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Plant cyclic peptides (CPs) are a large group of small molecule metabolites found
in a wide variety of plants, including traditional Chinese medicinal plants. However,
the majority of plant CPs have not been studied for their biosynthetic mechanisms,
including heterophyllin B (HB), which is one of the characteristic chemical components
of Pseudostellaria heterophylla. Here, we screened the precursor gene (prePhHB)
of HB in P heterophylla and functionally identified its correctness in vivo and in vitro.
First, we developed a new method to screen the precursors of HB from 16 candidate
linear peptides. According to transcriptome sequencing data, we cloned the genes that
encoded the HB precursor peptides and confirmed that the prePhHB-encoded precursor
peptide could enzymatically synthesize HB. Next, we generated the transgenic tobacco
that expressed prePhHB, and the results showed that HB was detected in transgenic
tobacco. Moreover, we revealed that prePhHB gene expression is positively correlated
with HB accumulation in P heterophylla. Mutations in the prePhHB gene may influence
the accumulation of HB in P heterophylla. These results suggest that HB is ribosomally
synthesized and posttranslationally modified peptide (RiPP) derived from the precursor
gene prePhHB-encoded precursor peptide, and the core peptide sequence of HB is
IFGGLPPP in R heterophylla. This study developed a new idea for the rapid identification
of Caryophyllaceae-type CP precursor peptides via RNA-sequencing data mining.

Keywords: cyclic peptide, heterophyllin B, gene, prePhHB, Pseudostellaria heterophylla

INTRODUCTION

Bioactive peptides have a wide range of physiological functions, including regulating signal
transmission, promoting enzyme synthesis, and resisting virus invasion (Jhamandas and Goncharuk,
2013; Noh et al., 2015). Cyclic peptides (CPs) are a special type of active peptides that have a circular
molecule structure (Daly et al., 2006; Otzen, 2017). CPs are distributed in a very wide range of
taxa, including plants, bacteria, fungi, and animals (Tan and Zhou, 2006; Cascales and Craik, 20105
Burman et al., 2014). They have a diverse range of biological activities, including anti-inflammation,
antibacterial, and anti-HIV activities (Henriques et al., 2011; Raju et al., 2014; Noh et al., 2015). In
addition, CP compounds can form tubular structures and act as membrane ion transferring carriers
(Rodriguez-Vazquez et al., 2014). Plant CPs are a large group of small molecule metabolites, typically
with 2-37 protein and non-protein amino acids (mainly L-amino acids), which are formed mainly by
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the peptidic bonds and isolated from the stem barks, leaves, seeds,
and roots of a wide variety of higher plants (Condie et al., 2011; Xu
etal,, 2012). So far, more than 450 plant CPs have been discovered
from 26 families of higher plants; they are most commonly found
in the Caryophyllaceae, Rhamnaceae, and Violaceae families (Tan
and Zhou, 2006; Burman et al., 2010; Pandey et al., 2012).

Several traditional Chinese medicinal plants contain
abundant plant CPs, including Pseudostellaria heterophylla
(Miq.) Pax (Morita et al., 1995; Han et al., 2008). P. heterophylla
is an herbaceous perennial, a Caryophyllaceae species known as
Taizishen (Hua et al., 2016a). Its dried tuberous root is named
Pseudostellariae radix and is a traditional Chinese medicine
with high pharmacodynamic value. It can be used to treat spleen
deficiency, anorexia, weakness after illness, and spontaneous
perspiration symptoms because of its various active components,
including saponins, polysaccharides, and cyclopeptides (Pang
et al,, 2011; Hu et al., 2013; Wang et al., 2013). Heterophyllin
B (HB) is one of the characteristic chemical components of P
heterophylla and is used as the quality control index for evaluating
Pseudostellariae radix in the Chinese pharmacopoeia (2010
edition, Volume I) (Zhao et al,, 2015). HB is a cyclic octapeptide
with a single ring formed with peptide bonds and eight L-amino
acids, which belongs to the Caryophyllaceae-like CPs and is
abundant in the tuberous roots of P. heterophylla (Zhao et al.,
2015). Studies have shown that HB is effectively suppressed the
adhesion and invasion of the human esophageal carcinoma cells
and ameliorates lipopolysaccharide-induced inflammation and
oxidative stress in macrophages by mediating the PI3K/AKT/p-
catenin pathways (Tantai et al., 2016; Yang et al., 2018). However,
the mechanism for the biosynthesis of HB is still unclear.

