAI VPKV...SRM DKASLLSDAV SYIESLKSKI
AtbHLH3 CAB78685 NGREEALNHV ~ EAERQRREKL NQRFYALRAV VPNI...SKM DKASLLADAI TYITDMQKKI
B
AtbHLH135 AAF15922 RRSRSRQSSG TSERISEDQI NDLIKLQQL LPRS...DKV SAARVLQDTC  NYIRNLHREV
AtbHLH26 AAK15282 REVPSVTRKG SKRRRRDEKM SNKMRKLQQL  VPNC.HK.T DKVSVLDKTI EYMKNLQLQL
AtbHLH132 BAC10690 KRKRNAEAYN  SPERNQRNDI NKKMRTLQNL  LPNS.HK.D DNESMLDEAI NYMTNLQLQV
AtbHLH145 BAB10287 RISFLKRSKL SSNKIGEEKI FETVSLLRSV VPGE...ELV DPILVIDRAI DYLKSLKMEA
AtbHLH108 NM102341 KSSDKSDHDT ~ LLKKKRRERI RRQLETLKEI TPNC...PQS DINAILDCVI EYTNNLRLAH
C
AtbHLH83 AAG27834 PTTSPKDPQS LAAKNRRERI SERLKILQEL VPNG.TK.V DLVTMLEKAI SYVKFLQVQV
AtbHLH86 BAB10359 ATTSPKDPQS ~ LAAKNRRERI SERLKVLQEL VPNG.TK.V DLVTMLEKAI GYVKFLQVQV
AtbHLH140 CAB81914 TSTLSTDPQS VAARDRRHRI SDRFKILQSM VPGG.AK.M DTVSMLDEAI  SYVKFLKAQI
AtbHLH142 BAB09865 STKEDTGSGL SNEQSSKDKI RTALKILESV VPGA...KGN  EALLLLDEAI DYLKLLKRDL

(A) Putative E-box binders, which have conserved residues in positions E13 and R16 (highlighted in bold). AabHLH1 is marked with a red box.
(B) Non E-box binders, proteins with a basic region, but not predicted to have E-box binding capacity, do not contain both of the amino acids E13 and R16,

considered to be required to recognize the E-box.

(C) Non-DNA binders, lack the capacity to bind DNA, based on the absence of amino acids E13 and/or R16, and the presence of few basic residues in the first 17

positions.
Proteins are listed according to their PID number.
Positions within the bHLH domain are numbered at the top of the table.

NtMYC1a protein and 44.63% identity with PvPG1 protein
(Fig. 2).

Expression pattern of AabHLH1

AabHLH1 was highly expressed in the flowers and moderately
expressed in the leaves and stems. A relatively weak expression
was observed in the roots (Fig. 3A). Chitosan has been shown
to be an effective elicitor of artemisinin biosynthesis, both in
hairy root cultures and in the A. annua plant (Putalun et al.
2007). ABA at different concentrations (1, 10 and 100 pmol I~")
was tested by treating A. annua plants, and the results showed
that the artemisinin content in ABA-treated plants significantly
increased (Jing et al. 2009). In Arabidopsis, the bHLH transcrip-
tion factor AtMYC2 could be induced by drought and ABA
treatment (Abe et al. 2003). Since the ADS promoter contains
E-box elements, the induced expression of AabHLH1 and ADS
under separate ABA and chitosan treatments was investigated
using semi-quantitative reverse transcription—PCR (RT-PCR).
The results showed that the expression of AabHLH1 was
induced rapidly and strongly following treatment with
100 umol I~" ABA or 150mgl~"' chitosan. In ABA-treated

leaves, the transcript levels of AabHLH1 increased rapidly and
peaked within 30 min. This activation persisted for up to 1h
post-treatment and then they declined to their original levels
by 1.5 h post-treatment (Fig. 3B). ADS showed a slower rate of
induction than AabHLH1, with the transcript level increasing
after 1 h post-treatment. This is consistent with the assumption
that the AabHLH1 transcription factor regulates the expression
of ADS. In chitosan-treated leaves, the expression level of ADS
showed similar kinetics to those of ABA induction, whereas the
level of AabHLH1 increased relatively slowly compared with
ABA induction, which showed strong induction after 1h
post-treatment (Fig. 3C).

AabHLH1 was targeted to the nucleus

Analysis of the AabHLH1 protein sequence using the PSORT
program (Nakai and Kanehisa 1992) revealed the presence of
four putative nuclear localization signals: KKKR between pos-
itions 393 and 396 of the amino acid sequence, KKPR between
positions 451 and 454 of the amino acid sequence, KPRK be-
tween positions 452 and 455 of the amino acid sequence and
PRKR between positions 453 and 456 of the amino acid

1595

|w)
o]
=
2
o
o
Q.
@
o
=
o
3
0
=
©
(2]
=
©
Q
©
Q
)
3
o
o
C
°
Q
o]
3
=4
°
s}
©
=4
o
=
o
®
o
i
1)
aQ
%)
©
=
o
©
N
NG
N
N
o
>
N
o
s}
o
<
Q
c
@
(2]
a
o
5
N
o
>
C
Q@
C
(]
4
N
o
S}
N



