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Summary
Acidity is one of the main determinants of fruit organoleptic quality. Here, comparative

transcriptome analysis was conducted between two cultivars that showed a significant difference

in fruit acidity, but contained homozygous non-functional alleles at the major gene Ma1 locus

controlling apple fruit acidity. A candidate gene for fruit acidity, designated M10, was identified.

The M10 gene encodes a P-type proton pump, P3A-ATPase, which facilitates malate uptake into

the vacuole. The Ma10 gene is significantly associated with fruit malate content, accounting for

~7.5% of the observed phenotypic variation in apple germplasm. Subcellular localization assay

showed that the Ma10 is targeted to the tonoplast. Overexpression of the Ma10 gene can

complement the defect in proton transport of the mutant YAK2 yeast strain and enhance the

accumulation of malic acid in apple callus. Moreover, its ectopic expression in tomato induces a

decrease in fruit pH. These results suggest that the Ma10 gene has the capacity for proton

pumping and plays an important role in fruit vacuolar acidification in apple. Our study provides

useful knowledge towards comprehensive understanding of the complex mechanism regulating

apple fruit acidity.

Introduction

Sour taste or acidity is an important component of the

organoleptic quality of fruits. Fruit acidity is attributed to the

accumulation of organic acids whose acidity is commonly

associated with their carboxyl group. In general, the predominant

organic acids in most fruits are citric and malic acids, with

unequal acidic taste. Malic acid has a more prolonged sour

sensation in the mouth and thus displays a higher level of

sourness compared with citric acid (Ramos Da Conceicao Neta

et al., 2007). Hence, fruit sourness level depends on the content

and type of organic acids.

In fruit cell, malic acid is mainly synthesized in the cytosol by

carboxylation of phosphoenolpyruvate (PEP) through the cataly-

sation of phosphoenolpyruvate carboxylase (PEPC) and malate

dehydrogenase (MDH), and it can also be degraded via decar-

boxylation catalysed by MDH and NADP-malic enzyme (NADP-

ME) (Sweetman et al., 2009). Citric acid is produced by the

tricarboxylic acid (TCA) cycle in the mitochondria, and mitochon-

drial citrate synthase (mCS) is the crucial enzyme controlling

citrate synthesis. Citrate can be degraded through the activities of

two enzymes, aconitase (ACO) and NAD-dependant isocitrate

dehydrogenase (NAD-IDH), in either the mitochondria through

the TCA cycle or the cytosol through the GABA shunt that leads

to succinate synthesis (Katz et al., 2011; Sadka et al., 2001).

Since organic acids in fruit cells are mainly stored in the vacuole,

vacuolar storage is supposed to be critical for the accumulation of

organic acids in fruit cells. For example, malate accumulation is

mainly driven by vacuolar storage (Etienne et al., 2013). In

contrast, citrate accumulation is mainly controlled by metabolism

because uptake of citrate into the vacuole may be limited due to

the low activity of its transport system in the vacuolar membrane

(Hafke et al., 2003).

Vacuolar storage of organic acids requires many transporters

and proton pumps in the vacuolar membrane, such as tonoplast

dicarboxylate transporter (tDT) (Emmerlich et al., 2003), alu-

minium-activated malate transporter (ALMT) (Meyer et al., 2011),

the vacuolar-type H+-ATPase (V-ATPase) (Aprile et al., 2011) and

the vacuolar H+ pumping pyrophosphatase (V-PPase) (Suzuki

et al., 2000). More recently, two additional classes of genes

encoding tonoplast transport proteins have also been identified to

regulate the accumulation of organic acids in fruit. One is CmPH

encoding the PIN H+/auxin transporter and a four amino-acid

duplication in the coding region causing the acidity difference

between acidic and dessert melons (Cohen et al., 2014). Another

is a class of two P-ATPase proton pumps, PH5 and PH1, which

directly interact with each other and form a heteromeric complex

to promote vacuolar acidification in petunia flower (Faraco et al.,

2014; Verweij et al., 2008). Later, a PH5-like H+-ATPase gene has

been found to show an extremely low expression in acid-free fruit

of orange, thus, it is presumably involved in the regulation of

vacuolar storage of citrate in fruit (Shi et al., 2015). Besides

participating in vacuolar acidification, the tonoplast P-ATPase

TT13 (AtAHA10) can also generate the driving force for the

transport of proanthocyanidin precursors to the vacuole in

Arabidopsis, (Appelhagen et al., 2015). In addition, increasing

evidence shows that transcription factor genes participate in the

regulation of the proton pump gene expression. For example, a

petunia WRKY gene PH3 and an apple MYB1 gene regulate the

transcription of P-ATPase (Verweij et al., 2016) and V-ATPase (Hu
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SUMMARY

Sesquiterpene lactones (STLs) are C15 terpenoid natural products with a-methylene c-lactone moiety. A

large proportion of STLs in Asteraceae species is derived from the central precursor germacrene A acid

(GAA). Formation of the lactone rings depends on the regio-(C6 or C8) and stereoselective (a- or b-)hydroxy-
lations of GAA, producing STLs with four distinct stereo-configurations (12,6a-, 12,6b-, 12,8a-, and

12,8b-olide derivatives of GAA) in nature. Curiously, two configurations of STLs (C12,8a and C12,8b) are

simultaneously present in the Chinese medicinal plant, Inula hupehensis. However, how these related yet

distinct STL stereo-isomers are co-synthesized in I. hupehensis remains unknown. Here, we describe the

functional identification of the I. hupehensis cytochrome P450 (CYP71BL6) that can catalyze the hydroxyla-

tion of GAA in either 8a- or 8b-configuration, resulting in the synthesis of both 8a- and 8b-hydroxyl GAAs. Of

these two products, only 8a-hydroxyl GAA spontaneously lactonizes to the C12,8a-STL while the 8b-hydro-
xyl GAA remains stable without lactonization. Chemical structures of the C12,8a-STL, named inunolide, and

8b-hydroxyl GAA were fully elucidated by nuclear magnetic resonance analysis and mass spectrometry. The

CYP71BL6 displays 63–66% amino acid identity to the previously reported CYP71BL1/2 catalyzing GAA 6a-
or 8b-hydroxylation, indicating CYP71BL6 shares the same evolutionary lineage with other stereoselective

cytochrome P450s, but catalyzes hydroxylation in a non-stereoselective manner. We observed that the

CYP71BL6 transcript abundance correlates closely to the accumulation of C12,8-STLs in I. hupehensis. The

identification of CYP71BL6 provides an insight into the biosynthesis of STLs in Asteraceae.

Keywords: C12, 8-fused STLs, cytochrome P450 (CYP), germacrene A acid C8-hydroxylase, Inula hupehensis,

inunolide, sesquiterpene lactones (STLs).

INTRODUCTION

Sesquiterpene lactones (STLs) are unique plant-derived

compounds consisting of a C15 sesquiterpene backbone

with an a-methylene c-lactone moiety. Some of these pos-

sess important pharmacological properties, such as anti-

cancer (e.g. parthenolide, costunolide, and thapsigargin)

(Choi et al., 2002; Christensen et al., 2009; Nakabayashi

and Shimizu, 2012), anti-malarial (e.g. artemisinin) (Haynes

et al., 2013), and anti-inflammatory activities (e.g. hele-

nalin) (Lyss et al., 1997; Qin et al., 2011; Ren et al., 2013).

There is evidence that the pharmacological properties of

STLs are in part due to the lactone moiety (Park et al.,

2009). For the majority of STLs in Asteraceae, they are

© 2017 The Authors
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Maximizing CO2 biofixation and lipid productivity of oleaginous
microalga Graesiella sp. WBG1 via CO2-regulated pH in indoor and
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H I G H L I G H T S

• The lipid production of WBG1 under 4
CO2-regulated pH levels was evaluated.

• The culture has amaximumCO2fixation
rate under pH 8.0–9.0.

• Highest biomass, lipid content and pro-
ductivity were obtained under pH 8.0–
9.0.

• There is a positive correlation between
CO2 utilization efficiencies and pH
values.

• Provide a strategy for coupling and
maximizing the CO2 fixation and lipid
production.
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Carbon dioxide (CO2) and pH are two interdependent factors that greatly impact the growth and lipid accumu-
lation of microalgae. However, the effects of these two factors are usually studied separately. The use of exoge-
nous CO2, such as flue gas derived, to regulate pH in the large-scale cultivation of microalgae provides an ideal
means for combining CO2 biofixation and biodiesel production. In this study, the CO2 biofixation and lipid pro-
duction of oleaginous microalga Graesiella sp. WBG1 was explored for four pH levels regulated by exogenous
15% CO2 (flue gas concentration) in 10 L circular culture ponds and 5m2 open raceway reactors. Results revealed
that pH 8.0–9.0 was the optimum pH for CO2 fixation and lipid production, attaining the highest CO2 fixation
rates of 0.26 g L−1 day−1 and 18.9 g m−2 day−1, respectively, lipid contents of 46.28% and 32.38%, and lipid pro-
ductivities of 64.8mg L−1 day−1 and 3.14 gm−2 day−1. A positive correlation between CO2 utilization efficiency
and pH in open reactors was also suggested in this research, and thus provides direction for screening of CO2 fix-
ation bymicroalgae. The present study provides an excellent strategy for coupling CO2 fixation and lipid produc-
tion via microalgae in large-scale cultivation.

© 2017 Elsevier B.V. All rights reserved.

Keywords:
Microalgae
Carbon dioxide fixation
Biodiesel
pH
Graesiella

1. Introduction

The emissions of CO2, a typical greenhouse gas, mainly derived from
extensive fossil fuel consumption pose grave challenges to worldwide
sustainability (Karl et al., 2009). Of the various approaches for capturing
CO2, biofixation by microalgae is considered one of the most promising
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A B S T R A C T

The relationships among the genera of the early-diverging eudicot family Berberidaceae have long been con-
troversial. To resolve these relationships and to better understand plastome evolution within the family, we
sequenced the complete plastome sequences of ten Berberidaceae genera, combined these with six existing
plastomes for the family, and conducted a series of phylogenomic analyses on the resulting data set. Five of the
newly sequenced plastomes were found to possess the typical angiosperm plastome complement of 79 protein-
coding genes, 4 rRNA genes, and 30 tRNA genes. The infA gene was found to be pseudogenized in Bongardia,
Diphylleia, Dysosma and Vancouveria; rps7 was found to be severely truncated in Diphylleia, Dysosma and
Podophyllum; clpP was found to be highly divergent in Vancouveria; and a ∼19 kb inversion was detected in
Bongardia.Maximum likelihood phylogenetic analyses of a 79-gene, 24-taxon data set including nearly all genera
of Berberidaceae recovered four chromosome groups (x=6, 7, 8, 10), resolved the x=8 group as the sister to
the x=10 group, and supported the monophyly of the clade comprising x=7, 8, 10. The generic relationships
within each group were all resolved with high support. Based on gene presence within the Inverted Repeat (IR), a
total of seven plastome IR types were identified within Berberidaceae. Biogeographical analysis indicated the
origin and diversification of Berberidaceae has likely been strongly influenced by the distribution of its favored
habitat: temperate forests.

1. Introduction

Whole plastome sequencing has proven to be effective in resolving
phylogenetic relationships at a wide range of taxonomic levels (e.g.,
Waters et al., 2012; Sun et al., 2013; Ma et al., 2014; Middleton et al.,
2014; Nock et al., 2014; Wysocki et al., 2015; Sun et al., 2016; Sancho
et al., 2017; Sun et al., 2017; Yan et al., 2018). Comparative plastome
genomics also yields insights into plastome evolution, including gene
loss, pseudogenization, and structural rearrangements. These events
can themselves serve as useful phylogenetic characters. For example,
nearly all Asteraceae share a ∼22.8 kb plastome inversion (Kim et al.,
2005; Raubeson and Jansen, 2005), a large clade of Fabaceae lacks the
IR region (Jansen and Ruhlman, 2012), the Trochodendrales possess an
unusual IR expansion (Sun et al., 2013), and both extant genera of

Circaeasteraceae share two inversions in the Large Single-Copy (LSC)
Region (Sun et al., 2017).

The early-diverging eudicot family Berberidaceae (Ranunculales) is
a small family comprising 18 genera, including the newly proposed
Alloberberis P.H. Raven ex C.C. Yu & K.F. Chung and Moranothamnus
P.H. Raven ex C.C. Yu & K.F. Chung (Yu and Chung, 2017). Most of
these genera are temperate forest herbs and shrubs that exhibit diverse
morphologies and base chromosome numbers, including x=6, 7, 8 and
10 (Table 1; Kim and Jansen, 1998). Among all 18 genera, 12 are
monotypic or oligotypic, containing 1–4 species (APG IV, 2016; Yu and
Chung, 2017; Table 1). Many of these genera have relatively narrow
distributions (Table 1, Fig. 1). In contrast, Berberis L. is a large and
widely distributed genus of ∼500 species that are distributed nearly
throughout the temperate to subtropical regions of the world.
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A B S T R A C T

Relationships among the genera of the small, woody family Styracaceae and among families of the large, diverse
order Ericales have resisted complete resolution with sequences from one or a few genes. We used plastome
sequencing to attempt to resolve the backbone relationships of Styracaceae and Ericales and to explore plastome
structural evolution. Complete plastomes for 23 species are newly reported here, including 18 taxa of
Styracaceae and five of Ericales (including species of Sapotaceae, Clethraceae, Symplocaceae, and
Diapensiaceae). Combined with publicly available complete plastome data, this resulted in a data set of 60
plastomes, including 11 of the 12 genera of Styracaceae and 12 of 22 families of Ericales. Styracaceae plastomes
were found to possess the quadripartite structure typical of angiosperms, with sizes ranging from 155 to 159 kb.
Most of the plastomes were found to possess the full complement of typical angiosperm plastome genes. Unusual
structural features were detected in plastomes of Alniphyllum and Bruinsmia, including the presence of a large 20-
kb inversion (14 genes) in the Large Single-Copy region, the loss or pseudogenization of the clpP and accD genes
in Bruinsmia, and the loss of the first exon of rps16 in B. styracoides. Likewise, the second intron from clpP was
found to be lost in Alniphyllum and Huodendron. Phylogenomic analyses including all 79 plastid protein-coding
genes provided improved resolution for relationships among the genera of Styracaceae and families of Ericales.
Styracaceae was strongly supported as monophyletic, with Styrax, Huodendron, and a clade of
Alniphyllum+ Bruinsmia successively sister to the remainder of the family, all with strong support. All genera of
Styracaceae were recovered as monophyletic, except for Halesia and Pterostyrax, which were each recovered as
polyphyletic with strong support. Within Ericales, all families were recovered as monophyletic with strong
support, with Balsaminaceae sister to remaining Ericales. Most relationships recovered in plastome analyses are
congruent with previous analyses based on smaller data sets. Our results demonstrate the power of plastid
phylogenomics to improve phylogenetic hypotheses among genera and families, and provide new insight into
plastome evolution across Ericales.

1. Introduction

The Styracaceae (snowbells, silverbells) are a small woody family in
the order Ericales containing 12 genera and ca. 160 species (Fritsch,
2004; APG IV, 2016). Most of the genera in the family possess relatively
few species (one to seven in each) that are restricted to eastern Asia and
adjacent areas. Exceptions are the large genus Styrax L. (ca. 130 spe-
cies) with an amphi-Pacific distribution, and Halesia J. Ellis ex L. The

latter is now considered to be endemic to the eastern United States,
with the Chinese species H. macgregorii Chun recently transferred to the
new genus Perkinsiodendron P.W.Fritsch (Fritsch et al., 2016). Several
species extend to tropical southeast Asia and New Guinea (Bruinsmia
Boer. & Koord. and Styrax), but no members of the family occur in
Australia or Africa (Fritsch et al., 2001), nor in the Philippines south of
the Babuyan Islands (Huang et al., 2003).