Fortunately, recent studies have found that CPs are generated
through two biosynthetic routes, which involve either non-
ribosomal peptide synthases or ribosome-dependent production
of precursor peptides. In one route, ribosomes are participated
in the initial ordering of mRNA-encoded amino acids to form a
linear peptide precursor (Schmidt et al., 2005; Gillon et al., 2008;
Arnison et al., 2013; Bionda and Fasan, 2017). In another route,
the amino acids are ordered without direct ribosome involvement,
via non-ribosomal peptide synthetases (Finking and Marahiel,
2004). Accumulated evidence suggests that ribosome-dependent
biosynthesis of CPs were widespread in animals and fungi
(Walton et al., 2010; Luo et al., 2012; Cai et al., 2016). Moreover,
ribosome-dependent biosynthesis of CPs also have been reported
in plant. Segetalins, belonging to Caryophyllaceae-like CPs, have
been demonstrated to be formed by ribosome-dependent linear
peptides (Condie et al,, 2011). It has also been reported that a
small amount of cyclized product (HB) was produced when linear
peptide NH2-Gly!-Gly?-Leu-Pro-Pro-Pro-Ile-Phe-COOH of HB
was incubated with crude enzyme extracted from P. heterophylla
(Jia et al., 2006; Xu et al.,, 2012). In addition, plant genomes do
not encode nonribosomal peptide synthetases (NRPSs) (Kersten
and Weng, 2018). Therefore, we hypothesized that HB is
biosynthesized from ribosome-derived linear precursors.

In the present study, we developed a new approach to screen
the precursor genes (prePhHB) of HB in P. heterophylla. It was
demonstrated in vivo and in vitro that linear peptides encoded
by prePhHB could eventually synthesize HB. Moreover, it is

probable that mutations in the prePhHB gene affect HB synthesis
in P, heterophylla.

MATERIALS AND METHODS

Plant Materials

Sample collection was performed for P. heterophylla cultivated
in five areas, including Jiangsu Province, Fujian Province, Anhui
Province, Guizhou Province, and Shandong Province, China.
Among them, three samples were collected from per cultivated
area. These samples were used to compare the content of HB. All
sample information is shown in Table S1.

Regarding transplantation, P. heterophylla from the above four
areas (the specific location is shown in Table S2) were planted in
Guizhou (107°55'31”N, 27°8'24"E) for 1 year. After that, these
plants of P. heterophylla were used for gene sequence analysis and
HB analysis.

Wild-type tobacco seeds were surface-sterilized, planted on
Murashige and Skoog (MS) medium, and solidified with 3%
(w/v) sucrose and 0.7% (w/v) agar. Six-week-old tobacco plants,
which were grown in an intelligent artificial climate box under
long-day conditions (16 h light/8 h dark) at 25°C, were used for
identification of the prePhHB gene.

Character Analysis

Sampling was performed according to the quartering method.
The weight of single fresh tuberous root of 138 P. heterophylla
samples was determined through an electronic balance. Twenty
tuberous roots were measured for each sample. The weight
accuracy is 0.01 g.

High-Performance Liquid Chromatography
(HPLC) Analysis
All samples were dried at 60°C up to dryness via the oven-drying
method and crushed to a mediate powder. Next, 0.5 g of the
mediate powder in 25 ml of ethanol was ultrasonicated for 45
min and filtered. Next, 20 ml of the filtrate was evaporated to
dryness; the residue was dissolved in 5 ml of ethanol, which was
passed through 0.45-um syringe filters to obtain the test solution
and analyzed via HPLC. HB standard (purity > 95%) was
obtained from Laboratory of Phytochemistry, Kunming Institute
of Botany, Chinese Academy of Sciences (Kunming, China).
HPLC analysis of HB was performed on a Shimadzu LC-20AD
Prominence HPLC System (Shimadzu, Japan) that consisted of a
LC-20AD Pump, a SIL-20A Autosampler, an SPD-M20A DAD,
and a CTO-20AC column heater, using a Pntulips™ QS-C18
column (4.6 x 250 mm, 5-um particle size). The mobile phase
was acetonitrile: H,O (31: 69, v/v). The flow rate was kept at 1.0
ml/min, and the eluate was injected onto a DAD detector. The
injection volume of the test solution was 20 pl, and the injection
volume of HB standard was 10 pl. The column temperature was
maintained at 30°C, and the wavelength of the detector was set
at 192 nm. HB was identified via its retention time and spectral
data compared with those of HB standard, and the content of
HB in the test solution was calculated via the one-point external
standard method.
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Total RNA Extraction and cDNA Synthesis
Total RNA was extracted from each sample using a RNAiso
Plus Kit (TaKaRa, Japan) according to the manufacturer’s
instructions. RNA integrity was determined using 1.5%
agarose gel; RNA concentration and purity were assessed on a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA). Next, 800 ng of total RNA from each sample was reverse-
transcribed into single-stranded cDNA using a M-MLV Reverse
Transcriptase Kit (TaKaRa, Japan) and oligo (dT),; primer,
following the manufacturer’s instructions. The first-strand
c¢DNA was diluted to a final concentration of 80 ng-ul~! and used
as templates for PCR and real-time quantitative polymerase
chain reaction (RT-qPCR).

DNA Extraction

DNA was extracted from the kanamycin-resistant tobacco
plants using the modified CTAB method (Arseneau et al., 2017).
And the presence of the prePhHB gene was demonstrated via
PCR analysis.

