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Harpin Hpal promotes flower e
development in Impatiens and Parochetus plants
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Abstract

Background: The harpin protein Hpa1 has multiple beneficial effects in plants, promoting plant growth and devel-
opment, increasing crop yield, and inducing plant resistance to pathogens and insect pests. In these effects, the
10-40 residue fragment (Hpa1l,,_4,) isolated from the Hpal sequence is 1.3 to 7.5-fold more effective than the full
length.

Results: This study extends the beneficial effects of Hpal and Hpal,_4, to flower development in three species of
the garden balsam Impatiens and the garden scoparius Parochetus communis plant. The external application of Hpal
or Hpal,y_4, to the four ornamental plants had three effects, i.e, promoting flower growth, retarding senescence of
fully expanded flowers, and increasing anthocyanin concentrations in those flowers and therefore improving their
ornamental visages. Based on quantitative comparisons, Hpal,,_4, was at least 17 and 42 % more effective than Hpa'
to increase anthocyanin concentrations and to promote the growth of flowers or delay their senescence.

Conclusion: Our results suggest that Hpal and especially Hpa1,,_,, have a great potential of horticultural applica-

tion to increase ornamental merits of the different garden plants.
Keywords: Hpal,.4, Impatiens spp., Parochetus communis, Flowering, Anthocyanin

Background

Hpal is a harpin protein produced by Xanthomonas ory-
zae, the pathogen that causes bacterial blight of rice (Zhu
et al. 2000; Liu et al. 2006; Chen et al. 2008a; Li et al. 2004,
2014a, b). Like all harpin orthologs identified in different
species of Gram-negative plant pathogenic bacteria (Wei
et al. 1992; He et al. 1993; Dong et al. 1999, 2004, 2005;
Kim and Beer 2000; Liu et al. 2006, 2010, 2011), Hpal
induces plant growth and defense responses (Peng et al.
2004; Liu et al. 2006; Ren et al. 2006a, b, 2008; Wu et al.
2007; Zhang et al. 2007, 2011a, b; Chen et al. 2008a, b;
Sang et al. 2012). The dual effect depends on plant sens-
ing of the nitroxyl-terminal region in the Hpal sequence
(Wang et al. 2008; Li et al. 2014b; Ji et al. 2015). From this
region, the 10—42 residue fragment (Hpal,,_4,) has been
isolated, produced by prokaryotic expression (Wu et al.
2007; Chen et al. 2008a; Li et al. 2014b), and analyzed for
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and indicate if changes were made.

its multifaceted effects on Arabidopsis (biological model
plant), tobacco (cash crop), tea (drinking crop), rice (food
crop), and wheat (food crop). In these plants, Hpal,; 4,
is 1.3 to 7.5-fold more effective than the full-length Hpal
protein in inducing resistance to pathogens and enhanc-
ing plant growth or increasing crop products (Wu et al.
2007; Chen et al. 2008a, b; Li et al. 2014b). In addition
to the phenotypic effects, Hpal;,_4, is also stronger than
Hpal in inducing the expression of growth-promoting
genes (Wu et al. 2007) and defense response genes (Chen
et al. 2008a; Li et al. 2014b) in plants under conditions
of normal growth and pathogen attack, respectively.
Moreover, Hpal,,_,, display higher activities than Hpal
in promoting leaf photosynthesis (Li et al. 2014b) and
phytohormone signaling pathways (Chen et al. 2008a)
associated correspondingly with plant growth enhance-
ment and defense responses. These findings suggest the
physiological and molecular bases of the multiple roles
that Hpal and Hpal,,_4, play in plants.

These findings further suggest that Hpal and Hpal,, 4,
in particular have a promising potential of agricultural
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application for improving developmental and/or defensive
properties of economically significant crops. In tea plants,
Hpal,y_4, is 1.3-fold more active than Hpal in increasing
the yield of top three leaves used as drinking material (Wu
et al. 2007). In rice, Hpal,,_, is 2.7 and 7.5 times stronger
than Hpal in eliciting resistance to blast (Chen et al.
2008b) and bacterial blight (Chen et al. 2008a), respec-
tively. Meanwhile, the growth enhancement is 1.5-fold
higher (Chen et al. 2008a) and the grain yield increase is
2.0-fold more (Chen et al. 2008b) in rice plants treated with
Hpal,;_4, compared to Hpal. In wheat, de novo expres-
sion of Hpal,,_4, leads to enhancements of resistance to
Fusarium head blight (Yang et al. 2013), powdery mil-
dew (Wang et al. 2014) and English grain aphid (Fu et al.
2014). In tobacco, however, Hpal,,_,, is near 30-fold less
active than Hpal in eliciting the hypersensitive response
(HR), which indicates the bioactivity of pathogen-derived
compounds (Chen et al. 2008a; Wang et al. 2009). The HR
associates with the induction of resistance to pathogens
and is also a developmental cost associated with defense
responses (Dangl et al. 1996; Yu et al. 1998; Peng et al.
2004). Indeed, resistance is activated in an HR-independ-
ent manner in Hpal-expressing transgenic tobacco (Peng
et al. 2004). Therefore, Hpal,,_4, is a desired agricultural
agent that induces plant growth enhancement and defense
responses with little cost of plant development (Peng et al.
2004; Wu et al. 2007; Chen et al. 2008a, b).