The Styracaceae can be recognized within the Ericales by the
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Biogeographic regionalization can help to better understand diversity in biogeography,

conservation, and macroecology. Historical regionalization schemes typically focus on

species distributions, often rarely considering the rich context that phylogeographic

information can provide. We investigated whether phylogeographic data could help to

delineate floristic regions in the Qinghai-Tibet Plateau (QTP)-Hengduan Mountains (HDM)

region by analyzing phylogeographic structure in the herb Parasyncalathium souliei

(Asteraceae). We sequenced the plastid psbA-trnH and trnL-rpl32 spacer regions for

417 individuals in 36 populations across the geographic range of the species. To estimate

the phylogeographic history of this species, a series of population genetic, phylogenetic,

molecular dating, and haplotype network analyses were conducted, as were tested

for historical demographic expansions. Using occurrence data, species distribution

modeling was used to estimate geographic distributions at three time points: the present,

the Mid-Holocene and the Last Glacial Maximum. Significant phylogeographic structure

was evident (NST> GST ; P < 0.05) among the 37 haplotypes detected. Four major

haplogroups were identified based on phylogenetic analyses. Private haplotypes were

restricted to geographically distinct regions that generally corresponded to previously

identified biogeographic subregions within the QTP-HDM region. Our results imply

Pliocene-Pleistocene diversification of P. souliei and suggest that the species may

have been geographically widespread early in its history. This study may provide

valuable evidence for phylogeographic regionalization using chloroplast genetic data in

a common, widespread endemic species from the QTP-HDM.

Keywords: Qinghai-Tibet Plateau (QTP)-Hengduan Mountains (HDM), Parasyncalathium souliei, phylogeography,

genetic distribution, phylogeoregion
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Cadmium (Cd) pollution is becoming increasingly prevalent, posing a global

environmental hazard due to its negative effects on plants growth and human health.

Phytoremediation is a green technology that involves uptake of Cd from the soil by

a combination of plants and associated microbes. The objective of this study was

to investigate the role of Aspergillus aculeatus in perennial ryegrass Cd tolerance.

This fungus produced indole-3-acetic acid, siderophores, and 1-aminocyclopropane-

1-carboxylate deaminase. Physiological traits including growth rate, turf quality and

chlorophyll content were measured to evaluate the physiological responses of perennial

ryegrass to Cd stress. These physiological traits were improved after inoculated with

A. aculeatus. Inoculation of A. aculeatus actively reduced DTPA-Cd concentration in the

soil and Cd translocation to plant shoots. Chlorophyll a fluorescence transient and the

C/N ratio in shoots were elevated by A. aculeatus, which implied that the fungus could

protect the photosystem II against Cd stress and increase the photosynthetic efficiency.

These results suggested that A. aculeatus is beneficial in improving Cd tolerance of

perennial ryegrass and reducing Cd-induced injuries, thus, it has promising potential for

application of phytostabilization in Cd contaminated soil.

Keywords: Aspergillus aculeatus, Lolium perenne L., Cd stress, physiological trait, chlorophyll a fluorescence

transient, Cd tolerance

INTRODUCTION

Cadmium (Cd) is a notorious toxic heavy metal pollutant, which is introduced into the soil mainly
from the applications of P-fertilizers, atmospheric deposition, sewage sludge, and smelting of
metals (Smolders and Mertens, 2013). Cd with high mobility can be assimilated by plants and
then translocated into edible parts and eventually enter the food chain to undermines animals
and human health (Wagner, 1993). Moreover, increased accumulation of Cd in human body can
lead to bone disease (van de Mortel et al., 2008). Hence, finding an effective remediation for
Cd-contaminated environments is an ecological priority.

Phytoremediation is a relatively new technique, utilizing plants to remediate polluted soils
(Glick, 2003). Categorically, it has been classified into several approaches such as phytoextraction,
phytostabilization, and phytostimulation. However, there are some limiting factors to this
technology. For example, there need for a longer treatment time to reach a satisfying effect because
the plants with poor adaptability grow slowly and absorb subtle amounts of heavy metal from the
contaminated soil (Cunningham et al., 1995).
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Molecular mechanism of the extended oil
accumulation phase contributing to the
high seed oil content for the genotype of
tung tree (Vernicia fordii)
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Abstract

Background: Oil from seeds of the tung tree (Vernicia fordii) has unique drying properties that are industrially
important. We found that the extended oil accumulation period was related to the high seed oil content at
maturity among tung tree population. In order to understand the molecular mechanism underlying the high oil
content in tung tree seed, Tree H and L were adopted for the further investigation, with seed oil content of about
70 and 45%, respectively. We compared the transcriptomic changes of seed at various times during oil
accumulation between the two trees.

Results: Transcriptomes analysis revealed that many genes involved in glycolysis, fatty acid synthesis, and tri-acyl
glyceride assembly still kept high expression in the late period of seed oil accumulation for Tree H only. Many
genes in fatty acid degradation pathway were largely up regulated in the late period of seed oil accumulation for
Tree L only. Four transcription factors related to fatty acid biosynthesis had different expression pattern in the seed
oil accumulation period for the two trees. WRI1 was down regulated and kept the low expression in the late period
of seed oil accumulation for the two trees. PII, LEC1 and LEC1-LIKE extended the high expression in the late period
of seed oil accumulation in Tree H only.

Conclusions: The continued accumulation of oil in the late period of seed oil accumulation for Tree H was
associated with relatively high expression of the relevant genes in glycolysis, fatty acid synthesis and tri-acyl
glyceride assembly. PII, LEC1, and LEC1-LIKE rather than WRI1 should play an important role in the oil continual
accumulation in the late period of seed oil accumulation in Tree H. This study provides novel insight into the
variation in seed oil content and informs plant breeding strategies to maximize oil yield.

Keywords: Oil content, Fatty acid synthesis, TAG assembly, Tung tree (Vernicia fordii), RNA-Seq

Background
Plant oils have important industrial applications. One
important consideration in the exploitation of seed oil
for industrial purposes is the oil content, defined as the
percentage of oil weight in the total weight of dry seed.

Seed oil content can be improved by altering the expres-
sion levels of individual genes that encode enzymes in-
volved in oil metabolism [1–4]. Transcription factors
(TFs) are reasonable alternatives to single enzyme strat-
egies for overcoming flux bottlenecks associated with
multiple enzymatic steps. The WRINKLED1 (WRI1) is
identified as a master TF that regulates both glycolysis
and fatty acid synthesis by binding to the promoter re-
gions of essential genes in these two pathways [5–7]. Be-
sides, three TFs, LEC1 (leafy-cotyledon protein 1),
LEC1-Like (related to LEC1) and PII (P-II homolog) also
regulate fatty acid synthesis [8, 9]. Over-expression of
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The roots of Toddalia asiatica (L.) Lam. (TA) has been often used in Chinese folk medicine
to treat different diseases, including but not limited to arthritis, injuries, stomachache,
and even tumors. However, the anti-cancer effects and the action mechanisms of TA
remain elusive. Therefore, we firstly evaluated the effects of different extracts of TA on the
growth of human colon cancer cells, and then tried to further elucidate their underlying
molecular mechanisms. As a result, the dichloromethane fraction (DF) was found to
possess the highest anti-proliferative activity with IC50 value at 18 µg/mL among all of
the four extracts from TA, and strongly inhibited HT-29 cell growth and halted cell cycle
progression in G2/M phase. DF also induced phosphatidylserine externalization and
activated caspases -8, -9, and -3, suggesting DF induced apoptosis through intrinsic
and extrinsic pathways. Furthermore, we found that HT-29 cell cycle arrest induced
by DF could be the result of reactive oxygen species (ROS), as the ROS scavenger
N-acetyl cysteine (NAC) attenuating it. Taken together, these results indicated that DF
induced cell cycle arrest at G2/M phase and apoptosis in HT-29 cells, and could be a
promising source for developing natural therapeutics for colon cancer.

Keywords: colon cancer, Toddalia asiatica Lam., G2/M arrest, apoptosis, reactive oxygen species

INTRODUCTION

Toddalia asiatica (L.) Lam. (Rutaceae) (TA) has been widely used as traditional Chinese
medicine for the treatment of various diseases in China (Yang et al., 2013; Tong et al., 2014).
Modern pharmacologic researches have confirmed that TA extracts have multiple biological
activities, including anti-arthritis (Yang et al., 2013), anti-inflammatory (Hao et al., 2004;
Balasubramaniam et al., 2011; Kariuki et al., 2013; Tong et al., 2014), anti-microbial (Narod
et al., 2004; Duraipandiyan and Ignacimuthu, 2009; Karunai Raj et al., 2012), anti-parasitic
(Shan et al., 2014), anti-oxidant (Balasubramaniam et al., 2011; Irudayaraj et al., 2012; Stephen
Irudayaraj et al., 2012; Ceballos et al., 2013), anti-platelet (Tsai et al., 1998), anti-malarial
(Gakunju et al., 1995; Oketch-Rabah et al., 2000), anti-diabetic (Irudayaraj et al., 2012), anti-
tumor (Iwasaki et al., 2006), and analgesic (Hao et al., 2004; Kimang’a et al., 2016). TA extracts
are mainly composed of coumarins, alkaloids, benzenoids, and their derivatives (Hu et al., 2014).
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Abstract

Background: Flower morphology, a phenomenon regulated by a complex network, is one of the vital ornamental
features in Nelumbo nucifera. Stamen petaloid is very prevalent in lotus flowers. However, the mechanism
underlying this phenomenon is still obscure.

Results: Here, the comparative transcriptomic analysis was performed among petal, stamen petaloid and stamen
through RNA-seq. Using pairwise comparison analysis, a large number of genes involved in hormonal signal
transduction pathways and transcription factors, especially the MADS-box genes, were identified as candidate genes
for stamen petaloid in lotus.

Conclusions: Taken together, these results provide an insight into the molecular networks underlying lotus floral
organ development and stamen petaloid.

Keywords: Flower morphology, Nelumbo nucifera, Stamen Petaloid, Transcriptome analysis, Floral organ

Background
Lotus (Nelumbo), a basal eudicot in the family of
Nelumbonaceae, is a perennial aquatic plant, comprising
of two species Nelumbo nucifera Gaertn. and Nelumbo
lutea Pers.. Its relative simple genome size (about
929 Mb) makes it ideal for cross breeding and genetic
studies [1, 2]. The N. nucifera is mainly cultivated in
Asia, especially in China as an important horticultural
crop with very high economic value, and it has been
cultivated for more than 2000 years [3, 4]. The sacred
lotus can be divided into three groups according to their
agronomic traits and primary utilization, namely, rhizome,
seed, and flower lotus.
Flower lotus are widely cultivated for their aesthetic

value. The color and shape of its flower are the two
major ornamental features, which largely determine its
ornamental values. The aspect of flower shape includes

the number, size, and shape of the petals. There are four
distinct organ types (sepals, petals, stamens, and carpels)
that commonly constitute a flower and are arranged in
different whorls. For the purpose of ornamentation,
petaloid is one of the characteristics selected in orna-
mental plants breeding [5]. Based on previous studies on
the ranuncukid genus Aquilegia, a model system for
studying the evolution of petals [6], there are two major
types of petaloid. The andropetaloidy, which originates
from a modified stamen, and the other is derived from
pre-existing sterile bracts variation [7]. In lotus, the
flower morphologies are classified as a few-petalled
group, double-petalled group, duplicate-petalled group
and all-double-petalled group [3]. Several lotus cultivars
have novel petaloid differentiation, such as the stamen
petaloid and carpel petaloid. Lotus flowers exhibit
numerous transition petal shapes with some having a sta-
men appendage, indicating that the petals may belong to
andropetals. There are distinct stamen petaloid culti-
vars including ‘Fenhonglingxiao’, ‘Zhigaowushang’ and
‘Manjianghong’. However, the genetic pathways con-
trolling this phenomenon of stamen petaloid remain
unclear in lotus.
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Genome-wide identification and
characterization of the 14–3-3 family
in Vitis vinifera L. during berry development
and cold- and heat-stress response
Cheng Cheng1,2,3, Yi Wang2, Fengmei Chai3, Shaohua Li2, Haiping Xin1* and Zhenchang Liang2,4*

Abstract

Background: The 14–3-3 family of ubiquitous proteins in eukaryotes plays important roles in the regulation of
various plant biological processes. However, less information is known about this family in grape fruit.

Results: To investigate the characteristics and functions of 14–3-3 in grape, a total of 11 14–3-3 proteins were
identified. Phylogenetic analysis of 14–3-3 proteins in grape (VviGRFs) with homologous proteins in Arabidopsis
showed that these proteins were classified into two groups, namely, epsilon and non-epsilon groups. Epsilon group
members commonly contained more introns and motifs than non-epsilon group, and some intron positions were
found to be conserved between Vitis and Arabidopsis 14–3-3 genes. RNA-seq and qRT-PCR results indicated that
VviGRF genes may be involved in the regulation of grape development and berry ripening. Moreover, six VviGRFs
exhibited significantly up- or down-regulated expression in response to cold and heat stresses, thereby revealing
their potential roles in the regulation of abiotic stress responses.

Conclusions: This work provides fundamental knowledge for further studies about the biological roles of VviGRFs in
grape development and abiotic stress response. The present result will also be beneficial for understanding their
molecular mechanisms and improving grape agricultural traits in the future.

Keywords: Abiotic stress, Berry, Development, Expression, Grape, 14–3-3

Background
The 14–3-3 proteins were first found in bovine brain and
named according to their elution and migration pattern on
2D DEAE-cellulose chromatography and starch gel elec-
trophoresis [1]. This proteins, as highly conserved regula-
tory proteins, are ubiquitous in eukaryotes, including
plants, insects, mammals, amphibians and yeasts [2–5].
Generally, these proteins exist as homo- or hetero-isoform
dimers, which form dimer groove structures [6]. The
structures provide binding sites for 14–3-3 proteins to

interact with their targets, such as enzymes involved in
primary biosynthetic and energy metabolism (e.g. nitrate
reductase, brassinosteroid receptor kinase and H+-ATPase)
and signal proteins (e.g. lipoxygenase and protein kinases)
[7–9]. With the interaction, 14–3-3 proteins function as
scaffolding proteins that are involved in the regulation of
diverse biological processes, including carbon and nitrogen
metabolisms, tricarboxylic acid cycle and the shikimate
pathway [8, 10].
To date, 8, 12, 25, 25, 13, 18 and 10 14–3-3 proteins

were identified in rice, tomato, cotton, banana, Arabidop-
sis, soybean and Hevea brasiliensis, respectively [11–17].
Previous studies revealed that 14–3-3 proteins play im-
portant roles in plant growth and development. For ex-
ample, most banana MaGRFs show an accumulated
transcription during fruit development and post-harvest
ripening [14]. Various GhGRF interaction partners
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Abstract: High amounts of polyunsaturated fatty acids (PUFAs) in vegetable oil are not desirable
for biodiesel or food oil due to their lower oxidative stability. The oil from Idesia polycarpa fruit
contains 65–80% (mol%) linoleic acid (C18:2). Therefore, development of Idesia polycarpa cultivars
with low PUFAs is highly desirable for Idesia polycarpa oil quality. Fatty acid desaturase 2 (FAD2)
is the key enzyme converting oleic acid (C18:1) to C18:2. We isolated four FAD2 homologs from
the fruit of Idesia polycarpa. Yeast transformed with IpFAD2-1, IpFAD2-2 and IpFAD2-3 can generate
appreciable amounts of hexadecadienoic acid (C16:2) and C18:2, which are not present in wild-type
yeast cells, revealing that the proteins encoded by these genes have ∆12 desaturase activity. Only trace
amounts of C18:2 and little C16:2 were detected in yeast cells transformed with IpFAD2-4, suggesting
IpFAD2-4 displays low activity. We also analyzed the activity of several FAD2 natural variants of
Idesia polycarpa in yeast and found that a highly conserved Gly376 substitution caused the markedly
reduced products catalyzed by IpFAD2-3. This glycine is also essential for the activity of IpFAD2-1
and IpFAD2-2, but its replacement in other plant FAD2 proteins displays different effects on the
desaturase activity, suggesting its distinct roles across plant FAD2s proteins.

