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Abstract
Key message  The transcription factor (TF) IbERF71 forms a novel complex, IbERF71-IbMYB340-IbbHLH2, to 
coregulate anthocyanin biosynthesis by binding to the IbANS1 promoter in purple-fleshed sweet potatoes.
Abstract  Purple-fleshed sweet potato (Ipomoea batatas L.) is very popular because of its abundant anthocyanins, which 
are natural pigments with multiple physiological functions. TFs involved in regulating anthocyanin biosynthesis have been 
identified in many plants. However, the molecular mechanism of anthocyanin biosynthesis in purple-fleshed sweet potatoes 
has rarely been examined. In this study, TF IbERF71 and its partners were screened by bioinformatics and RT-qPCR analysis. 
The results showed that the expression levels of IbERF71 and partners IbMYB340 and IbbHLH2 were higher in purple-fleshed 
sweet potatoes than in other colors and that the expression levels positively correlated with anthocyanin contents. Moreover, 
transient expression assays showed that cotransformation of IbMYB340+IbbHLH2 resulted in anthocyanin accumulation 
in tobacco leaves and strawberry receptacles, and additional IbERF71 significantly increased visual aspects. Furthermore, 
the combination of the three TFs significantly increased the expression levels of FvANS and FvGST, which are involved in 
anthocyanin biosynthesis and transport of strawberry receptacles. The dual-luciferase reporter system verified that cotrans-
formation of the three TFs enhanced the transcription activity of IbANS1. In addition, yeast two-hybrid and firefly luciferase 
complementation assays revealed that IbMYB340 interacted with IbbHLH2 and IbERF71 but IbERF71 could not interact 
with IbbHLH2 in vitro. In summary, our findings provide novel evidence that IbERF71 and IbMYB340-IbbHLH2 form the 
regulatory complex IbERF71-IbMYB340-IbbHLH2 that coregulates anthocyanin accumulation by binding to the IbANS1 
promoter in purple-fleshed sweet potatoes. Thus, the present study provides a new regulatory network of anthocyanin bio-
synthesis and strong insight into the color development of purple-fleshed sweet potatoes.

Keywords  Anthocyanin biosynthesis · Purple-fleshed sweet potato (Ipomoea batatas L.) · IbERF71 · IbMYB340 · 
Regulatory complex

Introduction

Purple-fleshed sweet potatoes (Ipomoea batatas L.) are very 
popular because of their attractiveness and abundant antho-
cyanins. Anthocyanin is a natural pigment and has many 
functions related to nutrition and health (Choi et al. 2010; 
Kwak et al. 2019). Indeed, these compounds could act as 
important natural antioxidants to scavenge free radicals 
(Hwang et al. 2011; Zhang et al. 2013).

Anthocyanin biosynthesis is carried out by structural 
genes encoding a series of catalytic enzymes, including the 
upstream enzymes phenylalanine ammonia lyase (PAL), 
chalcone synthase (CHS), chalcone isomerase (CHI), and 
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flavanone 3-hydroxylase (F3H) and downstream enzymes 
dihydroflavonol 4-reductase (DFR), anthocyanin synthase 
(ANS) and glycosyltransferase (UFGT). The anthocyanin 
biosynthesis pathway has been widely identified in different 
plants (Holton and Cornish 1995). In several plants, the pro-
cess is regulated by the MYB-bHLH complex or the MYB-
bHLH-WD40 complex (Gonzalez et al. 2008; Liu et al. 
2013). Among them, central R2R3-MYB TFs have been 
identified as activators in several crops, such as AtMYB75 
and AtMYB90 in Arabidopsis, MdMYB10, MdMYB1, and 
MdMYB110a in apple, PpMYB10.1 in peach, AN1, MYBA1, 
and MYB113 in potatoes, and IbMYB1 and IbMYB340 in 
sweet potatoes (Mano et al. 2007; Chagné et al. 2013; Liu 
et al. 2016; Kim et al. 2016; Wei et al. 2020). As a partner, 
bHLH TFs can interact with MYBs to regulate anthocyanin 
biosynthesis. For example, MYBA1 and MYB113 interact 
with bHLH TFs to regulate anthocyanin biosynthesis in 
potato (Liu et al. 2016), and the MrMYB1-MrbHLH1 com-
plex promotes anthocyanin biosynthesis in Chinese bayberry 
(Liu et al. 2013). In addition to the MBW complex, other 
TFs also affect anthocyanin biosynthesis, such as PyERF3 
and PyWRKW26 in pear, PpNAC1 in peach, IbNAC26 in 
sweet potato, and a SQUAMOSA MADS-box in bilberry 
(Jaakola et al. 2010; Zhou et al. 2015; Yao et al. 2017; Li 
et al. 2020; Wei et al. 2020). They directly or indirectly 
interact with the MBW complex to regulate anthocyanin 
biosynthesis.