Based on the broad spectrum of the beneficial effects
caused by Hpal and Hpal,,_,, in the biological model
plant, as well as in the economically important cash,
drinking, and food crops, we assumed that similar benefi-
cial effects might be induced and employed to effectively
increase ornamental merits of flowering horticultural
plants. To test this idea, we chose to compare the effects
of Hpal and Hpal,,_4, on flower development in garden
balsam Impatiens spp. and garden scoparius Parochetus
communis Buch.-Ham. ex D. Don.

Methods

Protein preparation

A previously described protocol (Chen et al. 2008a) was
employed to prepare proteins used in this study. Proteins
were produced by Escherichia coli cells transformed with
the prokaryotic expression vector pET30a(+), namely
empty vector, or the recombinant vector containing an
insert of the X. oryzae hpal gene or its truncated version
hpals, |, coding for the Hpal,, ,, protein. Both hpal
and hpalsy,_ i, had been fused to the His tag encoding a
peptide containing 6 histidine residues. The empty vec-
tor preparation (EVP) and the Hpal-His or Hpal,,_,,-His
fusion protein preparation were purified by nickel chro-
matography and elution with aqueous imidazole solutions.
Highly purified Hpal-His protein was collected from the
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200-mM imidazole eluent and used in the experiments
after the His tag was removed by treatment with the Nova-
gen Enterokinase Cleavage Capture Kit (EMD Biosciences
Inc., Darmstadt, Germany). The 200-mM imidazole eluent
of the EVP preparation was used as a negative control in
the experiments. Proteins were fractioned by electropho-
resis in tricine-sodium dodecyl sulphate-plolyacrylamide
gel (T-SDS-PAGE) and visualized by gel staining with
Coomassie Brilliant Blue G-250 (Schagger and Von Jagow
1987). Protein concentrations were determined (Dong
et al. 1999); Hpal and Hpal,_,, preparations were diluted
with pure water; the EVP preparation was supplemented
with bovine serum albumin (Bauer et al. 1995); and the
final concentration of all protein preparations used in
plant treatment was adjusted to 10 pg/ml, an active dosage
under most circumstances (Peng et al. 2003; Liu et al. 2006;
Chen et al. 2008a, b; Li et al. 20144, b;). Before plant treat-
ment, the surfactant Silwet-77 was added to the adjusted
protein solutions at a concentration of 0.03 % to ensure
uniform distribution of applied proteins on plant surfaces
(Li et al. 2014a, b). The bioactivity of proteins was con-
firmed by testing the induction of HR in leaves of tobacco
Nicotiana benthamiana L (Peng et al. 2003).

Plant treatment and flower observation

Fifty-day-old P communis, 1. balsamina, 1. platypatala,
and I walleriana plants from local market were trans-
ferred into plant growth chambers and grown under
24 + 1 °C, 50 £ 2 % humidity, and short day (8-h light
at 200 uM quanta/m?/s) conditions. Ten days later, aque-
ous protein solutions were applied separately by spraying
over plant tops with the aid of atomizer. In the subse-
quent 1 month, morphological flowering characters were
monitored, mainly including flower development stages,
duration of each stage, and times to flower senescence.
These parameters were determined on totally 300 uni-
form flowers selected from 30 plants assigned to three
independent experiments (10 plants per experiment)
for every combination between plant species and treat-
ment. Flowers observed were labeled individually with
plastic tabs hanged on flower stalks immediately before
plant treatment. Diameters of the five most expanded
flowers in a single plant were determined immediately
before treatment and every 24 h in 6 days after treatment.
Mean values of flower diameters were calculated based
on determinations of 50 flowers in 10 plants to reflect
extents of flower growth following different treatments.

Anthocyanin measurement

The anthocyanin content in flowers was determined
as previously described (Zhu et al. 2013). Total antho-
cyanin was extracted by homogenizing fresh flowers in
liquid nitrogen. Fine flower powders were immediately
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lyophilized and maintained at —80 °C until use. Total
anthocyanin in lyophilized flower powders was extracted
by incubation in methanol solution containing 1 % hydro-
chloric acid for 18 h at room temperature and under
moderate shaking. The extract suspension was centri-
fuged (12,000g, 4 °C, 1 min) to precipitate cellular debris
and collect supernatant. Anthocyanin concentration in
the supernatant was quantified by spectrophotometry
and the endogenous content was scored in contrast to
fresh weight of flowers used in the extract preparation.

