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Abstract 

Background Transcription factors (TFs) of plant-specific SHORT INTERNODES (SHI) family play a significant role 
in regulating development and metabolism in plants. In Artemisia annua, various TFs from different families have 
been discovered to regulate the accumulation of artemisinin. However, specific members of the SHI family in A. annua 
(AaSHIs) have not been identified to regulate the biosynthesis of artemisinin.

Results We found five AaSHI genes (AaSHI1 to AaSHI5) in the A. annua genome. The expression levels of AaSHI1, 
AaSHI2, AaSHI3 and AaSHI4 genes were higher in trichomes and young leaves, also induced by light and decreased 
when the plants were subjected to dark treatment. The expression pattern of these four AaSHI genes was consistent 
with the expression pattern of four structural genes of artemisinin biosynthesis and their specific regulatory factors. 
Dual-luciferase reporter assays, yeast one-hybrid assays, and transient transformation in A. annua provided the evi-
dence that AaSHI1 could directly bind to the promoters of structural genes AaADS and AaCYP71AV1, and positively 
regulate their expressions. This study has presented candidate genes, with AaSHI1 in particular, that can be consid-
ered for the metabolic engineering of artemisinin biosynthesis in A. annua.

Conclusions Overall, a genome-wide analysis of the AaSHI TF family of A. annua was conducted. Five AaSHIs were 
identified in A. annua genome. Among the identified AaSHIs, AaSHI1 was found to be localized to the nucleus 
and activate the expression of structural genes of artemisinin biosynthesis including AaADS and AaCYP71AV1. These 
results indicated that AaSHI1 had positive roles in modulating artemisinin biosynthesis, providing candidate genes 
for obtaining high-quality new A. annua germplasms.
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Background
Malaria is a parasitic disease caused by Plasmodium 
infection and results in over 200 million cases glob-
ally every year [1]. Artemisinin, a sesquiterpene lac-
tone that contains a peroxy bridge, has demonstrated 
remarkable effectiveness in the treatment of malignant 
malaria. Chinese scientist Youyou Tu was awarded the 
Nobel Prize in Physiology or Medicine in 2015 for her 
discovery of the anti-malarial property of artemisinin. 
Although artemisinic acid, the precursor of arte-
misinin, can be synthesized in yeast by synthetic biol-
ogy technology, its production cost remains high and 
cannot meet the increasingly market demand [2]. Cur-
rently, the primary source of the artemisinin is still the 
Compositae family plant Artemisia annua. In A. annua, 
artemisinin is mainly synthesized and stored in glan-
dular secretory trichomes (GSTs), which are special-
ized ten-cell morphological structure found in young 
leaves and flower buds. As a typical sesquiterpene com-
pound, a series of metabolic and regulatory genes in 
artemisinin biosynthetic pathway have been thoroughly 
characterized [3, 4]. Within GSTs, farnesyl pyrophos-
phate (FPP), a common precursor for sesquiterpene 
synthesis, is converted to dihydroartemisinic acid 
(DHAA) through the catalytic action of four enzymes 
that are specifically localized in GSTs (AaADS, AaCY-
P71AV1, AaDBR2 and AaALDH1) [5] (Fig.  1). In the 

sub-epidermal space of GSTs, DHAA can be turned 
into artemisinin [6] (Fig. 1).

Currently, various metabolic engineering strategies 
have been demonstrated to increase the content of arte-
misinin in A. annua, including enhancing the metabolic 
flux in artemisinin biosynthetic pathway, using transcrip-
tion factors (TFs), applying exogenous factors and so 
on [7]. Among them, TFs could simultaneously regulate 
several structural genes of artemisinin biosynthesis. It 
has been reported that many TFs from different families 
are involved in light-mediated regulation of artemisinin 
biosynthesis. AaHY5 from bZIP family was a core TF 
induced by light and positively regulates artemisinin 
biosynthesis by controlling the activity of AaGSW1 or 
activates AaGSW1 by modulating the expression of 
AaWRKY9 [8, 9]. Meanwhile, AaHY5 could regulate 
AaWRKY14 to activate AaCYP71AV1 expression [10]. 
A R2R3-MYB TF, AaMYB15 was induced by dark and 
inhibits artemisinin biosynthesis by directly binding to 
the AaORA promoter [11]. WRKY-family AaGSW1 and 
AP2/ERF-family AaORA, mentioned above, are two TFs 
specifically expressed in the GSTs, and promote arte-
misinin biosynthesis [12, 13].