AP2/ERFs play multiple roles in regulating fruit ripen-
ing, participating in secondary metabolism and tolerance to 
multiple abiotic stresses. AP2/ERFs positively or negatively 
regulate fruit ripening. SlERF2 is involved in the ethylene 
response in fruit ripening in tomato (Julien et al. 2006) and 
AdERF9 suppresses the activity of the AdXET5 promoter to 
regulate fruit ripening in kiwifruit (Yin et al. 2010). It has 
also been reported that AP2/ERFs are involved in antho-
cyanin biosynthesis. In Arabidopsis, mutations in AtERF6 
result in anthocyanin accumulation (Sewelam et al. 2013). In 
apple, MdERF1B regulates anthocyanin and proanthocyani-
din biosynthesis, whereas MdERF17 degrades chlorophyll, 
resulting in a red color (Han et al. 2008; Zhang et al. 2018). 
PyERF3 with PybHLH3 and PyMYB114 coregulate red-
skinned pear color formation (Yao et al. 2017), and MdERF3 
with MdEIN3-LIKE1 and MdMYB1 synergistically regulated 
ethylene synthesis and anthocyanin accumulation (An et al. 
2018). Liu et al. (2015) screened 17 differentially expressed 
genes (DEGs) of AP2/ERF TFs by comparing purple with 
white potatoes via transcriptome profiling, and the results 
suggested that AP2/ERF TFs are related to anthocyanin bio-
synthesis in purple-fleshed potatoes.

Sweet potato is a hexaploid (2n = 6× = 90) and highly 
polymorphic plant, and its genome is very complex and 
resulting in the regulatory mechanism of pigment forma-
tion in sweet potatoes lags behind. Previous studies mainly 

focused on the metabolomics of flavonoids in sweet pota-
toes with different flesh colors (Wang et al. 2018), and 240 
different flesh color sweet potatoes were also identified by 
molecular variance analysis and found that there were small 
but with significant differences between the white- and 
orange-fleshed sweet potatoes (Zhang et al. 2014). Recently, 
with the completion of the hexaploid sweet potato genome 
sequencing, the molecular mechanism of pigment forma-
tion has developed rapidly. A novel glutathione S-transferase 
gene involved in anthocyanin sequestration was identified in 
sweet potatoes (Kou et al. 2019), Yang et al. (2020) found 
that TF WRKY75 and fructose-bisphosphate aldolase 2 genes 
are involved in the regulation of anthocyanin metabolism in 
Sushu8 and its mutant Zhengshu20 by transcript profiling. 
However, it is unclear how AP2/ERFs regulate anthocyanin 
biosynthesis in purple-fleshed sweet potatoes.

In this study, we screened the AP2/ERF family TF 
IbERF71 and its partners IbMYB340 and IbbHLH2 by bio-
informatics and RT-qPCR analysis. In addition, correla-
tion between the expression level of candidate genes and 
anthocyanin contents was assessed in sweet potatoes of dif-
ferent colors. Furthermore, transient cotransformation of 
IbMYB340 and IbbHLH2 in tobacco leaves and strawberry 
receptacles resulted in visible anthocyanin accumulation, 
and additional IbERF71 increased anthocyanin levels. Inter-
action between IbMYB340 with IbbHLH2 and IbERF71 was 
confirmed by yeast two-hybrid (Y2H) and firefly luciferase 
complementation (FLC) assays. In addition, the transactiva-
tion activity of the complex IbMYB340-IbbHLH2-IbERF71 
to the IbANS1 promoter was tested by a dual-luciferase 
reporter system. The results provide new insight into the 
regulatory network of anthocyanin biosynthesis in purple-
fleshed sweet potato roots and demonstrate the interaction of 
different TFs in regulating anthocyanin biosynthesis.

Materials and methods

Plant materials

Sweet potatoes including ‘Hanzi’, ‘Xuzi No. 8’, ‘Zhezi No. 
3’, ‘Zhezi No. 4’, ‘Guangshu No. 87’ and ‘Xushu No. 18’ 
were provided by the National Sweet Potato Improvement 
Center (Xuzhou, Jiangsu Province, China). Storage roots 
were harvested approximately 120 days after planting in the 
field in October 2018. Nine uninjured roots were selected 
from each sweet potato cultivar and randomly divided into 
three groups, each of which was quickly chopped and frozen 
in liquid nitrogen and then stored at  – 80 °C for later antho-
cyanin content measurement and RNA extraction.

Nicotiana tabacum was grown in the glasshouse of 
Hefei University of Technology (Hefei, Anhui province, 
China), and the temperature was controlled at 25 °C under 
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natural light (daylight, 16 h). When the plant grew six 
leaves and the young leaves were more than 1 cm long, 
they were used for transient transformation experiments, 
FLC assays and dual-luciferase reporter assays.