Data analysis

All experiments were carried out by completely rand-
omized design and repeated at least three times with
similar results. Quantitative data were analyzed with
commercial IBM SPSS19.0 software package (IBM Cor-
poration, Armonk, NY, USA; http://www-01.ibm.com/
software/analytics/spss/). Homogeneity-of-variance in
data was determined by Levene test, and formal distribu-
tion pattern of the data was confirmed by Kolmogorov—
Smirnov test and P—P Plots, an SPSS tool that yields a
graph to assess whether the data are normal or not (Shi
2012). Then, data were subjected to analysis of variance
along with Fisher’s least significant difference test and
Tukey—Kramer’s test (Ludbrook 1998), respectively, using
the commercial SPSS19.0 software package.

Results

Hpal and Hpa1,,_,, possess bioactivity

After production by recombinant E. coli cells, the Hpal-
His and Hpal,,_4,-His fusion proteins were purified and
subjected to T-SDS-PAGE, which indicated that both
fusion proteins were produced uniformly with correct sizes
(Fig. 1a). The EVP sample contained inactive proteins but
neither Hpal-His nor Hpal,, 4,-His; no proteins were
detected from the EVP sample, which was subjected to a
purification protocol similarly to Hpal-His or Hpal,q_4-
His (Fig. 1a). Based on the HR induction assay, a protocol
that is widely employed to assess bioactivities of microbial
proteins before application to plants (Peng et al. 2003; Li
et al. 2004; Wang et al. 2009), EVP was inactive but both
Hpal and Hpal,,_,, were active after His tag was removed
(Fig. 1b). Thus, EVP was used properly as a negative control
in the subsequent experiments. Because the HR-inducing
activity of a microbial protein is associated with multiple
effects including plant growth enhancement by the protein,
purified Hpal and Hpal,,_,, are likely to have a growth-
promoting effect in flowering horticultural plants.

Hpal,4_4, and Hpa1 promote flower growth and extend
flower maintenance period

In the three Impatiens species and in P communis as well,
flower development was divided into six stages, S1-S6
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Fig. 1 Purification and bioactive analyses of Hpal and Hpa1l,,_4, pro-
teins in comparison with the control protein EVP. a Characterization
of proteins by electrophoresis. The Hpa1-His and Hpa1_4,-His fusion
proteins were produced after genetic combination in a prokaryotic
expression vector. The empty vector preparation (EVP) was produced
by using the vector without genetic combination. Proteins before
and after purification were analyzed by electrophoresis in dodecyl
sulphate-plolyacrylamide gel. Protein bands were visualized by gel
staining with Coomassie Brilliant Blue G-250. b The bioactivity assay
of proteins based on the induction of hypersensitive response (HR)

in tobacco leaves. The his tag had been removed before the assay;
aqueous solution of proteins were infiltrated into intercellular spaces
of the leaves; leaves were photographed on 2 days after infiltration;
and the HR appeared as local necrosis

(Fig. 2a), to compare Hpal and Hpal,; 4, with EVP in
terms of the effects on the morphological flowering char-
acter at every stage (Fig. 2b). Because flower buds were
produced continuously at different times in a same plant
individual and at a given time point the same plant had
decades of flowers that fell into different development
stages, uniform flowers were monitored since S1, the
experimentally initial time point when flower buds had
fully grown up but still appeared green (Fig. 2a). Subse-
quently, petals of a flower from S1 to S5 were growing
circumstantially to allow for full opening of the flower
at S5, followed by senescence that was easily to recog-
nize (Fig. 2a). According to this chronological model, the
normal process of flower development was monitored on
plants assigned to the experimental control (EVP-treat-
ment) group (Fig. 2a). All Impatiens plants performed
similarly in the requirement for time to develop from S1
to S6, approximately taking 6, 4, 3, 2, and 9 days on aver-
age from S1 to S2, S2 to S3, S3 to S4, S4 to S5, and S5
to S6 in the order, whereas, times required for the corre-
sponding five stage transitions were 4, 2, 1.5, 2, and 6 days
in P communis (Fig. 2b, empty black-line histograms).
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Fig. 2 Flowers in development stages and the effects of Hpal and Hpa',,_4, on the progress of flower development. a Appearance of flowers
at the different development stages (S1-56). Showed flowers were from EVP-treated plants of the indicated species. b Times required for flower

development in the indicated plants following treatment with EVP, Hpa1, or Hpa1l,o_4,. Immediately before plant treatment, S1 flowers were labeled
with roped plastic tabs for the subsequently tracked observations. Data shown are mean values £ standard deviation bars from three independent
experiments each containing 300 flowers. Different letters in bar graphs indicate significant differences between treatments within the correspond-

ing periods based on analysis of variance along with Fisher’s least significant difference test and Tukey—Kramer’s test (n = 300 flowers; P < 0.01)