PCP Y. Ji et al. | AabHLH1 positively regulates artemisinin biosynthesis

PLANT & CELL PHYSIOLOGY

AabHLHI 32
CrMyc2 61
LibHLEZ22 18
NbbHLAL +++SARATTANSNHIPVN . .TRTVL 62
NtMYCla AVARVTSNSNHIFPVN..TPTVL 63
PVEGL 47
StMY¥C-1 (1
Consensus
RabHLHL . QTQTVEPTSSSASTETVHQE % i E EY S £ HGDGYYRGE 2 110
- crMyce -TSSAVTTAVDSAKSMEAQEA ! : : ; 140
LibHLHZ2 ; ; : L ; ] 85
NbbHLHL LMCASMMEV:A&K&”S G L R DL TS I 5 I 142
NtMYCla LESSCASTVIAVAVLASKSMSE] T I s 143
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LibHLHZ22 244
NbbHLH1 293
NrM¥Cla 254
EVEG1 272
StMYC-1 258
Consensus
RabHLH1 324
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LibHLH22 APTTRSHSTPERENN 3 ETPSA 80 315
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NtM¥Cla 3 ; ; gV GHS 351
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StMyC-1 A1 ...msm A¥ANENNHQSG NEgECcYRLOGoNNEERQT 365
Consensus
AabHLHI 388
crmyc2 431
LjbHLH22 375
NbbHLH1 415
NtMyCla 416
PvEGl 375
STMYC-1 434
Consensus
AabHLH1 456
CrMyc2 505
LjbHLH22 446
KbbHLHL 489
NtMYCla 450
FVEPG1 431
stMyc-1 : ; i : R 506
Consensus gmlsf sg sdl as ke s r v pek p krgr
AabHLHI 536
crMyc2 585
LibHLHZ22 526
NbbHLH1 569
NTMyCla 570
PvPG1 531
stMyc-1 586
Consensus
AabHLH1 612
CrMyc2 658
LibHLH22 606
NbbHLH1 645
NEMYCla G648
PYEG1 807
StMyYC-1 : I i €53
Consensus vk ig ami g knhpaa m id
RabHLH1 3 N NFRIFRS IIKLRQLAKL 656
crMyc2 3 1 i 639
LibHLH22 641
NbbHLH1 680
NEM¥Cla 681
PvPGl 642
stMyc-1 692

Consensus v d miag w'mg ry glr a

Fig. 2 Alignment of AabHLH1 with related bHLH proteins from Catharanthus roseus, Lotus japonicus, Nicotiana benthamiana, Nicotiana
tabacum, Phaseolus vulgaris and Solanum tuberosum. The deduced amino acid sequence of AabHLH1 was aligned with CrMYC2
(AAQ14332), LjpHLH22 (ACN21638), NbbHLH1 (ADH04262), NeMYC1a (ADH04267), PvPG1 (AAB00686) and StMYC1 (CAF74710) using
DNAMAN software. The amino acid residues shaded with blue, pink, blue-green and those without shading represent, respectively, the high,
intermediate, low and very low sequence similarity of AabHLH1 with respect to the other species.
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Acnun

Fig. 3 Expression patterns of AabHLH1. (A) Ethidium bromide-
stained agarose gels showing RT-PCR results for roots (R), leaves
(L), stems (S) and flowers (F). (B and C) AabHLH1 and ADS expression
in response to ABA and chitosan, respectively. Leaves were sprayed
with ABA (100 imol I™") or chitosan (150 mgl™"). Leaves were har-
vested at the indicated times after treatment for preparation of total
RNA. Accumulation of AabHLH1 and ADS transcripts was monitored
by semi-quantitative RT-PCR. Actin amplification was used as a con-
stitutive control.

sequence. To examine the cellular localization of AabHLH1,
AabHLH1 was fused with green fluorescent protein (GFP) and
the chimeric gene was under the control of the Cauliflower
mosaic virus (CaMV) 35S promoter. The resulting plasmid
was then bombarded into onion epidermal cells. As shown in
Fig. 4, the AabHLH1-GFP fusion protein was localized exclu-
sively in the nucleus, whereas the control GFP (CaMV35S::GFP)
was distributed in both the cytoplasm and the nucleus. These
results indicate that AabHLH1 is a nuclear protein, which is
consistent with its function as a transcriptional regulator.

Electrophoretic mobility shift assay (EMSA)

The promoter of the ADS gene was isolated from A. annua (001)
according to DQ448294 in the NCBI (Kim et al. 2008) and it was
found to contain 14 E-box elements, —; 1osCACATG—7,103, —1,999C
ATATG= 1004 —1577CATTTG=1 575, =1765CATCTG=1 735 —1,535CA
GTTG—1,528 —1,393CAAATC— 388 —1,289CAAATG— 554 —1,144CAC
ATG—1130, —917CAAATG—91, —6ssCATTTG=455 —6:sCATATG
—620 —300CATTTG=3g5, —158CAATTG—155 and —goCAATTG—gs.
In addition, the CYP71AV1 gene promoter was also obtained
from A. annua (001) according to H. Wang et al. (2011), and
six E-boxes (—1g40CATATG—1 835, —1,823CAATTGN; g5 —1 740CAA
GTG—1746 —1218CAAATG—1 513, —5g;CATCTG-5g, and —;,CATT
TG-,;) were found in the CYP71AV1 gene promoter.