Gene Screening

Considering that the cyclization pattern of Caryophyllaceae-
like CPs is head-to-tail, their nomenclature is written as a one-
line text formula, including the prefix “cyclo,” a hyphen and a
sequence of amino acids in a particular order (Spengler et al,,
2005; Arnison et al., 2013). In the case of HB, being a cyclic
octapeptide, 16 possible symbols after ring-opening can be used
to write its single line formula (Table 1). They were screened for
exact matches from six-frame translations of the P. heterophylla
RNA-sequencing (RNA-seq) database (Li et al., 2016). Finally,
similarity analysis was performed between the predicted amino
acid sequences of the retrieved cDNAs and the amino acid
sequences of known CP precursor (Condie et al., 2011).

Isolation of the Full-Length cDNA of
prePhHB

A pair of primers, prePhHB-F/prePhHB-R (Table 2), were designed
to amplify the unigene c57752_g2 from P. heterophylla (“GZSB”)
for sequence verification. The amplified PCR products were directly
cloned into pMD19-T vector (TaKaRa, Japan) and then transformed
into Escherichia coli DH5a competent cells (Tiangen, China)
according to the manufacturer’s instructions. Putative recombinant
clones were screened via PCR using M13 primers (Table 2), and

TABLE 2 | Primers used to isolate HB precursor genes from P. Heterophylla,
M13-R and M13-F.

Primer name Sequence (5'>3)

T15 TTTTTTTTTTTTTTT

prePhHB-F ATGTCTACTATTTCAGCC

prePhHB-R CTTACACCATGAGGAAA

prePhHB-5 AGGAGGAGGAAGACCCCCAAAAAT
prePhHB-3 ATTTTTGGGGGTCTTCCTCCTCCT

Long primer CTAATACGACTCACTATAGGGCAAGCAGTGGTA

TCAACGCAGAGT
AGTA GGGGGTCTTCCTCCTC
TACACAACACCATAAAAGCCCAACG

CDS-prePhHB-F
CDS-prePhHB-R

prePhHB-S CGCGGATCCATGTCTACTATTTCAGCCATCCAC
prePhHB-A CCGGAATTCTTACACCATGAGGGAAATATCATC
prePhHB-qF AGCCGAGTATTTTTGGGGGTCTTCC
prePhHB-gR CATAAAGGCCCAACGGTGACGGAC

PhACT2-F CTCCATACCGATAAATGAAGGC

PhACT2-R CACTGTTCCAATCTATGAGGGTTA

QX-F ACGACTCAATGACAAGAAGAA

QX-R CCGGCGGTAAGGATCTGA

Actin-gF CAGCAAAGACCAGCTCATCC

Actin-gR AGCAGCTTCCATTCCGATCA

M13-R CAGGAAACAGCTATGAC

M13-F GTAAAACGACGGCCAG

the positive clones were further confirmed via Sanger sequencing
at Nanjing GenScript Biotech Co., Ltd. (Nanjing, China).

After DNA sequencing analysis, two RACE specific primers,
prePhHB-5 and prePhHB-3 (Table 2), were designed based on the
108-bp singlet to clone the 5’- and 3’- ends of the prePhHB cDNA
via rapid amplification of cDNA ends (RACE) using the SMARTer®
RACE 5°/3’ Kit (TaKaRa, Japan), according to the manufacturer’s
instructions. Other experimental methods are shown above.

Isolation of the Coding Sequence of
prePhHB

To determine whether the newly identified prePhHB exhibits
sequence differences in the differently cultivated P. heterophylla,
one pair of specific primers, CDS-prePhHB-F/CDS-prePhHB-R
(Table 2), was designed for specific combination with the prePhHB
sequence which the core peptide of HB. The cloning procedure used
was the same as described above. Lastly, positive clones (named
prePhHB-JS]R, prePhHB-AHXZ, prePhHB-GZSB, and prePhHB-
FJZR, respectively) were picked out and sent to GenScript (Nanjing,
China) and Sangon Biotech (Shanghai, China) for sequencing.

TABLE 1 | Sixteen possible amino acid sequences after the ring-opening of the cyclic octapeptide HB; these were screened for exact matches from six-frame

translations of the P. heterophylla RNA-seq database.

No. Amino acid Number of Unigene number No. Amino acid Number of Unigene
sequences unigene sequences unigene number

1 IFGGLPPP 1 c57752_g2 9 PPPLGGFI 0 0

2 FGGLPPPI 0 0 10 IPPPLGGF 0 0

3 GGLPPPIF 0 0 11 FIPPPLGG 0 0

4 GLPPPIFG 0 0 12 GFIPPPLG 0 0

5 LPPPIFGG 0 0 13 GGFIPPPL 0 0

6 PPPIFGGL 0 0 14 LGGFIPPP 0 0

7 PPIFGGLP 0 0 15 PLGGFIPP 0 0

8 PIFGGLPP 0 0 16 PPLGGFIP 0 0
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Phylogenetic Analysis

Multiple alignments of amino acid sequences were performed
using the ClustalX (version 2.1) software, and then, the neighbor-
joining phylogenetic tree was constructed via using MEGA 6.0
software. Branch points were assessed by bootstrap analysis with
1,000 replications.

