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damage in plants can be estimated by measuring leakage of 
electrolytes, which is evaluated by determining relative elec-
trolyte leakage (REL). Less H2O2 and O2

−, higher activities 
of POD and SOD, less MDA content and REL, and higher 
chlorophyll content and photosynthetic rate were also shown 
in transgenic plants after inoculation with P. infestans. Our 
results constitute the first step towards further investigations 
into the biological function and molecular mechanism of 
miR172-mediated silencing of AP2/ERF transcription fac-
tors in S. lycopersicum–P. infestans interaction and provide 
a candidate gene for breeding to enhance biotic stress-resist-
ance in S. lycopersicum.

Keywords  ERF gene · Late blight · MiR172 · 
Resistance · Transgenic tomato

Abbreviations
dpi	� Days post inoculation
MDA	� Malonaldehyde
POD	� Peroxidase
REL	� Relative electrolyte leakage
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase

Introduction

Late blight (LB) of Solanum lycopersicum is one of the 
most devastating diseases caused by one oomycete patho-
gen, Phytophthora infestans (Park et al. 2013; Zhang et al. 
2014). Symptoms of LB include the formation and develop-
ment of brown–black, water-soaked lesions on leaves and 
stems with pathogen sporulation, which can kill the foliage, 
stems, and tubers or fruits of the crops at any time during 
the growing season (Fry et al. 1992; Park et al. 2013). LB, 
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pressing of an AP2/ERF transcription factor.
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growth phase transition, flowering time control, abiotic and 
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qRT-PCR results showed that the expression of AP2/ERF 
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infestans. Overexpression of miR172a and b in S. lycopersi-
cum Zaofen No. 2 conferred greater resistance to P. infestans 
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pathogen interaction. Malonaldehyde (MDA) is widely 
recognized as an indicator of lipid peroxidation. Membrane 

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00425-017-2773-x) contains supplementary 
material, which is available to authorized users.

 *	 Jun Meng 
	 mengjun@dlut.edu.cn

1	 School of Life Science and Biotechnology, Dalian University 
of Technology, Dalian 116024, China

2	 School of Computer Science and Technology, Dalian 
University of Technology, Dalian 116024, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-017-2773-x&domain=pdf
https://doi.org/10.1007/s00425-017-2773-x


128	 Planta (2018) 247:127–138

1 3

which has a worldwide occurrence, has caused serious eco-
nomic loss for field-grown S. lycopersicum, and, therefore, 
is regarded as a major threat to S. lycopersicum production 
(Kim and Mutschler 2005; Miranda et al. 2010; Park et al. 
2013; Huang et al. 2010). To date, studies on LB resistance 
genes in S. lycopersicum are limited. Several resistance-P. 
infestans genes in S. pimpinellifolium, including Ph-1, Ph-
2, Ph-3, Ph-4 and Ph-5, have been reported and mapped to 
chromosomes 7, 10, 9, 1 and 10, respectively (Bonde and 
Murphy 1952; Black et al. 1996; Kim and Mutschler 2005; 
Foolad et al. 2008; Merk et al. 2012). But there is still no 
proven cure for this disease because the mechanisms of LB 
are not clear yet (Luan et al. 2015).

MicroRNAs (miRNAs) are a class of small, endogenous 
non-coding RNAs of 20–24 nt that have emerged as key 
post-transcriptional regulators of genes in most eukaryotes 
(Janga and Vallabhaneni 2011; Yan et al. 2014). More and 
more evidence indicated that miRNAs were involved in 
plant–pathogen interaction (Navarro et al. 2006; Jin 2008; 
Yang and Huang 2014; Ouyang et al. 2014; Wong et al. 
2014; Yang et al. 2015; Luan et al. 2015). Plant miRNAs 
(miR482, miR6024, miR5300, etc.) regulate an important 
component of the plant immune systems, effector-triggered 
immunity (ETI) by silencing nucleotide binding site and leu-
cine-rich repeat (NBS-LRR) defense genes (Li et al. 2012; 
Shivaprasad et al. 2012; Ouyang et al. 2014; Yang et al. 
2015; Fei et al. 2015). miR393 was identified to contribute 
to pathogen-associated molecular pattern-triggered immu-
nity (PTI) of plant immune systems through auxin signal-
ing (Navarro et al. 2006; Yang et al. 2015). In our previous 
works, we identified and characterized a number of miRNAs 
by high-throughput sequencing and homology-based compu-
tational research in S. pimpinellifolium L3708–P. infestans 
interaction (Luan et al. 2014, 2015; Sun et al. 2014). Of 
these miRNAs, the expression levels of miR169, miR398, 
miR482, miR6024, miR6026, miR6027, and other miRNAs 
showed a change after P. infestans infection. Plant miR482, 
as an important miRNA, functions in resistance against 
pathogens. In Solanaceae, the distribution of miR482 fam-
ily members is different. For example, seven miR482 fam-
ily members were identified in S. peruvianum, S. chilense, 
S. corneliomulleri, four members in S. ochranthum, three 
members in S. lycopersicoides, and three members for S. 
melongena (de Vries et al. 2015). Between S. lycopersicum 
and S. pimpinellifolium, most of the mature miR482 family 
members showed no species-specific differences in expres-
sion, except for miR482f (de Vries et al. 2015).