Diploid strawberry (Fragaria vesca) ‘Yellow Wonder’ 
5AF7 (YW5AF7) is the seventh generation inbred line of 
the F. vesca variety Yellow Wonder. The yellow–white 
fruit is the phenotype of the mutant of transcription factor 
FvMYB10, it was planted in an environment-controlled 
glasshouse, where the temperature was controlled at 23 °C 
under natural light; daylight was extended to 14 h (Slovin 
et al. 2009; Hawkins et al. 2016). Receptacles at 2 to 3 
weeks after flowering were used for transient transforma-
tion experiments.

Sequence alignment

To screen candidate AP2/ERF TFs involved in anthocyanin 
biosynthesis in sweet potato, 264 amino acid sequences 
obtained by BLASTP searches using AP2/ERF proteins 
from A. thaliana as queries were matched as candidate 
AP2/ERF genes across the entire sweet potato genome 
(https​://sweet​potat​o.plant​biolo​gy.msu.edu/index​.shtml​). 
Furthermore, a phylogenetic tree was constructed from 
the amino acid sequences of 264 AP2/ERFs and some 
AP2/ERF TFs from other species known to regulate 
anthocyanin biosynthesis using MEGA 7.0, including 
PyERF3 (ASY06613.1), PyERF27 (XP_009371279.1) 
and PyERF73 (XP_009378746.1) in pear (Yao et  al. 
2017) and MdERF17 (AVP27531.1) and MdERF1B 
(XP_008341120.2) in apple. All protein sequences are 
listed in Table S1. The reliability of the phylogenetic tree 
was evaluated by the bootstrap test with 1000 replicates. 
Five AP2/ERFs related to anthocyanin synthesis and 9 
candidate AP2/ERF amino acid sequences were aligned 
using ClustalW and DNAMAN.

Total RNA extraction and RT‑qPCR analysis

Samples of sweet potato roots were lyophilized, and approxi-
mately 0.1 g of every fully mixed sample was used to extract 
total RNA with a Plant Total RNA Isolation Kit Plus (Fore-
gene). First-strand cDNA synthesis was performed using 
Prime ScriptTM RT Master Mix (Takara). For RT-qPCR 
analysis, SYBR® Premix ExTaq™ II (Takara) was used 
according to the manufacturer’s instructions. The RT-qPCR 
program was 95 °C for 20 s, followed by 35 cycles of 95 °C 
for 15 s, 55 °C for 25 s, and 72 °C for 15 s. The primers used 
are listed in Table S2. Transcript data were analyzed using 
the 2−ΔΔCt method (Livak et al. 2001). All analyses were 
repeated three times as biological replicates for error bars.

Measurement of anthocyanins in sweet potato, 
tobacco leaves and strawberry receptacles

The method of extracting anthocyanins was described by 
Yao et al. (2017). In summary, sample of 0.5 g (strawberry 
receptacles) or approximately 0.2 g (tobacco leaves) or 1 g 
(sweet potato roots) was ground and added to 0.5% hydro-
chloric acid in methanol at 4 °C for 24 h. Supernatants 
were collected at 13,000×g for 10 min, and the absorbance 
of the solution was measured at 530, 620 and 650 nm using 
a spectrophotometer (UV-1800; MAPADA). The results 
were processed according to the following formula: optical 
density (OD) = (A530 – A620) – [0.1 × (A650 – A620)]. Three 
independent samples as three biological replicates were 
processed for each of the sweet potato cultivars.

Transient expression assays in tobacco 
and strawberry receptacles

The full-length CDS of IbMYB340 (MN602041), IbbHLH2 
(JQ337863.1) and IbERF71 (MN602040) was isolated and 
then inserted into the pSAK277 vector under the control 
of the 35S promoter using EcoRI and XbaI sites (Hellen 
et al. 2005). The constructs were transformed into Agro-
bacterium tumefaciens strain GV3101 via transient trans-
formation according to Yao et al. (2017). Approximately, 
300 μl of the above agrobacterium mixture was injected 
into tobacco leaves or strawberry receptacles, and samples 
were collected approximately 1 week after transformation 
to measure anthocyanin contents and extract RNA. The 
primers used for cloning are listed in Table S2.