Enzymic Synthesis of HB In Vitro

The linear precursor of HB encoded by prePhHB gene was
synthesized using the FlexPeptide™ technology by GenScript
(Nanjing, China). Five grams of phloem of the tuberous roots
of “GZSB” were manually homogenized with a ceramic pestle
in a 100-mm ceramic mortar in 4 x 5 ml 20 mM Tris-HCI (pH
8.0) on ice and transferred to a 50-ml sterile microcentrifuge
tube. Next, 2 ml 20 mM Tris-HCI (pH 8.0) solution was used
to clean the mortar and was transferred to the 50-ml sterile
centrifuge tube. Shaking and extraction were performed
at 100 rpm for 30 min, followed by centrifugation at 8,000
rpm for 30 min. The supernatant was centrifuged using 100-
kDa ultrafiltration centrifuge tube and then using 30-kDa
ultrafiltration centrifugal tube. The concentrate collected was
then added with an appropriate amount of 1 M Tris-HCI (pH
8.5), shaken, and centrifuged. This crude extract supernatant
(i.e., crude enzymes) was used for in vitro functional assays
of linear precursor of HB. The crude enzymes were identified
via SDS-PAGE and measured using a BCA Protein Assay Kit
(CWBIO, China).

An in vitro functional assay for linear precursor of HB was
performed in a 2-ml reaction mixture that contained 20 mM Tris-
HCI (pH 8.5), 100 mM NaCl, 5 mM DTT, 0.2 mg BSA, and 25
pg-ml! linear precursor of HB. The reaction was initiated by the
addition of 1 mg crude enzyme. Five different reaction times and
the temperature range of 25 to 37°C were screened to determine
the optimum time and temperature condition for the reaction.
At the indicated times, 2 ml of reaction mixture was removed
and stopped via placing reactions in dry ice. The samples were
then filtered using 0.22-pm filters, and a 2-ml filtered sample was
analyzed via HPLC (see above).

Construction of the prePhHB Expression
Vector and Genetic Transformation

The full-length coding sequence of prePhHB with specific
restriction enzyme sites (Table 2) was cloned into the pLGNL
vector at the BamH I and EcoR I sites to obtain the transformation
vector pLGNL-prePhHB. Therefore, a fragment of prePhHB
was driven by the cauliflower mosaic virus 35S promoter. All
constructs were verified via DNA sequencing.

After sequence verification, the resultant plasmid (pLGNL-
prePhHB) was transformed into the Agrobacterium tumefaciens
strain LBA4404 competent cells (Weidi, China) using the freeze-
thaw method. And then transferred into tobacco plants via
Agrobacterium-mediated transformation following the protocol
described by Pathi (Pathi et al., 2013). Next, transgenic lines were
selected on a selective medium containing 50 mg/L kanamycin
and 100 mg/L cefotaxime sodium salt and transferred to soil and
grown until seed harvest.

Ultra-High-Performance Liquid
Chromatography-Mass Spectrometry
(UHPLC-MS/MS) Analysis

The roots, stems, and leaves of transgenic lines (L1, L22, and
L25) along with WT (wild-type tobacco, non-transgenic)
plants were dried to dryness at 60°C via the oven-drying
method and then crushed to mediate powder. Next, 2 g of the
mediate powder in 50 ml of ethanol was ultrasonicated for 45
min and filtered. Then, 25 ml of the filtrate was evaporated
to dryness. The residue was dissolved in 5 ml of ethanol and
filtered through a 0.22-pm syringe filter into a sample vial for
subsequent analysis.

Thermo Scientific  UHPLC Accela 1250 System was
connected to a Thermo Scientific TSQ Quantum Access MAX
Mass Spectrometer (San Jose, CA, USA) to perform the analysis.
The chromatographic separation was performed using a Thermo
Scientific UHPLC Accela 1250 System consisting of an Accela
1250 PDA Detector, an Accela HTC PAL Autosampler, and an
Accela 1250 pump. The extract was applied to a Hypersil GOLD
column (50 mm x 2.1 mm, 1.9 um) maintained at 45°C. The
mobile phase was acetonitrile: 0.1% formic acid/water (30:70,
v/v). The injection volume was 5 pl, and the flow rate was kept
at 0.2 ml/min.

Mass spectrometric detection was carried out on a Thermo
Scientific TSQ Quantum Access MAX Mass Spectrometer,
which was equipped with an electrospray ionization (ESI)
interface operating in positive ion mode. The parameters
were set as follows: the pressure of nebulizing gas (N,) was
set at 30 and 5 arbitrary units (Arb), respectively; capillary
temperature, 350°C; nebulizing temperature, 500°C; spray
voltage, 2500 V; and scanning frequency, 0.1 s. The selected
reaction monitoring (SRM) transitions were monitored at
m/z 69.52 - 183.10. Data acquisition was performed on the
LCQUAN™ quantitation software.