Our analysis predicted presence of SHI binding in the 
promoter regions of the structural genes of the arte-
misinin pathway. Therefore, in the present study, we have 
carried out genome-wide analysis of SHI gene family. SHI 

Fig. 1 The artemisinin biosynthetic pathway and its regulatory network in light conditions
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family TFs are unique to plants and exhibit functional 
diversity, encompassing the regulation of growth, devel-
opment, metabolism, and response to stresses [14]. SHI 
family proteins are characterized by the presence of two 
functional domains: a circular zinc finger domain at the 
N-terminal and an IGGH domain at the C-terminal [15]. 
The circular zinc finger domain consists of two fingers, 
which adapt a transverse palm arrangement, similar to 
the DNA-binding domain. The IGGH domain contains 
certain acidic residues that play a role in mediating both 
homologous and heterogeneous dimerization among 
the SHI proteins [15]. There are ten SHI family proteins 
in Arabidopsis thaliana, of which AtSRS8 is reported 
to be a pseudogene [16]. STYLISH1, which is related to 
the development of shoot apical meristems, can directly 
bind to the YUCCA4 promoter to regulate auxin synthe-
sis [15]. SRS5 negatively regulates lateral root formation 
through inhibiting the expression of LBD16 and LBD29 
genes [17]. In addition, light-induced SRS5 can also be 
ubiquitinated and degraded by COP1 protein and posi-
tively modulate the photomorphogenesis in seedlings by 
directly activating target genes expression [18]. Moreo-
ver, the maize LRP1 is auxin-responsive and associated 
with the initiation of lateral and seminal roots in maize 
[19]. In rice, OsSHI1 regulates tillering and panicle 
branching depending on the physical interaction with 
IPA1 [20]. A trichome-specific SHI TF SlEOT1 in tomato 
has been shown to regulate TPS expression [21]. How-
ever, there have been no reports on the AaSHI TFs in A. 
annua, and the regulatory function of AaSHIs in relation 
to artemisinin biosynthesis remains largely unexplored.

In this study, we identified five AaSHI genes in the A. 
annua genome. Expression analysis conducted in vari-
ous tissues and under different light conditions revealed a 
positive correlation among AaSHI1, AaSHI2 and AaSHI4, 
the four structural genes of artemisinin biosynthesis, 
and two GST-specific TF genes, AaGSW1 and AaORA. 
Yeast one-hybrid assays and dual-luciferase (dual-LUC) 
reporter assays showed that AaSHI1 could directly acti-
vate the expression of AaADS and AaCYP71AV1. Tran-
sient transformation in A. annua leaves confirmed that 
AaSHI1 positively regulated artemisinin biosynthesis. 
The data presented this study demonstrated that AaSHI1 
was a positive regulator of artemisinin biosynthetic path-
way. Taken together, the present study identifies candi-
date transcription factors, which could be used as target 
for genetic manipulation of artemisinin biosynthesis in A. 
annua.

Results
Identification of AaSHI members in the A. annua genome
To obtain AaSHI homologues, nine amino acid sequences 
of AtSHI family members from A. thaliana were used to 

blast with four sets of haplotype chromosome genomes 
of A. annua (Supplementary Table 1). Multiple sequence 
alignments and protein integrity alignment analy-
sis found that unctg_3838g01590241 (LQ-9_phase0) 
was half the length of the unctg_3207g01555681 and 
lacked the zinc finger domains, while chr5g00243221 
(LQ-9_phase1) also lacked the zinc finger domains 
(Supplementary Figue 1). As a result, five AaSHI genes 
in the HAN1_phase0 genome were selected for subse-
quent analyses, and named as AaSHI1 (chr1g04025621), 
AaSHI2 (chr3g03131551), AaSHI3 (chr5g03332101), 
AaSHI4 (chr6g00096641), AaSHI5 (chr6g00640341), 
respectively. Then we analyzed the physical and chemical 
properties of these identified genes. These genes encoded 
276–390 amino acids with the molecular weight (MW) 
ranged from 68.19 kDa to 95.67 kDa, and their isoelectric 
points ranged from 5.05 to 5.13 (Table 1).

Phylogenetic tree construction, multiple sequence 
alignment and gene structure analysis
To further investigate the evolutionary relationships and 
their evolutionary conservation among individual mem-
bers of the AaSHI family, a phylogenetic tree of 42 SHI 
members from A. annua and 5 other species (A. thali-
ana, Zea mays, Vitis vinifera, Solanum lycopersicum, 
Oryza sativa) was constructed using MEGAX software 
(Fig.  2A). Phylogenetic tree showed that these amino 
acid sequences formed three branches, and the mem-
bers of AaSHI were distributed in two branches. AaSHI 
members were most closely related to the dicotyledon-
ous plant A. thaliana, followed by V. vinifera, then Z. 
mays and O. sativa. Amino acid sequence alignment and 
conserved domain analysis indicated that all five AaSHI 
proteins contained the circular zinc finger domains and 
IGGH domains (Fig. 2B). Meanwhile, MEME online soft-
ware was used to predict conserved structural domains 
(Fig.  2C, Supplementary Table  3), and five motifs were 
identified. Among them, motif 2 and motif 4 were dis-
tributed in five AaSHI proteins, which just corresponded 
to the circular zinc finger domain and IGGH domain. 