Keywords: Idesia polycarpa var; glycine; FAD2; linoleic acid; oleic acid

1. Introduction

Vegetable oils are not only essential resources for nutritional applications, but also for sustainable
industrial feedstocks, which are commonly used in paints, lubricants, soaps, biodiesel, etc. [1,2].
The demand for vegetable oils is quickly increasing due to the fast growing population across the
world. To meet this demand, many efforts have been made to improve the yields of oil crops or to
domesticate wild oilseed plants [3]. Idesia polycarpa, a member of Flacourtiaceae family, is a local tree
species in some Asian countries including Korea, Japan, and China [4]. It is receiving more attention
due to the high amount of oil in its fruits, which can potentially be used in the biodiesel industry [4].
In addition, the oil from Idesia polycarpa fruit is healthy and edible since it contains 65–80% (mol%)
linoleic acid (C18:2). C18:2 is one of the essential polyunsaturated fatty acids in humans and cannot
be synthesized by the human body, it can only be obtained from food [5]. However, high amounts

Int. J. Mol. Sci. 2018, 19, 3932; doi:10.3390/ijms19123932 www.mdpi.com/journal/ijms



fpls-09-01242 August 21, 2018 Time: 8:18 # 1

ORIGINAL RESEARCH
published: 22 August 2018

doi: 10.3389/fpls.2018.01242

Edited by:
Andy Pereira,

University of Arkansas, United States

Reviewed by:
Mirza Hasanuzzaman,

Sher-e-Bangla Agricultural University,
Bangladesh

Madana M. R. Ambavaram,
Metabolix, United States

Omar Borsani,
Universidad de la República, Uruguay

*Correspondence:
Huiying Li

lihuiying@wbgcas.cn
Jinmin Fu

jfu@wbgcas.cn

Specialty section:
This article was submitted to

Plant Abiotic Stress,
a section of the journal

Frontiers in Plant Science

Received: 26 June 2017
Accepted: 06 August 2018
Published: 22 August 2018

Citation:
Hu L, Bi A, Hu Z, Amombo E, Li H and

Fu J (2018) Antioxidant Metabolism,
Photosystem II, and Fatty Acid

Composition of Two Tall Fescue
Genotypes With Different Heat

Tolerance Under High Temperature
Stress. Front. Plant Sci. 9:1242.

doi: 10.3389/fpls.2018.01242

Antioxidant Metabolism,
Photosystem II, and Fatty Acid
Composition of Two Tall Fescue
Genotypes With Different Heat
Tolerance Under High Temperature
Stress
Lianlian Hu1,2, Aoyue Bi1,2, Zhengrong Hu1,2, Erick Amombo1,2, Huiying Li1* and
Jinmin Fu1,3*

1 Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, The Chinese
Academy of Sciences, Wuhan, China, 2 University of Chinese Academy of Sciences, Beijing, China, 3 The Institute for
Advanced Study in Coastal Ecology, Ludong University, Yantai, China

Tall fescue (Festuca arundinacea Schreb.) is a typical and widely used cool-season
turf grass. High temperature is a key factor that limits its utility. The objectives of
this study were to investigate the behaviors of fatty acid composition and its gene
expression patterns in heat-resistant genotype “TF71” and heat-sensitive genotype
“TF133” exposed to heat stress (40/35◦C, 14/10 h), and to broaden our comprehension
about the relationship between heat tolerance and fatty acid function. The result
showed that heat stress increased the malondialdehyde (MDA) content and relative
electrolyte leakage (EL), but decreased the level of chlorophyll and the activity of
superoxide dismutase (SOD) and peroxidase (POD) when compared to the controls,
to a greater extent in “TF133.” This result proved that “TF71” had superior high-
temperature resistance. Furthermore, comparing the changes in the composition of
fatty acid and the expression of the genes involved in its synthesis between the two
different genotypes under heat stress, we found that heat stress increased the degree
of unsaturation, UFA/SFA, and double bond index (DBI) in “TF71.” Moreover, quantitative
RT-PCR revealed that heat stress altered the expression of the genes involved in fatty
acid synthesis, including ACAC, FabD, FabF, FabH, FabI, and FatA. According to
these findings, we can speculate that increasing the unsaturation degree of fatty acid
or controlling the equilibrium ratio of UFA/SFA might be closely associated with the
improving of the heat resistance in tall fescue.

Keywords: tall fescue, heat stress, antioxidant metabolism, photosystem II, fatty acid composition, gene
expression

INTRODUCTION

Supra-optimal temperature is an important factor that limits the widespread use of cool-season
turf grass in transitional and warm climatic regions, causes decline in turf quality, and leads to
growth retardation and irreversible damage (Kotak et al., 2007). In addition, heat stress can induce
a series of changes including enzyme activity, membrane fluidity, metabolism homeostasis, and
genes transcription (Knight and Knight, 2001).
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Fusarium head blight disease resulting from Fusarium graminearum (FG) infection causes

huge losses in global production of cereals and development of FG-resistant plants

is urgently needed. To understand biochemistry mechanisms for FG resistance, here,

we have systematically investigated the plant metabolomic phenotypes associated with

FG resistance for transgenic Arabidopsis thaliana expressing a class-I chitinase (Chi),

a Fusarium-specific recombinant antibody gene (CWP2) and fused Chi-CWP2. Plant

disease indices, mycotoxin levels, metabonomic characteristics, and expression levels

of several key genes were measured together with their correlations. We found that A.

thaliana expressing Chi-CWP2 showed higher FG resistance with much lower disease

indices and mycotoxin levels than the wild-type and the plants expressing Chi or

CWP2 alone. The combined metabonomic and quantitative RT-PCR analyses revealed

that such FG-resistance was closely associated with the promoted biosynthesis of

secondary metabolites (phenylpropanoids, alkanoids) and organic osmolytes (proline,

betaine, glucose, myo-inositol) together with enhanced TCA cycle and GABA shunt.

These suggest that the concurrently enhanced biosyntheses of the shikimate-mediated

secondary metabolites and organic osmolytes be an important strategy for A. thaliana

to develop and improve FG resistance. These findings provide essential biochemical

information related to FG resistance which is important for developing FG-resistant

cereals.

Keywords: Arabidopsis thaliana, Fusarium graminearum, metabolic responses, mycotoxins, Chi-CWP2, NMR
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A B S T R A C T

Cold and salt are common stresses in salinized land, which significantly limit plant growth and development.
Harnessing and prevention of land salinization is crucial to agricultural production and economic welfare.
Although cold or salt stress response has been widely investigated, the information on combined cold and salt
stress is little. MicroRNAs (miRNAs) are involved in multiple biological processes at the post-transcriptional
level. To explore the functions of miRNAs and their targets is essential for elucidating the molecular mechanisms
under those stresses. Bermudagrass [Cynodon dactylon (L).Pers.] has the potential to improve salinized land
owing to its high growth rate and excellent tolerance to salinity and alkalinity. Nevertheless, the information on
bermudagrass miRNAs remains largely unknown. In this study, four small RNA libraries (control, cold, salt and
combined stresses) were constructed using the high-throughput sequencing technology. Transcriptome data of
bermudagrass was also applied to discover some new miRNAs and analysis the targets. Totally, 449 mature
miRNAs were found in the four libraries, including 203 novel miRNAs and 246 known miRNAs that are similar
or identical to miRNAs known in other species. Also, 52 pairs of novel miRNA/miRNA* were also observed.
Moreover, 102 miRNAs were found to be differentially expressed among all the comparisons. In addition, 2200
targets of miRNAs were identified and analyzed. This study has provided some insights into the miRNA-regu-
lated response of bermudagrass to cold and high salinity stresses.

1. Introduction

MicroRNAs (miRNAs) are a class of highly conserved endogenous
non-coding small RNAs with single strand 19–24 nucleotides in length
(Bartel, 2004; Sunkar and Zhu, 2004). Their regulatory functions are
achieved by regulating the cleavage or repressing the transcription of
the target mRNA at the post-transcriptional level (Li et al., 2009). It has
been widely recognized that miRNAs play crucial roles in numerous
plant biological processes (Ha et al., 2009; Kidner and Martienssen,
2005). Extensive studies have indicated that miRNAs are involved in
plant response to diverse abiotic stresses, including salinity (Sunkar
et al., 2008; Zhu et al., 2013); cold (Zhou et al., 2008; Zhang et al.,
2014); drought (Liu et al., 2008; Zhou et al., 2010); waterlogging (Liu
et al., 2012); UV-B radiation (Zhou et al., 2007) and nutrient deficiency
(Zhao et al., 2012; Liu et al., 2015) as well as heavy metals stress

(Ghosh et al., 2017). To date, 35828 mature miRNAs are identified from
223 species (miRbase 21, http://www.mirbase.org/), including 72
plant species (Kozomara and Griffiths-Jones, 2013). Although a great
progress has been made in understanding the functions of miRNAs in
model plants, yet the knowledge of miRNAs in bermudagrass remains
largely unknown.

The whole genome information is crucial for identification of
miRNAs, while expressed sequence tag (EST) can also be used to
identify miRNAs for the plant species that lack information of the whole
genomes. Zhang et al. (2005) predicted and scored RNA secondary
structure of 812 ESTs from 60 plants species, leading to the identifi-
cation of 338 new potential plant miRNAs. Gupta et al. (2015) identi-
fied 62 conserved miRNAs in wheat (Triticum aestivum L.) by BLASTing
previously known miRNAs from Arabidopsis thaliana, rice (Oryza sativa),
and other plant species against the wheat EST database. However, the
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of two clustered MYB10 genes in peach
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Abstract
R2R3-MYB genes play a pivotal role in regulating anthocyanin accumulation. Here, we report two tandemly duplicated 
R2R3-MYB genes in peach, PpMYB10.1 and PpMYB10.2, with the latter showing lower ability to induce anthocyanin 
accumulation than the former. Site-directed mutation assay revealed two amino acid changes in the R3 repeat, Arg/Lys66 and 
Gly/Arg93, responsible for functional divergence between these two PpMYB10 genes. Anthocyanin-promoting activity of 
PpMYB10.2 was significantly increased by a single amino acid replacement of  Arg93 with  Gly93. However, either the  Gly93 
→  Arg93 or  Arg66 →  Lys66 substitutions alone showed little impact on anthocyanin-promoting activity of PpMYB10.1, but 
simultaneous substitutions caused a significant decrease. Reciprocal substitution of Arg/Gly93 could significantly alter bind-
ing affinity to PpbHLH3, while the  Arg66 →  Lys66 substitution is predicted to affect the folding of the MYB DNA-binding 
domain, instead of PpbHLH3-binding affinity. Overall, the change of anthocyanin-promoting activity was accompanied with 
that of bHLH-binding affinity, suggesting that DNA-binding affinity of R2R3-MYBs depends on their bHLH partners. Our 
study is helpful for understanding of functional evolution of R2R3-MYBs and their interaction with DNA targets.

Keywords Prunus · Anthocyanin coloration · R2R3-MYB TF · bHLH gene · DNA-binding affinity · Site-directed mutation

Introduction

Anthocyanins are flavonoid pigments contributing to the red, 
violet and blue coloration observed in plants. Anthocyanins 
play important biological functions in both reproductive and Electronic supplementary material The online version of this 
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Developing gene-tagged molecular
markers for evaluation of genetic
association of apple SWEET genes with fruit
sugar accumulation
Qiaoling Zhen1,2, Ting Fang1,2, Qian Peng1,2, Liao Liao1, Li Zhao1, Albert Owiti1,2 and Yuepeng Han1,3,4

Abstract
Sugar content is an important component of fruit quality. Although sugar transporters are known to be crucial for
sugar accumulation, the role of genes encoding SWEET sugar transporters in fruit sugar accumulation remains elusive.
Here we report the effect of the SWEET genes on fruit sugar accumulation in apple. A total of 25 MdSWEET genes were
identified in the apple genome, and 9 were highly expressed throughout fruit development. Molecular markers of
these 9 MdSWEET genes were developed and used for genotyping of 188 apple cultivars. The association of
polymorphic MdSWEET genes with soluble sugar content in mature fruit was analyzed. Three genes, MdSWEET2e,
MdSWEET9b, and MdSWEET15a, were significantly associated with fruit sugar content, with MdSWEET15a and
MdSWEET9b accounting for a relatively large proportion of phenotypic variation in sugar content. Moreover, both
MdSWEET9b and MdSWEET15a are located on chromosomal regions harboring QTLs for sugar content. Hence,
MdSWEET9b and MdSWEET15a are likely candidates regulating fruit sugar accumulation in apple. Our study not only
presents an efficient way of implementing gene functional study but also provides molecular tools for genetic
improvement of fruit quality in apple-breeding programs.

INTRODUCTION
Sugar is the main carbon source and energy-supplying

substance in organisms, and it plays an important role in
plant growth and development. Sugar is the main product
of photosynthesis and carbon dioxide assimilation occurs
mainly in stromal cells of chloroplast. The main assim-
ilation product synthesized in chloroplasts is triose
phosphate, most of which will be converted to either
sucrose in the cytosol or starch in the chloroplast1,2.
Sucrose is commonly translocated to other carbon-
demanding organs through the long-distance transport

occurring in phloem. Hence, sugar transportation is cri-
tical for maintaining the source-sink balance3.
Over the past two decades, various sugar transporters

have been identified in living organisms, including plants,
animals, humans, and fungi4–6. These transporters can be
categorized into four families: sodium solute symporter
transporters; major facilitator superfamily transporters;
phosphotransferase system transporters; and sugar will
eventually be exported transporters (SWEETs). Among
these transporters, SWEETs emerge as a unique and novel
class of sugar transporters. SWEETs are conserved evo-
lutionarily and exist widely in eukaryotes, and prokaryotes
such as arechaea and eubacteria. The first member of the
SWEET gene family, MtN3, was identified in Medicago
truncatula, and its expression was induced during root
nodule development7. Later, a homolog of theMtN3 gene,
designated Saliva, was identified in Drosophila and
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Investigation of benzylisoquinoline alkaloid
biosynthetic pathway and its
transcriptional regulation in lotus
Xianbao Deng1, Li Zhao1,2, Ting Fang1,2, Yaqian Xiong1, Collins Ogutu1,2, Dong Yang1, Sornkanok Vimolmangkang4,
Yanling Liu1 and Yuepeng Han1,3

Abstract
Lotus predominantly accumulates benzylisoquinoline alkaloids (BIAs), but their biosynthesis and regulation remain
unclear. Here, we investigated structural and regulatory genes involved in BIA accumulation in lotus. Two clustered
CYP80 genes were identified to be responsible for the biosynthesis of bis-BIAs and aporphine-type BIAs, respectively,
and their tissue-specific expression causes divergence in alkaloid component between leaf and embryo. In contrast
with the common (S)-reticuline precursor for most BIAs, aporphine alkaloids in lotus leaf may result from the (S)-N-
methylcoclaurine precursor. Structural diversity of BIA alkaloids in the leaf is attributed to enzymatic modifications,
including intramolecular C–C phenol coupling on ring A and methylation and demethylation at certain positions.
Additionally, most BIA biosynthetic pathway genes show higher levels of expression in the leaf of high-BIA cultivar
compared with low-BIA cultivar, suggesting transcriptional regulation of BIA accumulation in lotus. Five transcription
factors, including three MYBs, one ethylene-responsive factor, and one basic helix–loop–helix (bHLH), were identified
to be candidate regulators of BIA biosynthesis in lotus. Our study reveals a BIA biosynthetic pathway and its
transcriptional regulation in lotus, which will enable a deeper understanding of BIA biosynthesis in plants.