Therefore, efflorescent flowers well appeared in a mainte-
nance period of 9 days in Impatiens spp. and 6 days in P
communis on average from full expansion at S5 to senes-
cence at S6 under conditions of this study. Otherwise, the
florescent maintenance period up to the end of S5 should
merit the ornamental importance, which, however, must
be lost circumstantially since flower senescence at S6.
The understanding of ornamental importance provides
an angle to assess the effects of Hpal and Hpal,;_,, on

flower development. In all plants, times needed for each
of transitions from S1 to S5 were shortened but times
required for the transition from S5 to S6 were extended sig-
nificantly (P < 0.01) by the application of Hpal or Hpal,,_4,
compared to EVP (Fig. 2b). This suggests that both Hpal
and Hpal,,_4, had the activity to promote flower or petal
growth and to extend the period of florescent maintenance.
In total, the duration of S1-S5 was shortened approxi-
mately by 4 and 7 days in Impatiens spp. and by 1 and
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2 days in P communis plants following treatments with
Hpal and Hpal,,_,,, respectively. By contrast, Hpal and
Hpal,,_,, treatments resulted in florescent maintenance
period to be increased accordingly by 5 and 8 days in Impa-
tiens spp. and by 4 and 8 days in P communis.

Previously we have shown that plant growth enhance-
ment becomes evident since 15 days after treatment
with Hpal compared to EVP (Wu et al. 2007; Chen
et al. 2008a, b; Li et al. 20144, b). In previous studies,
the growth-promoting effect of harpins took times to
be detectable since the effect was evaluated by analyz-
ing fresh weigh of vegetative organs or all aerial parts of
plants. However, in the present study we found that the
growth-promoting effect of Hpal and Hpal,, ,, was
much earlier in flowers of Impatiens spp. P communis.
We found that Hpal and Hpal,,_,, treatments resulted
in greater openings of flowers and this effect was evi-
dent since the second day of plant treatment. In the
subsequent 4 days, flower diameters were up to 0.7and
1.1-cm greater in plants treated with Hpal and Hpal,,_
4o respectively, than in EVP-treated plants (Fig. 3). This
result and data shown in Fig. 2 suggest that Hpal,,_,, is
more active than Hpal in the effects of promoting flower
growth and extending florescent maintenance period.

Hpa1,o_4, and Hpa1 increase anthocyanin content

in flowers

The overall effects of Hpal,,_,, and Hpal on the flow-
ering phenotype were definitely observed on Impatiens

16 4 EvP O *
Hpal @ | \
Hpalio4z W

12 4

Flower diameter (cm)

8+ t t t t t
0 1 2 3 4 5 6
Time (day) after plant treatment

Fig. 3 P communis flower openings following the different treat-
ments. Totally 10 plants were investigated for every treatment

and diameters of the five most expanded flowers per plant were
determined. Measurements of flower diameters were performed
immediately before plant top spraying with aqueous solutions of the
indicated compounds and at the indicated times. Curves represent
mean values =+ standard deviation; the asterisk indicates significant
differences of data comparisons in the three treatments and in the
range of the parenthesis (P < 0.05; n = 50 flowers)
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spp. (Fig. 4a) and P communis (Fig. 4b) plants photo-
graphed at 15 days after treatment. At that time, approxi-
mately 15 % flowers showed to fade in plants that were
untreated or treated with EVP but not with Hpal,,_4
or Hpal except for a lower rate of flower senescence in
Hpal-treated I balsamina plants (Fig. 4a, b), confirming
the roles of Hpal,,_,, and Hpal in delaying flower senes-
cence. In contrast to EVP, Hpal,,_,, or Hpal apparently
improved flower qualities based on their color brilliance
(Fig. 4a, b).

To infer the physiological basis for changes in the color
brilliance of S5 flowers, we determined anthocyanin
concentrations in S5 flowers of plants treated separately
with EVP, Hpal, and Hpal,,_,,. We found that S5 flow-
ers had significantly (P < 0.01) higher concentrations of
anthocyanin in all plants treated with Hpal or Hpal,; 4,
in contrast to EVP (Fig. 5). Under EVP treatment, rela-
tive levels of the steady-state anthocyanin were estimated
to be 26, 42, 57, and 27 in S5 flowers of I balsamina, 1.
platypatala, 1. walleriana, and P. communis, respectively.
Anthocyanin concentrations were markedly increased by
Hpal or Hpal,,_,,. In comparison, Hpal caused 14-31 %
and 41 % increases of anthocyanin levels accordingly in
S5 flowers of Impatiens spp. and P. communis, whereas,
percentages of anthocyanin increases caused by Hpal,,_
4o were 30-73 % in Impatiens spp. and 63 % in P com-
munis, respectively (Fig. 5). Therefore, Hpal,,_,, is more
effective than Hpal in the effect of increasing anthocya-
nin content in S5 flowers.