Table 1 Detailed information for five AaSHI members in the A. 
annua genome

NAME Gene ID ORF length (bp) Protein 
length 
(aa)

Mw (kDa) pI

AaSHI1 chr1g04025621 1,005 334 83.54 5.08

AaSHI2 chr3g03131551 1,041 346 85.71 5.07

AaSHI3 chr5g03332101 972 323 79.64 5.11

AaSHI4 chr6g00096641 1,173 390 95.67 5.05

AaSHI5 chr6g00640341 831 276 68.19 5.13
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Gene structure analysis showed that they all have two 
exons and one intron, proving that the five AaSHI genes 
share the same structure (Fig. 2C).

Chromosome localization and synteny analysis
Based on the genome information of A. annua, the chro-
mosome location analysis of AaSHI genes showed that 
AaSHI1, AaSHI2 and AaSHI3 were distributed on chr1, 
chr3 and chr5 respectively, while AaSHI4 and AaSHI5 
were distributed on chromosome 6, and there were no 
tandem duplication events among members of A. annua 
SHI gene family during the evolution (Fig. 3A). Synteny 
analysis detected that two AaSHI genes, AaSHI3 and 
AaSHI4, participated in a segmental duplication event. 
Large-scale comparative synteny maps of AaSHI and 
AtSHI, SlSHI, VvSHI genes showed that A. annua and V. 
vinifera had the highest synteny with eight pairs of genes, 
but only six pairs of synteny genes with S. lycopersicum 
(Fig. 3B, Supplementary Table 4).

Analysis of cis‑acting elements of AaSHI genes promoter
To understand the biological processes in which AaSHIs 
may be involved, cis-acting element analysis of the pro-
moter region located 3.0 kb upstream of the start codon 
of the AaSHIs was performed via the PlantCARE online 

website (Supplementary Table  5). As shown in Fig.  4A, 
the promoter regions of AaSHIs mainly contained four 
major types of cis-acting elements: Plant growth and 
development, phytohormone responsive, light respon-
sive, abiotic and biotic stress. MYB binding sites were the 
most common in the AaSHI genes promoter, followed 
by MYC binding elements were also more distributed 
except for AaSHI5, which indicated that AaSHIs may act 
as a potential regulatory target for MYB and MYC TFs to 
regulate the growth of A. annua. Interestingly, the ABRE 
element and W-box in the AaSHI5 promoter were signifi-
cantly more than the other four AaSHI genes, suggesting 
that its function may differ from the others. In addi-
tion, some jasmonic acid response elements could also 
be found in the all AaSHI genes promoter. To intuitively 
illustrate the distribution of cis-acting elements, we cal-
culated the number of elements of each type and repre-
sented them as a bar chart (Fig. 4B). These data indicated 
that the AaSHI genes potentially have diverse roles in the 
phytohormone and environmental response of A. annua.

Expression analysis of AaSHI genes using RNA‑Seq data
Previous studies have provided some RNA-seq data-
bases to analyze the gene expression profile. Different 
tissues including young leaf (top leaves of plants), old 

Fig. 2 Phylogenetic analysis and Amino acid sequence alignment of AaSHI members. A Using six species (A. annua, A. thaliana, Z. mays, V. vinifera, S. 
lycopersicum, O. sativa) for phylogenetic tree analysis, different species were labeled with different symbols. B Protein sequence alignment of AaSHIs 
and AtSHI/STY family members. The range of nuclear localization signal (NLS) and IGGH domain were marked with horizontal lines and RING zinc 
finger domain was marked with asterisks. C The distribution of conserved motifs and gene structure of the AaSHI gene. Five different motifs are 
marked with different colors. In the gene structure map, the green part was the UTR region, the yellow part was the CDS region, and the intron 
was the vacant part
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leaf (bottom leaves of plants), bud, flower, stem, seed, 
and root from two-week-old A. annua have been col-
lected to establish tissues transcriptome [3]. The leaves 
have been collected at light and dark treatment to per-
form transcriptome sequencing [22]. The apical meris-
tematic of A. annua was named Leaf 0 and the first leaf 
below meristem was named Leaf 1, samples have been 
collected from top to bottom in distinct leaf positions 
to establish phyllotaxy transcriptome [23]. Evaluate the 
expression level of AaSHI gene family with four struc-
tural genes and GST-specific TFs by TPM (Transcript Per 
Million), visual mapping was performed after normaliza-
tion using the TBtools software [24]. The results showed 
that AaSHI1, AaSHI2, AaSHI3 and AaSHI4 were all spe-
cifically expressed in the trichome, which was consistent 
with the expression pattern of artemisinin, while AaSHI5 
was specifically expressed in the stem (Fig.  5A). Previ-
ous studies have shown that DHAA content decreases 

in phyllotaxy, with very low DHAA concentration in 
old leaves [25]. The results of gene expression in distinct 
leaf positions indicated that except for AaCYP71AV1, 
other genes showed significant leaf order, that is, they 
were highly expressed in tender leaves and low or even 
not expressed in old leaves (Fig. 5B). Meanwhile, AaSHI 
genes with structural genes and GST-specific TFs were 
all induced by light, AaSHI5 was not detected due to its 
low transcript level (Fig. 5C).