Dual‑luciferase reporter assays

The 1228-bp IbANS1 promoter sequence was amplified 
and inserted into the pGreenII 0800-LUC vector. The 
constructs were subsequently transformed into A. tume-
faciens strain GV3101 (pMP90) with the helper vector 
pSoup by the freeze–thaw method, and cells were plated 
on Lennox agar with 100 μg ml-1 rifampicin and 50 μg 
ml-1 kanamycin at 28 ℃ for 48 h. A 10-μl loop sample of 
confluent bacteria at OD600 of 1.0–1.2 was added to 10 ml 
of infiltration buffer [10 mM MES, 10 mM MgCl2 and 80 
μM acetosyringone, pH 5.5] followed by infiltration after 
incubating at 25 ℃ with shaking for 3 h. The infiltration 
was performed with the IbANS1 promoter reconstructs 
and the above recombinant TFs IbMYB340, IbERF71 
and IbbHLH2 at a ratio of 1:9 (Voinnet et al. 2003). The 
tobacco (N. benthamiana) leaves were injected and then 
placed in an environment-controlled glasshouse at 25 ℃ 
for 3 days. A Dual-Luciferase Reporter Assay System 

https://sweetpotato.plantbiology.msu.edu/index.shtml
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(E1910, Promega) was used to assess LUC and Renilla 
luciferase activities.

Y2H assay

The CDS sequence of IbMYB340 was isolated and inserted 
into the pGBKT7 vector; the CDS sequences of IbERF71 
and IbbHLH2 were isolated and inserted into the pGADT7 
vector (Clontech). For the Y2H assay, IbMYB340 was 
transformed with IbERF71 or IbbHLH2 into the Y2HGold 
strain using the LiCl-PEG method according to the manu-
facturer’s manual (Clontech). SD/–Leu/–Trp medium was 
used to select transformants, and SD/–Leu/–Trp/–His/–Ade 
medium was used to examine interactions. The cloning vec-
tor pGADT7-T with pGBKT7-Lam or pGBKT7-53 was 
cotransformed as a negative or positive control, respectively.

FLC assay

FLC assays were performed according to a previous report 
(Zhou et  al. 2018). The full-length coding sequence of 
IbMYB340 (without a stop codon) was cloned and inserted 
into the binary vector pCAMBIA1300-nLuc; the full-length 
coding sequences of IbERF71 and IbbHLH2 were isolated 
and inserted into the binary vector pCAMBIA1300-cLuc. 
Agrobacterium harboring nLuc or cLuc was cultivated and 
infiltrated using the same protocol as described above for 
the dual-luciferase reporter assay. Luciferase activity at the 
infiltration site was measured using a Steady-Glo Luciferase 
Assay System (Promega).

Statistical analysis

SPSS version 18.0 was used for data analysis. One-way 
analysis of variance (ANOVA) followed by pairwise com-
parisons was performed with Tukey’s honestly significant 
difference (HSD) post hoc tests, with the significance level 
at P< 0.05 or P< 0.01.

Results

Screening of IbERF71, IbbHLH2 and IbMYB340 
as anthocyanin‑related TFs in purple‑fleshed sweet 
potato

To screen candidate AP2/ERF genes regulating anthocya-
nin biosynthesis in sweet potato, a genome-wide phyloge-
netic tree was constructed. The results revealed evolution-
ary relationships between the 264 AP2/ERF TFs in sweet 

potato and some anthocyanin-related AP2/ERF genes from 
different species, such as MdERF1B, MdERF17, PyERF3, 
PyERF73, and PyERF27 (Han et al. 2008; Yao et al. 2017; 
Zhang et al. 2018) (Fig. 1a). Among them, MdERF1B and 
itf04 g07800.t1 clustered together on a branch; MdERF17 
with itf06 g05430.t1, itf01 g14500.t1, and itf15 g20250.
t1 also grouped together on a branch, as did PyERF3 with 
itf06 g25270.t1, PyERF73 and itf14 g19640.t1 (named as 
IbERF71), PyERF27 with itf03 g12870.t1, itf08 g00420.
t1, and itf13 g03580.t1. Therefore, these genes were con-
sidered candidate genes for regulating purple-fleshed 
anthocyanin biosynthesis. Alignment analysis of nine 
AP2/ERF amino acid sequences revealed that all genes 
contained an AP2/ERF domain. The 14th and 19th amino 
acids of the AP2 domain of IbERF71 (itf14 g19640.t1), 
itf04 g07800.t1 and itf06 g25270.t1 are alanine and aspar-
tic acid residues (Fig. 1b). Hence, they belong to the ERF 
family, as described by Sakuma (Sakuma et al. 2002).