Discussion
The main purpose of this study was to determine
whether the external application of Hpal and Hpal,,_,,
to P communis, 1. balsamina, I. platypatala, and 1. walle-
riana affects their morphologic flowering properties. We
assumed that Hpal and Hpal,,_,, might function in hor-
ticultural plants as in biological model plants and crops.
In the horticulturally ornamental plants, both proteins
might promote flower growth, alter florescent duration
or the period of flower maintenance (the period from
flower initiation to senescence), and therefore improve
ornamental merits of these horticultural plants. This
hypothesis has been validated by data obtained from
the replicate experiments. After application to balsam
and scoparius plants, both Hpal and Hpal,,_,, effec-
tively promote flower growth, retard senescence of fully
expanded flowers, and increase anthocyanin quantities
and therefore improve ornamental visages of flowers.
Both balsam and scoparius plants are very attrac-
tive models for analyses of flowering properties. They
belong to short day plant, have the ability to continu-
ously generate lateral shoots and to form floral organ pri-
mordia at the shoot apex, and can flower in all seasons
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Fig. 4 Flowering visages on 15 days after plant treatment as indicated. a Impatiens spp. Flowers that were experiencing senescence are indicated

1. walleriana
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under environment-controlled conditions (Cui 1998;
Pouteau et al. 1998; Tooke et al. 2005). In the garden
balsam plants, moreover, floral organs and petals in par-
ticular are characteristic of mosaic colors, from white to
salmon pink, pink, red, or purple (Pouteau et al. 1998;
Tooke et al. 2005) due to different concentrations of the
pigment anthocyanin and changes of cellular pH condi-
tions (Hagen 1959; Asen et al. 1972). This well-studied

morphological and physiological relationship (Zhu et al.
2013) allows for convenient assessments of flowering
qualities in terms of ornamental merits. While Paro-
chetus communis is the only scoparius species currently
available in the local market, three Impatiens species, I
balsamina L., I platypatala L., and I walleriana Hook.
f. (Jarvis 2007; Christenhusz 2010), are popularly planted
as horticultural crops in China (Yu 2012).
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The effects of Hpal and Hpal,, 4, on the garden plants
result in apparently improved qualities of flowers and
presumably also increase the ornamental value of these
flowering horticulture plants. Quite consistent with pre-
vious studies that have demonstrated the vigorous effect
of Hpal,,_4, (Wu et al. 2007; Chen et al. 2008a, b; Li et al.
2014b), this truncated Hpal fragment is more effec-
tive than the full-length protein in the triple effects and
possibly in the potential ornamental importance as well.
Furthermore, it has been found that harpins travel across
plant cell walls and finally localize to the plasma mem-
brane, followed by cellular responses (Oh and Beer 2007;
Sang et al. 2012; Li et al. 2015; Tian et al. 2016). Because
plant cell walls are highly porous and cannot block pas-
sage of large molecules, including proteins, no mat-
ter how a harpin gets access to plant surfaces, it should
smoothly traverse cell walls, associate with plasma mem-
branes, and activate cellular responses. This provides the
molecular basis for the agricultural application of Hpal
and Hpal,,_4, in crop improvements and also in increas-
ing the ornamental value of horticulture plants. However,
we did not analyze any molecular mechanisms by which
Hpal and Hpal,,_,, affect the flower development, and
this will be the subject for further studies.

In addition to plant sensing of harpins, the subsequently
activated physiological and pathological responses are
critical for the developmental and immune roles that
harpins play in a variety of plants (Li et al. 2015; Tian et al.

2016). And this functional relationship is determined
by the biochemical characteristics of harpins as type III
accessory proteins (Ji and Dong 2015). Harpins belong to
a unique group of proteins secreted by the type III secre-
tion system in plant-pathogenic Gram-negative bacteria
(Zhu et al. 2000; Choi et al. 2013; Ji and Dong 2015). To
date, totally 23 harpins have been identified in different
bacterial species and are divided into one-domain and
two-domain harpins based on the unitary hydrophilic
domain and an additional enzymatic domain (Choi et al.
2013; Ji and Dong 2015). While two-domain harpins
potentially associate with the bacterial periplasm or plant
cell walls to facilitate assembly of the secretion machinery,
one-domain harpins target plasma membranes to cause
three distinct biological effects in a variety of plant spe-
cies (Oh and Beer 2007; Chen et al. 2008a, b; Sang et al.
2012; Wang et al. 2014; Li et al. 2015). Hpal is a one-
domain harpin and performs a full repertoire of functions
shared by all harpins tested so far (Zhu et al. 2000; Chen
et al. 2008a, b; Li et al. 20144, b, 2015; Ji and Dong 2015).
One-domain harpins are the jack of all bacterial proteins
secreted by the type III secretion system, with the criti-
cal effects on bacterial virulence to host plants and both
growth and immunity enhancements of nonhosts in a
pathogen-independent manner (Choi et al. 2013; Ji and
Dong 2015; Tian et al. 2016). The multiple functions of
one-domain harpins, including Hpal, depend on the acti-
vation of distinct signaling pathways in biological model
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plants and crops (Chen et al. 2008a, b; Choi et al. 2013; Li
et al. 2014a; 2015; Tian et al. 2016). In these plants, sign-
aling pathways responsible for plant growth or immunity
have been well demonstrated with sufficient information
on the plant genomes. However, genomic information on
P communis, 1. balsamina, I. platypatala, and 1. walleri-
ana is now totally absent. Thus, an expected role of the
present study would be to stimulate studies in the future
to elucidate genetic and molecular mechanisms that
underpin the beneficial effects of Hpal and Hpal,;_,, in
the horticulturally important ornamental plants.