It is known that the E-box is a putative recognition site for
bHLH transcription factors. In order to test the AabHLH1 pro-
tein—E-box DNA interactions, an EMSA was performed.
Recombinant AabHLH1 was overexpressed in Escherichia coli

358::GFP

358::AabHLHI-GFP

Fig. 4 Nuclear localization of the AabHLH1 protein. (A-C) The con-
trol GFP protein. (D-F) The AabHLH1-GFP fusion protein. Onion
epidermal cells were bombarded with plasmids harboring the GFP
coding region 355:GFP (A-C) or the 35S:AabHLH1-GFP fusion con-
struct (D—F). GFP accumulated in the cytosolic and nuclear compart-
ments. AabHLH1-GFP fusion protein accumulated in the nucleus.
Detection of fluorescence was performed 24 h after bombardment
under a confocal laser scanning microscope (Leica TCS SP2). In the
control group (A-C), all of the epidermal cells of the onion trans-
formed by 35S:GFP showed the green fluorescence. However, the
green fluorescence was only observed in the nuclei of the epidermal
cells of the onion transformed by the fusion expression vector
35S:AabHLH1-GFP (D-F).

and purified using immobilized metal ion affinity chromatog-
raphy. The molecular weight of the purified protein was about
73 kDa (Supplementary Fig. S1). The DNA fragments containing
the 3xE-box were used as probes. A shift band was observed
with the recombinant AabHLH1 protein incubated with the
3xE-box probe (Fig. 5). No binding signal was detected in
the negative control, where the 3xE-box was incubated with
2 ng of bovine serum albumin (BSA) (Fig. 5). Therefore, the
observed probe retardation was assigned to the DNA binding
activity of AabHLH1. To verify AabHLH1 binding capacity,
the same amounts of E-box DNA were incubated with 34, 54,
81 and 102ng of AabHLH1 proteins in lanes 2, 3, 4 and 5,
respectively. The amount of shift protein—-DNA complexes
showed a gradually increasing tendency, whereas free DNA
levels decreased accordingly. The results indicate that
AabHLH1 is able to recognize and interact with the E-box elem-
ents in vitro.

Yeast one-hybrid assay

To determine whether AabHLH1 binds to the E-box in vivo, a
yeast one-hybrid assay was performed. The 3 xE-box fragment
was fused with a HIS reporter gene to generate a pHIS-3 x E-box.
Similarly, a pHIS-3xm;E-box and a pHIS-3xm,E-box were ob-
tained by fusing a HIS reporter gene with two mutants of the
E-box. All the above three plasmids were introduced into yeast
strain Y187. The ORF of AabHLH1 was inserted into the
pGADT7:AD vector in order to generate pGADT7::AabHLH1.
pGADT7:AabHLH1 was introduced into a yeast strain Y187,
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A

Fig. 5 The ability of the AabHLH1 protein to bind to the E-box cis-acting elements, as analyzed by EMSA. (A) Titration of 3 xXE-box DNA with
AabHLH1 protein stained with SYBR Green EMSA for visualizing DNA; (B) the same gel as in (A) stained with SYPRO Ruby EMSA for visualizing

protein. Increasing amounts of AabHLH1 protein were added to 3xE-box DNA in a final 15 pl volume. M: DNA maker (DL 2000). Lane 1: DNA of

cis-acting elements only. Lanes 2—5: DNA of cis-acting elements with increasing amounts of AabHLH1 protein (34, 54, 81 and 102 ng). Lane 6:
AabHLH1 protein only (102 ng). Lane 7: DNA of cis-acting elements with 2 pig of BSA.

SD/-Trp/-His/-Leu

AabHLHI
E-box

AabHLHI
m, E-box

AabHLHI
m,E-box

3-AT (30mM)
SD/-Trp/-His/-Leu

Fig. 6 AabHLH1 interacts with the E-box in yeast cells. (A) Distribution of Y187 yeast cells carrying pGAD:AabHLH1/pHIS-3 xE-box,
pGAD::AabHLH1/pHIS-3xm;E-box, pGAD::AabHLH1/pHIS-m,3 X E-box or pHIS3x E-box. (B) The transformants containing the four constructs
were grown for 3d at 30°C in SD/-Trp/-His/-Leu. (C) The transformants carrying only pGAD:AabHLH1/ pHIS-3xE-box grew in SD/-Trp/-
His/—Leu plus 30 mM 3-amino-1,2,4-triazole (3-AT), while the growth of the other transformants was inhibited due to their failure to produce

histidine.

which contained a plasmid harboring the pHIS-3xE-box, the
pHIS-3xm;E-box or the pHIS-3xm,E-box. At the same time,
the empty pGADT7::AD plasmid was introduced into a yeast
strain Y187, which contained a plasmid harboring the pHIS-
3xE-box as a control. On SD/-Trp/-Leu/-His selective
medium containing 30mM 3-amino-1,2,4-triazole (3-AT),
only the yeast harboring pGADT7:AabHLH1 and the pHIS-
3xE-box could grow (Fig. 6). When the core sequence of the
E-box was mutated, as shown in the 3xm;E-box and the
3xm,E-box, AabHLH1 could no longer bind to the E-box.
This result indicates that AabHLH1 could bind to the E-box
and activate transcription specifically in vivo.