Introduction
Lotus (Nelumbo nucifera) belongs to Nelumbonaceae, a

family of basal eudicots that is composed of only one
genus, Nelumbo. As an aquatic perennial, lotus is widely
grown in Asian countries both as an ornamental and for
its edible rhizome and seed. In addition, all parts of the
lotus plant have been used in traditional medicine to treat
diseases such as cough, fever, hematemesis, hepatopathy,
small pox, dysentery, and cholera1. Recently, various
bioactive compounds in lotus have been identified and
their significant pharmacological effects have been testi-
fied, including anti-oxidant2, anti-obesity3, anticancer4,

antivirus5, and hepato-protection6. The main bioactive
components in lotus are benzylisoquinoline alkaloids
(BIAs), which are richly concentrated in tissues such as
leaf and embryo7,8.
BIA alkaloids are a diverse class of nitrogen-containing

plant secondary metabolites. Unlike terpenoids and phe-
nylpropanoids that are commonly found in most higher
plants, BIAs are restricted to certain plant families,
including Magnoliaceae, Ranunculaceae, Papaveraceae,
and Berberidaceae9. BIAs are structurally diverse, with
approximated 2500 known BIAs, including pharmacolo-
gical significant morphine and codeine (analgesic pain-
killer), sanguinarine and berberine (anti-microbial),
noscapine (antitussive and potentially antineoplastic), and
tubocuraine (muscle relaxant)10,11. Several plant species,
such as opium poppy (Papaver somniferum), California
poppy (Eschscholzia californica), Japanese goldthread
(Coptis japonica), and yellow meadow rue (Thalictrum
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Abstract
Rhamnus davurica Pall. (R. davurica) has been used as a traditional medicine for many years in China and abroad and shown awide
spectrum of biological activities. Previously, we reported the phytochemical fingerprinting profile of R. davurica, its distinct anti-
proliferative activities against HT-29 and SGC-7901 cell lines, and the topoisomerase I (Top I) ligands based on bio-affinity
ultrafiltration and HPLC-MS (UF-HPLC-MS). Nevertheless, among the 32 peaks detected in the fingerprinting profile, the common
bioactive constituents responsible for the anti-inflammatory and anti-proliferative activities in the extracts remain elusive. To further
explore the specific responsible components for their diversified activities and their potential action targets/mechanisms, the method
based on bio-affinity UF-HPLC-MS using therapeutic targets like Top I and cyclooxygenase 2 (COX-2) was established to rapidly
screen and identify the ligands binding to these known target enzymes. As a result, 12 components were revealed as potential Top I
ligands along with 11 components as potential COX-2 ligands, where several components were revealed to possess both activities.
Further validations of these bioactive components have also been conducted and confirmed their highlighted activities. This
integrated method of UF-HPLC-MS exhibits high efficiency in rapidly screening for multi-target bioactive components responsible
for multiple pharmacological effects from the complex natural products and could be very useful to explain the complex action
mechanisms of herb medicines in a complex multi-component and multi-target mode at the molecular level.

Keywords Rhamnus davurica . Bio-affinity ultrafiltration . Anti-inflammation . Anti-proliferative

Introduction

Enzymes with specific physiological functions are attractive
and promising targets for drug discovery. Increasing studies

indicated that the binding affinities between small molecules
and their therapeutic protein receptors play a decisive factor
for their biological activities [1–3]. In particular, it has been
revealed that enzyme inhibitors account for almost 50% of the
total small molecule drugs, which suggested that they largely
work by interacting with the target enzymes or other key bio-
logical macromolecules [4–6]. As for medicinal plants, they
have been served as the food supplements or medicines from
ancient ages worldwide and are becoming promising medici-
nal resources in light of tens of thousands of natural bioactive
constituents and their multifarious biological activities [7].
However, when we use these herbal plants for the prevention
and treatment of various diseases, there often lays a big chal-
lenge to correlate those complex compounds from a medicinal
plant to its corresponding biological activities or targets, espe-
cially in the case of traditional herbal formula which consists
of multiple medicinal plants [6]. For this reason, it is very
necessary to develop an efficient strategy to rapidly correlate
their chemical ingredients responsible for different

Published in the topical collection Discovery of Bioactive Compounds
with guest editors Aldo Laganà, Anna Laura Capriotti and Chiara
Cavaliere.

* Mingquan Guo
guomq@wbgcas.cn

1 Key Laboratory of Plant Germplasm Enhancement and Specialty
Agriculture, Wuhan Botanical Garden, Chinese Academy of
Sciences, Wuhan, Hubei 430074, China

2 Sino-Africa Joint Research Center, Chinese Academy of Sciences,
Wuhan, Hubei 430074, China

3 State Key Laboratory for Quality Research in Chinese Medicines,
Macau University of Science and Technology, Avenida Wai Long,
Taipa, Macao, China

Analytical and Bioanalytical Chemistry (2018) 410:3587–3595
https://doi.org/10.1007/s00216-018-0953-6



REGULAR ARTICLE

Application of Aspergillus aculeatus to rice roots reduces Cd
concentration in grain
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Abstract
Background and aims ‘Cd toxicity in rice’ events have
resulted in vast public concern and uncertainty. Effec-
tive bioremediation could be accomplished via applying
microbes that are capable of alleviating Cd content in
rice grains.
Methods Here, we investigated the effect of inoculating
Aspergillus aculeatus on tolerance, uptake and transpor-
tation of Cd in rice cultivated in Cd contaminated
growth medium.
Results A. aculeatus facilitated rice growth in Cd pol-
luted growth medium and alleviated Cd toxic effects
according to our observations on biomass, leaf and root
length and grain yield. Cd accumulation analysis indi-
cated that the plants which were inoculated with

A. aculeatus exhibited minimum Cd level in all organs.
Particularly in grain we observed a 40.5% reduction
compared to the Cd only treated plants. Differences in
Cd accumulation in rice inoculated with A. aculeatus
might be attributed to the enhancement of cell wall-
bound Cd, decreasing the Cd inorganic forms in roots,
and inhibiting the expression of OsNRAMP5 and
OsNRAMP1. A. aculeatus inoculation also led to mini-
mum growth medium DTPA-Cd concentration, which
possibly reduced the availability of the metals for plant
uptake.
Conclusions These results suggested that A. aculeatus
might potentially be applicable to improve Cd tolerance
and reduce Cd transportation in grains of rice.

Keywords Aspergillus aculeatus . Cadmium . Rice .

Tolerance . Transport

Introduction

Cadmium (Cd) is considered as one of the three major
toxic heavy metals posing tremendous environmental
threat (along with mercury and lead) (Jamers et al.
2013). Nriagu and Pacyna (1988) reported that global
Cd production has risen by >1000-fold to 20,000 tons
per year since the beginning of the twentieth century.
Correspondingly, anthropogenic release of Cd into the
environment now outstrips natural fluxes. As Cd is non-
degradable, it is acutely toxic to all biological species
(Begg et al. 2015). Under Cd stress, plant display
inhibited plant growth, decreased carbon assimilation,
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Abstract
Main conclusion Identification of NnCER2 and NnCER2-LIKE from Nelumbo nucifera, which are required for the 
very-long-chain fatty acid elongation, provides new evidence that CER2 proteins are evolutionarily conserved across 
the eudicots.

CER2-LIKE family proteins have been described as core components of the fatty acid elongase complex in Arabidopsis, 
maize, and rice, having specific function in synthesis of the  C30 to  C34 fatty acyl-CoA precursors of cuticular waxes. Little is 
known about the functional conservation in this gene family across species. In this study, two CER2-LIKE family proteins, 
NnCER2 and NnCER2-LIKE, were characterized from sacred lotus (Nelumbo nucifera), which is an ancient basal eudicot. 
The transcriptional expression of NnCER2 and NnCER2-LIKE was found in floating leaf blades, emergent petioles and 
vertical leaves, petals, and anthers. The NnCER2 and NnCER2-LIKE proteins were localized to the endoplasmic reticulum 
and nucleus. Overexpressing NnCER2 and NnCER2-LIKE in Arabidopsis led to alteration of cuticle wax structure in inflo-
rescence stems, and this was associated with elevated 30, 32, and 34 carbon length wax compounds, and their derivatives. 
The different substrate specificities of NnCER2 and NnCER2-LIKE were explored using co-expression with AtCER6 in 
yeast cells. These findings provide clear evidence that the function of CER2 family proteins in producing VLCFAs is highly 
conserved across the eudicots.

Keywords Arabidopsis thaliana · CER2-LIKE proteins · Cuticular wax · Evolution · Fatty acid elongase · Localization · 
Nelumbo nucifera · NnCER2 · Phylogeny

Abbreviations
FAE  Fatty acid elongase
FAME  Fatty acid methyl ester
KCS  3-Ketoacyl-CoA synthase
VLCFA  Very-long-chain fatty acid
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Abstract: Soil salinity is a serious threat to plant growth and crop productivity. Tall fescue utilization
in saline areas is limited by its inferior salt tolerance. Thus, a transcriptome study is a prerequisite
for future research aimed at providing deeper insights into the molecular mechanisms of tall fescue
salt tolerance as well as molecular breeding. Recent advances in sequencing technology offer a
platform to achieve this. Here, Illumina RNA sequencing of tall fescue leaves generated a total of
144,339 raw reads. After de novo assembly, unigenes with a total length of 129,749,938 base pairs
were obtained. For functional annotations, the unigenes were aligned to various databases. Further
structural analyses revealed 79,352 coding DNA sequences and 13,003 microsatellites distributed
across 11,277 unigenes as well as single nucleotide polymorphisms. In total, 1862 unigenes were
predicted to encode for 2120 transcription factors among which most were key salt-responsive. We
determined differential gene expression and distribution per sample and most genes related to salt
tolerance and photosynthesis were upregulated in 48 h vs. 24 h salt treatment. Protein interaction
analysis revealed a high interaction of chaperonins and Rubisco proteins in 48 h vs. 24 h salt treatment.
The gene expressions were finally validated using quantitative polymerase chain reaction (qPCR),
which was coherent with sequencing results.

Keywords: tall fescue; salinity stress; photosynthesis; RNA-sequencing; simple sequence repeats
transcription factors

1. Introduction

As a result of increased poor irrigation practices and natural soil salinization, salt stress remains
a major threat to plant growth and crop productivity globally [1]. The vast area of salinized land
and the heterogeneity of salinity level in the soil make it complex to study in toto [2]. Instead,
it is more practical to describe the various bioprocesses that collectively confer salt tolerance to the
whole plant. Tall fescue (Festuca arundinacea Schreb.) is a cool-season grass that is commonly used
as a forage and turfgrass due to its excellent adaptability, high yield, and high aesthetic value [3].
However, its selection and utilization in salt-affected regions are limited by its inferior salt tolerance in
comparison to warm-season turfgrasses [4,5]. Complex salt response mechanisms at the metabolic,
physiological, structural, biochemical and molecular levels have been reported in tall fescue [6–11].
Through molecular cloning, several salt tolerant genes have been identified in tall fescue. For example,
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Abstract: Phytochemical analysis of different Euphorbia tirucalli tissues revealed a contrasting
tissue-specificity for the biosynthesis of euphol and β-sitosterol, which represent the two
pharmaceutically active steroids in E. tirucalli. To uncover the molecular mechanism underlying this
tissue-specificity for phytochemicals, a comprehensive E. tirucalli transcriptome derived from its
root, stem, leaf and latex was constructed, and a total of 91,619 unigenes were generated with 51.08%
being successfully annotated against the non-redundant (Nr) protein database. A comparison of the
transcriptome from different tissues discovered members of unigenes in the upstream steps of sterol
backbone biosynthesis leading to this tissue-specific sterol biosynthesis. Among them, the putative
oxidosqualene cyclase (OSC) encoding genes involved in euphol synthesis were notably identified,
and their expressions were significantly up-regulated in the latex. In addition, genome-wide
differentially expressed genes (DEGs) in the different E. tirucalli tissues were identified. The cluster
analysis of those DEGs showed a unique expression pattern in the latex compared with other tissues.
The DEGs identified in this study would enrich the insights of sterol biosynthesis and the regulation
mechanism of this latex-specificity.

Keywords: Euphorbia tirucalli; oxidosqualene cyclase; transcriptome; steroid

1. Introduction

Euphorbiaceae is a large plant family that includes more than 8000 species, many of which
synthesize milky latex in a specialized structure called laticier [1]. The Euphorbia tirucalli plant,
belonging to this group of latex-producing species, is native to the temperate regions of the world
such as East Africa [2]. So far, the latex of E. tirucalli has been used in traditional folk medicine to
treat sexual impotence, warts, epilepsy, toothache, hemorrhoids, and snake bites in many African
countries [3]. In addition, extracts from the latex or stem of E. tirucalli have also been confirmed to
have a variety of pharmacological effects, such as oxytoxic, antiarthritic, antiviral, antimicrobial and
anti-inflammatory activities [4–8].

Phytochemical studies indicate that the occurrences of steroids or triterpenoids in the E. tirucalli
latex confer those medicinal effects [9–11]. For instance, euphol, the most abundant steroid in the
latex of E. tirucalli, can selectively induce human gastric cancer cells apoptosis and inhibit cancer cell
development [12]. Besides, the E. tirucalli plant accumulates an array of steroids or terpenoids whose
structures are similar to diesel oils, making it an ideal biofuel resource [13].

In general, the biosynthesis of steroids is derived from the isoprenoid pathway through the
C5 unit (isopentenyl diphosphate (IPP) or dimethylallyl diphosphate (DMAPP)), which stems from
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Abstract: Dioscorea zingiberensis is a perennial herb native to China. The rhizome of D. zingiberensis
has long been used as a traditional Chinese medicine to treat rheumatic arthritis. Dioscin is the
major bioactive ingredient conferring the medicinal property described in Chinese pharmacopoeia.
Several previous studies have suggested cholesterol as the intermediate to the biosynthesis of
dioscin, however, the biosynthetic steps to dioscin after cholesterol remain unknown. In this study,
a comprehensive D. zingiberensis transcriptome derived from its leaf and rhizome was constructed.
Based on the annotation using various public databases, all possible enzymes in the biosynthetic steps
to cholesterol were identified. In the late steps beyond cholesterol, cholesterol undergoes site-specific
oxidation by cytochrome P450s (CYPs) and glycosylation by UDP-glycosyltransferases (UGTs) to
yield dioscin. From the D. zingiberensis transcriptome, a total of 485 unigenes were annotated as CYPs
and 195 unigenes with a sequence length above 1000 bp were annotated as UGTs. Transcriptomic
comparison revealed 165 CYP annotated unigenes correlating to dioscin biosynthesis in the plant.
Further phylogenetic analysis suggested that among those CYP candidates four of them would be the
most likely candidates involved in the biosynthetic steps from cholesterol to dioscin. Additionally,
from the UGT annotated unigenes, six of them were annotated as 3-O-UGTs and two of them were
annotated as rhamnosyltransferases, which consisted of potential UGT candidates involved in dioscin
biosynthesis. To further explore the function of the UGT candidates, two 3-O-UGT candidates,
named Dz3GT1 and Dz3GT2, were cloned and functionally characterized. Both Dz3GT1 and Dz3GT2
were able to catalyze a C3-glucosylation activity on diosgenin. In conclusion, this study will facilitate
our understanding of dioscin biosynthesis pathway and provides a basis for further mining the genes
involved in dioscin biosynthesis.

Keywords: Dioscorea zingiberensis; dioscin biosynthesis; transcriptome; cytochrome P450;
glycosyltransferase

1. Introduction

Dioscorea zingiberensis, commonly known as “yellow ginger” in China, is extensively cultivated
as a traditional medicinal crop in the southern region of Shaanxi province in China. Extracts from
D. zingiberensis rhizomes have been suggested in Chinese medicine for the treatment of chest pain,
coronary heart disease, and hypoglycemic problems [1]. These medicinal effects are mostly attributed
to the presence of steroidal saponins in its rhizome tissue [2], and of which dioscin is the principle
active component [3]. A variety of bioactivities, such as anti-tumor [4], anti-inflammatory [5],
and bone-protecting [6] properties, have been shown for dioscin. More importantly, the aglycone of
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Abstract Sacred lotus (Nelumbo nucifera or lotus) is an
important aquatic plant in horticulture and ecosystems. As a
foundation for exploring genomic variation and evolution
among different germplasms, we re-sequenced 19 individuals
from three cultivated temperate lotus subgroups (rhizome,
seed and flower lotus), one wild temperate lotus subgroup
(wild lotus), one tropical lotus group (Thai lotus) and an
outgroup (Nelumbo lutea). Through genetic diversity and
polymorphism analysis by non-missing SNP sites widely
distributed in the whole genome, we confirmed that wild
and Thai lotus exhibited greater differentiation with a higher
genomic diversity compared to cultivated lotus. Rhizome lotus
had the lowest genomic diversity and a closer relationship to
wild lotus, whereas the genomes of seed and flower lotus

were admixed. Genes in energymetabolism process and plant
immunity evolved rapidly in lotus, reflecting local adaptation.
We established that candidate genes in genomic regions with
significant differentiation associated with temperate and
tropical lotus divergence always exhibited highly divergent
expression pattern. Together, this study comprehensive and
credible interpretates important patterns of genetic diversity
and relationships, geneevolution, andgenomic signature from
ecotypic differentiation of sacred lotus.