The expression pattern of AaSHIs
The expressions of AaSHI genes were evaluated by qRT-
PCR. As shown in Fig.  6A-D, AaSHI1-4 were highly 
expressed in the young leaves but weakly expressed in 
root, which is in line with the structural genes. AaSHI5 
showed the highest expression in the stem (Fig.  6E). In 
addition, the expression levels of artemisinin biosyn-
thetic pathway genes were highest in the tender leaves 

Fig. 3 The chromosomal location and synteny analysis of AaSHI genes. A Circos diagram illustrated the chromosomal locations of AaSHI genes 
and their synteny. The blue line indicated the presence of replication events between two genes. B Synteny analysis of AaSHI genes between A. 
annua and A. thaliana, S. lycopersicum and V. vinifera, respectively. The red line represented the synteny of SHI genes between two species

Fig. 4 Promoter cis-regulatory elements analysis of the AaSHI genes. A Classified and statistically analyzed the data exported from plantcare, 
and visualize it in the form of heat maps. The color depth was consistent with the number of cis-acting elements. B The sum of cis-acting elements 
of each major type. The color of the column corresponds to the chart A
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Fig. 5 Expression profile of AaSHI genes, structural genes of artemisinin biosynthesis and GST-specific TFs by RNA-seq databases. The transcriptional 
expression levels of eleven genes in seven tissues including root, stem, old leaf, young leaf, bud, flower and trichome (A), leaf 0, leaf 1, leaf 3, leaf 
4, leaf 5 and leaf 7 in A. annua plants from top to bottom (B), and treated with darkness and light (C). The TPM of each gene was subjected to log2 
transformation, gray indicated lower transcript abundance, while corresponding colors indicated higher transcript abundance

Fig. 6 qRT-PCR validation of five AaSHI genes. A-E The relative expression levels of AaSHI genes in young leaf, old leaf, stem and root were detected 
by qRT-PCR. The relative expression in young leaf of each AaSHI gene was set to 1. F-J The relative expression levels of AaSHI genes of leaf 0, leaf 1, 
leaf 3, leaf 5 and leaf 7 in A. annua plants from top to bottom were detected by qRT-PCR. The relative expression of each AaSHI genein leaf 0 was set 
to 1
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and gradually decreased as leaf age. Similar expression 
pattern was observed in AaSHI1, AaSHI2, AaSHI4, and 
AaSHI5 (Fig. 6F-J). Considering that AaSHI5 was prefer-
entially expressed in stem rather than young leaves, we 
speculated that the AaSHI1, AaSHI2 and AaSHI4 are 
related to the biosynthesis of artemisinin.

Correlation analysis with structural genes of artemisinin 
biosynthesis
Next, we conducted co-expression analysis of AaSHIs, 
structural genes of artemisinin biosynthesis, and two key 
regulators of artemisinin biosynthetic pathway AaGSW1 
and AaORA, based on their tissue/organ and light-
treated transcriptome data. The Pearson coefficient was 
used to calculate the correlation between the AaSHI TFs 
and structural genes. Pairs of genes that meet the crite-
ria will be screened and then visualized using Cytoscape 
software. TPM of AaSHIs in GST was indicated by a color 
gradient. Correlation analysis showed that three genes 
(AaSHI1, AaSHI2 and AaSHI4) had a positive correla-
tion with all four structural genes as well as GST-specific 
TFs. However, AaSHI3 and AaSHI5 were not correlated 
with these key genes (Fig.  7, Supplementary Table  6). 

Therefore, we chose AaSHI1, AaSHI2 and AaSHI4 for 
further functional study.

Subcellular localization of the AaSHI proteins
The subcellular localization prediction was conducted 
on the Plant mPLoc website, and the all three TFs were 
predicted to be localized to the nucleus. Subsequently, 
the C-ternimal of AaSHIs were fused with YFP and 
expressed in N. benthamiana leaves to experimentally 
verify the subcellular localization. As shown in Fig.  8, 
pHB-AaSHI1/2/4-YFP were detected in the nucleus 
exclusively, while the control YFP (Yellow Fluorescent 
Protein) displayed in both nucleus and cytoplasm. This 
is consistent with website predictions and their potential 
functional localization as a TF.