AabHLH1 activated ADS, CYP71AV1 promoters
as well as the genes involved in artemisinin
biosynthesis

In order to study the interactions of AabHLH1 with ADS and
CYP71AV1 promoters, this study cloned an ADS promoter ac-
cording to DQ448294 in the NCBI (Kim et al. 2008) and a
CYP71AV1 promoter according to Wang et al. (2011). Then
two constructs were generated using the amplified ADS and
CYP71AV1 promoters: pCAMBIA-ADSpro and pCAMBIA-
CYP71AVipro. The interactions between AabHLH1 and the
ADS and CYP71AV1 promoters were tested in an
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Fig. 7 AabHLH1 activated ADS and CYP71AV1 promoters, as well as the genes involved in artemisinin biosynthesis by the Agrobacterium-
mediated transient expression system in A. annua leaves. (A) Transient assay of GUS activities was carried out in A. annua leaves 36 h after co-
cultivation with A. tumefaciens cells harboring (1) 35S:GUS, (2) 35S:AabHLH1/CYP71AV1pro:GUS, (3) 35S:AabHLH1/ADSpro:GUS, (4)
CYP71AV1pro:GUS and (5) ADSpro:GUS. GUS activity was normalized against CYP71AV1pro:GUS. (B) RT-PCR analysis of gene expression
levels in the reconstructed pBl121empty vector (PCR-based mutagenesis was applied to create an Xhol site immediately after the GUS TGA site)
and pBl::AabHLH1-transiently transformed A. annua. The gene transcript levels of the empty vector-transiently transformed A. annua were set as
the control level (CK) and compared with the transcript levels in pBl:AabHLH1-transiently transformed A. annua.

Agrobacterium-mediated transient expression system in
A. annua leaves. When only the reporter plasmid, pCAMBIA-
ADSpro or pCAMBIA-CYP71AVipro, was introduced into
A. annua, the GUS expression was about three or two
times lower than that of 35S:AabHLH1/ADSpro:GUS or
35S:AabHLH1/CYP71AV1pro:GUS co-transformation, respect-
ively (Fig. 7A).

Since AabHLH1 can bind to the E-box in vitro and in vivo,
and there are several E-boxes in ADS and CYP71AV1 promoters,
itis of interest to know whether AabHLH1 can activate ADS and
CYP71AV1 in the artemisinin biosynthetic pathway. Hence, the
pBIl-AabHLH1 construct and the empty vector pBI121 were
introduced into the leaves of A. annua by Agrobacterium
co-cultivation with the help of a vacuum. When the pBI-
AabHLH1 construct was introduced into A. annua leaves, the
transcript levels of AabHLH1 were much higher than those of
the control after 36 h co-cultivation. Semi-quantitative RT-PCR
results showed that the expression levels of ADS, CYP71AV1
and HMGR had significantly increased with the overexpression
of AabHLHT; the expression level of DBR2 had increased slightly
and the expression levels of FPS and ALDH1 were almost un-
changed. However, the expression level of RED1, a gene that has
a putatively negative role in artemisinin biosynthesis, decreased
with the overexpression of AabHLH1 (Fig. 7B). Thus, overex-
pression of AabHLHT could strongly activate the expression of
ADS and CYP71AV1, members of the artemisinin biosynthetic
genes.

Abolished activation of AabHLH1 by mutated
E-boxes of the CYP71AV1 promoter

As mentioned above, the ADS gene promoter contained 14 E-
boxes and the CYP71AV1 gene promoter contained six E-boxes;
therefore, we selected the 750bp long CYP71AV1 gene
promoter containing two E-boxes for the mutated
experiment. Transient co-transformation of AabHLH1 and

700
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Fig. 8 AabHLH1 activated the CYP71AV1 promoter by the
Agrobacterium-mediated transient expression system in A. annua
leaves, and mutated E-boxes abolished the activation of AabHLH1.
Transient assay of GUS activities was carried out in A. annua leaves
36h after co-cultivation with A. tumefaciens cells harboring (1)
CYP71AV1pro:GUS, (2) EabCYP71AVipro:GUS, (3) 35S:AabHLH1/
CYP71AV1pro:GUS and (4) 35S:AabHLH1/EabCYP71AV1pro:GUS.
GUS  activity was  normalized  against  construct (1)
CYP71AV1pro:GUS. A multiple comparison test was done by SPSS
software; a P-value of <0.05 was considered statistically significant,
shown with the letters a and b.

CYP71AV1Pro:GUS in A. annua leaves significantly activated
the expression of the GUS gene in transformed A. annua, but
mutation of the E-boxes showed a clear reduction of GUS ac-
tivity (Fig. 8, P < 0.05); this suggested that the E-box was im-
portant for the CYP71AV1 gene promoter activity. The results
indicated that the E-boxes themselves are actually required for
the activity of the CYP71AV1 gene promoter.