Edited by: Sanwen Huang, The Institute of Vegetable and Flowers,
CAAS, China
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20, 2017

FA: Free Access

INTRODUCTION

Lotus (NelumboAdans) is abasal eudicot that belongs toa
small plant family Nelumbonaceae of the order Proteales
(Wu et al. 2014). While Nelumbo is the only genus in
Nelumbonaceae, it also only includes two species:
Nelumbo nucifera Gaertn. (Asian lotus or sacred lotus)
and Nelumbo lutea Pers. (American lotus) (Wang and
Zhang 2005). These two species are separated by the
Pacific Ocean, but they maintain the same chromosome
number (2n¼ 16) (Diaoet al. 2006).Due to itsornamental,
edible, pharmacological and religious importance, sacred
lotus hasbeenwidely cultivated in China sinceabout 2,205
B.C. (The Herb Book of Shen Nung) (Shen-Miller 2002).
Large quantities of lotus cultivars are produced by
hybridization and artificial selection (Wang and Zhang

2011). These cultivated lotuses are classified into different
subgroups, including rhizome, seed and flower lotus,
according to their horticultural properties and morpho-
logical characteristics: rhizome lotus produces a few
flowers and an enlarged rhizome; the flower lotus
produces many flowers and a moderately enlarged
rhizome; and seed lotus produces many flowers, more
seeds and a moderately enlarged rhizome. From
morphological and biogeographical studies, Asian lotus
can also be divided into two ecotypes—temperate type
with enlarged and starch-enriched rhizome, short period
of florescence, and dormancy induced by short-photope-
riod; and tropical type with whip-like and thin rhizome,
long period of florescence, and dormancy partially
induced by short-photoperiod (Wang and Zhang 2005,
2011). Comparative transcriptomic studies suggest

© 2017 Institute of Botany, Chinese Academy of Sciences
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Abstract
Key message Overexpression of VaWRKY14 increases drought tolerance in Arabidopsis by modulating the expres-
sion of stress-related genes, including COR15A, COR15B, COR413, KIN2, and RD29A.
Abstract The WRKY family is one of a largest transcription factors in plants, and it is a key component of multiple stress 
responses. In this study, the drought- and cold-induced WRKY family gene VaWRKY14 was isolated and characterized. 
Phylogenetic analysis indicated that VaWRKY14 belongs to the WRKY IIa subfamily, of which several members participate 
in biotic and abiotic stress responses in plants. Fluorescence observation from Arabidopsis mesophyll protoplasts transformed 
with the VaWRKY14::eGFP fusion vector suggested that VaWRKY14 was localized in the nucleus. The VaWRKY14 in 
yeast cells did not display any transcriptional activity. The expression of VaWRKY14 could be induced by exogenous phy-
tohormones, including salicylic acid (SA) and abscisic acid (ABA). Overexpression of VaWRKY14 enhanced the drought 
tolerance of transgenic Arabidopsis. Compared with wild-type Arabidopsis, the VaWRKY14-OE lines exhibited higher 
water content and antioxidant enzyme activities in leaves after drought treatment. RNA sequencing analysis revealed that 
several stress-related genes, including COR15A, COR15B, COR413, KIN2, and RD29A, were upregulated in transgenic 
plants relative to their expression in wild-type Arabidopsis under normal conditions. Several genes (3 upregulated and 49 
down-regulated) modulated by VaWRKY14 were also affected by drought stress in wild-type plants. These data suggest that 
VaWRKY14 responds to drought and cold stresses and that drought tolerance may be enhanced by regulating the expression 
of stress-related genes in Arabidopsis.

Keywords VaWRKY14 · WRKY IIa · Transcriptome · Drought · Grapevine

Introduction

Drought is an adverse factor that restricts plant growth, 
survival, and distribution. To adapt to drought stress, 
plants have evolved various physiological and biochemi-
cal processes, including regulation of stomatal closure, 
accumulation of osmolytes (e.g., proline, soluble sugar, 
and glycine betaine), and scavenging of reactive oxygen 
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First Report of Nigrospora oryzae Causing Brown/Black Spot Disease of Kiwifruit in
China
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China is the world’s leading kiwifruit producer (Belrose 2016). In September 2016,
brown/black spot disease was found on leaves and fruit peel in several kiwifruit
orchards in Taishun County, Zhejiang Province, and Liupanshui City, Guizhou Province.
Diseased leaves and fruits exhibited small irregular brown to black spots (1 to 2 mm),
which grew (3 to 5 mm) and darkened with age. The leaves withered in the fall. Eighty
trees of 10 kiwifruit orchards in each city were investigated, and approximately 45% of
trees were symptomatic in Taishun and Liupanshui. Symptomatic tissues of 20 typical
infected leaves and fruits were cut into 4- to 5-mm pieces, surface-sterilized, rinsed
three times in sterile distilled water, and cultured on 1.5% potato dextrose agar (PDA)
with streptomycin and tetracycline. Petri dishes were incubated at 25°C under a 12-h
light/dark cycle. Hyphal tips from the growing edge of colonies cultured for 3 days at
25°C were transferred to PDA to obtain pure cultures. Fungal colonies were white, then
gray to black with an unevenly distributed, fast-growing aerial mycelium covering the
Petri dish within 5 days at 25°C. The colony turned dark brown when maintained in the
dark at 25°C after 7 days, then black/grayish brown upon sporulation after 15 days.
Conidia were brown or black, smooth, spherical to subspherical, single-celled (10 to 12

× 14 to 16 μm, average 11.2 to 15.5 μm in diameter, n = 100). Cultural and
morphological characteristics were suggestive of Nigrospora oryzae (Ellis 1971;
Hudson 1963). To confirm, genomic DNA was extracted from seven isolates. The
internal transcribed spacer (ITS) region of the strains’ ribosomal DNA was sequenced
using universal ITS4/ITS5 primers. By BLASTn, these ITS sequences (MF198430–36)
were 100% homologous with N. oryzae ex-type strain ICMP2736 (GenBank accession
no. EU436680), confirmed by molecular phylogenetic trees constructed using MEGA7.
The morphological data and nucleotide homology pointed to the isolate being N.
oryzae. All isolates were tested for pathogenicity on leaves and fruits of cv. Hongyang.
For each isolate, 12 nonwounded/wounded leaves and fruits were inoculated with a
conidial suspension (10 μl, 10  conidia/ml) and colonized PDA pieces (5 mm
diameter) from 7-day-old cultures of the fungus were placed in Petri dishes, incubated
for 48 h, then removed. Sterile distilled water and an agar plug were used as a control.
Leaves and fruits were incubated in a controlled environment for 5 days, maintained at
25 ± 0.5°C and 80 ± 5% relative humidity with 12 h of fluorescent white light/day. Five
days after inoculation, wounded leaves and fruits showed symptoms like those in the
field, whereas control and unwounded leaves and fruits remained symptom-free. N.
oryzae was consistently reisolated from affected leaves and fruits but not the controls,
fulfilling Koch’s postulates. Pathogenicity tests were carried out twice, with the same
results, indicating that N. oryzae is responsible for brown/black spot disease on
kiwifruit in China. N. oryzae is a known pathogen for several hosts (Zhai et al. 2013;
Zhang et al. 2012), but this is the first report of brown/black spot disease of kiwifruit
caused by N. oryzae in China. Geographic distribution and management of the fungus
should be further investigated.
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Postharvest rot disease of kiwifruit (Actinidia sp.) has recently become a serious
problem in China, the world’s largest kiwifruit cultivating and exporting country.
Between September and December 2016, we collected 357 kiwifruit of cv. Hongyang
from Taishun County of Zhejiang Province and Liupanshui City of Guizhou Province.
After 2 months’ cold storage (4°C, 2% O , 5% CO ), 68 fruits developed soft rot
symptoms. The infected fruit skin was softer and slightly lighter than adjacent healthy
tissues. Beneath the skin, flesh was soggy and milk-white in color. Severely decayed
fruits smelled sour or fermented. A small portion (<1 cm ) of symptomatic fruit tissue
was surface-sterilized with 1% sodium hypochlorite for 90 s and 75% ethanol for 30 s,
rinsed three times in sterile distilled water, blotted dry, and plated aseptically onto
1.5% potato dextrose agar (PDA). A hyphal-tip from the growing edge of colonies
cultured for 3 days at 25°C was transferred to PDA to obtain pure cultures. Most
isolated strains were identified morphologically and molecularly as Phomopsis sp.,
Pestalotiopsis sp., Botryosphaeria dothidea, and Alternaria alternata, previously
reported to cause rot in stored kiwifruits in China (Li et al. 2017). However, five
previously unidentified morphologically identical fungal isolates were recovered on
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Occurrence and characterization of an epibiotic parasite
in cultures of oleaginous microalga Graesiella sp. WBG-1
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Abstract Mass culture of oleaginous microalgae in open
raceway ponds is considered to be the cost-effective method
for biodiesel production. The oleaginous green alga
Graesiella sp. WBG-1 is an industrial strain capable of high
lipid productivity, but it is subject to parasitism. In the present
study, an epibiotic parasite EPG01was found in cultures of the
oleaginousGraesiella sp. WBG-1 and had devastating effects
on microalgal growth and lipid accumulation in open raceway
ponds. Based on analyses of the morphology, ultrastructure,
18S rDNA-based phylogeny, and host specificity, the parasite
EPG01 was identified as Rhizophydium scenedesmi.
Moreover, the host specificity test showed that only three coc-
coid green algae strains were rapidly and intensively infected
by the parasite EPG01: Chlorococcum sp. A213,
Chlorococcum sp. GP1, and Graesiella sp. WBG-1. This is
the first documented report of R. scenedesmi infection in ole-
aginous coccoid green algae. This present study verified the
presence of haustorium and the thick-walled resting sporangi-
um and also proposed a life cycle description for
R. scenedesmi. Our results will improve understanding of
parasite-host relationships and help to establish strategies for
the control of parasitic contaminations.

Keywords Oleaginousmicroalgae . Chlorophyceae .

Epibiotic parasite .Rhizophydium . Host specificity . Life
cycle

Introduction

Oleaginousmicroalgae have been identified as one of the most
significant potential feedstocks for biodiesel production
(Rawat et al. 2013). Open raceway ponds are considered to
be the most commonly used and cheapest culture system,
especially in mass cultivation of microalgae (Gao et al.
2012; McBride et al. 2014). However, it is impossible to avoid
biological contamination in open raceway ponds; they are an
excellent habitat for algae contaminants, such as bacteria, vi-
ruses, fungi, zooplankton, and insects, all of which can have
strong detrimental effects on microalgal biomass production
(Wang et al. 2013; Ravikumar 2014). Therefore, biological
contamination is a major potential bottleneck that impedes
the course of the industrialization of microalgae cultivation
for biodiesel production.

Microalgae are often plagued by algal parasites (Ishida
et al. 2015). It is well known that chytrid parasitize microalgae
(Carney and Lane 2014). Chytrids are true fungi and charac-
teristically produce motile zoospores which are posteriorly
uniflagellate (Seto et al. 2016). The most prominent morpho-
logical feature of the chytrid thalli is a sac-like structure called
the sporangium, in which internal divisions result in the pro-
duction of zoospores (James et al. 2006). The nomenclature
and taxonomy of chytrids are continually being revised and
updated; they were originally classified as phylum
Chytridiomycota (Barr 2001), which has subsequently been
d i v i d e d i n t o t h r e e p h y l a ( C h y t r i d i omy c o t a ,
Blastocladiomycota, and Neocallimastigomycota) on the ba-
sis of various physical, genetic, and biological characteristics
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Abstract

Introduction: Medicinal plants have played an important role in maintaining human

health for thousands of years. However, the interactions between the active compo-

nents in medicinal plants and some certain biological targets during a disease are still

unclear in most cases.

Objective: To conduct the high‐throughput screening for small active molecules

that can interact with biological targets, which is of great theoretical significance

and practical value.

Methodology: The ultrafiltration mass spectrometry (UF‐LC/MS) is a powerful bio‐

analytical method by combining affinity ultrafiltration and liquid chromatography‐

mass spectrometry (LC/MS), which could rapidly screen and identify small active

molecules that bind to biological targets of interest at the same time. Compared with

other analytical methods, affinity UF‐LC/MS has the characteristics of fast, sensitive

and high throughput, and is especially suitable for the complicated extracts of

medicinal plants.

Results: In this review, the basic principle, characteristics and some most recent

challenges in UF‐LC/MS have been demonstrated. Meanwhile, the progress and appli-

cations of affinity UF‐LC/MS in the discovery of the active components from natural

medicinal plants and the interactions between small molecules and biological target

proteins are also briefly summarised. In addition, the future directions for UF‐LC/

MS are also prospected.

Conclusion: Affinity UF‐LC/MS is a powerful tool in studies on the interactions

between small active molecules and biological protein targets, especially in the high‐

throughput screening of active components from the natural medicinal plants.

KEYWORDS

active components, affinity UF‐LC/MS, biological targets, high‐throughput, medicinal plants

1 | INTRODUCTION

For thousands of years, medicinal plants have been served as food

supplements or medicines for the treatment of various diseases due

to their remarkable effects all around the world. Nowadays, chemical

and pharmacological studies have demonstrated that medicinal plants

could exhibit numerous significant bioactivities mainly because they

contain multifarious chemical components.1-3 In addition, medicinal

plants not only have the unique advantage with abundant resource

bases, but are also gradually becoming promising medicinal resources

with tens of thousands of natural bioactive constituents, especially

for the early drug discovery and development stage. According to

recent global statistics, almost 42% of all 1562 newly approved drugs

from 1981 to 2014 are directly or indirectly derived from natural
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Advances in mass spectrometry techniques applicable to
phytochemical analysis

In June 2017 in an effort initiated by Professor Satya Sarker, the

Editor‐in‐Chief of Phytochemical Analysis, to continually improve the

journal performance and increase its impact on both analytical

phyto‐chemistry and plant sciences, the Editorial Advisory Board of

Phytochemical Analysis reached a consensus on actively seeking more

high‐quality review articles from some top‐notch experts in a specific

research field which could help promote the journal to a wider

readership. In view of my research experience in mass spectrometry

(MS) over the past 20 years, Professor Sarker asked whether I would

be interested in guest‐editing a special issue on “Advances in mass

spectroscopic methods applied to phytochemical analysis”, I felt

obligated as one of the Editorial Advisory Board Members of

Phytochemical Analysis, and pleased to accept this challenging invita-

tion at first. Now I feel it is truly a great honour for me to take this

opportunity to share the wide international readership with the most

recent advances and new developments of MS techniques in phyto-

chemical analysis.

It is now well known that MS has played a key role, and even

become an indispensable tool in phytochemical analysis due to its out-

standing characteristics among all other analytical methods:

unequalled high sensitivity, unparalleled detection limits for a complex

mixture of natural compounds, and wide diversity in applications from

small volatiles to non‐volatile compounds, and more recent large bio-

molecules in plants. Meanwhile, MS has experienced countless

improvements since J.J. Thomson first obtained and observed mass

spectra of O2, N2, CO, CO2, and COCl2 in 1912. Ever since then, at

least two revolutions in MS techniques have been accomplished prior

to its wide availability to the analysis of phytochemicals. One is the

MS coupled with gas chromatography (GC) in 1958 which has

revolutionised the analysis of volatile compounds in natural products;

the other is the introduction of the soft ionisation methods that

took place in the 1980s, which has enabled MS to be used for the

analysis of non‐volatile compounds. After these revolutions, MS has

progressed extremely rapidly in phytochemical analysis. The new

instrumentation of MS allows much richer and more significant infor-

mation to be obtained from complex mixtures of natural products

even in a single MS run, which can offer not only the molecular weight

and thus the elemental composition of a natural compound, but also

structural information through its fragments using a very minute

amount of sample even in a complex mixture without prior separation

or derivatisation. In turn, these features once coupled with other

strategies may provide more valuable information on the research

subject of interest. In this context, the proposed topic for this special

issue is “Advances in Mass Spectrometry Techniques Applicable to

Phytochemical Analysis”. The prime aim for the present issue is to

deliver both high‐impact review articles and top‐notch research arti-

cles to the wide international readership regarding the most recent

progress in MS techniques and the continuous efforts in the develop-

ment of new MS methods for phytochemical analysis. This issue

includes nine articles, and brief introductions to each topic are illus-

trated as below.