The miR172 family is a class of conserved miRNA and 
first isolated in Arabidopsis using small RNA sequencing 
(Park et al. 2002; Li et al. 2016). Previous studies showed 
that the miR172 targeted a small group of AP2/ERF tran-
scription factors, down-regulating their expression by 
transcript cleavage or translation repression (Aukerman 

and Sakai 2003; Jung et al. 2007). The miR172-AP2/ERF 
module was involved in many biological processes, includ-
ing plant flowering time control, abiotic and biotic stresses 
(Naqvi et al. 2010; Lee et al. 2014; Spanudakis and Jackson 
2014; Li et al. 2016). The role of miR172 in controlling 
flowering time has been reported for Arabidopsis, maize, 
barley, rice, and soybean (Chen 2004; Lauter et al. 2005; 
Nair et al. 2010; Yoshikawa et al. 2013; Lee et al. 2014). 
Plant miR172 also played a critical role in abiotic stress 
responses (Pan et al. 2016). For example, rice miR172 
was significantly decreased under drought stress; in con-
trast, it was up-regulated in abundance under osmotic, salt, 
and cold stresses in wheat (Zhou et al. 2010; Gupta et al. 
2014). The expression level of miR172 was changed in leaf 
and root of Helianthus annuus after drought, heat and cad-
mium stresses (Ebrahimi Khaksefidi et al. 2015). In addi-
tion, overexpression of soybean miR172c in Arabidopsis 
enhanced tolerance to water deficit and salt stress (Li et al. 
2016). The role of miR172 in different biotic stresses was 
also examined. The accumulation of miR172 was observed 
to increase with the days post inoculation (dpi) of Tomato 
leaf curl virus (ToLCV) agroinfection in S. lycopersicum 
cv Pusa Ruby because miR172 might be associated with 
leaf curl symptoms (Naqvi et al. 2010). The expression 
levels of miR172, down-regulated in mulberry with yellow 
dwarf disease, were up-regulated in grapevine affected by 
grapevine leafroll disease and rice inoculated with blast 
fungus Magnaporthe oryzae (Alabi et al. 2012; Li et al. 
2014; Gai et al. 2014).

In S. lycopersicum, the miR172 family contains two 
members, miR172a and miR172b (Zhang et al. 2008). 
Our previous work showed that the transcripts per mil-
lion clean tags (TPM) of miR172 in tomato, S. pimpinel-
lifolium L3708 inoculated with P. infestans is lower than 
WT after analysis of the miRNA-Seq data. In addition, 
the promotor regions of miR172 were analyzed, which 
indicated the presence of biotic stress-related cis-elements 
in promoter regions (Li et al. 2013). However, whether 
miR172 affected S. lycopersicum resistance to P. infestans 
has not been determined. Here, the miR172a and b—over-
expressed S. lycopersicum Zaofen No. 2 were generated to 
further illustrate the function of miR172 in S. lycopersi-
cum–P. infestans interaction. The decreased disease index, 
lesion sizes, and P. infestans abundance were shown in 
transgenic plants after inoculation with P. infestans. The 
levels of biotic stress-related physiological indicators 
(POD and SOD activities, MDA content, REL, chloro-
phyll content and photosynthetic rate) and the expression 
of precursor miR172a and b, mature miR172 and its target 
gene were altered in transgenic plants after inoculation 
with P. infestans. These results suggest that miR172 could 
be involved in S. lycopersicum defense responses to P. 
infestans stresses.
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Materials and methods

Inoculation of S. pimpinellifolium with P. infestans

Tomato, Solanum pimpinellifolium L3708, which had 
been reported as being highly resistant to a wide range of 
P. infestans isolates was chosen as the host plant and was 
grown in a greenhouse under 16 h light within a tempera-
ture range of 22–28 °C. P. infestans strain P12103 was 
used in the experiments and provided by Prof. Shan from 
Northwest A&F University of China. The treated samples 
(5–6 leaf stage) were inoculated with a suspension of P. 
infestans spores (106 zoospores/mL; 9 individuals each) 
before being placed at 100% relative humidity in the dark 
to ensure spore germination at 20 ± 1 °C. The leaves of 
each sample were collected at the indicated times (0, 1, 2, 
3, 4 and 5 dpi). All samples were quickly frozen in liquid 
nitrogen and stored at −80 °C for storage until DNA and 
RNA isolation.