Discussion

Using isolated GSTs as a source of mRNA, Teoh et al. (2006)
constructed a ¢cDNA library, and CYP71AV1, which catalyzes
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multiple oxidations of the sesquiterpene intermediate amor-
pha-4,11-diene to artemisinic acid, was cloned using EST meth-
ods (Teoh et al. 2006). Similarly, an artemisinic aldehyde
A11(13) reductase (DBR2) was isolated from the cDNA library
of GSTs (Zhang et al. 2008). In a previous report, the AaWRKY1
transcription factor, which can regulate ADS gene expression,
was also cloned from the cDNA library of GSTs (Ma et al. 2009).
Thus, this approach is fundamental in identifying genes and
transcription factors that could play a role in artemisinin bio-
synthesis. In the present study, the evaluation of ESTs from the
cDNA library of GSTs revealed a bHLH cDNA, designated as
AabHLH1. ADS, a sesquiterpene synthase, and CYP71AV1, a Cyt
P450 monooxygenase, are two key enzymes in the biosynthesis
pathway of artemisinin. The promoters of ADS and CYP71AV1
contain several E-box elements, which are putative recognition
sites for bHLH transcription factors. A total of 14 E-box elem-
ents were found in the promoter of the ADS gene
(Supplementary Fig. S2; Kim et al. 2008). Very recently, two
CYP71AV1 gene promoters were isolated from different che-
motypes of A. annua. One was isolated by Wang et al. (2011)
and contained six E-boxes (Supplementary Fig. S3) and the
other by Wang et al. (2013) and contained five E-boxes (—gCAT
TTG-3, —74CAAATG—4o, —68oCACTTG—4g4 —763CAACTG—-755
and —;01CATTTG—1916). Alignment of the above two se-
quences (Wang et al. 2011, Wang et al. 2013) with the other
published CYP71AV1 gene promoter sequences (GenBank
entries HM48927 and EF015297) showed that the nucleotide
sequences were different. Notably, the number of E-boxes was
different. No matter how many E-boxes CYP7TAV1 promoters
have, the consensus hexanucleotide sequence is consistent with
the E-box (5'-CANNTG-3'). Yeast one-hybrid assay and EMSA
showed that AabHLH1 was able to bind to E-box motifs present
in both ADS and CYP71AV1 promoters. Furthermore, yeast
one-hybrid assay and transient transformation of A. annua
with mutated E-boxes indicated that the E-boxes themselves
are actually needed for the activity of CYP71AV1 gene pro-
moters (Figs. 5, 6, 8). Activation of AabHLH1 was abolished
when two E-boxes were mutated. In a general sense, E-box
elements (CANNTG) serve as a binding site of bHLH transcrip-
tion factors; when the CANNTG motif is mutated, the binding
activity is lost (Abe et al. 1997, Hong et al. 2012).

ABA plays an important role in plant response to different
biotic and abiotic stresses, and the content of ABA often in-
creases in response to drought stress. When soil-grown
A. annua plants were sprayed with 1-100 umol =" ABA,
there was a significant increase in artemisinin content com-
pared with the controls (Jing et al. 2009). Chitosan was
shown to be an effective elicitor of artemisinin biosynthesis in
hairy root cultures as well as in the A. annua plant (Putalun
et al. 2007, Lei et al. 2011). In this experiment, AabHLH1 expres-
sion was induced rapidly by 100 umol 1" ABA after 30 min of
treatment. ADS expression also increased after treatment with
100 pmol I~ ABA for 1h. In chitosan-treated leaves, the tran-
script levels of AabHLH1 and ADS showed similar kinetics to
those of ABA induction (Fig. 3). For CYP71AV1 expression, the
transcript level increased in ABA-treated plants after 8 h treat-
ment (Jing et al. 2009). In the A. annua plant with foliar

application of chitosan, transcript levels increased after 4h
treatment (Lei et al. 2011). Thus, as the transcript level of
AabHLHT increased rapidly and transiently upon elicitation, it
could be a transcriptional regulator, which was substantiated by
the nucleus-targeting experiment, and the yeast one-hybrid
and EMSA experiments (Figs. 4-6).

Drought can affect artemisinin levels in plants. Pot-grown
plants deprived of water for either 38 or 62 h showed increased
artemisinin levels in leaves (Marchese et al. 2010). Yang et al.
(2010) substantiated this response by showing increased ADS in
shoots when plant roots were allowed to dry for 6 h. Yin et al.
(2008) showed that chilling could affect both artemisinin con-
tent and the transcript levels of ADS and CYP71AV1 in in vitro
cultures. Yang et al. (2010) also showed that marked increases
in ADS and CYP71AV1 occurred in response to chilling (Yin
et al. 2008, Yang et al. 2010, Nguyen et al. 2011). Overall, the
above results indicate that ADS and CYP71AV1 are induced in
response to drought and cold in A. annua. ABA is involved in
many physiological processes, including seed germination, dor-
mancy, seedling growth and stomatal aperture activity, as well
as in the responses to environmental stresses, such as drought,
salt and cold (Finkelstein et al. 2002). In our experiment, the
expression of both AabHLH1 and ADS was induced by extra-
cellular ABA treatment, and overexpression of AabHLHT in
transiently transformed A. annua was able to regulate the tran-
scripts of ADS and CYP71AV1 (Figs 3, 7). Two bHLH-type tran-
scription factors: AtAIB and AtMYC2, have been reported to be
induced by ABA and acted as transcriptional activators in the
ABA signaling pathway (Abe et al. 2003, Li et al. 2007). Hence it
is likely that AabHLH1 acts as a transcriptional activator by
binding to the E-boxes of ADS and CYP71AV1 promoters in
an ABA-dependent manner.