The first article in the issue is commenced by Wu et al., which

reviews the most recent research progress in Panax ginseng using

LC–MS based metabolic and metabolomics approaches. Although

Panax ginseng has gained increasing attention throughout the world

as both a complementary herbal medicine and food supplement, its

pharmacological functions and therapeutic mechanisms as well as

beneficial effects on human health are still elusive due to its complex

chemical diversity and multiple pharmacological activities which

urgently call for a comprehensive analysis of its phytochemicals and

their associated effects. Currently, LC–MS based metabolic and

metabolomics may be the best fit for this purpose, and will attract

more research endeavour in this regard.

The issue then comes with its second review article by Han et al.,

which deals with screening of bioactive components from traditional

Chinese medicines using cell membrane chromatography coupled with

MS. The traditional Chinese medicine (TCM) has long been used in

clinics and hospitals as an effective therapy for patients to prevent

and treat various diseases. However, its action mechanisms, its bioac-

tive compounds and corresponding targets remain a big challenge. In

this context, cell membrane chromatography (CMC) has been proved

as an effective method to screen active compounds from TCMs

interacting with the specific biological receptors. Once coupled with

either GC–MS or HPLC–MS, CMC can become more powerful, and

can be used to screen, analyse and identify target components from

TCM acting on specific cellular receptors at the same time.

The third review article in the issue shifts its focus to the most

recent advances in matrix‐assisted laser desorption/ionisation mass

spectrometry imaging (MALDI‐MSI) for in situ analysis of endogenous

molecules in plants, which was drafted by Qin et al. focusing on the

application of MALDI‐MSI for in situ detection of endogenous mole-

cules in different plant organs, i.e. root, stem, leaf, flower, fruit, and

DOI: 10.1002/pca.2774

Phytochemical Analysis. 2018;29:329–330. Copyright © 2018 John Wiley & Sons, Ltd.wileyonlinelibrary.com/journal/pca 329



Vol.:(0123456789)1 3

Plant Growth Regulation (2018) 86:339–350 
https://doi.org/10.1007/s10725-018-0433-1

ORIGINAL PAPER

Systematic transcriptomic analysis provides insights into lotus 
(Nelumbo nucifera) seed development
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Abstract
Seed size is one of the most important determinants of yield in lotus (Nelumbo nucifera). The cotyledon, which is responsi-
ble for nutrient storage in the mature seed, is the major factor affecting seed size in this economically important crop. Here, 
transcriptome analysis on cotyledons were performed during the rapid expansion stage of two lotus cultivars with different 
seed size and yield, China Antique and Jianxuan-17, at 9, 12, and 15 days after pollination (DAP). We identified 22,549 
genes, including 2414 novel genes. Among them, 8437 genes were differentially expressed between CA and JX from 9 to 15 
DAP. Gene ontology analysis suggested that these DEGs were significantly enriched in cell proliferation and gene expres-
sion. Dozens of DEGs are involved in brassinosteroids (BRs) biosynthesis and signaling pathway. Nine genes controlling 
seed size by cell number and size were candidate genes regulating lotus seed size. There was a notable difference in the 
expression patterns and level of starch-synthesis genes between two cultivars. NNU_20629 and NNU_05331 were likely 
responsible for the difference in starch accumulation between CA and JX, which might lead to their different yield. Pairwise 
comparisons of our transcriptome data provide insights into lotus seed development, which could facilitate projects aimed 
at breeding lotus with improved traits.

Keywords Nelumbo nucifera · Lotus seed · Cotyledon · RNA-seq · Transcriptome

Introduction

Lotus is a basal eudicot belonging to the Nelumbonaceae 
family, which contains only one genus, Nelumbo. The 
Nelumbo genus comprises two species: Nelumbo nucifera 
Gaertn and Nelumbo lutea (Savolainen and Chase 2003). 
This aquatic plant has a wide range of uses, serving as a 
vegetable, medicinal, and ornamental crop that can also be 
used for environmental purification. Due to its widespread 

use and large economic value, much lotus germplasm has 
been produced in the past few decades. Lotus cultivars can 
be classified into three major groups named as flower, seed 
and rhizome lotus, based on their distinct traits and agricul-
tural uses. Seed and rhizome lotus are produced for their 
edible tissues, whereas, flower lotus is popular for its flower 
color and shape.

As a sexual organ of the plant, the seed plays a significant 
role in the plant’s life cycle. Apart from its use in breeding, 
lotus seed has been widely consumed as food (fresh and dry) 
and medicine in China. Given its considerable economic 
value, it is important to have a thorough understanding of 
lotus seed development for improving lotus seed yield. After 
fertilization, the lotus seed matures over a period of approxi-
mately 30 days. The entire developmental process can be 
divided into four stages: organ formation, cell expansion, 
material accumulation, and dormancy. During early develop-
ment, the endosperm is absorbed as a nutrient, whereas the 
cotyledon, which is responsible for nutrient storage, is the 
main factor determining seed size.

Seed size is one of the most important determinants of 
yield (Xu et al. 2015; Wu et al. 2016). Factors controlling 
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supplementary material, which is available to authorized users.
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a  b  s  t  r  a  c  t

Paris  polyphylla  Smith  var.  yunnanensis  (P. polyphylla)  has  been  widely  used  as  a  traditional  Chinese
medicine  for  centuries.  The  Chinese  Pharmacopoeia  (2015)  suggests  that  the  four  steroidal  saponins,
namely  polyphyllin  I, II, VI  and  VII, are  considered  to  be  the marker  components  for  the  quality  control
(QC)  of  this  herb  medicine.  However,  the active  components  responsible  for the anti-cancer  and  anti-
inflammatory  effects  of P. polyphylla  and  the  underlying  mechanisms  of  action  remain  elusive.  In  the
present  study,  ultrafiltration  HPLC-MS  (UF  LC  MS)  with  the  multiple  drug  targets  of  topoisomerase  I,  II
(Top I,  II)  and  cyclooxygenase  2 (COX-2)  was  carried  out  to  systematically  investigate  the  mechanisms  of
action  in  a  multi-component  manner.  The  results  revealed  that the  polyphyllin  I  displayed  not  only  higher
binding  affinity  to the  three  drug  targets,  but  also  stronger  inhibitory  activities,  as  compared  with  the
positive  controls.  Thus,  COX-2  and Top  I could  be  considered  as  the  anti-cancer  and  anti-inflammatory
targets  of  P. polyphylla.  Further  molecular  docking  studies  partly  revealed  the  inhibitory  mechanism  of
action  associated  with  the  hydrogen  bonds  between  polyphyllin  I  and  the  three  target  enzymes.  This
study  showcased  the high  efficiency  of  UF-LC/MS  in  exploring  the  potential  bioactive  components  from
P. polyphylla  and  its possible  mechanisms  of action  in  a  multi-target  and  multi-component  manner.

©  2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Paris polyphylla Smith var. yunnanensis (Franch) Hand-Mazz (P.
polyphylla), a perennial herb of Liliaceae, is widely used as a tradi-
tional Chinese medicine for the treatment of fractures, contusions,
abscess, bleeding, and snake bite, etc. [1]. It‘s also one of the major
ingredients of “Yunnan Baiyao”, a well-known formula of Chinese
medicine. Steroidal saponins, with various glucosyls attached to the
hydroxyl groups at the positions of C-3 and/or C-26, including dis-
genins and pennogenins, have been reported as the main active
components in P. polyphylla [2–4]. Those saponins have exhib-
ited significant pharmacological activities, such as anti-tumor,
hemostasis, cardiovascular regulation and immunity adjustment
[5]. According to the Chinese Pharmacopoeia (2015), four saponins,
namely polyphyllin I, II, VI and VII, are regarded as the marker com-
ponents for the quality control (QC) of this herb medicine [1,6].

∗ Corresponding author at: Key Laboratory of Plant Germplasm Enhancement
and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of Sciences,
430074 Wuhan, China.

E-mail address: guomq@wbgcas.cn (M.  Guo).

Numerous analytical methods, including LC–MS, have also been
applied to quantify the above four compounds in P. polyphylla or
blood/plasma [3,7,8]. Recently, there have been extensive stud-
ies on the anti-tumor effects of the total saponins or some certain
pure compound from P. polyphylla through various mechanisms, of
which polyphyllin I exhibited the strongest anti-tumor activities in
a broad spectrum [8–11]. However, due to the low content in plant,
poor UV absorption and structural complexities of the saponins,
it often became very difficult to isolate, analyze, and evaluate the
activity of these saponins. In addition, their targeted biological pro-
teins or enzymes still remain elusive.

In the process of medication, drugs mainly take effects through
the intricate interactions with disease-related biological targets,
such as enzymes [12]. To some extent, the binding affinities among
the therapeutic targets and drug molecules play a crucial role in
their biological activities, and thereby those functional enzymes
are extremely attractive and could be potential targets for new drug
discovery [13,14]. Meanwhile, they could also be successfully used
for high-throughput screening (HTS) for new lead compounds [15].
For years, lots of steroidal saponins have been isolated from P. poly-
phylla, but the bioactive components responsible for the anticancer
activity and their drug targets have been rarely reported until now.

https://doi.org/10.1016/j.ijms.2018.09.016
1387-3806/© 2018 Elsevier B.V. All rights reserved.
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The relative intensities between the two colors, and other important 
emission parameters (such as emission maxima, lifetime, and anisot-
ropy) are strongly modulated by the local environment of the target 
binding site(s). This has opened up interesting opportunities for using 
flavonols as their ‘own fluorescence reporters’ for noninvasing sensing 
of their interactions with various intra-cellular targets (encompassing 
proteins, duplex and quadruplex DNA, and biomembranes) [2–8], as 
well as ‘nano-vehicles’ for drug delivery [9].
Results: Representative and recent studies exemplifying applications 
of ‘two color’ fluorescence of typical dietary flavonols, such as fisetin 
and quercetin are highlighted and reviewed in this lecture. This is 
based on research activities in our laboratory during the past 15 years, 
from 2001 till date [2–9], and other related work.
Upon binding to various bio-relevant targets (encompassing carrier 
proteins, biomembranes, duplex and quadruplex DNA), and cyclo-
dextrin based nano-vehicles for drug delivery, dramatic changes are 
noted in the two color emission profiles of representative flavonols 
we examined. In particular, we observed spectacular enhancement 
of the yellow-green ESIPT tautomer emission yield, as well as drastic 
changes in anisotropy, lifetime, and rotational correlation time upon 
binding to such broad range of receptors. Simultaneously, for fisetin 
and other similar structurally related flavonols, for which the normal 
fluorescence exhibits strong ‘charge transfer’ character, significant blue 
shifts are noted in the maxima of the normal (non proton transferred)
fluorescence band, signifying relatively apolar binding environments. 
With regard to encapsulation in cyclodextrin nano-cavities, the role 
of cavity size, and chemical modifications to the parent cyclodextrins, 
crucially determine encapsulation capabilities [9]. These are clearly evi-
dent from differences in the fluorescence emission profiles, tautomer/
normal emission intensity ratio, anisotropy and other emission param-
eters. The occurrence of FRET from trp-214 of human serum albumin 
(HSA) to flavonol molecules bound to the protein matrix are clearly 
evident from both fluorescence emission and excitation profiles. This 
indicates that the flavonol binding sites in HSA are proximal to unique 
tryptophan moiety of the protein. (trp-214) [3]. Studies on interactions 
of dietary flavonols with quadruplex DNA reveal that flavonols are use-
ful quadruplex DNA ligands [4–5], and thus can be potentially useful 
anti-cancer drugs through stabilization of quadruplex DNA structure. 
The intrinsic fluorescence emission of flavonols also prove to be use-
ful in exploring binding of flavonols to model and natural biomem-
branes, both in terms of locating the environments of the flavonols 
in membranes (from the two color fluorescence emission signatures) 
and obtaining quantitative estimates of partition coefficients, and 
phase transition temperatures for liposomal membranes [2]. Support-
ing studies via other relevant spectroscopic techniques, especially 
induced circular dichroism (ICD) and molecular modeling are also 
briefly reviewed, and such studies confirm and consolidate the fluores-
cence based findings. Such complementary studies provide additional 
insights regarding the binding processes, including thermodynamics 
and conformational aspects, together with details regarding the domi-
nant noncovalent interactions involved. Implications of such findings 
are assessed in relation to the promising prospects of flavonoid based 
drug discovery and development.
Conclusions: 1. The exquisitely sensitive intrinsic ‘two color’ fluores-
cence of medicinally active dietary flavonols offers interesting pos-
sibilities for using favonols as their ‘own fluorescence reporters’ for 
non-invasive sensing of their interactions with various intra-cellular 
targets relevant to the therapeutic actions of flavonols (encompassing 
proteins, duplex and quadruplex DNA, and biomembranes), as well as 
their encapsulation in natural and chemically modified ‘nano-vehicles’ 
for drug delivery.
2. It is evident from such studies that the structure and substitution 
patterns of flavonols play a crucial role in determining their binding 
modes, and relative affinities with their receptors.
3 We can envision that. expanded use of the intrinsic fluorescence 
of dietary flavonols via spectroscopy and microscopic studies can 
emerge as a valuable approach in drug discovery and development 
endeavors aimed towards screening of the most appropriate flavonol 
derivatives with desired medicinal properties, from among numerous 
structural variants available in nature.
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Background: In the early drug discovery stage, the binding affinity 
between small molecule candidates and its therapeutic bio-molecule 
targets is considered as the primary determinant of the candidate’s 
biological activity [1]. Recently, it has been found that almost half of 
the small-molecule drugs in the market are enzyme inhibitors accord-
ing to a recent survey [2]. Topoisomerase I (Topo I), a well recognized 
therapeutic target for a variety of cancers like ovarian, lung, and colo-
rectal cancer, has gained increasing interest since Topo I inhibitors 
have shown good anticancer activity, and some Topo I inhibitors have 
already been approved by FDA like camptothecin (CPT) type inhibitors 
including topotecan and irinotecan. However, these inhibitors suffered 
from lactone instability and their effects are rapidly reversible. To cir-
cumvent these limitations, novel Topo I inhibitors have been actively 
sought, especially new natural inhibitors with less side-effect [3, 4]. In 
this context, we strived to combine affinity ultrafiltration with LC/MS 
(UF-LC/MS) aiming to fish out specific bioactive compounds targeting 
Top I from some medicinal plants of interest.
Materials and methods: DNA topoisomerase I (E. coli) was obtained 
from New England Biolabs (NEB, Ipswich, Massachusetts, USA), and 
the centrifugal ultrafiltration filters (YM-30, 30 kDa) were purchased 
from Millipore Co. Ltd (Bedford, MA, USA). The ultrafiltration experi-
ment was conducted according to our previous work [5, 6]. As for the 
herbal plants of interest in this work, the bulbs of Lycoris radiata were 
obtained from Wuhan Botanical Garden, and the barks of Rhamnus 
davurica Pall were from Jikang pharmaceutical Co., Ltd. (Hebei, China). 
The two human cancer cell lines (Hep G2 and HT-29) were obtained 
from China Center for Type Culture Collection (CCTCC, Wuhan, China). 
At last, a Thermo Accela 600 HPLC system coupled with a TSQ Quan-
tum Access MAX mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA, USA) was used for the analysis of samples before and after 
ultrafiltration.
Results: The application of UF-LC/MS strategy leads to some very 
interesting findings, and several new types of natural compounds from 
different medicinal plants were successfully screened out and tested 
to markedly inhibit Topo I as compared with CPT. In more details, an 
alkaloid from Lycoris radiata was screened out, and exhibited good 
dose-dependent inhibition against Topo I with IC50 at 7.25 ± 0.20 μg/
mL comparable to CPT at 6.72 ± 0.23 μg/mL; and also strongly 
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Abstract Soil salinity is a notorious abiotic stress

which constrains plant growth and limits crop pro-

ductivity. Recent advances in phytogenetics especially

the discovery of marker-trait association have facili-

tated the efficient selection of stress-tolerant crops.