RT-gPCR

RT-qPCR primers are listed in Table 2. RT-qPCR was performed
using a SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa,
Japan) with an Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems, USA). All reactions were performed
in three biological replicates per sample with three technical
replicates each. Relative expression of prePhHB in each sample
was calculated using the 2-2°T method (Ballester et al., 2013). The
PhACT2 (GenBank accession number KT363848) and ACTIN
(GenBank accession number AY179605) genes were used as
housekeeping genes, respectively.

Statistical Analysis

All results are expressed as the means + standard errors of
mean (SEM). Statistical analysis and graphs were performed
using GraphPad Prism (version 7.0). Potential differences
between the mean values were evaluated using a one-way
analysis of variance (ANOVA) followed by the least significant
difference (LSD) test for post hoc comparisons when equal
variances were assumed. P < 0.05 was considered as statistically
significant difference.
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RESULTS

The Content of HB in P. Heterophylla Is
Different in Five Planting Regions

At present, in the traditional Chinese medicine market, the
cultivated P. heterophylla are mainly produced from five provinces
of China, including Shandong, Jiangsu, Anhui, Guizhou, and
Fujian. We collected the samples of P. heterophylla from these
provinces and measured the fresh weight of single tuberous root.
No significant differences were found when we compared the
characters of flowers, leaves, and tuberous roots of P. heterophylla
(Figure 1A). However, the results showed that the fresh weight
of tuberous roots also had no statistically significant difference in
these P. heterophylla samples (Figure 1B).

HB is one of the characteristic chemical components of P
heterophylla, which is a cyclic octapeptide with a single ring
formed with peptide bonds and eight L-amino acids (Figure
1D). We further detected the HB content in tuberous roots
of cultivated P. heterophylla from different areas using HPLC
(Figure 1E). Surprisingly, even though under the same detection
conditions, HB was not detected in the cultivated P. heterophylla
from Fujian province (Figures 1C, E). This result indicates
that the accumulation of HB in P. heterophylla has a distinct
regionality. We also speculated that this regionality may be
related to the ecological environment and the germplasm genetic
factors of P. heterophylla.

To eliminate the influence of environmental factors on
the accumulation of HB in P. heterophylla, we introduced P
heterophylla seedling from these four provinces (Fujian, Jiangsu,
Anhui, and Guizhou) into the same environment (Table S2).
We also detected the content of HB in tuberous roots of P
heterophylla. The results were similar to those found above; it is
suggested that HB content differences may be mainly related to
the germplasm genetic factors.

Screening of the prePhHB Gene-
Encoding Linear Precursor of HB From
P. Heterophylla
To obtain the gene encoding the linear precursor of HB, we
opened the ring of HB to 16 possible linear peptides. These linear
peptides were matched to amino acid sequences which translated
from the P heterophylla RNA-seq database via six-frame
translations (Figure 2A). The results showed that the amino acid
sequence no. 1 was matched to one unigene (i.e., ¢57752_g2)
(Table 1). To further identify the unigene ¢57752_g2, we used
the putative amino acid sequence of the unigene (c57752_g2) to
perform a homologous comparison with the Caryophyllaceae-like
CP precursors of Saponaria vaccaria and Dianthus caryophyllus
(accession numbers AW697819 and CF259478). The results
from multiple amino acid sequence alignment and amino acid
composition analysis showed that there is a high similarity
between the 12 amino acid sequences (Figure 2B). These results
suggest that the unigene c57752_g2 may be a precursor gene
encoding the linear precursor of HB, which is named perPhHB.
Based on the known fragment of perPhHB, specific primers
for RT-PCR, 5’-RACE, and 3’-RACE were designed to isolate the

full-length perPhHB cDNA sequence from P. heterophylla. The
full-length cDNA (386 bp) contained a 108-bp coding sequence,
which encodes a putative precursor of HB with 35 amino acids,
a 63 bp 5’-untranslated region (UTR), and a 152 bp 3’-UTR with
an AATAAAA frame and a 28-bp poly (A) tail (Figure 2C).