Cloning of pre‑miR172s, sequence analysis 
and identification of target gene

Genomic DNA was extracted from the leaves of S. pimpi-
nellifolium L3708 using Plant Genomic DNA Kit (Tian-
gen). The precursor of miR172a and b (pre-miR172a and 
b) were cloned using S. pimpinellifolium L3708 DNA 
as template and two pairs of primers c-miR172aF/R 
and c-miR172bF1/R1 (Table S1), which were designed 
according to the tomato (S. lycopersicum Heinz 1706) 
genome sequences using the Primer Premier 5 soft-
ware. The pre-miR172a and b sequences were cloned 
into the PMD19-T vector (TaKaRa, Dalian, China). The 
sequences of the amplified DNA fragments were veri-
fied by sequencing. Multiple nucleic acid sequence align-
ments were performed with Clustalx 1.83. Their second-
ary structures were predicted using RNAshapes (Steffen 
et al. 2006). We used psRNAtarget (Schema V2, http://
plantgrn.noble.org/psRNATarget/) to predict the target 
genes of miR172. Tomato transcripts (cDNA library, 
version 2.4) was used as data sets. The parameters were 
as follow: (1) maximum expectation: 1.5; (2) length for 
complementarity scoring (hspsize): 19; (3) range of cen-
tral mismatch leading to translational inhibition: 10–11nt. 
The degradome sequencing library of S. pimpinellifolium 
L3708 inoculated with P. infestans was constructed in 
our previous work (unpublished). The target genes of 
miR172a and b were identified by analysis of the degra-
dome sequencing library. The CleaveLand software was 
used to find the cleaved target genes of miR172, and the 
T-plot figures were produced based on R language (Addo-
Quaye et al. 2008, 2009).

Overexpression vector construction, transformation 
and identification of transgenic tomato

The pre-miR172b fragment was linked to the XbaI and SacI 
restriction sites at 5′ and 3′ terminal using c-miR172bF2/
R2. Then, the fragments containing pre-miR172a and b 
sequences were subcloned into BamHI–SacI and XbaI–SacI 
restriction sites of pBI121 to generate recombinant plasmids 
in which the pre-miR172a and b sequences were under the 
control of the strong constitutive CaMV35S promoter. The 
constructs were transformed into Agrobacterium tumefaciens 
strain GV3101 by the freeze–thaw method (Li et al. 2015a).

Transformed S. lycopersicum plants were produced 
according to the method of Li et al. (2015a). Throughout 
the experiments, we used S. lycopersicum Zaofen No. 2, a 
cultivated tomato, which was a susceptible accession to a 
variety of pathogens including P. infestans. The seeds were 
surface sterilized in 75% ethanol for 30 s and in 2.5% sodium 
hypochlorite for twice 15 min, then rinsed four times with 
sterile double distilled water. After surface sterilization, 
seeds were cultured on 1/2 Murashige and Skoog (MS) 
medium. The cultures were maintained at 25 ± 3 °C under 
a 16 h light and 8 h dark photoperiod. Cotyledonary leaves 
were carefully excised from 1-week-old seedlings and used 
as explants in transformation experiments. The A. tumefa-
ciens-mediated leaf disk method was used to generate trans-
genic S. lycopersicum Zaofen No. 2 plants.

Putative transgenic plants were selected on MS agar 
medium containing 50 mg/L kanamycin. The expression 
levels of pre-miR172a and b, mature-miR172 and the target 
gene in these selected positive transgenic lines were exam-
ined by qRT-PCR.

Analysis of transgenic tomato resistance against P. 
infestans

The detached-leaf inoculation was performed according to 
the method of Li et al. (2015b). The detached leaves (fifth 
real leaf) from WT and transgenic plants, were inoculated 
with 10 μL of zoospore suspension of P. infestans (106 zoo-
spores/mL). The inoculated leaves were maintained in the 
dark at high humidity for 24 h, and then moved to the green-
house at 20 ± 1 °C with a 16 h light and 8 h dark photo-
period cycle. The areas of necrosis surrounding inoculation 
sites and disease indices were recorded at 4, 6, 8 and 10 dpi, 
respectively. In addition, we used the P. infestans actin gene 
to quantify the abundance of P. infestans in WT and trans-
genic lines after P. infestans infection. Disease grades (DG) 
were categorized from 0 to 5 based on the lesion area: 0, no 
symptoms; (1) lesion area smaller than 5% of the total leaf 
area; (2) 5–25% of leaves area infected; (3) 25–50% of leaves 
area infected; (4) 50–75% of leaves area infected; (5) larger 

http://plantgrn.noble.org/psRNATarget/
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than 75% leaves area infected. The resistance of a plant was 
indicated by the disease index (DI):

where DGimax is the maximum value of disease grades, ni 
is the number of leaves with each disease grade, and n is 
the total number of leaves inoculated in the plant. The leaf 
surface area and lesion area in each leaf was quantified upon 
image acquisition using IMAGEJ software (http://imagej.
net/Welcome). Each experiment was carried out at least 
thrice.