The objective of this study was to evaluate tall fescue

(Festuca arundinacea Schreb.) accessions growing

under salt stress in order to identify salt-tolerant and

salt-sensitive genotypes using physiological and

molecular markers. The population consisted of 114

diverse tall fescue accessions which were assessed

using 99 simple sequence repeat (SSR) markers and

five functional physiological traits i.e., turf quality,

leaf water content, chlorophyll content, relative

growth rate, and evapotranspiration rate. Salinity

stress induced great variations among the functional

physiological traits and there were significant corre-

lations among them. The population structure analysis

revealed two distinct populations, while association

mapping between the SSRs and phenotypic traits

identified significant associations. In addition, the

accessions that maintained relatively higher physio-

logical traits had a significantly lower accumulation of

Na? and Cl- in the roots compared to those whose

functional traits declined. We identified six most salt-

tolerant accessions due to their high values of phys-

iological parameters and significantly low accumula-

tion of Na? and Cl- in the roots. Similarly, we

identified six accessions we considered to bemost salt-

sensitive as observed by high Na? and Cl- accumu-

lation plus a decline in the physiological activities.

Our findings are helpful to tall fescue breeders with a

goal of producing tall fescue cultivars with enhanced

salt tolerance.

Keywords Tall fescue � Salt stress � Functional
traits � Association mapping � Population structure

Introduction

Soil salinity adversely affects plant growth and crop

productivity (FAO 2000; Munns 2002; Singh and

Chatrath 2001). About 6% of the world’s total land is

salt-affected (Munns and Tester 2008) and the area is

steadily increasing (Tester and Davenport 2003).
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Toona (Endl.) M. Roem., commonly known as red cedar, is a 
small genus of trees in the mahogany family (Meliaceae subfam. 
Cedreloideae). It is distributed across southern and eastern Asia, New 
Guinea, and eastern Australia (Mabberley, 2008). Toona was previ-
ously treated as a section of Cedrela P. Browne (Meliaceae), but the 
latter is now circumscribed to include only species of the Neotropics 
(Muellner et al., 2009). Approximately five species of Toona are cur-
rently recognized following the treatment by J. M. Edmonds (1995): 
T. calantas Merr. & Rolfe, T. ciliata M. Roem., T. fargesii A. Chev., 
T. sinensis (A. Juss.) M. Roem., and T. sureni (Blume) Merr. (Fig. 1). 
Several of these species are economically important as timber trees 
(e.g., T. ciliata and T. sureni; Peng and Edmonds, 2008) or as orna-
mental, including T. sinensis, which is the most cold- tolerant species 
in Meliaceae and the only member of the family that can be culti-
vated successfully in northern Europe (Rushforth, 1999). Wild pop-
ulations of most Toona species are under threat due to habitat loss 
and logging, especially the extremely rare T. fargesii, which may be 
endemic to China (Peng and Edmonds, 2008).

The large pantropical family Meliaceae is a member of the or-
der Sapindales (Angiosperm Phylogeny Group, 2016) and consists 
of 50 genera and more than 650 species (Stevens, 2001 onwards). 
Meliaceae is strongly supported as monophyletic and consists of 
two subfamilies: Cedreloideae and Melioideae (Muellner et  al., 
2003). A recent phylogenetic study of Sapindales based on plastid 
rbcL, atpB, and trnL- trnF sequences (Muellner- Riehl et al., 2016) 
found that Simaroubaceae was sister to Meliaceae, with moderate 
support. Together, these two families formed a strongly supported 
clade with Rutaceae. Relationships among the remaining fami-
lies of Sapindales were mostly moderately to strongly supported. 
Resolution and support found in Muellner- Riehl et al. (2016) rep-
resent improvements over earlier studies based on fewer loci (e.g., 
Gadek et al., 1996; Muellner et al., 2007).

Phylogenetic data sets based on large numbers of plastid loci 
have the potential to resolve relationships that have resisted res-
olution using only a few loci, as has been demonstrated in many 
recent studies (e.g., Stull et al., 2015; Duvall et al., 2016). Plastomes 

Applications in Plant Sciences 2018 6(4): e1040; http://www.wileyonlinelibrary.com/journal/AppsPlantSci © 2018 Lin et al. Applications in Plant Sciences is 
published by Wiley Periodicals, Inc. on behalf of the Botanical Society of America. This is an open access article under the terms of the Creative Commons 
Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
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PREMISE OF THE STUDY: Toona (Meliaceae, Sapindales) is a small genus of five species of trees 
native from southern and eastern Asia to New Guinea and Australia. Complete plastomes 
were sequenced for three Toona species to provide a basis for future plastome genetic studies 
in threatened species of Toona. In addition, plastome structural evolution and phylogenetic 
relationships across Sapindales were explored with a larger data set of 29 Sapindales 
plastomes (including members of six out of nine families).

METHODS: The plastomes were determined using the Illumina sequencing platform; the 
phylogenetic analyses were conducted using maximum likelihood by RAxML.

RESULTS: The lengths of three Toona plastomes range from 159,185 to 158,196 bp. A total 
of 113 unique genes were found in each plastome. Across Sapindales, plastome gene 
structure and content were largely conserved, with the exception of the contraction of the 
inverted repeat region to exclude ycf1 in some species of Rutaceae and Sapindaceae, and the 
movement of trnI-GAU and trnA-UGC to a position outside the inverted repeat region in some 
Rutaceae species.

DISCUSSION: The three Toona plastomes possess the typical structure of angiosperm 
plastomes. Phylogenomic analysis of Sapindales recovered a mostly strongly supported 
phylogeny of Sapindales, including most of the backbone relationships, with some 
improvements compared to previous targeted- gene analyses.

  KEY WORDS   phylogenomic analysis; plastome; Sapindales; structure; Toona.
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Abstract The Qinling Mountains form the geo-

ecological boundary between subtropical and warm-

temperate zones in China and represent the northern

boundary for the range of native Actinidia chinensis.

To protect, explore and make use of natural resources

more effectively, factors influencing genetic diversity

of species must be determined. Whether the complex

demography of the Qinling Mountains significantly

influences gene flow of Actinidia species remains

unknown. We assessed genetic diversity and structure

of A. chinensis populations in the Qinling Mountains

using genomic- and EST-SSR markers. We also

conducted barrier analysis to detect genetic disconti-

nuity and isolated pools within structured populations.

A total of 179 alleles were detected in six natural A.

chinensis populations with an average of 14.9 alleles

per locus. Overall, genetic differentiation among A.

chinensis populations was low but was stronger than

that of populations on either the northern or southern

slopes. Analysis of molecular variance showed that

25.97% of the total variance occurred among

populations, whereas 74.03% of the total variance

occurred within populations. The strongest gene flow

occurred between the PX population on the southern

slope and the LX population on the northern slope.

A UPGMA dendrogram revealed that LX and PX

populations were clustered together in one group. The

other populations were clustered into another group.

A Mantel test revealed no significant correlation

between genetic and geographical distances. Clear

genetic structure was revealed, and four geographic

barriers were identified within and among five areas

located in the western, central and eastern Qinling

Mountains. Gene flow among populations was

restricted by the primary ridges of the Qinling

Mountains extending west to east, with branches

advancing north to south.

Keywords Actinidia chinensis � Barrier analysis �
Differentiation � Gene flow � Genetic structure � Slope

Introduction

The QinlingMountains, which have ridges higher than

1800 m in elevation that extend 1500 km from east to

west, provide a natural boundary between North and

South China. The Qinling Mountains are recognized

as the geo-ecological boundary between subtropical

and warm-temperate zones in China. The topography

of the Qinling Mountains is complex, comprising
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ABSTRACT
Actinidia is taxonomically difficult and economically important. Four
traditional barcoding markers, internal transcribed spacer (ITS), rbcL,
matK and trnH-psbA, were used to identify the 29 Actinidia species
sampled. High-quality sequences could be obtained easily for rbcL,
matK and trnH-psbA, and matK performed best at resolving
species among these three markers. ITS had a moderate
sequencing success of 72% and the species resolution proportion
was 60.7%. Sequencing success rate for matK + rbcL was 97.4%
and it discriminated 48.3% of the species analysed. The barcode
trnH-psbA could only identify Actinidia eriantha. MatK + rbcL and
ITS are useful markers to barcode Actinidia; the utility of ITS in
barcoding needs further investigation using high-throughput
sequencing technology. Phylogenetic analyses based on ITS, matK,
matK + rbcL and matK + rbcL + trnH-psbA indicated Sect. Leiocarpae
to be paraphyletic, while Sect. Maculatae and Sect. Strigosae
together with Sect. Stellatae formed a monophyletic group. We
recommended the subdivision of Actinidia into two groups: one
consisting of Sect. Leiocarpae (ovaries glabrous, fruits spotless),
and the other comprising sections Maculatae, Strigosae and
Stellatae (ovaries hairy, fruits spotted). This study supported the
separation of Actinidia chinensis var. chinensis and var. deliciosa at
the infraspecific level, and the separation of Actinidia tetramera
and Actinidia kolomikta at the specific level. The treatment of
Actinidia maloides as a synonym of A. kolomikta and Actinidia
cinerascens as a variety of Actinidia fulvicoma was also warranted.
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Introduction

The genus Actinidia is well known for its berries with high content of vitamin C and plea-
sant sweet–sour flavours. Cultivars of Actinidia are widely cultivated in New Zealand,
Italy, Chile, China and other countries, and the taxonomy of this genus is notoriously
difficult (Huang and Ferguson 2007). The most recent revision recognised about 55
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Abstract. Kiwifruit (Actinidia chinensis Planchon) is an economically important fruit, and
its flowering and production are affected by the chill accumulation in winter. In this
study, the chilling requirements of nine kiwifruit cultivars with three ploidy levels
(diploid, tetraploid, and hexaploid) were analyzed by using the Dynamic Model, Utah
Model, and chilling hours (CH) Model. The chilling requirements for vegetative
budbreak of these kiwifruit cultivars were 24–55 chill portions (CP), 316–991 chill units
(CU), and 222–853 CH, and the chilling requirements for floral emergence were 45–69
CP, 825–1336 CU, and 655–1138 CH. The chilling requirements for vegetative budbreak
and floral emergence were significantly lower for diploid than hexaploid cultivars with
tetraploid cultivars intermediate. Pearson correlation analysis indicated that ploidy
levels were positively correlated with chilling requirement, with the CV of 0.74 and 0.82
for vegetative budbreak and floral emergence chilling requirements, respectively. In
conclusion, these results provide some novel insights of kiwifruit varieties of various
chilling requirements, which is beneficial for kiwifruit cultivar selection for different
climates and environments.

Dormancy is an adaptation of perennial
plants to cease growth in response to extreme
environmental conditions (Rohde and Bha-
lerao, 2007). Dormancy is induced by diverse
factors in different plants (Vegis, 1964),
whereas dormancy termination is usually
influenced by chilling in winter (Fuchigami
et al., 1982; Perry, 1971; Wareing, 1956).
Temperature and duration of chilling are key
components of satisfying chilling require-
ments which are critical to promote vegeta-
tive growth and budbreak for perennial plants
in the subsequent year (Perry, 1971). Tem-
peratures near 5 �C are required to satisfy
the chilling requirement of perennial plants

(Perry, 1971). However, the duration require-
ment of chilling varies considerably between
and within species (Alburquerque et al.,
2008; Brundell, 1975; Egea et al., 2003; Ruiz
et al., 2007;Wall et al., 2008). TheRichardson’s
CU is often used to determine chilling require-
ment (Richardson et al., 1974). For example, the
chilling requirements ranged from 266 to
996 CU among almond cultivars (Egea et al.,
2003) and ranged from 800 to 1200 CU
among apricot cultivars (Ruiz et al., 2007).
Negative effects that are caused by insuffi-
cient or exceeded chill accumulation could
result in reduction of budbreak or earlier
flowering, which threaten the cultivation
and commercialization of the perennial
crop. Thus, finding the chilling requirements
of plants is vital for the basic understanding
of dormancy and practical application of
dormancy release or bloom delay techniques
(Naor et al., 2003).

Kiwifruit (Actinidia) is a functionally di-
oecious liana with variable ploidy levels
(e.g., diploid, tetraploid, and hexaploid)
(Huang et al., 2000; Li et al., 2010). Most
current kiwifruit cultivars are selections of

natural Actinidia chinensis and Actinidia
deliciosa from China (Ferguson and Huang,
2007). Compared with other fruit trees, lim-
ited information is available about the effects
of temperature on the chilling requirement in
the Actinidia genus. It has been reported that
Actinidia rufa displayed a low-chill trait (200 h)
followed by A. chinensis (400–600 h), and
A. deliciosa cultivars showed the highest
chilling requirements (600–800 h) (Kulthinee
et al., 2004). In addition, there is an obvious
variation of chilling requirements among
various cultivars of an Actinidia species.
For example, ‘Hayward’ (A. deliciosa) had
a chilling requirement of more than 950 CU
for vegetative buds and 1150 CU for floral
buds, whereas ‘Bruno’ (A. deliciosa) may
have lower chilling requirements (Caldwell,
1989). However, information has not been
reported about the chilling requirements of
other kiwifruit cultivars, especially for the
new released cultivars with diverse ploidy
levels.

Because of China’s fluctuating climate
and diverse environment (Luedeling, 2012),
the appropriate chilling requirements of kiwi-
fruit cultivars are essential for cultivar selec-
tion and cultivation. The objectives of this
study were to 1) determine chilling require-
ments for vegetative budbreak and floral
emergence of different kiwifruit cultivars
and 2) investigate the relationship of chilling
requirements with different ploidy levels.

Materials and Methods

Plant material. The plant material used in
this study comprised nine kiwifruit cultivars
with three ploidy levels including the diploids
‘Jinyu’ (originate from Henan province),
‘Donghong’ (Henan), and ‘Wuzhi-7’ (Jiangxi);
the tetraploids ‘Jintao’ (Jiangxi), ‘Jinxia’
(Jiangxi), and ‘H-15’ (Hunan); and the hexa-
ploids ‘Jinkui’ (Hubei), ‘Chuanmi-1’ (Sichuan),
and ‘Bruno’ (New Zealand). The ploidies of
these cultivars have been determined by flow
cytometry experiments (Huang, 2014). The
former five cultivars belong to Actinidia
chinensis, and the remaining cultivars be-
long to Actinidia deliciosa. All these kiwi-
fruit cultivars were cultivated at the National
Actinidia Germplasm Repository (NAGR)
at the Wuhan Botanical Garden, Chinese
Academy of Science.

Experimental design. The experiments
were conducted in 2014 and 2015 in the
NAGR orchard. Hourly temperatures were
collected from September to March by an
electronic thermohygrograph (Zoglab Model
DSR-TH; Zoglab, Hangzhou, China). The
starting date for chilling accumulation was
considered when ‘‘positive chill-units begin
to accumulate just after the day in the autumn
when the largest negative accumulation is
experienced’’ (Erez et al., 1979; Richardson
et al., 1974). For the Utah Model, the largest
negative accumulation of CU was detected
on 2 Nov. (data not shown), hence we began
calculating CU on 3 Nov. For the Dynamic
Model and CH Model, we began calculating
CP and CH on 1 Sept., respectively (Zhang
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Abstract
Amygdalus mira (Koehne) Ricker (Basionym: Prunus mira Koehne) is a wild relative species of peach belonging to Rosaceae 
family. It is likely the oldest progenitor of peach and considered threatened or even on the verge of extinction, which requires 
urgent conservation attention. To contribute to such efforts, complete chloroplast genome of A. mira was assembled using 
Illumina Hiseq 2500 platform. The cpDNA genome is 157,330 bp in length and has a GC content of 36.80%, with a typical 
circular quadripartite structure comprising a pair of inverted repeats (IRA and IRB) separated by two single-copy regions. The 
cpDNA genome consisted of 88 coding sequences (CDS), 37 tRNAs and 8 rRNAs genes. 583 simple sequence repeat (SSR) 
motifs were identified, where hexa-nucleotide was the most common (27.7% of all SSRs). The complete cpDNA genome of 
A. mira will be of valuable data for the upcoming research on comparative population genomics of peach.