A neighbor-joining phylogenetic tree was constructed via
the MEGA 6.0 software with 1,000 bootstrap replications, which
based on alignment of the amino acid sequences of prePhHB and
other amino acid sequences that encode the Caryophyllaceae-like
CP precursors. Phylogenetic analysis showed that the 12 amino
acid sequences were clustered into two branches: one branch
was class I CPs of Saponaria vaccaria and CPs of Dianthus
caryophyllus; another branch was included class II CPs of
Saponaria vaccaria and HB of P. heterophylla (Figure 2D). Thus,
prePhHB is likely the biosynthetic precursor of HB.

prePhHB Gene Expression Is Positively
Correlated With HB Accumulation in

P. Heterophylla

To preliminarily confirm the function of prePhHB, the expression
levels of HB synthesis related genes were analyzed using FPKM
(fragments per kilobase of exon model per million mapped
reads) (Figure 3A) (Li et al., 2016). The results showed that the
expression level of the prePhHB gene was highest among these
related genes in the tuberous root. Furthermore, the prePhHB
expression level in phloem of tuberous root surpassed xylem. We
measured the HB content of four tissues of P. heterophylla and
analyzed the correlation between prePhHB gene expression level
and HB content. The results revealed that the HB content had
a significant difference in these tissues (Figure 3B). The results
of correlation analysis revealed that prePhHB expression level
was positively correlated with the HB content in P. heterophylla
(Figure 3C). Accordingly, the level of prePhHB transcription was
completely in accordance with the HB accumulation pattern in
the different organs of P. heterophylla, which further indicated
that prePhHB is the precursor gene of HB.

HB Is Derived From prePhHB-Encoded

Linear Peptide in Enzymatic Conditions

To investigate whether the prePhHB-encoded linear peptide could
be converted to HB, an enzyme-catalyzed reaction was tested
in vitro (Figure 4A). As mentioned above, compared to other
tissues of P. heterophylla, prePhHB was much more expressed
in phloem of the tuberous roots; therefore, we hypothesized
that the enzymes catalyzing the cyclization of the prePhHB-
encoded linear peptides are mainly accumulated in developing
phloem of the tuberous roots of P heterophylla. Nevertheless,
these enzymes and their corresponding functions have not been
isolated and identified, respectively. Therefore, crude enzymes
extracted from the phloem of tuberous roots of P. heterophylla
were used in this experiment. The prePhHB-encoded linear
peptide (MSTISATHIMKPSIFGGLPPPSQELINGDDISLMV) was
synthesized, and a purity of more than 86.71% and an MW of
1237.75 was confirmed via HPLC and LC-MS (Figure S1).
The prePhHB-encoded linear peptide was catalyzed by crude
enzymes for gradient time or temperature. The reaction products
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FIGURE 1 | There is a difference in the content of HB of P heterophylla with respect to the areas of major cultivation in China. (A) Morphological pictures of the
flowers, leaves, and tuberous roots of cultivated P heterophylla in five areas, including Jiangsu Province, Fujian Province, Anhui Province, Guizhou Province, and
Shandong Province, China. (B) Analysis of fresh weight per tuberous roots in five provinces of China. Small circles of different colors were shown as the means of

3 biological replicates each containing 20 tuberous roots, and bars represent means + SEM of 4 independent regions for “Shandong,” 3 independent regions for
“Jiangsu”, 8 independent regions for “Anhui”, 16 independent regions for “Guizhou”, and 13 independent regions for “Fujian”. (C) The content of HB in the tuberous
root of cultivated P, heterophylla in five provinces. Small circles of different colors also represent means of three biological replicates, and bars represent means

+ SEM of n independent regions (n = 4 for “Shandong”, n = 3 for “Jiangsu”, n = 8 for “Anhui”, n = 16 for “Guizhou”, n = 13 for “Fujian”). Data between provinces
(Shandong Province vs. Fujian Province, Jiangsu Province vs. Fujian Province, Anhui Province vs. Fujian Province, Guizhou Province vs. Fujian Province) were
analyzed by one-way ANOVA, and **** denotes statistical significance at p < 0.0001. (D) Structure of HB (a cyclic octapeptide). (E) HPLC analysis of HB in tuberous
roots of cultivated P. heterophylla from five provinces. The structure of HB, corresponding to the peaks, is marked by the red arrow.
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FIGURE 2 | Screening and identification of the preheterophyllin B gene from the P heterophylla RNA-seq database. (A) Schematic diagram of the preheterophyliin
B gene acquisition. (B) Manual alignment of the predicted amino acid sequences of cDNAs encoding putative CPs of (i) P heterophylla, (i) Saponaria vaccaria, and
(iii) Dianthus caryophyllus. Core peptide motifs are shown in gray. (C) Nucleotide and deduced amino acid sequences of the prePhHB gene. The start codon (ATG)
and the stop codon (TAA) are shaded with gray. The nucleotide sequences (yellow) and deduced amino acid sequences (dark blue) of the core peptide motif are
shown. The AATAAAA frame is shaded in pink. Blue indicates the poly (A) tail. (D) Phylogenetic analysis and motif analysis of the amino acid sequences that encode
the Caryophyllaceae-like CP precursors. Class | are precursors of segetalin A, segetalin B, segetalin D, segetalin G, segetalin H, segetalin K, and segetalin L of S.
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were also assayed for HB content via HPLC (Figure S2). The
results showed that the content of HB was gradually increased
with elevation of the reaction temperature, but it was gradually
decreased with an increase of the reaction time. However, under
different conditions, it is particularly noteworthy that the amount
of produced cyclized products (HB) was significantly higher
when compared with the control group (p < 0.001) (Figures
4B, C).