Conclusion

The application of Hpal and Hpal;;, 4, promotes
flower growth and expansion, retards senescence of
fully expanded flowers, extends their florescent period,
and increases concentrations of anthocyanin in fully
expanded flowers in garden balsam Impatiens spp. and
garden scoparius Parochetus communis. This finding
offers an effective way to increase ornamental merits of
the different garden plants.
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Author details

! College of Plant Protection, Nanjing Agricultural University, 1 Weigang Town,
Nanjing 210095, China. 2 Nanjing Foreign Language School, 30 East Beijing
Road, Nanjing 210008, China.

Acknowledgements

We thank Yueyue Zhu, Weiyu Du, Letian Kong, and Chenran Wang for the
experimental assistance and Jiehua Luo for supervising the student scientific
training project. This study was supported by Natural Science Foundation

of China (Grant Number 31272027), Special Public Welfare Industry Program
(Grant Number 201303015), and the Scientific Research Training program of
Nanjing Foreign Language School.

Competing interests
The authors declare that they have no competing interests.

Received: 11 April 2016 Accepted: 29 June 2016
Published online: 11 August 2016

References

Asen S, Stewart RN, Norris KH (1972) Co-pigmentation of anthocyanins in
plant tissues and its effect on color. Phytochemistry 11:1139-1144

Bauer DW, Wei ZM, Beer SV, Collmer A (1995) Erwinia chrysanthemi harping,:
an elicitor of the hypersensitive response that contributes to soft-rot
pathogenesis. Mol Plant Microbe Interact 8:484-491

Chen L, Qian J, Qu SP, Long JY, Yin Q, Zhang CL, Wu XJ, Sun F, Wu TQ, Hayes
M, Beer SV, Dong HS (2008a) Identification of specific fragments of
HpaGy,o, @ harpin protein from Xanthomonas oryzae pv. oryzicola, that
induce disease resistance and enhanced growth in rice. Phytopathology
98:781-791

Chen L, Zhang SJ, Zhang SS, Qu SP, Ren XY, Long JY, Yin Q, Qian J, Sun F, Zhang
CL, Wang LX, Wu XJ, WuTQ, Zhang ZK, Cheng ZQ, Hayes M, Beer SV, Dong
HS (2008b) A fragment of the Xanthomonas oryzae pv. oryzicola harpin
HpaGy,. reduces disease and increases yield of rice in extensive grower
plantings. Phytopathology 98:792-802

Page 8 of 9

Choi MS, Kim W, Lee C, Oh CS (2013) Harpins, multifunctional proteins
secreted by gram-negative plant-pathogenic bacteria. Mole Plant
Microbe Interact 26:1115-1122

Christenhusz MJM (2010) Index to new taxa and nomenclatural acts in Phyto-
taxa 3. Phytotaxa 3:64

Cui H (1998) Flora, reipublicae popularis sinicae, tomus 42 (2), angiospermea,
dicotyledoneae, leguminosae (5). Science Press, Beijing, pp 295-297

Dangl JL, Dietrich RA, Richberg MH (1996) Death don't have no mercy: cell
death programs in plant-microbe interactions. Plant Cell 8:1793-1807

Dong HS, Delaney TP, Bauer DW, Beer SV (1999) Harpin induces disease resist-
ance in Arabidopsis through the systemic acquired resistance pathway
mediated by salicylic acid and the NIMT gene. Plant J 20:207-215

Dong HP, Peng JL, Bao ZL, Meng XD, Bonasera JM, Chen GY, Beer SV, Dong HS
(2004) Downstream divergence of the ethylene signaling pathway for
harpin-stimulated Arabidopsis growth and insect defense. Plant Physiol
136:3628-3638

Dong HP, Yu HQ, Bao ZL, Guo XJ, Peng JL, Yao Z, Chen GY, Qu SP, Dong HS
(2005) The ABI2-dependent abscisic acid signalling controls HrpN-
induced drought tolerance in Arabidopsis. Planta 221:313-327

Fu MQ, Xu MY, Zhou T, Wang DF, Tian S, Han LP, Dong HS, Zhang CL (2014)
Transgenic expression of a functional fragment of harpin protein Hpa1 in
wheat induces the phloem-based defense to English grain aphid. J Exp
Bot 65:1439-1453

Hagen CW (1959) Influence of genes controlling flower color on relative
quantities of anthocyanins and flavonols in petals of Impatiens balsamina.
Genetics 44:787-793

He SY, Huang HC, Collmer A (1993) Pseudomonas syringae pv. syringae
harpine,,: a protein that is secreted via the Hrp pathway and elicits the
hypersensitive response in plants. Cell 73:1255-1266