AaSHIs transactivated the expression of structural genes 
of artemisinin biosynthesis
To verify the activation effect of AaSHIs on four 
structural genes of artemisinin biosynthesis, we used 
tobacco leaves for transient transformation. The 
reporter vector was obtained by inserting the success-
fully cloned promoter into the pGreenII 0800-LUC 
vector with homologous recombination method and 

Fig. 7 Correlation analysis of AaSHI gene family with structural genes of artemisinin biosynthesis and GST-specific TFs. Five AaSHIs were labeled 
with ellipses, six genes that have been reported to regulate artemisinin biosynthesis were labeled with rectangles. Different color gradients 
were assigned to AaSHIs based on their expression levels in GST. Regulatory relationships were all represented by solid line due to their positive 
regulation
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transferred into A. tumefaciens GV3101 (pSoup) for 
dual-LUC assay. Meanwhile, AaSHIs were inserted in 
pHB vector driven by the 35S promoter (Fig. 9A). The 
results indicated that AaSHI1 has significant activation 
effect on the promoters of AaADS and AaCYP71AV1, 
while AaSHI2 could solely activate the expression of 
AaADS gene (Fig.  9B-E). In contrast, AaSHI4 had no 
activation effect on these artemisinin pathway genes. 
Furthermore, we analyzed the SHI-binding sites in 
the 3,000 bp upstream promoter regions of these four 
structural genes. It was reported that the binding sites 
for SHI proteins were ACT CTA C, ACT CCA T, ACT 
CAA C and ACT CTA A [15, 17, 18, 20], so we deduced 
that the possible binding site for SHI TFs was ACTC-
nAn. The analysis results showed that there were six 
potential binding sites on the promoters of AaADS and 
three on AaCYP71AV1 (Supplementary Fig.  2). Yeast 
one-hybrid assays were performed to further examine 
the binding ability. The ORF of AaSHI1 and AaSHI2 
were inserted into the pB42AD effector vector. Each 
predicted binding site motif along with the four nucleo-
tide sequences on both sides was artificially synthesized 
into three repeat fragment and inserted into the pLacZ 
reporter vector. As shown in Fig.  9F and G, AaSHI1 
could directly bind to AaADS and AaCYP71AV1 pro-
motors while AaSHI2 could only bind to AaADS pro-
motor. These data suggested AaSHI1 and AaSHI2 
served as direct positive regulators of structural genes 
of artemisinin biosynthesis.

AaSHI1/AaSHI2 promotes the expression of structural 
genes of artemisinin biosynthesis
We have previously demonstrated that AaSHI1 and 
AaSHI2 have transcriptional activation effects on struc-
tural genes of artemisinin biosynthesis, and identified 
corresponding targets by yeast one-hybrid assay. To fur-
ther verify the function of AaSHIs, transient transforma-
tion was conducted to verify their effects on structural 
genes in vivo. pHB-AaSHI1/2-YFP constructs in Agrobac-
terium strain cells GV3101 were injected into the back of 
the first pair of true leaves of A. annua (Fig. 10A). After 
48 h of cultivation, samples were taken and qRT-PCR was 
used to detect the expression level of structural genes. 
The results showed that AaSHI1 and AaSHI2 genes were 
successfully expressed at high levels in A. annua leaves 
(Fig. 10B, C). And AaSHI1 and AaSHI2 significantly pro-
moted AaADS expression in A. annua, about 8.6-fold 
and 3.2-fold of that of the empty control, respectively. 
AaSHI1 also significantly activated the expression of 
AaCYP71AV1. (Fig. 10D, E). These results indicated that 
AaSHI1 and AaSHI2 had positive roles in regulating arte-
misinin biosynthetic pathway.

Discussion
Malaria remains a great threat to global security and 
caused about 247 million infections and 619,000 deaths 
worldwide in 2021 (World Malaria Report 2022). Arte-
misinin and its derivatives which show potent anti-
malarial activity have been widely used for the treatment 

Fig. 8 The subcellular localization of AaSHI1, AaSHI2, AaSHI4 in N. benthamiana leaves. YFP was excited at 488 nm. Determined the nucleus by DAPI 
staining and excited at 405 nm. YFP is used as a negative control. Scale bars: 20 µm
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of malaria and have significantly reduced its fatality. Arte-
misinin is originally isolated and purified from A. annua, 
a Chinese medicinal plant. Currently, because of the low 
artemisinin production by using heterologous systems, 

such as tobacco and Physcomitrella patens, the main 
source of artemisinin was still the cultivated A. annua 
[26, 27]. It is essential to increase the artemisinin produc-
tion in A. annua, thereby meeting the large-scale global 