Expression of the prePhHB in Tobacco
Resulted in HB Generation

To further identify the products of prePhHB, the prePhHB gene
was introduced into tobacco using Agrobacterium-mediated
transformation. The full-length coding sequence of prePhHB was
cloned into the pLGNL expression vector and was genetically
transformed in tobacco leaves. After co-cultivation for 3 days in

MS medium, the plants were transferred to a selection medium
with 100 mg/L Kan and 500 mg/L Cef. The kanamycin-resistant
plants and PCR positive plants were transferred to the rooting
medium (Figures S3 and S4A). Next, the plants with complete
root development were selected and transferred to a greenhouse
for further growth. Total RNA was extracted from the stems,
leaves, roots of transgenic lines, and WT plants and subjected
to RT-PCR using specific primers of prePhHB. As expected,
expression of prePhHB was detected in the stems, leaves, and
roots of transgenic plants but was not detected in WT tobacco
(Figures 5A and S4B).

To determine whether the expression of prePhHB enables
HB formation, the metabolites were extracted and subjected
to UPLC-MS/MS analysis. Based on UPLC-MS/MS, the roots,
stems, and leaves of transgenic lines (L1, L22 and L25) were
found to contain HB, while no HB was detected in the roots,
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FIGURE 3 | The relative expression level of prePhHB gene was positively correlated with the content of HB in the tissues of P heterophylla. (A) Heat-map of
the differentially expressed unigenes associated with biosynthesis of HB in phloem of tuberous roots, flower, stems, leaves, and xylem of tuberous roots of
P, heterophylla. prePhHB is highlighted with a red box. Three biological replicates were plant numbers 1, 3, and 4, respectively (Li et al., 2016). (B) The content
of HB in phloem of tuberous roots, stems, leaves, and xylem of tuberous roots of P. heterophylla. Bars represent the means values + SEM of three biologically
independent replicates. (C) Correlation between the relative expression level of prePhHB and the content of HB (i.e., Fig 3A vs. 3B), each independent point
represents means of three technical replicates and the independent points, with same color, which indicate three biological replicates (> = 0.8768, p < 0.0001).

stems, and leaves of WT tobacco (Figure 5B). Moreover, the HB
content in L22 roots was the highest, up to 0.044% (Figure 5C).
Thus, HB is derived from the precursor gene prePhHB.

Mutations in the prePhHB Gene May
Affect the Accumulation of HB in “FJZR”

To investigate the mechanisms underlying regional difference
in the HB content in P. heterophylla from different regions, we
transplanted P. heterophylla from different regions (Jiangsu,
Anhui, Fujian, Guizhou) to the same place (Guizhou) for 1
year to eliminate environmental factors. HB was identified and
quantified using HPLC-DAD. We found that there were significant
differences in the HB content among four provenances (“JSJR’,
“FJZR”, “AHXZ”, and “GZSB”). However, HB was not detected in
the tuberous roots of “FJZR” (Figure 6A). The expression level of
prePhHB was evaluated via RT-qPCR. As shown in Figure 6B,
the prePhHB was low expression in “FJZR’, which is consistent
with the change in HB content.

To further explore the molecular mechanism of low
expression of the prePhHB in “FJZR’, we cloned and sequenced
the full-length coding sequence of prePhHB from “JSJR’, “FJZR,
“AHXZ”, and “GZSB”. The DNA sequencing results showed that
two mutations were detected in “FJZR” in addition to the normal
prePhHB-FJZR1 gene of the prePhHB. Concretely, three pairs of
bases were inserted into 54 to 56 sites in the ORF of the prePhHB-
FJZR2, which resulted in the increase of 1 amino acid residue
(Phe). Meanwhile, three pairs of bases were deleted at 61 to 63 in

the OREF of the prePhHB-FJZR3, which resulted in the deletion of
one amino acid residue (Pro) (Figure 6C).

DISCUSSION

Caryophyllaceae-type CPs have been reported from Caryophyllaceae
family, Rhamnaceae family, and other eight families (Picur
et al., 2006; Cascales and Craik, 2010). Although evidence
has been presented for biosynthesis of segetalins in Saponaria
vaccaria L., very little known is the biosynthesis of CPs in P
heterophylla (Condie et al., 2011). In the present study, we
developed a new method to screen the precursor genes of
HB in P. heterophylla, which will provide new ideas for the
study of the Caryophyllaceae-type CPs with known chemical
structures, but their core peptides and precursor genes are
unknown. Specifically, this method is to take 16 possible
amino acid sequences after ring-opening of the cyclic
octapeptide HB as query sequences and screen them from six-
frame translations of the P. heterophylla RNA-seq database to
accurately match the candidate genes (Figure 2A).