Jarvis C (2007) Order out of chaos: linnaean plant names and their types. The
Linnean Society and the Natural History Museum, London

Ji HT, Dong HS (2015) Key steps in T3SS towards translocon assembly
with potential sensor at plant plasma membrane. Mol Plant Pathol
16:762-773

Kim JF, Beer SV (2000) hrp genes and harpins of Erwinia amylovora: a decade of
discovery. In: Vanneste JL (ed) Fire blight and its causative agent, Erwinia
amylovora. CAB International, Wallingford, pp 141-162

Li P Lu XZ, Shao M, Long JY, Wang JS (2004) Genetic diversity of Harpins from
Xanthomonas oryzae and their activity to induce hypersensitive response
and disease resistance in tobacco. Sci China Ser C Life Sci 47:461-469

Li XJ, Han B, Xu MY, Han LP, Zhao YY, Liu ZL, Dong HS, Zhang CL (2014a)

Plant growth enhancement and associated physiological responses are
coregulated by ethylene and gibberellin following treatment with harpin
protein Hpal. Planta 239:831-846

Li XJ, Zhao YY, You ZZ, Dong HS, Zhang CL (2014b) Harpin Hpa1 needs nitroxyl
terminus to promote vegetative growth and leaf photosynthesis in
Arabidopsis. ) Biosci 39:127-137

Li L, Wang H, Gago J, Cui H, Qian Z, Kodama N, Ji H, Tian S, Shen D, Chen'Y, Sun
F, Xia Z,Ye Q, Sun'W, Flexas J, Dong HS (2015) Harpin Hpa' interacts with
aquaporin PIP1;4 to promote the substrate transport and photosynthesis
in Arabidopsis. Sci Rep 5:7207

Liu FQ, Liu HX, Jia Q, Guo XJ, Zhang SJ, Song F, Dong HS (2006) The internal
glycine-rich motif and cysteine suppress several effects of the HpaGy,,
protein in plants. Phytopathology 96:1052-1059

Liu RX, LU BB, Wang XM, Zhang CL, Zhang SP, Qian J, Chen L, Shi HJ, Dong HS
(2010) Thirty-seven transcription factor genes differentially respond to a
harpin protein and affect resistance to the green peach aphid in Arabi-
dopsis. J Biosci 35:435-450

Liu RX, Chen L, Jia ZH, LG BB, Shi HJ, Shao WL, Dong HS (2011) Transcription
factor AtMYB44 regulates induced expression of the ETHYLENE INSENSI-
TIVE2 gene in Arabidopsis responding to a harpin protein. Mol Plant
Microbe Interact 24:377-389

Ludbrook J (1998) Multiple comparison procedures updated. Clin Exp Pharma-
col Physiol 25:1032-1037

Oh CS, Beer SV (2007) AtHIPM, an ortholog of the apple HrpN-interacting
protein, is a negative regulator of plant growth and mediates the
growth-enhancing effect of HrpN in Arabidopsis. Plant Physiol
145:426-436

Peng JL, Dong HS, Dong HP, Delaney TP, Bonasera BM, Beer SV (2003) Harpin-
elicited hypersensitive cell death and pathogen resistance requires the
NDR1 and EDS1 genes. Physiol Mol Plant Pathol 62:317-326



Dong et al. Bot Stud (2016) 57:22

Peng JL, Bao ZL, Ren HY, Wang JS, Dong HS (2004) Expression of harpinyg, in
transgenic tobacco induces pathogen defense in the absence of hyper-
sensitive response. Phytopathology 94:1048-1055

Pouteau S, Tooke F, Battey N (1998) Quantitative control of inflorescence
formation in impatiens balsamina. Plant Physiol 118:1191-1201

Ren HY, Gu GY, Long JY, Yin Q WuTQ, Song T, Zhang SP, Chen ZY, Dong HS
(2006a) Combinative effects of a bacterial type-Iil effector and a biocon-
trol bacterium on rice growth and disease resistance. J Biosci 31:617-627

Ren HY, Song T, WuTQ, Sun LJ, Liu YX, Yang FF, Chen ZY, Dong HS (2006b)
Effects of a biocontrol bacterium on transgenic rice plants expressing a
bacterial type-Ill effector. Ann Microbiol 56:281-287

Ren XY, Liu F, Bao ZL, Zhang CL, Wu XJ, Chen L, Liu RX, Dong HS (2008) Root
growth of Arabidopsis thaliana is regulated by ethylene and abscisic acid
signaling interaction in response to HrpNg,, a bacterial protein of harpin
group. Plant Mol Biol Rep 26:225-240

Sang SL, Li XJ, Gao R, You ZZ, L BB, Liu PQ, Ma QX, Dong HS (2012) Apoplastic
and cytoplasmic location of harpin protein Hpaly,, plays different roles
in H,O, generation and pathogen resistance in Arabidopsis. Plant Mol Biol
79:375-391