In recent years, a great number of studies have highlighted
the importance of the transcriptional regulation of target genes
through transcription factors in secondary metabolites found in
plant cells. Transcription factors have been isolated and char-
acterized for several plant secondary metabolic pathways,
including those leading to the biosynthesis of flavonoids, ter-
penoid indole alkaloids, benzylisoquinoline alkaloids and ses-
quiterpenes (Borevitz et al. 2000, van der Fits and Memelink
2000, Xu et al. 2004, Kato et al. 2007, Ma et al. 2009).
Transcription factors can often activate several genes in the
same pathway, e.g. overexpression of the MYB transcription
factor PAP1 from Arabidopsis resulted in strongly enhanced
expression of phenylpropanoid biosynthesis genes in anthocya-
nin biosynthesis (Borevitz et al. 2000). In the plant species, C.
roseus, a jasmonate-responsive transcriptional regulator of both
primary and secondary metabolism, ORCA3, was shown to
regulate the jasmonate-responsive activation of several terpen-
oid indole alkaloid biosynthesis genes (van der Fits and
Memelink 2000). A novel bHLH protein, CjbHLH1, was reported
to regulate of biosynthesis isoquinoline alkaloids positively in
isoquinoline alkaloid-producing C. japonica (Yamada et al.
2011). In the present study, AabHLH1 can positively regulate
the transcription of ADS and CYP71AV1 by binding to the E-
boxes in the promoters, and transient expression of the
AabHLH1 transcription factor in leaves of A. annua resulted
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in increased levels of HMGR, ADS and CYP71AV1. Very recently,
two JA-responsive AP2/ERF subfamily transcriptional factors
(AaERF1 and AaERF2) were reported to regulate artemisinin
biosynthesis positively by binding to CBF2 and RAA motifs
present in both the ADS and CYP71AV1 promoters in
A. annua (Yu et al. 2012). In C. roseus, the AP2/ERF-domain
transcription factor, ORCA3, controls the JA-responsive expres-
sion of several genes encoding enzymes involved in terpenoid
indole alkaloid biosynthesis. A bHLH transcription factor,
CrMYC2, acts as the major activator of MeJA-responsive
ORCA3 gene expression. CrMYC2 binds to the qualitative se-
quence in the ORCA3 JA-responsive element in vitro. These
results show that MeJA-responsive expression of alkaloid bio-
synthesis genes in C. roseus is controlled by a transcription
factor cascade consisting of the bHLH protein, CrMYC2,
which regulates the gene expression AP2/ERF-domain tran-
scription factor ORCA, and the AP2/ERF-domain transcription
factor, ORCAZ3. It should be interesting to investigate in the
future whether there is a transcription factor cascade consist-
ing of AabHLHs regulating AP2/ERF-domain transcription
factors (AaERF1 and AaERF2) in artemisinin biosynthesis in
A. annua.

The effects of biotic elicitors (e.g. chitosan) involving the
AaWRKY1 transcription factor on artemisinin biosynthesis in
plants have been reported previously (Ma et al. 2009). Foliar
application of chitosan on A. annua plant resulted in an in-
crease of dihydroartemisinic acid and artemisinin by 72% and
53%, respectively, and semi-quantitative PCR showed increased
levels of ADS, CYP71AV1 and DBR2 after the application of
chitosan (Lei et al. 2011). Transient expression of the
AaWRKY1 transcription factor in leaves of A. annua resulted
in increased expression levels of HMGR, ADS, CYP71AV1 and
DBR2 (Ma et al. 2009). In this study, AabHLH1 could also be
induced by chitosan, and transient expression of the AabHLH1
transcription factor in the leaves of A. annua could result in
increased levels of HMGR, ADS and CYP71AV1. In fact, more
than one transcription factor can coordinate and regulate the
expression of pathway genes, for example in maize. The major-
ity of the structural genes encoding enzymes committed to
anthocyanin biosynthesis were coordinated and regulated by
the bHLH protein-encoding gene, R, and the MYB gene, C1, in
the aleurone layer of maize kernels (Mol et al. 1998). Since
AaWRKY1, AabHLH1, AaERF1 and AaERF2 transcript levels
are increased by abiotic stress, such as ABA and JA, or by
biotic stress, it is of interest to know whether stress stimulation
coordinates transcriptional control of biosynthetic genes.
Further elucidation of the interaction among transcription fac-
tors will help to elucidate the regulation of artemisinin
biosynthesis.

Materials and Methods I

Plant materials

The high artemisinin-yielding strain, 001, of A. annua from Sichuan Province,
China (Wang et al. 2007) was used in this study. Artemisia annua seedlings were
micropropagated as described previously (Zhang et al. 2006). The rooted

in vitro plantlets were transplanted into pots and grown in a greenhouse
with a 16 h/25°C day and an 8 h/20°C night.

AabHLH1 cDNA isolation

As reported previously (Ma et al. 2009), the GSTs were isolated, a cDNA library
was constructed and 1,985 ESTs were sequenced. The candidate bHLH EST
fragments, by alignment from the NCBI, were subjected to RACE-PCR. For
AabHLH1 cDNA isolation, RACE was undertaken according to the protocol
of the 5" RACE System (Invitrogen). After first-strand cDNA was synthesized,
the first round of PCR was undertaken using a specific GSP1 primer (5'-TCTGG
CAATGAGATAGCAGAGGAAGACG-3') and a universal AAP primer
(Invitrogen protocol). Then the product of the first PCR was diluted and the
second round of PCR was carried out using a specific GSP2 primer (5'-TCCTCTT
TATCACATTGGGTGGTGTCG-3') and a universal UAUP primer (Invitrogen
protocol).

Subcellular localization of AabHLH1

The ORF of AabHLH1 was amplified using forward primer, 5-GATTCTAGAAT
GACGGAGTACCGCATGAATC-3' (with the Xbal site underlined) and reverse
primer, 5-GTACCCGGGTGGTTCGGCTTCGTATACG-3" (with the Smal site
underlined). The PCR product cut by the Xbal and Smal enzymes was ligated
into pBI221 digested with Xbal and Smal in order to generate the
CaMV35S:AabHLH1-GFP construct, which was verified by sequencing. The
CaMV35S:GFP construct was used as a control. Onion inner epidermal cells
were stretched out inside-up on Murashige and Skoog (MS) medium and bom-
barded with DNA-coated gold particles using the PDS-1000/He system (Bio-
Rad) at 1,100 psi. The transformed cells were cultured on MS medium at 25°C
for 24 h and then observed under a confocal microscope (Leica TCS SP2). GFP
was excited at 488 nm with an argon laser, and fluorescence was detected at
500-540 nm and imaged with a x40.0/1.25 HCX PL APO objective lens.