To investigate the potential relationship of AP2/ERF 
TFs with anthocyanin biosynthesis, we examined the total 
anthocyanin contents and expression levels of ERFs in 
six sweet potato roots with different colors. The results 
showed the higher total anthocyanin contents in ‘Hanzi’ 
and ‘Xuzi No.8’ (Fig.  2a). Moreover, the correlation 
between anthocyanin content and the expression levels of 
the candidate genes in different color sweet potato culti-
vars, the result showed that itf14 g19640.t1 (IbERF71) 
and itf06 g05430.t1 were considerably positive correla-
tion with anthocyanin contents, and the correlation coef-
ficients were 0.9537 and 0.8686 in Fig. 2b. In addition, 
the pheatmap analysis showed that fold difference of tran-
script abundance of the candidate genes itf14 g19640.
t1 (IbERF71) in purple-/yellow-fleshed sweet potatoes 
was significantly higher than other color sweet potatoes 
in Fig.  2c. Thus, IbERF71 is as a candidate gene for 
regulating anthocyanin biosynthesis. To screen partner 
genes of coregulating anthocyanin biosynthesis in sweet 
potato, AmMYB340 (P81396) in Antirrhinum (another 
Convolvulaceae plant) and AtTT8 (NM_117050.3) in A. 
thaliana were queried via BLASTP against the sweet 
potato genomic database (https​://sweet​potat​o.plant​biolo​
gy.msu.edu/ index.shtml), and ten highly homologous 
genes were selected to analyze expression levels by RT-
qPCR. For ten homologous MYB genes, itf14 g19640.t1 
(IbMYB340) displayed the highest transcript abundance 
(P<0.01) (Fig. 2d), and four bHLHs (itf14 g18730.t1, itf14 
g18730.t3, itf2 g16510.t1 and JQ337863.1) had relatively 
higher transcript abundance than other bHLHs in purple-
fleshed sweet potato ‘Hanzi’ (P<0.01) (Fig. 2e). Recently, 
JQ337863.1 (named IbbHLH2) was also reported to regu-
late anthocyanin biosynthesis in purple-fleshed sweet 
potatoes (Wei et al. 2020). Thus, IbMYB340 and IbbHLH2 
were further studied as candidate partners of IbERF71.

https://sweetpotato.plantbiology.msu.edu/
https://sweetpotato.plantbiology.msu.edu/


161Plant Cell Reports (2021) 40:157–169	

1 3

Fig. 1   Bioinformatics analysis of AP2/ERF TFs in different spe-
cies and the transcript abundance of candidate AP2/ERFs in differ-
ent sweet potato roots. a Phylogenetic tree of 264 AP2/ERFs in sweet 
potato and other AP2/ERFs related to the synthesis of anthocyanins 
from other species. b Protein sequence alignment of 14 candidate 
AP2/ERF TFs from the phylogenetic tree. The accession numbers are 

as follows: IbERF71, MN602040; PyERF3, ASY06613.1; PyERF27, 
XP_009371279.1; PyERF73, XP_009378746.1; MdERF17, 
AVP27531.1; and MdERF1B, XP_008341120.2. The black frame 
is the AP2/ERF domain, the blue highlighting represents conserved 
amino acid residues in all the AP2/ERFs, and the orange represents 
conserved amino acid residues in most of the AP2/ERF domain
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Heterologous overexpression of IbERF71, IbMYB340 
and IbbHLH2 induces anthocyanin accumulation 
in tobacco leaves and strawberry receptacles

To explore the function of IbERF71 and its partners 
IbMYB340 and IbbHLH2 in anthocyanin biosynthesis of 
purple-fleshed sweet potatoes, the sequences were trans-
formed into tobacco leaves. No anthocyanin was observed 
when transforming the empty vector (pSAK277) or 

IbERF71 or IbbHLH2 alone. However, when transform-
ing IbMYB340 alone, some pigmentation was visible at 
the injection site of tobacco leaves; when TF IbbHLH2 
or IbERF71 was cotransformed with IbMYB340, signifi-
cant pigmentation was observed. Moreover, we noticed 
deeper pigmentation after the addition of IbERF71 with 
IbMYB340+IbbHLH2 (Fig.  3a). Furthermore, antho-
cyanin content analysis indicated that cotransformation 
of IbERF71+IbMYB340+IbbHLH2 resulted in higher 

Fig. 2   Measurement of total anthocyanin content and screening 
of candidate TFs in different sweet potato roots. a Total anthocya-
nin contents were measured in six different sweet potato cultivars 
(‘Hanzi’, ‘Xuzi No. 8’, ‘Zhezi No. 3’, ‘Zhezi No. 4’, ‘Guangshu No. 
87’, and ‘Xushu No. 18’). b The correlation analysis between antho-
cyanin contents and the transcript abundance of nine candidate AP2/
ERF genes in sweet potatoes. c The pheatmap analysis of fold differ-
ence of the transcript abundance of the candidate AP2/ERF TFs in 

different color sweet potatoes. d Relative expression levels of ten can-
didate IbMYB TFs in the purple-fleshed sweet potato ‘Hanzi’. e Rel-
ative expression levels of ten candidate IbbHLH TFs in the purple-
fleshed sweet potato ‘Hanzi’. The error bars show the means (±SD) 
of three biological replicates. The lowercase letters represent signifi-
cant differences at P < 0.05; the capital letters represent highly signifi-
cant differences at P < 0.01
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anthocyanin contents than when cotransforming IbMYB340 
with IbbHLH2 or IbERF71, and the ratio of a*/b* was simi-
lar (P<0.01) (Fig. 3b, c).