Measurements of MDA, REL, chlorophyll 
and photosynthetic rates

MDA is widely recognized as an indicator of lipid peroxi-
dation. Membrane damage in plants can be estimated by 
measuring leakage of electrolytes, which are evaluated by 
determining relative electrolyte leakage (REL) (Huang et al. 
2011). The MDA content and REL was measured according 
to a previously described method (Li et al. 2015a). Chloro-
phyll was extracted using 80% (v/v) acetone and analyzed 
using UV spectrophotometry. The Portable Photosynthesis 
System CIRAS-2 was used to measure photosynthetic rate 
(Li et al. 2015b).

Measurements of reactive oxygen species (ROS)

In plant–pathogen interaction, low levels of ROS can act as 
signaling molecules in response to pathogen infection, but 
late massive ROS generation is toxic to the cell and may lead 
to peroxidation of lipids, damage to cellular membranes, 
disease susceptibility and ultimately cell death (Kotchoni 
and Gachomo 2006; Wi et al. 2012). The transgenic S. lyco-
persicum Zaofen No. 2 lines and WT (5–6 leaf stage) were 
inoculated with suspension of P. infestans spores (106 zoo-
spores/mL). The leaves were collected for measuring H2O2 
and O2

− and examining the expression levels of superoxide 
dismutase gene (SOD, Genbank accession no. M37151), per-
oxidase gene (POD, Genbank accession no. L13654), pre-
miR172a and b, miR172 and the target gene at 5 dpi. The 
POD and SOD activities were measured according to the 
method described previously (Chen et al. 2013). The nitro 
blue tetrazolium (NBT) and diamino benzidine (DAB) stain-
ing were performed to measuring H2O2 and O2

− according to 
previously described method of Lee et al. (2002).

RNA isolation and reverse transcription

Total RNA were extracted from S. pimpinellifolium L3708 
and S. lycopersicum Zaofen No. 2 using RNAiso Plus 

DI =

∑

(DG
i
× n

i
) × 100

n × DG
imax

(TaKaRa) and the corresponding cDNAs were synthesized 
with SYBR PrimeScriptTM miRNA RT-PCR Kit (TaKaRa) 
and PrimeScriptTM RT Master Mix (TaKaRa) according to 
the manufacturers’ instructions.

qRT‑PCR analysis

The expression level of mature-miR172 was examined by 
reverse transcription-quantitative polymerase chain reac-
tion (qRT-PCR). The specific forward primers for miR172, 
miR172-p was designed following a previously described 
method (Varkonyi-Gasic et al. 2007). The reverse primers 
is Uni-miR qRT-PCR primer from SYBR® PrimeScriptTM 
miRNA RT-PCR kit (TaKaRa). The qRT-PCRs were per-
formed using a SYBR® PrimeScriptTM miRNA RT-PCR kit 
following the manufacturer’s protocol with an ABI 7300 Fast 
Real-time PCR machine (Applied Biosystems, Foster City, 
CA, USA). The primers (TGF and TGR) for the target gene 
(Solyc11g072600.1.1) were designed. The miRNA-mediated 
cleavage of the target gene at a site located between TGF and 
TGR was ensured. The pre-miR172a and b, SOD gene and 
POD gene were also examined by qRT-PCR following the 
manufacturer’s instructions for the SYBR® Premix Ex TaqTM 
II kit (TaKaRa). Information on all primers were shown in 
Table S1. S. lycopersicum actin was used as reference con-
trol gene for qRT-PCR analysis. Of the nine leaves sampled 
in each experiment, three leaves were pooled into one bio-
logical replicate, resulting in three biological replicates.

Statistical analysis

All statistical analyses of the data was performed with 
SPSS19.0, and all data were expressed as the means ± SDs 
from three independent experiments. We used Duncan’s 
multiple range test to estimate significance (P < 0.05).

Results

Sequence analysis, identification of target gene 
and expression patterns

The pre-miR172a and b sequences were obtained from 
S. pimpinellifolium L3708. After the analysis of multiple 
nucleic acid sequence alignments and their secondary struc-
tures, we found that precursor sequences and the secondary 
structures between pre-miR172a and b were different, but 
their mature sequences were identical (Fig. 1). The mature 
miR172, pre-miR172a and b of S. pimpinellifolium L3708 
and S. lycopersicum Zaofen No. 2 showed 100% sequence 
identity (Fig. S1).