Heterologous expression and purification of
AabHLH1

The ORF of AabHLH1 was amplified with forward primer, 5-GATAAGCTTGCA
TGACGGAGTACCGCATGAATC-3' (with the Hindlll site underlined) and the
reverse primer, 5-GTAGCGGCCGCCTACAGCTTCGCTAATTGCCTTAAC-3
(with the Notl site underlined) and then fused to the Hindlll-Notl sites in
the pET-30a (+) vector (Novagen). After sequence confirmation, the pET-
AabHLH1 plasmid was transformed into E. coli strain BL21 (DE3) competent
cells for protein expression. Overexpression and purification of the protein in E.
coli strain BL21 (DE3) was carried out as described previously (Ma et al. 2009).
The purification efficiency was monitored by SDS-PAGE. Protein concentration
was determined by the Bradford method with BSA as the standard (Bradford
1976).

Electrophoretic mobility shift assay

The DNA binding ability of AabHLH1 was analyzed by EMSA. Two oligonucleo-
tides were synthesized, namely the sense strand sequence of the E-box (5'-
AATGCAAATGTTGGGGAGCACGTGTTGGGGAGCACATGGGGA-3')  and
the corresponding antisense strand sequence (5-TCCCCATGTGCTCCCCAA
CACGTGCTCCCCAACATTTGCATT-3'). The two oligonucleotides were incu-
bated for 5min at 95°C, and then for 5 min at 65°C in order to renature the
products. The EMSA was performed using the Electrophoretic Mobility Shift
Assay Kit (Invitrogen) following the manufacturer’s instructions. The DNA-
protein binding reaction was performed by incubating double-stranded oligo-
nucleotides with purified protein at room temperature for 30 min in a total
volume of 15 pl. The reaction system contained 20 mmol Tris—HCl (pH 7.6),
30 mmol KCl, 0.2% (w/v) Tween-20, 1 mmol dithiothreitol (DTT) and 10 mmol
(NH,4),SO,. The binding mixture was resolved on a 6% non-denaturing poly-
acrylamide gel in 0.5x TBE buffer. The gel was first stained with SYBR Green
EMSA stain so that the DNA could be visualized and photographed. Then the
same gel was stained with SYPRO Ruby EMSA stain in order to monitor and
photograph the protein.
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Binding assay in a yeast one-hybrid system

The yeast reporter plasmid was constructed by inserting annealed complemen-
tary oligonucleotides, containing the triple tandem copies of the E-box frag-
ment (annealed to yield EcoRI- and Sacl-compatible ends), into the pHIS-3 X E-
box. The sequence of the 3x E-box fragment was constructed using 3 x E-box F
(5'-AATTCAATTGTAATCATTTGTAATCACATGAGCT-3') and 3 xE-box R (5
CATATGATTACATGTGATTACAAATG-3'). In the same way, the pHIS-
3xm;E-Box was constructed using 3xm;E-Box F (5-AATTACATTGTAATAC
TTTGATTAACCATGAGCT-3') and 3xm;E-Box R (5'-CATAGTATTACATGGT
ATTACAAAGT-3'). Similarly, 3xm,E-Box F (5-AATTCATAGTTAATCATTGT
ATTACACAGTAGCT-3') and 3xm,E-Box R (5-ACTGGTATTAACAATG
ATTAACTATG-3') were used as the primers for the pHIS-3xm,E-Box. The
ORF of AabHLH1 was amplified using forward primer: 5-GATCATATGTATG
ACGGAGTACCGCATGAATC-3' (with the Ndel site underlined) and re-
verse primer: 5'-GTACCCGGGCTACAGCTTCGCTAATTGCCTTAAC-3" (with
the Smal site underlined). The PCR product, cut by Ndel and Smal enzymes,
was ligated into the pGADT7-AD vector in order to generate
pGADT7:AabHLH1 using the restriction sites Ndel (forward) and Smal (re-
verse). Then group 1 (pGADT7:AabHLH1 and the pHIS-3xE-box), group 2
(pGADT7::AabHLH1 and the pHIS-3xm,E-Box), group 3 (pGADT7:AabHLH1
and the pHIS-3xm,E-Box) and group 4 (pGADT7-AD and the pHIS-3x E-box)
were co-transformed into yeast Y187 wusing the lithium acetate
method (Clontech protocol, PT3024-1). Positive clones were screened
on SD/-Trp/-Leu medium and then the positive strains were grown on
SD/-Trp/-His/-Leu selective medium containing different concentrations of
3-AT at 30°C for 3d.