To further verify the function of IbERF71 and other 
TFs, a transient expression assay was performed in straw-
berry receptacles, and the observed changes in appearance 
were similar to those in tobacco leaves. No pigmentation 
was detected with the control (pSAK277) or IbERF71 or 
IbbHLH2 alone (Fig. 4a). Pink pigmentation was observed 
when IbMYB340 was transformed alone, and the anthocya-
nin content reached 1.048 mg g-1. The strawberry recepta-
cles became redder in color when IbMYB340 was cotrans-
formed with IbbHLH2, and the addition of IbERF71 with 
IbMYB340+IbbHLH2 resulted in crimson-colored straw-
berry receptacles, with the pigment content reaching 3.805 
mg g-1. Meanwhile, the ratio of a*/b* was higher in the three 
cotransformed-TF group than in the other groups (P<0.01), 
and the total anthocyanin content coincided with the above 
observations (Fig. 4b, c). These results are consistent with 
the tobacco leaf phenotype.

Expression analysis of anthocyanin 
biosynthesis‑related genes in strawberry 
receptacles

Expression levels of anthocyanin biosynthesis-related 
genes in strawberry receptacles were analyzed, and the 
results revealed changes in FvPAL, FvCHS, FvCHI, 
FvF3H, FvDFR, FvANS, FvUFGT, FvGST and FvMYB10 
(Fig.  4d). When IbERF71 was cotransformed with 
IbMYB340 and IbbHLH2, the expression levels of FvPAL, 
FvCHS, FvCHI, FvF3H, FvDFR, FvANS, FvUFGT and 
FvGST were higher to varying degrees than that cotrans-
formed with IbMYB340+IbbHLH2 or IbMYB340 alone. 
For FvANS in particular, the expression level of the three 
cotransformed-TF group was three times higher than that of 
the IbMYB340+IbbHLH2 group (Fig. 4d). In contrast, the 
expression level of FvMYB10 was not markedly different 
when the three TFs were cotransformed compared with two 
TFs or IbMYB340 alone, and the expression level was much 
higher than that of the empty vector. Therefore, it is sug-
gested that exogenous genes rarely activate the expression 
of the endogenous gene FvMYB10 in strawberry receptacles.

Verification of the interaction of IbERF71 with other 
TFs in vivo

To assess the interaction between IbERF71 and 
IbMYB340 or IbbHLH2, a Y2H assay was performed 
by cloning the full-length CDS sequence of IbMYB340 
into pGBKT7 and the full-length CDS sequences of 
IbERF71 and IbbHLH2 into pGADT7 to examine 
interaction with IbMYB340. When IbMYB340 was 

Fig. 3.   Transient expression of IbERF71 and other TFs in 
tobacco leaves. a Phenotypic changes at 5 days after infiltration 
in tobacco leaves. (a) pSAK277; (b) IbbHLH2; (c) IbERF71; (d) 
IbMYB340; (e) IbERF71+IbbHLH2; (f) IbMYB340+IbbHLH2; 
(g) IbMYB340+IbERF71; (h) IbMYB340+IbbHLH2+IbERF71; b 
Colored regions were measured using a Minolta Chroma Meter, and 
the results are indicated as the a*/b* ratio. Among them, “a” means 
red-green, and an a* value from negative to positive means the color 
changes from greenish to reddish; “b” means yellow-blue, and b* 
value from negative to positive means the color changes from blue-
ish to yellowish. The value of a*/b* changed from negative to posi-
tive, indicating that the tobacco leaf color changed from green to red. 
The statistical significance means six color regions were randomly 
selected around six injection sites to evaluate anthocyanin accumula-
tion, and the average value was used as the ratio of a*/b*. c The total 
anthocyanin content was measured in tobacco leaves with induced 
coloration. The error bars show the means (±SDs) of three biological 
replicates. Significant differences are indicated by lowercase letters, 
with P < 0.05; significant differences are indicated by capital letters, 
with P < 0.01
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cotransformed with IbbHLH2, growth on SD/–Leu/–Trp 
and SD/–Leu/–Trp/–His/–Ade media occurred. Thus, 
IbMYB340 could interact with IbbHLH2. Cotransfor-
mation of IbERF71 and IbMYB340 generated the same 
results. However, IbERF71 cotransformed with IbbHLH2 
only grew on SD/–Leu/–Trp medium, whereas it could 
not grow on SD/–Leu/–Trp/–His/–Ade medium. Thus, 

IbERF71 could not interact with IbbHLH2 in  vivo 
(Fig. 5a).