Fig. 9 Dual-LUC assays verified the activation effect of AaSHI proteins on artemisinin biosynthesis. A Schematic diagram of vetor construction 
of and pHB-AaSHI1/2/4, pGREEN0800-promoter-LUC. B-E The results of dual-LUC assay in tobacco leaf cells. Error bars indicate the mean ± standard 
deviation (SD). Student’s t-test was used to evaluate the significant difference of AaSHIs activation on structural genes. **, p < 0.01. F Schematic 
diagram of the binding sites on the promoter and the nucleotide sequence of the binding sites. G Yeast one-hybrid assay for interaction 
between AaSHI1/2 protein with binding site motifs, the triple fragments used were presented in F
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demand. Increasing the GST density and enhancing the 
expression levels of structural genes of artemisinin bio-
synthesis are the most effective strategies to improve the 
artemisinin content in A. annua [28]. Recently, many TFs 
have been confirmed to have important roles in regulat-
ing GST formation and artemisinin biosynthesis. For 
example, MYB TF family members such as AaMIXTA1, 
AaMYB5, AaMYB16, AaMYB17, AaTLR1 and AaTLR2 
are related to GST initiation, while AaMYB15 and 
AaMYB108 are involved in the regulation of artemisinin 
biosynthesis [11, 29–33]. Similarly, several members 
from WRKY TF family have proved to be involved in 
GST formation or artemisinin biosynthesis. AaGSW1, 
AaWRKY9, AaWRKY14 and AaWRKY17 were found to 

modulate artemisinin biosynthesis while AaGSW2 acts 
as a key regulator of GST initiation [9, 10, 12, 34, 35]. In 
addition, two MADS-box members AaSEP1 and AaSEP4 
were reported to regulate GST formation and artemisinin 
biosynthesis, respectively [36, 37]. These findings dem-
onstrated there were functional differences among the 
members of one TF family. Given the advantages of 
A. annua genome, WRKY, bHLH and B-box TF fam-
ily members were genome-wide characterized [38–40]. 
However, the regulatory roles of SHI TF family in arte-
misinin production in A. annua remain largely unknown.

The SHI TF family is an ancient plant gene family, in 
which AtLRP1 is the first cloned SHI/STY gene, named 
LRP (Lateral Root Primordia) due to its activation and 

Fig. 10 Transient expression assays indicated that AaSHI1 promoted the expression level of structural genes of artemisinin biosynthesis. A 
Schematic diagram for the first pair of true leaves of A. annua injected with Agrobacterium strain. B, C The relative expression of AaSHI and AaSHI2 
after transient transformation in A. annua leaves. D, E The relative expression of four structural genes in A. annua leaves with transient transformation 
of AaSHI1 and AaSHI2 genes. Error bars indicate the mean ± SD. Student’s t-test was used to evaluate the significant difference of AaSHI1and AaSHI2 
activation on structural genes. **, p < 0.01
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expression during the formation of lateral root primor-
dia [41]. It serves as a molecular marker gene for studying 
the early stages of lateral root primordia formation and 
development. At present, there have been some studies 
on the function of the SHI TF family in A. thaliana, and 
in other species such as Z. mays, O. sativa, Hordeum vul-
gare, and Glycine max [19, 20, 42, 43]. It is proved that 
SHI TF family members can participate in the formation 
of A. thaliana roots and the development of organs such 
as leaves and flowers as well as regulate hormone biosyn-
thesis and signal transduction [44, 45], while the regula-
tion of secondary metabolism by the SHI family has not 
been reported. To investigate whether AaSHI members 
could regulate the synthesis of artemisinin, a genome-
wide analysis of AaSHI in A. annua was conducted. After 
a series of sequence analysis, five TFs of the AaSHI family 
were ultimately screened and named AaSHI1-5 accord-
ing to their sequence numbers (Table 1). The number of 
SHI family TFs varies from 0 to 28 in different species 
[14, 45], indicating that AaSHI was a small family within 
this range. The phylogenetic tree analysis divided AaSHIs 
into two groups and was recently related to AtSHIs and 
VvSHIs, while the remaining group was the SHI pro-
teins of monocot Z. mays, O. sativa. The circular zinc 
finger domain and IGGH domain are typical conserved 
domains in the SHI family [46, 47], both of which are 
present in AaSHIs, demonstrating the conservation of 
the AaSHI gene in A. annua (Fig. 2). Chromosome map-
ping and intra-species synteny analysis showed that five 
SHI genes were distributed on four chromosomes, and 
no tandem repeats were found, but there was a frag-
ment replication event (Fig.  3). Intraspecies synteny 
analysis found that there was one fragment replication 
event in the AaSHI family. Unlike some AtSRSs and 
OsSHI1, which are mainly expressed in roots and flow-
ers and almost not expressed in leaves [16, 48], AaSHIs 
expressed in leaves, and the expression level of AaSHI2 in 
leaves was higher than that in flowers and roots (Fig. 5A). 
Moreover, the expression of AaSHIs in leaves also exhib-
its leaf order, with the highest expression level in young-
est leaves and decreasing with leaf order (Fig.  5B). We 
speculated that AaSHI may have functional differences 
from AtSHI of A. thaliana, or may have other potential 
regulatory functions. Analysis of cis-acting elements on 
the AaSHIs promoter revealed its possible involvement 
in plant growth and development as well as multiple 
signaling pathways (Fig.  4). The co-expression network 
revealed the correlation between AaSHIs with four struc-
tural genes of artemisinin biosynthesis and GST-specific 
TFs, which indicated that AaSHI1, AaSHI2, AaSHI4 were 
positively correlated with these genes and could be used 
as candidate genes for further functional studies (Fig. 7). 
Subcellular localization experiments revealed that all 