Schagger H, Von Jagow G (1987) Tricine-sodium dodecyl sulphate-polyacryla-
mide gel electrophoresis for the separation of proteins in the range from
1to 100 kDa. Anal Biochem 166:368-379

Shi LW (2012) SPSS19.0 statistical analysis from accidence to conversance.
Tsinghua University Press, Beijing, pp 109-143

Tian S, Wang XB, Li P, Wang H, Ji HT, Xie JY, Qiu QL, Shen D, Dong HS (2016)
Plant aquaporin AtPIP1;4 links apoplastic H,0, induction to disease
immunity pathways. Plant Physiol. doi:10.1104/pp.15.01237

Tooke F, Ordidge M, Chiurugwi T, Battey N (2005) Mechanisms and function of
flower and inflorescence reversion. J Exp Bot 56:2587-5299

Wang XY, Song CF, Miao WG, Ji ZL, Wang X, Zhang Y, Zhang JH, Hu JS, Borth W,
Wang JS (2008) Mutations in the N-terminal coding region of the harpin
protein Hpal from Xanthomonas oryzae cause loss of hypersensitive reac-
tion induction in tobacco. Appl Microbiol Biotechnol 81:359-369

Wang YP, Liu RX, Chen L, Wang YC, Liang YC, Wu XJ, Li BY, Wu XJ, Liang Y, Wang
XM, Zhang CL, Wang QX, Hong XY, Dong HS (2009) Nicotiana tabacum
TTG1 contributes to ParAl-induced signalling and cell death in leaf
trichomes. J Cell Sci 15:2673-2685

Page 9 of 9

Wang DF, Wang YJ, Fu MQ, Mu SY, Han B, Ji HT, Cai HS, Dong HS, Zhang CL
(2014) Transgenic expression of the functional fragment Hpat, .4, of the
harpin protein Hpal imparts enhanced resistance to powdery mildew in
wheat. Plant Dis 98:448-455

Wei ZM, Laby RJ, Zumoff CH, Bauer DW, He SY, Collmer A, Beer SV (1992)
Harpin, elicitor of the hypersensitive response produced by the plant
pathogen Erwinia amylovora. Science 257:85-88

Wu XJ, WuTQ, Long JY, Yin Q, Zhang Y, Chen L, Liu RX, Gao TC, Dong HS (2007)
Productivity and biochemical properties of green tea in response to a
bacterial type-Ill effector protein and its variants. J Biosci 32:1119-1131

Yang M, Qin BP, Liu CL, Cai HS, Wang ZL, Liang YC, Yin YP (2013) The molecular
identification of transgenic Hpa1,,.,, wheat and resistance evaluation on
Fusarium Head Blight. Sci Agr Sinica 46:657-667

Yu SX (2012) Balsaminaceae of China. Peking University Press, Beijing

Yu IC, Parker J, Bent AF (1998) Gene-for-gene disease resistance without the
hypersensitive response in Arabidopsis dndT mutant. Proc Natl Acad Sci
USA 95:7819-7824

Zhang CL, Bao ZL, Liang Y, Yang X, Wu XJ, Hong XY, Dong HS (2007) Abscisic
acid mediates Arabidopsis drought tolerance induced by HrpN, in the
absence of ethylene signaling. Plant Mol Biol Rep 25:98-114

Zhang CL, Shi HJ, Chen L, Wang XM, L{ BB, Zhang SP, Liang Y, Liu RX, Qian
J, Sun WW, You ZZ, Dong HS (2011a) Harpin-induced expression and
transgenic overexpression of the phloem protein gene AtPP2-AT in Arabi-
dopsis repress phloem feeding of the green peach aphid Myzus persicae.
BMC Plant Biol 11:11

Zhang L, Xiao S, LiW, Feng W, Li J, Wu Z, Gao X, Liu F, Shao M (2011b) Over-
expression of a Harpin-encoding gene hrfT in rice enhances drought
tolerance. J Exp Bot 62:4229-4238

Zhu WG, Magbanua MM, White FF (2000) Identification of two novel hpaG-
associated genes in the hpaG gene cluster of Xanthomonas oryzae pv.
oryzae. J Bacteriol 182:1844-1853

Zhu Q, Li BY, Mu SY, Han B, Cui RZ, Xu MY, Yu ZZ, Dong HS (2013) TTG2-regu-
lated development is related to expression of putative AUXIN RESPONSE
FACTOR genes in tobacco. BMC Genom 14:806

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1104/pp.15.01237

	Harpin Hpa1 promotes flower development in Impatiens and Parochetus plants
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Protein preparation
	Plant treatment and flower observation
	Anthocyanin measurement
	Data analysis

	Results
	Hpa1 and Hpa110–42 possess bioactivity
	Hpa110–42 and Hpa1 promote flower growth and extend flower maintenance period
	Hpa110–42 and Hpa1 increase anthocyanin content in flowers

	Discussion
	Conclusion
	Acknowledgements
	References