The transient transformation of A. annua

For the reporter construct, the ADS promoter (Kim et al. 2008) was amplified
from the A. annua 001 genome by PCR with the primer pair: ADSpro F, 5'-
CGTACTGCAGGCATAAGAACATACAAAGCA-3" (with the Kpnl site under-
lined); and ADSpro R, 5-GCTACCATGGGATTTTCAAAACTTTGAATATATG-
3’ (with the Ncol site underlined). The 2.4 kb long ADS promoter was inserted
into the pCAMBIA1301 vector, generating pCAMBIA-ADSpro:GUS. In the
same way, the 2kb long CYP71AV1 promoter was amplified according to
Wang et al. (2011), with the primer pairs: CYP71AV1pro F, 5'-CGTActgcagTA
GGCTAGGCACATGGTGATC-3"  (with the Kpnl site underlined); and
CYP71AV1pro R, 5-GCTAccatggTGCTTTCAGTATACTCTTTATGGTC-3
(with the Ncol site underlined), and then inserted into the pCAMBIA1301
vector, generating pCAMBIA-  CYP71AVipro:GUS. Double-mutated
E.,CYP71AVipro was produced in the same way as in Ma et al. (2009) by
using E,-box F (5-ACCCATGCATGCATGACGTCTGCTTATTTA-3') and
E,-box R (5-TAAATAAGCAGACGTCATGCATGCATGGGT-3'); followed by
Ey-box F (5-TATAAACAATCTCATCATTCGCGACCATAA-3') and E,-box R
(5'-GTATGTTGTTATATTTGTTAGAGTAGTAA-3'). The resulting 750 bp long
promoter included two mutated sites (Ea, CATCTG into CGTCTG; and Eb, CAT
TTG into CATTCG). For the effector construct, the coding region of AabHLH1
was inserted into the reconstructed pBI121 vector (PCR-based mutagenesis was
applied in order to create an Xhol site immediately after the GUS TGA site)
with Xbal and Sacl restriction sites under the control of the CaMV 35S
promoter,  generating  pBIl-AabHLH1. Then  pCAMBIA-ADSpro:GUS,
pCAMBIA-CYP71AV1pro:GUS, pCAMBIA-35S::GUS, pBI-AabHLH1/pCAMBIA-
ADSpro:GUS,  pBI-AabHLH1/pCAMBIA-CYP71AV1pro:GUS, ~ pCAMBIA-
E.,CYP71AV1pro:GUS and pBIl-AabHLH1/pCAMBIA-E,,CYP71AV1pro:GUS
were introduced into the Agrobacterium tumefaciens EHA105 strain, respect-
ively, as described by Daley et al. (1998). After this, the above constructs were
introduced into A. annua leaves by the transformation method described in Ma
et al. (2009) with a modification to the co-cultivation at 25°C for 36 h.

GUS activity assay

For the GUS expression measurements in A. annua, four independent experi-
ments were carried out by vacuum-assisted transformation as described before
(Ma et al. 2009). In each treatment, three leaves were collected for GUS meas-
urement. GUS activity was determined by an F-4500 Fluorescence
Spectrophotometer (Hitachi) using 4-umbelliferyl-p-glucuronide as a substrate
and 4-methyl-umbelliferone for the fluorometer calibration. Protein content

Table 2 Nucleotide sequence of primers used

Name Primer sequence

actin F 5'-AACTGGGATGACATGGAGAAGATAT-3
actin R 5'-TCACACTTCATGATGGAGTTGTAGG-3’
AabHLH1 F 5'-ATGGAAAGTGTTTGTGTTTAT-3'
AabHLH1 R 5'-AAATTTGAAATCAAGGTCTAA-3

ADS F 5'-ATGTCACTTACAGAAGAAAAA-3'

ADS R 5'-TATACTCATAGGATAAACGAG-3'

FPS F 5'-ATGGGTAGCATCGATCTGAAAT-3

FPS R 5-TTTGCCTCTTGTAGATTTTACC-3
HMGR F 5'-ATGGATCTCCGTCGTAAACTGCCA-3'
HMGR R 5'-GAGCGTTTGAGCCTGGTGATTCTA-3'
ALDH1 F 5'-TTAAAGCCACGGGGATAT-3

ALDH1 R 5'-CACCATGTCTGAAAAACCAACCTTG-3
DBR2 F 5'-CACCATGTCTGAAAAACCAACCTTG-3
DBR2 R 5'-GCTCATAAGATGCACCTTAATAAG-3
CYP71AV1 F 5'-CTAGGATCCATGGCACTCTCACTGACCACT-3'
CYP71AV1 R 5-TCATATACTCATAGGATAAAC-3’

RED1 F 5-CGAAATATGTCGTCAGTTGGCCTC-3'
RED1 R 5'-GACCATCATCGGGCAACAAAGC-3

was determined according to the Bradford protein assay using BSA as the
standard (Bradford 1976). Relative GUS activity was determined using
CYP71AV1pro:GUS as a control. The measurement data were expressed as
the mean =+ SD. Multiple comparison tests (least significant differences, LSD)
were done using IBM SPSS Statistics software for Windows, Version 22. A
P-value of <0.05 was considered statistically significant and is represented by
different letters.

Gene expression analysis by semi-quantitative
RT-PCR

For tissue expression analysis, total RNA was isolated from the roots, leaves,
stems and flowers of A. annua with an RNeasy Mini Kit (Qiagen). For the elicitor
treatments, 4-week-old plants were sprayed with either 100 umol |~ ABA or
150 mg |~ chitosan. In order to investigate whether AabHLH1 can activate the
genes involved in the artemisinin biosynthetic pathway, pBl-AabHLH1 or the
empty vector, pBI121 (control), were transiently transformed into A. annua.
Following the transformation, A. annua leaves were washed twice in aseptic
distilled water and total RNA was isolated from explants using an RNeasy Mini
Kit (Qiagen). The conserved actin gene was used as an internal control. RT-PCR
was undertaken as described previously (Ma et al. 2009). The gene-specific
primers used in the RT-PCR analyses are listed in Table 2. The PCR prod-
ucts were electrophoresed on a 1% agarose gel and visualized after ethidium
bromide staining. Pictures of gels were taken using a GelDoc EQ imager (Bio-
Rad).
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