Identification of the target gene is essential to reveal 
the regulatory networks of a miRNA (Yang et al. 2015). 

http://imagej.net/Welcome
http://imagej.net/Welcome
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To explore possible regulation mechanisms miR172a and b 
in S. lycopersicum–P. infestans interaction, the target genes 
of miR172 were predicted by psRNAtarget. Three target 
genes (maximum expectation ≤1.5), Solyc11g072600.1.1, 
Solyc04g049800.2.1, and Solyc06g075510.2.1 were selected 
for next analysis. After analyzed the degradome sequencing 
library of the interaction of S. pimpinellifolium L3708 and P. 
infestans. The gene, Solyc11g072600.1.1, which was anno-
tated as an AP2/ERF transcription factor, was identified as 
the target of miR172a and b. As shown in Fig. 2a and b, the 
cleavage site was between 1287 nt and 1288 nt.

The qRT-PCR was performed to measure the effect of 
P. infestans stress on miR172a and b expression and ver-
ify the target gene of miR172a and b. The S. lycopersicum 
actin gene, the expression level of which is constant in each 
sample, was used as reference control gene (Fig. S2). The 
expression level of mature-miR172 in S. pimpinellifolium 
L3708 was down-regulated gradually during 0–3 dpi, then 
moderately up-regulated (Fig. 2c–f). In contrast, the target 
gene was increased, reaching the highest point at 2 dpi after 
P. infestans stress. These results indicated the target gene 
(Solyc11g072600.1.1) was efficiently cleaved by miR172. 
In addition, it was interesting that the expression trends of 
pre-miR172a and b were different. The pre-miR172a was 
down-regulated expressed from 0 to 1dpi, then moderately 

up-regulated during 1-2 dpi and declined again during 2–5 
dpi, and expression level of the pre-miR172b had a peak 
value at 1 dpi.

Identification of transgenic plants with high miR172 
expression levels

To investigate whether miR172 was involved in plant resist-
ance to P. infestans infection, two sequences, pre-miR172a 
and b were cloned into the vector pBI121 driven by the 
CaMV 35S promoter and transformed into S. lycopersicum 
Zaofen No. 2 (Fig. 3a). The nine lines of transgenic S. lyco-
persicum Zaofen No. 2 plants were confirmed by their abili-
ties to be rooted in medium containing kanamycin. The qRT-
PCR was used to check the expression levels of pre-miR172a 
and b and mature-miR172 in these transgenic lines. The S. 
lycopersicum actin gene was used as reference control gene 
(Fig. S2). Compared to WT, the pre-miR172a and b tran-
scripts were increased in all transgenic lines except for OEa1 
(Fig. 3b, c). The line OEa-2, OEa-5, OEb-3 and OEb-6 were 
selected as candidates because of their highest expression 
levels of pre-miR172a and b. Subsequently, the mature-
miR172 expression was also examined in these four lines. 
The miR172 overexpression was found to be approximately 
1.49 times in line OEa-2, 2.2 times in line OEa-5, 3.3 times 

Fig. 1   Clustalx nucleic acid sequence alignment (a) and secondary structures (b) of pre-miR172a and b from S. pimpinellifolium L3708
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in line OEb-3 and 2.8 times in line OEb-6 (Fig. 3d). Hence, 
three lines with high expression of miR172, OEa-5, OEb-3 
and OEb-6, were selected to multiply for further analyses in 
tissue culture and rapid propagation. In addition, the target 
gene of miR172a and b were down-regulated compared with 
the WT (Fig. 3e).

Overexpression of miR172a and b increases P. infestans 
resistance

The tests of resistance to P. infestans were performed 
on the three transgenic lines. At 10 dpi, it was observed 
that the transgenic plants exhibited more resistance to P. 
infestans, whereas the WT plants showed more disease 
symptoms (Fig. 4a). The transcript levels of P. infestans 
actin gene were used to indicate P. infestans growth in 
plant by qRT-PCR and result showed a significant increase 
in abundance of P. infestans in WT control compared to 
the transgenic lines (Jiang et al. 2016) (Fig. 4b). The ratio 
of lesion area to leaf area was compared between WT and 
transgenic lines (Fig. 4c). After inoculation, the relative 
lesion area of transgenic plants were 2.7 and 16% on aver-
age at 6 and 10 dpi, respectively, while the WT were 6.6 

and 41%. The disease index of three transgenic plants 
was calculated at 4, 6, 8 and 10 dpi (Fig. 4d). At each 
time point, the transgenic lines had a lower disease index 
than WT (Fig. 4d). For instance, the disease index of WT 
was 53% at 10 dpi, while the transgenic plant was 36% 
on average. These results indicated that overexpression 
of miR172 in S. lycopersicum Zaofen No. 2 resulted in 
increased resistance to P. infestans. The expression levels 
of mature-miR172 and the target genes were also detected 
in the WT and three transgenic plant lines after 10 days P. 
infestans-inoculation using qRT-PCR. The mature-miR172 
were significantly up-regulated in the three transgenic 
lines (P < 0.05) (Fig. 4e). Consequently, the expression 
level of the target gene (Solyc11g072600.1.1) was down-
regulated in three transgenic lines (Fig. 4f). The expres-
sion level of Solyc04g049800.2.1 and Solyc06g075510.2.1 
genes had no change in transgenic tomato compared to 
WT. After P. infestans inoculation, the expression levels 
of these two targets is down-regulated and also had no 
change between transgenic tomatoes and WT (Fig. S3). 
These results suggest that miR172 may be involved in 
silencing AP2/ERF (Solyc11g072600.1.1), which further 
affects S. lycopersicum resistance to P. infestans.