these three candidate genes localize in the nucleus, con-
sistent with their function as TFs (Fig.  8). Dual-LUC 
assays (Fig.  9B-E) and yeast one-hybrid assays (Fig.  9F, 
G) indicated AaSHI1 and AaSHI2 had direct transcrip-
tional activation effects on structural gene AaADS. In 
addition, AaSHI1 could directly activate the expression of 
AaCYP71AV1. Accordingly, transient expression assays 
in A. annua further demonstrated that AaSHI1 could 
significantly upregulate the expression of AaADS and 
AaCYP71AV1 and AaSHI2 upregulated the expression 
of AaADS in vivo (Fig. 10). Taken together, we concluded 
that AaSHI1 was the most functional positive regulator 
of artemisinin biosynthesis by activating structural genes 
AaADS and AaCYP71AV1.

Numerous studies have demonstrated that TFs increase 
the artemisinin yield via activating the expression level 
of four structural genes of artemisinin biosynthesis. For 
example, AaWRKY1 could activate AaADS and AaCY-
P71AV1 expression and enhance the artemisinin produc-
tion [49]. AaMYC2 has the ability to bind to the G-box 
motifs on the promoters of AaCYP71AV1 and AaDBR2, 
and overexpression of AaMYC2 leads to an increase in 
artemisinin production [50]. AaTCP15, as a TF capable of 
responding to both JA and ABA signals, can directly bind 
and activate the promoter of AaDBR2 and AaALDH1. 
Meanwhile, AaORA, a positive regulatory factor, can 
interact with and activate the transcriptional activity of 
AaTCP15 by forming an AaORA-AaTCP15 module to 
synergistically activate AaDBR2 [51]. In this study, we 
demonstrated the strong activation effects of AaSHI1 on 
AaADS and AaCYP71AV1.

Materials and methods
Plant materials
The Artemisia annua L. seeds used in this study was the 
variety “Huhao 1” [3], which was obtained from Chong-
qing, China and has been screened for multiple gen-
erations in Shanghai. Plant seeds were provided and 
authorized by Professor Tang Kexuan and his team from 
Shanghai Jiao Tong University. A. annua seeds were used 
in qRT-PCR analysis and transient transformation exper-
iments. Tobacco (Nicotiana benthamiana) plants used 
for subcellular localization analysis and dual-LUC assay 
were stored in our laboratory (Zhejiang Provincial TCM 
Key Laboratory of Chinese Medicine Resource Innova-
tion and Transformation, Zhejiang Chinese Medical Uni-
versity). All plant materials were planted at a constant 
temperature of 26 degrees Celsius, with 10 h of light and 
14 h of darkness.

Identification of SHI‑family TFs of A. annua
Four sets of haplotype chromosome genomes of A. 
annua were downloaded [52]. Nine sequences of SHI 
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gene family in A. thaliana were used as baits to align 
four sets of haplotype chromosomal genomes of A. 
annua using the blastp program of TBtools software 
[24], and four sets of AaSHI gene family sequences of A. 
annua were obtained. Five AaSHI gene sequences in the 
HAN 1_phase0 genome were finally selected for subse-
quent analyses after performing the protein alignment 
in the NCBI database. The physiochemical properties of 
the AaSHI proteins were analyzed using the online tool 
ExPASy program [53].

Phylogenetic tree construction, protein alignment 
and gene structure analysis
A phylogenetic tree of the SHI-family proteins from A. 
annua, A. thaliana, O. sativa, S. lycopersicum, V. vinifera 
and Z. mays, was constructed using the Neighbor-Joining 
method. The Bootstrap value was set to 1,000, and the 
other parameters were maintained to their default values. 
The sequences used in the phylogenetic tree were down-
loaded from Phytozome13. The alignment of AtSHIs with 
AaSHIs was performed and visualized by ClustalW and 
Genedoc software, respectively. The MEME online tool 
was employed to predict the conserved motifs of AaSHIs 
with the number of the motifs set to five. The conserved 
motifs and structure of the genes were visualized using 
TBtools.

Chromosomal localization, intraspecies and interspecies 
synteny analysis
Chromosomal locations and replication events of AaSHI 
genes as well as self-alignment of the whole genome 
sequence were visualized by TBtools. The whole genome 
sequence file and gene structure annotation file were 
obtained from EnsemblPlants database. The synonymous 
relationship between AaSHIs and SHIs from other three 
species (A. thaliana, V. vinifera, S. lycopersicum) was 
conducted with MCScanX program and TBtools soft-
ware to perform synteny analysis [54].