From the transcriptome data, we found that only 1
(IFGGLPPP) of the 16 amino acid sequences was perfectly
matched. The deduced protein sequence of this sequence
(prePhHB) shows high similarity to Caryophyllaceae-like CP
precursor peptides. Moreover, in the phylogenetic tree, the
prePhHB is closely related to the precursor peptides of segetalin
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F and segetalin ] of Saponaria vaccaria. These results suggest
that the prePhHB may be the precursor peptide of HB. Most
interestingly, prePhHB contained a core peptide (IFGGLPPP)
motif. However, this is different from previous reports that the
core peptide of HB may be GGLPPPIF (Xu et al., 2012). In this
study, we identified, cloned, and characterized the prePhHB
from the tuberous root of P. heterophylla via RNA-seq database
and the RACE method. The prePhHB function was confirmed
through an in vitro enzyme assay of the crude enzymes obtained
from the phloem of tuberous roots of P. heterophylla and was
demonstrated via heterologous expression of this gene in tobacco
and analysis of HB in extracts. These results demonstrated
that HB is ribosome-dependent production derived from the
precursor peptide prePhHB, and plant genomes do not encode
NRPSs (Kersten and Weng, 2018). Therefore, we think that HB
is ribosomally synthesized and posttranslationally modified
peptide (RiPP). Additionally, HB can be produced in tobacco
when the prePhHB gene is present and expressed. It suggests
that tobacco must contain enzymes necessary to process the

precursor peptide to engender HB. Interestingly, similar results
were also found in lyciumin A, B, and D (i.e., three plant CPs)
(Kersten and Weng, 2018).

Besides, we discovered the existence of significant differences
in HB content in cultivated P. heterophylla from different areas.
The content of HB was the highest in the Jiangsu P. heterophylla;
however, almost no HB was detected in the Fujian P. heterophylla.
Previous studies have also shown that there are obvious differences
in the quality of different cultivated P. heterophylla from different
fields (Hua et al., 2016b; Hua et al., 2016c¢). These variances might
be related to differences in the ecological environment, genetic
information, and cultivation techniques. To eliminate the effect
of environmental factors on HB accumulation in P. heterophylla,
we transplanted P. heterophylla seedling from four provinces
(Fujian, Jiangsu, Anhui, and Guizhou) to the same environment.
We found that the content of HB also could not detect in the
P. heterophylla which transplanted from Fujian province. These
data suggested that the difference in content of HB mainly related
to the germplasm genetic factors.
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WT

Given this interesting phenomena, under the premise
of eliminating the ecological environment and cultivation
technology, we established correlations between prePhHB
expression patterns and HB distributions in “JSJR”, ‘FJZR’,
“AHXZ”, and “GZSB”. Interestingly, the relative expression
level of prePhHB among “JSJR’, “AHXZ”, and “GZSB” that
the differences among cultivars were very high but not much
different in HB content. It is suggested that the formation
and accumulation of HB in P. heterophylla may be influenced
by the precursor gene prePhHB, the key enzyme genes of
biosynthesis, and other regulatory genes. More interestingly,

we found that there are two mutants of prePhHB in “FJZR;
prePhHB-FJZR2 and prePhHB-F]JZR3, respectively, as well as
normal prePhHB-FJZR1, but HB has not been detected. This
result can be explained as follows: although prePhHB-FJZR1
contains no mutation, the relative expression of the prePhHB-
FJZR1 gene is less than 0.002, so the amount of HB formed may
be very small, which is less than the minimum detection limit
of HPLC analysis. And under the chromatographic conditions
of this study, the minimum detection limit of HB was 0.673
pug/ml. Moreover, Caryophyllaceae-like CPs are head-to-
tail-cyclized plant CPs (Spengler et al., 2005; Arnison et al.,
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FIGURE 6 | Mutations of prePhHB may result in accumulation of HB in “FJZR”. (A) HB was identified and quantified using HPLC-DAD, and N.D. is not detected.
Bars represent the mean values + SEM of three biological replicates. (B) The expression pattern of prePhHB in tuberous roots of P heterophylla that were originated
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2013). Thus, the mutant genes prePhHB-F]JZR2 and prePhHB-  of CPs that the changes of amino acids in prePhHB-FJZR2 and
FJZR3 may encode two new Caryophyllaceae-like CPs: cyclo-  prePhHB-FJZR3.

[IFGGLPP] and cyclo-[IFGGLPFPP], which may be detected Overall, our results suggest that HB is RiPP derived from the
in the crude extracts of FJZR samples via the UPLC-MS-MS.  precursor gene prePhHB-encoded precursor peptide, and the
These results indicate that the mutation of prePhHB leads to  core peptide sequence of HB is IFGGLPPP in P. heterophylla.
the formation of an abnormal linear peptide in the precursors  These findings developed a new idea for the rapid identification
of HB, which ultimately affects the synthesis of HB. Further  of Caryophyllaceae-type CP precursor peptides via RNA-seq data
UPLC-MS-MS analysis and NMR analysis experiments would ~ mining. Further work should characterize the enzymes involved
be needed to draw conclusions about the influence formation  in the biosynthesis of HB.
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