Fig. 2   Identification of the target gene of miR172 in S. pimpinelli-
folium L3708 and expression analysis of mature-miR172, target gene 
and pre-miR172a and b in S. pimpinellifolium L3708–P. infestans 
interaction. a The regions targeted by miR172 in S. lycopersicum 
transcripts. b The identification of the target gene by degradome 
sequencing. Solyc11g072600.1.1, a member of AP2/ERF transcrip-
tion factors was identified as the target gene of miR172 in S. pimpi-

nellifolium L3708–P. infestans interaction. The cleavage site might 
be between 1287 nt and 1288 nt. The expression profiles of mature-
miR172 (c), target gene (d) and pre-miR172a and b (e, f) after P. 
infestans inoculation. The Y-axis represents normalized relative 
expression values. Time points of P. infestans inoculation are labeled 
along the X-axis (n = 3 per each time point). Actin expression was 
used as a control
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Changes in MDA, REL, chlorophyll and photosynthetic 
rates of WT and transgenic plants in response to  
P. infestans inoculation

The MDA and REL can estimate the membrane damage after 
pathogen inoculated (Huang et al. 2011). Once the cellular 
structure is damaged, it would result in increased MDA and 
REL. As shown in Fig. 4g and h, the accumulations of MDA 
content and REL were significantly lower in the transgenic 
lines than in the WT after P. infestans inoculation. In addi-
tion, both the chlorophyll contents and photosynthetic rate, 
which serve as good indicators of photosynthetic function, 
were higher in transgenic lines than in WT plants, suggest-
ing the photosynthesis was less affected in transgenic plants 
compared to WT (Fig. 4i, j).

Measurements of physiological indicators

Reactive oxygen species (ROS) played an important role in 
plant–pathogen interaction. The main species of ROS, H2O2 
and O2

− were detected using DAB and NBT staining in WT 
and transgenic plants at 5 dpi, respectively. The transgenic 
plants had significantly lower H2O2 and O2

− than WT after 
the treatment (Fig. 5a, b). The SOD (EC 1.15.1.1) and POD 
(EC 1.11.1.7) activity, which are key antioxidant enzymes 

of ROS-scavenging system were higher in transgenic plants 
than those in WT (Fig. 5c, d). Similarly, the expression lev-
els of SOD and POD genes showed no significant change 
between WT and transgenic lines, but after inoculation, their 
expression levels were significantly up-regulated in miR172-
overexpressed S. lycopersicum Zaofen No. 2 plants (Fig. 5e, 
f).

Discussion

LB caused by P. infestans, is one of S. lycopersicum diseases 
that is difficult to control because the molecular mechanism 
of S. lycopersicum–P. infestans interaction is still poorly 
understood. In our previous work, many miRNAs were iden-
tified in response to P. infestans infection by high-throughput 
sequencing. Of these, the miR172 was lowly expressed after 
P. infestans infection. To further characterize the functions 
of miR172, transgenic S. lycopersicum Zaofen No. 2 plants 
that overexpressed miR172a and b were generated. Through 
analysis of the expression levels of mature-miR172 and tar-
get gene, the compartment of disease index and measure-
ments of various physiological indicators in S. lycopersi-
cum–P. infestans interaction, it was shown that miR172 was 
involved in S. lycopersicum defense response to P. infestans.