Analysis of cis‑regulatory elements
The cis-regulatory elements were predicted in pro-
moter sequences (3,000  bp upstream of first ATG) of 
AaSHI genes and four structural genes of artemisinin 
biosynthesis using the PlantCARE online website [55]. 
Subsequently, the obtained cis-acting elements on the 
promoter of AaSHIs were classified and sorted. Due to 
the limited coverage of SHI TFs at present, online pre-
diction cannot obtain SHI binding sites (SBS) on the 
promoter four structural genes. Therefore, we manually 
searched based on existing research.

Correlation analysis of AaSHI family genes with structural 
and regulatory genes of artemisinin biosynthesis
We retrieved the transcriptome data of five AaSHI genes, 
structural genes of artemisinin biosynthesis and two 
GST-specific TF genes. The correlation between five 
AaSHI family genes with four structural genes and two 
GST-specific artemisinin regulatory genes was calculated 
by Pearson coefficient. The correlation coefficients R and 
p-value would be obtained. The positive and negative 
correlation coefficients R represent the promoting and 
inhibitory effects of AaSHI TFs on structural and regula-
tory genes, respectively. The screening threshold was set 
as follows: the absolute value of correlation coefficient 
R > 0.8 and the p-value < 0.05 [56, 57]. Finally, the network 
diagram of the co-expression of five AaSHI family genes, 
four structural genes and two GST-specific artemisinin 
regulatory genes was visualized by Cytoscape_v3.7.2 soft-
ware. Different presentation effects can be achieved by 
modifying parameters in the software.

qRT‑PCR analysis
Total RNAs of A. annua were isolated from various tis-
sues of the plants using the RNApure Plant Kit (Tian-
gen, China). cDNA synthesis was carried out using the 
HiScript III 1st Strand cDNA Synthesis Kit with gDNA 
Wiper (Vazyme, China). qPCR amplification was per-
formed as previously reported [58]. Actin (EU531837.1) 
was used as an internal control. Each sample has three 
biological replicates.

Subcellular localization analysis
The Plant-mPLoc website was used to predict subcel-
lular localization of AaSHI proteins. To further analyze 
the subcellular localization, high-Fidelity DNA polymer-
ase KOD-Plus (Toyobo, Japan) was used to clone AaSHI 
genes. And then the full-length coding sequences of 
candidate AaSHIs (AaSHI1, AaSHI2 and AaSHI4) were 
inserted into the plant expression pHB-YFP vector. The 
constructed plasmids pHB-AaSHIs-YFP and pHB-YFP 
(empty vector) were transformed into the Agrobacte-
rium tumefaciens strain GV3101 to transient infect the 
5-week-old N. benthamiana leaves. The DAPI signal and 
the YFP signal were observed using confocal microscopy 
after culturing N. benthamiana plants in dark for 24  h 
and then in light condition for 24 h at a constant temper-
ature of 25 °C [59].

Dual‑LUC assay
To generate reporter constructs used in the dual-LUC 
assays, the promoters of four structural genes were 
cloned and constructed into pGreenII0800 plasmid. The 
pHB-AaSHIs-YFP constructs were considered as effectors 
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and pHB-YFP construct was considered as control. 
Effectors and reporters were transformed into GV3101. 
Reporter strains and effector strains were mixed with 
ratio of 1:1 and transiently transformed the N. bentha-
miana leaves. The culture condition of tobacco used for 
dual-LUC assays was the same as those for subcellular 
localization analysis [60]. After two days, the samples 
were harvested to analyze the LUC/REN ratio [61]. Three 
biological replicates were performed with the dual-LUC 
reporter assay system (Promega, USA).

Yeast one‑hybrid assay
The ORF of AaSHI1 and AaSHI2 were inserted into the 
pB42AD effector vector. The sequences containing pre-
dicted binding site motif along with the four nucleotide 
sequences on both sides were inserted into the pLacZ 
reporter vector. Effector vector and reporter vector were 
cotransferred into the yeast EGY48 strain by LiAc medi-
ated method [59]. The positively transformed clones were 
grown on SD/-Ura-Trp medium with X-gal at 30 °C. The 
discoloration of yeast plaque was observed after 24 h.

Transient expression in the leaves of A. annua
The leaves of 2-week-old A. annua seedlings mentioned 
earlier were used for transient transformation [62]. Agro-
bacterium strain cells GV3101 containing pHB-AaSHI1-
YFP constructs were injected into the back of the first 
pair of true leaves. The injected leaves were dried with 
absorbent paper and covered with a transparent plastic 
lid to maintain humidity. The seedings were cultivated in 
the dark for 24 h and then transfer to light conditions for 
another 24 h. The samples were collected for qRT-PCR.
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