To validate these results, we performed a FLC assay. 
IbMYB340 was inserted into the N-terminal region of 
firefly luciferase (NLuc), and IbbHLH2 and IbERF71 
were inserted into the C-terminal region of firefly lucif-
erase (CLuc). Cotransformation of IbMYB340-NLuc with 

Fig. 4.   Transient expression of IbERF71 and other TFs to observe 
the appearance in strawberry receptacles at 5 days after injec-
tion. a The phenotype of strawberry receptacles at 5 days after 
infiltration. (a) pSAK277; (b) IbbHLH2; (c) IbERF71; (d) 
IbMYB340; (e) IbERF71+IbbHLH2; (f) IbMYB340+IbbHLH2; 
(g) IbMYB340+IbERF71; (h) IbMYB340+IbbHLH2+IbERF71; b 
Colored regions were measured using a Minolta Chroma Meter, and 
the results are indicated as the ratio of a*/b*. The value of a*/b* 
changed from negative to positive, indicating strawberry recepta-

cle color changes from green to red. c Quantification of anthocya-
nin contents in the samples shown in a–h. d Expression levels of 
anthocyanin biosynthesis-related genes were analyzed in strawberry 
receptacles. RT-qPCR was used to analyze the expression patterns of 
FvPAL, FvCHS, FvCHI, FvF3H, FvDFR, FvANS, FvUFGT, FvGST 
and FvMYB10 in Yellow Wonder ‘5AF7’ strawberry receptacles. The 
error bars show the means (±SDs) of three biological replicates. Sig-
nificant differences are indicated by lowercase letters, with P < 0.05, 
and capital letters, with P < 0.01
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IbERF71-CLuc and IbMYB340-nLuc with IbbHLH2-cLuc 
resulted in the highest level of luciferase enzyme activity. 
Conversely, no obvious changes were detected for coexpres-
sion of IbERF71-CLuc with IbbHLH2-NLuc, IbMYB340-
nLuc with CLuc, IbERF71-CLuc with NLuc, and IbERF71-
NLuc with CLuc. Thus, IbMYB340 is able to interact with 
IbERF71 and IbbHLH2, consistent with the Y2H assay.

The complex IbERF71‑IbMYB340‑IbbHLH2 regulates 
anthocyanin biosynthesis by binding to the IbANS1 
promoter

To further explore the regulation mode of the complex 
IbERF71-IbMYB340-IbbHLH2 with regard to anthocyanin 
biosynthesis-related genes, we analyzed the expression level 
of three IbANS genes (IbANS1, itf13 g04110.t1; IbANS2, itf13 
g15560.t1; IbANS3, itf09 g09340.t1), which were homology 
aligned with FvANS (gene32347) by blastp searches. The 
expression level of IbANS1 was highest among the three 

IbANS genes in purple-fleshed sweet potatoes ‘Hanzi’ and 
‘Xuzi No. 8’ (P<0.05), but expression of the three IbANS 
genes was not different in yellow-/white-fleshed sweet pota-
toes (Fig. 6a). Moreover, transactivation activity at the IbANS1 
promoter was analyzed using a dual-luciferase reporter assay 
in tobacco leaves. Therefore, IbMYB340+IbbHLH2 activated 
the IbANS1 promoter compared with the empty vector, and the 
presence of IbERF71+IbMYB340+IbbHLH2 largely increased 
the activation effect (Fig. 6b). These results provide further 
evidence that IbERF71 and its partners coregulate anthocyanin 
accumulation by binding to the IbANS1 promoter to increase 
pigment accumulation in purple-fleshed sweet potatoes.

Fig. 5   Interaction of IbMYB340 with IbERF71 or IbbHLH2 in vivo. 
a Verification of the interaction of IbMYB340 and IbERF71 or 
IbbHLH2 in  vivo by a Y2H assay. b Schematic diagram of NLuc, 

CLuc and NLuc/CLuc constructs. c FLC assay in young Nicotiana 
tabacum leaves. The error bars show the means (±SD) of three bio-
logical replicates. ** indicates significant differences, with P < 0.01
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Discussion

IbERF71 interacts with other TFs to coordinately 
regulate anthocyanin biosynthesis in purple‑fleshed 
sweet potatoes

AP2/ERF TFs play a pivotal role in plant growth, fruit 
ripening, and biological or abiotic stress responses. In 
potato, MYB113 interacts with bHLH TFs to induce the 
synthesis of anthocyanins (Liu et al. 2016). In pear, the 
PyERF3-PyMYB114-PybHLH3 complex coordinately 
regulates the synthesis of anthocyanins (Yao et al. 2017). 
Recently, it was reported that the interaction of Pp4ERF24/
Pp12ERF96 with PpMYB114 modulates blue light-
induced anthocyanin biosynthesis in pear (Ni et al. 2019). 
In this study, nine candidate AP2/ERFs in sweet potato 
were screened by bioinformatics analysis (Fig. 1a), and 

analysis of the expression pattern suggested that expres-
sion level of IbERF71 was consistent with anthocyanin 
contents (Fig. 2b). However, some other ERF genes (such 
as itf08 g00420.t1, itf13 g03580.t1 and itf06 g25270.t1) 
have expression levels that correlate more in some of pur-
ple cultivars, suggesting variation among family member 
regulation depending on cultivars. One of the reasons is 
that sweet potato cultivars exhibit genetic diversity, and 
the regulatory mechanisms need further study. When 
IbERF71 with IbMYB340 and IbbHLH2 was cotrans-
formed, the color of the tobacco leaves and strawberry 
receptacles was deeper than that when IbMYB340 and 
IbbHLH2 were cotransformed (Figs. 3a, 4a). Therefore, 
IbERF71, as a partner with IbMYB340 and IbbHLH2, 
coregulates anthocyanin accumulation in purple-fleshed 
sweet potato.