Fig. 3   Schematic diagram of 
gene cassette the overexpres-
sion of pre-miR172a and b in S. 
lycopersicum Zaofen No 2 (a) 
and the qRT-PCR analysis of 
the transgenic lines for determi-
nation of the expression level 
of pre-miR172a (b) and b (c), 
mature-miR172 (d) and target 
gene (e). The Y-axis represents 
normalized relative expression 
values. WT and transgenic lines 
are labeled along the X-axis 
(n = 3 per each time point). S. 
lycopersicum Zaofen No 2 actin 
expression was used as a control
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miR172 has been extensively studied in the growth phase 
transition, cleistogamy, the stem cell niche, flower develop-
ment, and flowering time control in previous studies (Auker-
man and Sakai 2003; Chen 2004; Lauter et al. 2005; Wür-
schum et al. 2006; Nair et al. 2010; Li et al. 2016). Recently, 
some studies have suggested roles for miR172 in response 
to biotic stress conditions (Naqvi et al. 2010; Alabi et al. 
2012; Li et al. 2014; Gai et al. 2014). In this study, qRT-PCR 
analysis showed that expression level of mature-miR172 in 
S. pimpinellifolium L3708 was changed after P. infestans 
infection (Fig. 2c). The results reported in other studies also 
showed that the expression level of miR172 was changed by 
different pathogen infection. The expression level of miR172 
in grapevine affected by grapevine leafroll disease, S. lyco-
persicum–ToLCV interaction and rice inoculated with blast 
fungus Magnaporthe oryzae were up-regulated; in contrast, 
in mulberry with yellow dwarf disease were down-regulated 
(Naqvi et al. 2010; Alabi et al. 2012; Li et al. 2014; Gai 
et al. 2014). Thus, the change of miR172 expression level 

in various plants with different pathogen infection suggests 
that miR172 may play crucial and various roles in responses 
to pathogens including P. infestans.

In this study, the expression level of miR172 was down-
regulated gradually during 0–3 dpi. Recently, it was found 
that RNA silencing suppressors from pathogens might sup-
press the accumulation of miRNA in plant–pathogen inter-
action. Previous studies showed Phytophthora encoded 
RNA silencing suppressors (PSRs), which play an impor-
tant virulence role during infection, likely through their 
inhibitory effects on host small RNA-mediated defense 
in plant–Phytophthora interaction (Ye and Ma 2016). For 
example, two effectors form the soybean pathogen P. sojae, 
named PsPSR1 and PsPSR2 suppressed transgene silencing 
by inhibiting the accumulation of plant sRNAs (Qiao et al. 
2013). Arabidopsis transgenic plants expressing PsPSR2 
also showed hypersusceptibility to P. capsici (Xiong et al. 
2014). The PsPSR1 virulence target in Arabidopsis and soy-
bean was identified and characterized. This target contains 

Fig. 4   Overexpression of miR172 in transgenic S. lycopersicum 
Zaofen No. 2 enhanced P. infestans resistance. a Disease symptoms at 
10 dpi. b Transcript accumulation of P. infestans actin gene in these 
inoculated plants. c The lesion size. d Disease index of WT and trans-
genic lines at 4, 6, 8 and 10 dpi. The expression patterns of mature-
miR172 (e) and its target gene (f) in S. lycopersicum Zaofen No. 2 

leaves from WT and transgenic lines before and after inoculation with 
P. infestans. g MDA content. h Relative electrolyte leakage. i Chlo-
rophyll content. j Photosynthetic rate. The data are presented as the 
mean ± SD of three independent experiment. Samples marked with 
different letters are significantly different (P < 0.05). Af. inocu after 
inoculation, Bef. inocu before inoculation
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the aspartate-glutamate-alanine-histidine-box RNA helicase 
domain and appears to be involved in the assembly of sRNA 
processing complexes (Qiao et al. 2015). PSR2 homologues 
was also identified from P. infestans, indicting PSR2 is a 
conserved effector that acts as a master switch to modify 
plant gene regulation early during infection for the patho-
gen’s benefit (de Vries et al. 2017). Thus, these suggest that 
the expression level of miR172 may be suppressed by PSRs.

An important step to understand the biological func-
tions of miRNAs is the identification of their target genes. 
Degradome sequencing based on high-throughput sequenc-
ing technology has been used to identify the target genes of 
miRNAs and understand the miRNA regulator (Chen et al. 
2016). The miRNAs regulate their target genes by miRNA-
mediated gene silencing. In the present study, it was found 
that the S. lycopersicum miR172 family contained two mem-
bers (miR172a and b), which had identical mature sequence 
(Fig.  1a). After analysis of the degradome sequencing 
library, Solyc11g072600.1.1, a member of the AP2/ERF 
transcription factor family was identified as the target gene 
of miR172 (Fig. 2a, b). A number of studies showed many 
members of AP2/ERF transcription factor family in vari-
ous plants were involved in plant–pathogen interaction (Mo 
et al. 2011). In S. lycopersicum, a S. lycopersicum AP2/ERF 
transcription factor gene, TSRF1, activated the expression 
of GCC box—containing genes and significantly enhanced 

the resistance to Ralstonia solanacearum in S. lycopersi-
cum (Zhou et al. 2008). Arabidopsis plants overexpressing 
S. lycopersicum Pti4 displayed increased resistance to the 
fungal pathogen Erysiphe orontii and increased tolerance 
to the bacterial pathogen Pseudomonas syringae pv tomato 
(Gu et al. 2002). In Arabidopis, 10 members of the AP2/
ERF transcription factor family were induced by both the 
pathogen Fusarium oxysporum and jasmonic acid (JA) 
(McGrath et al. 2005). Overexpression analysis of ORA59, 
AtERF2, AtERF1 and AtERF15 revealed that they acted as 
positive regulators of resistance to pathogens such as Fusar-
ium oxysporum, P. syringae pv. tomato DC3000 and Botry-
tis cinerea (Berrocal-Lobo et al. 2002; Berrocal-Lobo and 
Molina 2004; McGrath et al. 2005; Pré et al. 2008; Zhang 
et al. 2015). Besides S. lycopersicum and Arabidopis, AP2/
ERF transcription factors from other plants were positive 
regulators, such as rice OsBIERF3, wheat TiERF1, Med-
icago truncatula MTERF1-1 and others (Cao et al. 2006; 
Chen et al. 2008; Anderson et al. 2010). However, some 
AP2/ERF transcription factors can also enhance plant sensi-
tivity to pathogen infection. In Arabidopis, functional analy-
sis of AtERF4 revealed that AtERF4 acts as a novel nega-
tive regulator of JA-responsive defense gene expression and 
resistance to the necrotrophic fungal pathogen F. oxysporum 
(McGrath et al. 2005). Similarly, the rice ERF transcrip-
tion factor OsERF922 negatively regulates resistance to 

Fig. 5   The ROS levels of WT and transgenic lines before and after 
inoculation with P. infestans. a DAB staining for H2O2. b NBT stain-
ing for O2

−. c SOD activity. d POD activity. e The expression level 
of SOD gene. f The expression level of POD gene. The data are pre-

sented as the mean ± SD of three independent experiment. Samples 
marked with different letters are significantly different (P < 0.05). Af. 
inocu after inoculation, Bef. inocu before inoculation
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Magnaporthe oryzae (Liu et al. 2012). In this study, the 
miR172 target gene, Solyc11g072600.1.1, which was anno-
tated as AP2/ERF transcription factor was down-regulated in 
miR172-overexpressed S. lycopersicum Zaofen No. 2 plants, 
which enhanced S. lycopersicum Zaofen No. 2 resistance to 
P. infestans (Figs. 4d, 5e). The miR172-overexpressed S. 
lycopersicum Zaofen No. 2 plants had less disease symp-
toms, lesion area and disease index after P. infestans infec-
tion (Fig. 4a–c). This suggested that miR172 act as a positive 
regulator of resistance to P. infestans; in contrasts, its target 
gene, a member of the AP2/ERF transcription factor family 
is a negative regulator because miR172 may be involved in 
silencing the AP2/ERF gene.

In plant–pathogen interactions, ROS was produced rapid 
and early to reduce the hypersensitive response (HR) (Kot-
choni and Gachomo 2006; Wi et al. 2012). But the late mas-
sive ROS lead to cell death (Li et al. 2015a). To avoid this 
phenomenon, the ROS-scavenging systems, such as POD 
and SOD enzymes, may scavenge excess ROS and protect 
the membrane against lipid peroxidation and damage (Shi 
et al. 2014; Li et al. 2015b). In a study on soybean miR172c, 
it was found that the SOD activity in miR172c-overexpress-
ing plants was higher than in WT plants under ABA and 
dehydration conditions, indicating that miR172c might 
regulate ROS accumulation and enhance drought stress tol-
erance (Li et al.2016). A number of studies indicated that 
AP2/ERF transcription factors, such as the target gene of 
miR172, were involved in ROS-related pathways (Wu et al. 
2008; Tian et al. 2011). The previous study showed that 
Arabidopsis ERF6 is possibly either a negative regulator of 
ROS production or a positive regulator of ROS detoxifica-
tion (Sewelam et al. 2013). In this study, miR172—medi-
ated silencing of AP2/ERF was a positive regulator of ROS 
detoxification. As shown in Fig. 5, the miR172-overex-
pressed S. lycopersicum Zaofen No. 2 plants had less H2O2 
and O2

−, higher activities of POD and SOD after inoculation 
with P. infestans. These results suggested that miR172-AP2/
ERF module in S. lycopersicum may regulate antioxidants to 
reduce the accumulation of ROS and prevent cell membrane 
injury after P. infestans infection.

In conclusion, it was found that miR172 and 
Solyc11g072600.1.1 transcripts in S. pimpinellifolium L3708 
were regulated by P. infestans. The degradome and qRT-PCR 
analysis showed that the expression of Solyc11g072600.1.1 
was negatively correlated with the expression of miR172. 
Through the phenotypic, physiological, and molecular analy-
ses of the miR172-overexpressed S. lycopersicum Zaofen 
No. 2 plant that were conducted in this study, miR172 was 
found to probably be involved resistance to P. infestans. Our 
results contributed relevant information to plant–pathogens 
interaction studies, thereby providing guidance for molecu-
lar breeding to improve biotic stress tolerance, especially P. 
infestans in the future.
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