Fig. 6   Identification of 
IbERF71, IbMYB340 and 
IbbHLH2 transactivation 
activity of the IbANS promoter 
by a dual-luciferase assay. 
a Relative expression levels 
of IbANS1(itf13 g04110.t1), 
IbANS2 (itf13 g15560.t1) and 
IbANS3 (itf09 g09340.t1) in 
different sweet potato cultivars. 
* indicates significant differ-
ences, with P < 0.05. b The pro-
moter activity of anthocyanin 
biosynthesis pathway genes is 
expressed as the ratio of LUC to 
REN activities. The error bars 
show the means (±SD) of three 
biological replicates. Significant 
differences are indicated by 
small letters, with P < 0.05, and 
capital letters, with P < 0.01
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Effect of endogenous gene expression 
on the IbERF71‑IbMYB340‑IbbHLH2 complex

In this study, the expression level of FvMYB10 in straw-
berry receptacles was analyzed by RT-qPCR (Fig. 4d), 
and the results demonstrated that the level was not sig-
nificantly different among groups, including IbMYB340, 
IbMYB340+ IbbHLH2 ,  IbMYB340+ IbERF71  or 
IbMYB340+IbbHLH2+IbERF71. This result sug-
gests that the endogenous gene FvMYB10 was not 
affected by cotransformation of the exogenous fac-
tors IbMYB340+IbbHLH2+IbERF71; however, the 
IbbHLH2+IbERF71 and empty vector pSAK277 groups 
were slightly affected by expression of exogenous FvMYB10 
(Singer et al. 2012; Zhang et al. 2020). This finding pro-
vides new evidence that endogenous genes do not interfere 
with the expression of the regulatory complex IbERF71-
IbMYB340-IbbHLH2 in strawberry receptacles.

The IbERF71‑IbMYB340‑IbbHLH2 (EMB) complex 
regulates anthocyanin synthesis via key structural 
genes

PAL, CHI and CHS are the key upstream enzymes in the 
metabolic pathway of anthocyanin biosynthesis. DFR, 
ANS and UFGT are key downstream genes in this path-
way (Holton and Cornish 1995). In this study, compared 
with other combinations, MYB340 alone or cotransformed 
MYB340+bHLH2 or MYB340+bHLH2+ERF71 caused the 
expression levels of FvPAL, FvDFR, FvANS and FvGST to 
be significantly increased, even though the expression level 
of FvUFGT was only slightly upregulated. Among them, 
the expression level of FvANS was highest. Further analysis 
by dual-luciferase reporter assays indicated that IbMYB340 
activated expression of IbANS1 and that the combined pres-
ence of IbERF71-IbMYB340-IbbHLH2 increased the effect 
(Fig. 6). These results suggest that the IbERF71-IbMYB340-
IbbHLH2 complex binds to the IbANS1 promoter to regulate 
anthocyanin biosynthesis. In addition, glutathione S-trans-
ferase (GST), as the principal transporter of anthocyanins, 
can be modified to alter fruit color in strawberry fruit (Kita-
mura et al. 2004; Luo et al. 2018). Kou et al. (2019) reported 
that a novel glutathione S-transferase gene, IbGSTF4, is 
involved in anthocyanin sequestration in sweet potato. In 
this study, GST was related to anthocyanin accumulation in 
purple flesh sweet potatoes, which is consistent with previ-
ous reports. Accumulating evidence shows that anthocya-
nin biosynthesis correlates positively with DFR and UFGT 
activity in apple, strawberry, litchi and grape (Castellarin 
and Di 2007; Zhao et al. 2012). This regulatory pattern in 
purple-fleshed sweet potatoes differs from that in horticul-
tural crops (Zhao et al. 2012; Yao et al. 2017). We speculate 
that the anthocyanin biosynthesis pathway differs between 

light-induced horticultural crops and nonlight-induced pur-
ple sweet potatoes. In summary, the TF IbERF71 forms a 
regulatory complex with IbMYB340-IbbHLH2 and binds to 
the promoter of IbANS1, increasing anthocyanin biosynthe-
sis and transport in purple-fleshed sweet potato roots. Addi-
tional scientific research is needed to elucidate the detailed 
molecular mechanism.
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