Keywords Amygdalus mira · Chloroplast genome · Inverted repeats · IGS · CDS · tRNAs · rRNAs · SSR motifs

Technical note

Peach [Prunus persica (L.) Batsch] belongs to the genus 
Prunus in the Rosaceae family. It has five wild relatives: 
Amygdalus mira (Koehne) Ricker, Amygdalus kansuensis 
(Rehder) Skeels, Amygdalus davidiana (Carrière) Franchet, 
Amygdalus davidiana var. potaninii (Batalin) Rehder, and 
Amygdalus ferganensis (Kostina & Rjabov) Kostina & Rja-
bov. Of these wild relatives, A. mira originated in China 
with resistance to biotic and abiotic stresses, is probably 
the oldest progenitor of peach (Cao et al. 2014). A. mira is 

indigenous to the Tibetan Plateau (Dong 1991; Tian et al. 
2015), within range of elevation between 2500 and 3600 m 
above mean sea level (a.m.s.l.) and mean annual temperature 
ranging from 6 to 13 °C (Guan et al. 2014). Recent sur-
veys show that A. mira is becoming under threat or even on 
the verge of extinction largely due the ecological damages 
caused by desertification effect, global climate change, pol-
lution and urbanization (Tian et al. 2015; Guan et al. 2014). 
Hence, urgent actions for preservation and restoration prac-
tices must be taken in order to conserve the threatened spe-
cies A. mira. To facilitate such purposes, here we report the 
complete chloroplast genome sequence of A. mira to provide 
basic genetic resource that is useful for future research on 
comparative population genomics. Chloroplasts are cyto-
plasmic organelles and play a crucial role in plant photosyn-
thesis and other metabolic pathways (Zeng et al. 2016). The 
chloroplast genome is maternally inherited in angiosperms, 
and shows evolutionary conservation. Thus, the chloroplast 
genome can be used to investigate phylogenetics and system-
atics of higher plants (George et al. 2015). Since the inven-
tion of the next-generation sequencing technology in 2005, 
genomics has evolved at an accelerated pace (Van Dijk et al. 
2014). Until recently, there are about 300 cpDNA from crop 
and tree genomes have been deposited in the National Center 
for Biotechnology Information (NCBI)—organelle genome 
database (Daniell et al. 2016). To gain a better insight into 
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Arabidopsis Duodecuple Mutant of PYL ABA Receptors Reveals 
PYL Repression of ABA-Independent SnRK2 Activity
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SUMMARY

Abscisic acid (ABA) is an important phytohormone controlling responses to abiotic stresses and is 

sensed by proteins from the PYR/PYL/RCAR family. To explore the genetic contribution of PYLs 

toward ABA-dependent and ABA-independent processes, we generated and characterized high-

order Arabidopsis mutants with mutations in the PYL family. We obtained a pyl quattuordecuple 

mutant and found that it was severely impaired in growth and failed to produce seeds. Thus, we 

carried out a detailed characterization of a pyl duodecuple mutant, 

pyr1pyl1/2/3/4/5/7/8/9/10/11/12. The duo-decuple mutant was extremely insensitive to ABA 

effects on seed germination, seedling growth, stomatal closure, leaf senescence, and gene 

expression. The activation of SnRK2 protein kinases by ABA was blocked in the duodecuple 
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Summary
Kiwifruit is an important fruit crop; however, technologies for its functional genomic and

molecular improvement are limited. The clustered regulatory interspaced short palindromic

repeats (CRISPR)/CRISPR-associated protein (Cas) system has been successfully applied to genetic

improvement in many crops, but its editing capability is variable depending on the different

combinations of the synthetic guide RNA (sgRNA) and Cas9 protein expression devices.

Optimizing conditions for its use within a particular species is therefore needed to achieve highly

efficient genome editing. In this study, we developed a new cloning strategy for generating

paired-sgRNA/Cas9 vectors containing four sgRNAs targeting the kiwifruit phytoene desaturase

gene (AcPDS). Comparing to the previous method of paired-sgRNA cloning, our strategy only

requires the synthesis of two gRNA-containing primers which largely reduces the cost. We

further compared efficiencies of paired-sgRNA/Cas9 vectors containing different sgRNA

expression devices, including both the polycistronic tRNA-sgRNA cassette (PTG) and the

traditional CRISPR expression cassette. We found the mutagenesis frequency of the PTG/Cas9

system was 10-fold higher than that of the CRISPR/Cas9 system, coinciding with the relative

expressions of sgRNAs in two different expression cassettes. In particular, we identified large

chromosomal fragment deletions induced by the paired-sgRNAs of the PTG/Cas9 system. Finally,

as expected, we found both systems can successfully induce the albino phenotype of kiwifruit

plantlets regenerated from the G418-resistance callus lines. We conclude that the PTG/Cas9

system is a more powerful system than the traditional CRISPR/Cas9 system for kiwifruit genome

editing, which provides valuable clues for optimizing CRISPR/Cas9 editing system in other plants.

Introduction

Creation of mutants is an important procedure in investigating

gene function and crop improvement (Gaj et al., 2013). Com-

pared to traditional mutagenesis, targeted genome editing

mediated by site-specific nucleases (SSNs) is precise, convenient

and time-saving (Gaj et al., 2013). Three SSNs, namely, zinc-

finger nucleases (ZFNs), transcription activator-like effector nucle-

ases (TALENs) and the clustered regulatory interspaced short

palindromic repeats (CRISPR)/CRISPR-associated protein (Cas)

system (CRISPR/Cas), are widely used in targeted genome editing,

particularly in crop improvement (Carroll, 2014; Chen and Gao,

2014). These SSNs induce DNA double-strand breaks (DSBs) at

specific sites and trigger in vivo DNA repair pathways, including

homologous recombination (HR) and nonhomologous end-join-

ing (NHEJ) pathways (Carroll, 2014). Comparatively, ZFNs and

TALENs are constructed by designing and fusing customizable ZF/

TALE DNA-binding domains with the FokI cleavage domain, and

their use is limited by the need to engineer a specific protein pair

for each new target. The CRISPR/Cas system, which developed

from the adaptive immunity of bacteria and archaea, is relatively

versatile and highly efficient in targeted genome editing, in

particular for multiplex engineering and fewer limitations on

selections of target sites (Komor et al., 2016).

The CRISPR/Cas system can be divided into six types (type I–VI)
(Mohanraju et al., 2016). The type II system, which consists of a

single Cas9 protein, has been widely adapted as a simple and

highly efficient targeted genome editing tool (Hayward et al.,

2013; Shan et al., 2013). In this system, the mature dual CRISPR

RNA (crRNA) consists of a crRNA and small trans-activating

CRISPR RNA (tracrRNA), which forms a functional complex with

the endonuclease Cas9 (Deltcheva et al., 2011; Jinek et al.,

2012). The Cas9 ribonucleoprotein complex then binds to DNA at

a typical protospacer adjacent motif (PAM) sequence and a

protospacer matching the crRNA. Cleavage occurs at the targeted

site in relation to the PAM on both strands, which is mediated by

the Cas9 endonuclease domains RuvC and HNH, introducing

precise DSBs that cause targeted DNA degradation (Deltcheva

et al., 2011).

Optimization of a single synthetic guide RNA (sgRNA) to

replace the mature dual crRNA makes it easy to utilize the CRISPR/

Cas9 system for genome editing in both prokaryotes and

1424 ª 2018 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.
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ABSTRACT: Carboxyl-containing metabolites (CCMs) widely
exist in living systems and are the essential components for life.
Global characteristics of CCMs in biological samples are critical for
the understanding of physiological processes and the discovery for
the onset of relevant diseases. However, their determination
represents a challenge due to enormous polarity differences,
structural diversity, high structural similarity, and poor ionization
efficiency in mass spectrometry. Herein, 5-(diisopropylamino)-
amylamine (DIAAA) derivatization coupled with liquid chromatog-
raphy−mass spectrometry (LC-MS) was developed for mapping the
CCMs. With this methodology, the sensitivity was significantly
enhanced. More importantly, the hydrophobicity of polar CCMs,
amino acids, TCA cycle intermediates, and short-chain fatty acids and the hydrophilicity of low-polar CCMs, long-chain fatty
acids, and bile acids were significantly increased, resulting in a remarkable separation efficiency for which 68 CCMs can be
simultaneously determined. Furthermore, the polarity-tuning effect was confirmed to be induced by the different impacts of
aliphatic chains and nitrogen atom in DIAAA, the latter existing as a cation in the acidic mobile phase, using different
derivatization reagents. Finally, this derivatization method was utilized to hunt for the potential biomarkers in colorectal cancer
(CRC) patients and 52 CCMs, related with several key metabolic pathways, including amino acids metabolism, TCA cycle, fatty
acid metabolism, pyruvate metabolism, and gut flora metabolism were identified. This innovative polarity-tuning derivatization-
LC-MS approach was proved to be a valuable tool for probing global metabolome with high separation efficiency and sensitivity
in various biological samples.

Carboxyl-containing metabolites (CCMs) widely exist in
living systems and are the essential components for life.

CCMs mainly contain amino acids (AAs), TCA cycle
intermediates (TCAs), short-chain fatty acids (SCFAs), long-
chain fatty acids (LCFAs), bile acids, and so on. AAs have been
central to the study of cancer metabolism and are required for
the synthesis of protein, nucleotide, and cell growth.1,2 TCA
cycle is an important route for oxidative metabolism and also
associated with highly proliferating cells, like tumor cells.3

SCFAs, such as butyric acid (BA) and propionic acid (PA),
have beneficial effects on anti-inflammation and are the key
determinants of diseases in intestinal microbiota.4 Long-chain
fatty acids (LCFAs), for example, hydroxyeicosatetraenoic
acids (HETEs, ω-6), prostaglandins (PGs, ω-6), thromboxanes
(TXs, ω-6), and hydroxyeicosapentaenoic acids (HEPEs, ω-3),

play vital roles in cancer,5,6 inflammation,7 and other biological
activities.8 Bile acids influence the composition of the
gastrointestinal microbiota and host metabolic pathways
through the reciprocal microbe-host crosstalk.9 Moreover,
some SCFAs and TCAs are the precursors of biosynthesis of
LCFAs.10 Therefore, the global determination for CCMs
profile is critical for the understanding of physiological
processes and the discovery for the onset of relevant diseases.
Colorectal cancer (CRC) is the second most common

cancer in the world.11 The diet, inflammation, and loss of
tumor suppressor gene are the key risk factors contributing to
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Accepted: September 7, 2018
Published: September 7, 2018
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Abstract

Grapevine (Vitis vinifera L.) is a widely cultivated fruit crop whose growth and productivity are greatly affected by low 
temperatures. On the other hand, wild Vitis species represent valuable genetic resources of natural stress tolerance. 
We have isolated and characterized a MYB-like gene encoding a putative GARP-type transcription factor from Amur 
grape (V. amurensis) designated as VaAQUILO. AQUILO (AQ) is induced by cold in both V. amurensis and V. vinifera, 
and its overexpression results in significantly improved tolerance to cold both in transgenic Arabidopsis and in Amur 
grape calli. In Arabidopsis, the ectopic expression of VaAQ increased antioxidant enzyme activities and up-regulated 
reactive oxygen species- (ROS) scavenging-related genes. Comparative mRNA sequencing profiling of 35S:VaAQ 
Arabidopsis plants suggests that this transcription factor is related to phosphate homeostasis like their Arabidopsis 
closest homologues: AtHRS1 and AtHHO2. However, when a cold stress is imposed, AQ is tightly associated with the 
cold-responsive pathway and with the raffinose family oligosaccharides (RFOs), as observed by the up-regulation 
of galactinol synthase (GoLS) and raffinose synthase genes. Gene co-expression network (GCN) and cis-regulatory 
element (CRE) analyses in grapevine indicated AQ as potentially regulating VvGoLS genes. Increased RFO content 
was confirmed in both transgenic Arabidopsis and Amur grape calli overexpressing VaAQ. Taken together, our results 
imply that AQ improves cold tolerance through promoting the accumulation of osmoprotectants.

Keywords:  Abiotic stress, Chinese wild grape, cold response, galactinol synthase, grape transformation, HRS1, low 
temperature exotherms, raffinose, ROS.

Introduction

Low temperature is a primary environmental factor that affects 
plant growth and development, significantly constraining the 

geographic distribution of plants and affecting agricultural 
productivity (Chinnusamy et  al., 2007). Plant species have 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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Summary

Interactions between commensal microbes and

invading pathogens are understudied, despite their

likely effects on pathogen population structure and

infection processes. We describe the population

structure and genetic diversity of a broad range of

co-occurring Pseudomonas syringae isolated from

infected and uninfected kiwifruit during an outbreak

of bleeding canker disease caused by P. syringae pv.

actinidiae (Psa) in New Zealand. Overall population

structure was clonal and affected by ecological

factors including infection status and cultivar. Most

isolates are members of a new clade in phylogroup 3

(PG3a), also present on kiwifruit leaves in China and

Japan. Stability of the polymorphism between patho-

genic Psa and commensal P. syringae PG3a isolated

from the same leaf was tested using reciprocal

invasion from rare assays in vitro and in planta.

P. syringae G33C (PG3a) inhibited Psa NZ54, while

the presence of Psa NZ54 enhanced the growth of P.

syringae G33C. This effect could not be attributed to

virulence activity encoded by the Type 3 secretion

system of Psa. Together our data contribute toward

the development of an ecological perspective on the

genetic structure of pathogen populations.

Introduction

Kiwifruit (Actinidia spp.) cultivation is challenged by out-

breaks of the bacterial pathogen Pseudomonas syringae

pv. actinidiae (Psa) – the causative agent of bleeding can-

ker disease. The latest outbreak was first reported in Italy

in 2008 (Balestra et al., 2008) before spreading rapidly

through most kiwifruit growing regions of the world (Abel-

leira et al., 2011; Everett et al., 2011; Koh et al., 2012;

Zhao et al., 2013; Sawada et al., 2015), arriving in New

Zealand in 2010 (Everett et al., 2011).

As a pathogen, Psa faces the challenge of colonising

diverse environments before proliferating in the apoplast

and vascular tissues. Colonisation of leaf surfaces prior to

invasion is a key infection stage (Wilson and Lindow, 1994;

Wilson et al., 1999; Monier and Lindow, 2003; Pfeilmeier

et al., 2016). On the leaf surface, Psa is likely to encounter

and interact with a diverse range of plant-colonising

bacteria (Hirano and Upper, 2000; Lindow and Brandl,

2003). Physical proximity increases the likelihood of com-

petitive interactions affecting disease outcomes (Lindow

and Brandl, 2003; Hibbing et al., 2010) and increases the

probability of horizontal gene transfer (Sawada et al.,

1999; Polz et al., 2013; Colombi et al., 2017).

The local context and the scale of sampling bacterial

populations are particularly important, as it can have an

impact on genetic structure (Istock et al., 1992; Souza

et al., 1992; Haubold and Rainey, 1996; Spratt and

Maiden, 1999). A study by Istock and colleagues (1992)

made a particularly persuasive case by showing that sam-

pling Bacillus subtilis at the local level (instead of pooled

collections) contradicted the common view of its clonal

population structure. Similar lessons regarding the scale of

sampling have come from studying P. syringae populations

with a range of structures reported depending upon

Received 14 December, 2017; accepted 4 March, 2018. *For corre-
spondence. E-mail c.straub@massey.ac.nz; Tel. (164) 9 4140
800ext43811. †These authors are joint senior authors.

VC 2018 Society for Applied Microbiology and John Wiley & Sons Ltd© 2018 Society for Applied Microbiology and John Wiley & Sons Ltd.
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Tung Tree (Vernicia fordii, Hemsl.) Genome and
Transcriptome Sequencing Reveals Co-Ordinate
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Eleostearic Acid Accumulation in Seeds
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The tung tree (Vernicia fordii) is one of only a few plant
species that produces high oil-yielding seeds rich in
a-eleostearic acid (a-ESA, 18:3�9cis, 11trans, 13trans), a con-
jugated trienoic fatty acid with valuable industrial and
medical properties. Previous attempts have been made
to engineer tung oil biosynthesis in transgenic oilseed
crops, but these efforts have met with limited success.
Here we present a high-quality genome assembly and de-
veloping seed transcriptomic data set for this species.
Whole-genome shotgun sequencing generated 176 Gb of
genome sequence data used to create a final assembled
sequence 1,176,320 kb in size, with a scaffold N50 size of
>474 kb, and containing approximately 47,000 protein-
coding genes. Genomic and transcriptomic data revealed
full-length candidate genes for most of the known and
suspected reactions that are necessary for fatty acid desat-
uration/conjugation, acyl editing and triacylglycerol bio-
synthesis. Seed transcriptomic analyses also revealed
features unique to tung tree, including unusual transcrip-
tional profiles of fatty acid biosynthetic genes, and co-
ordinated (and seemingly paradoxical) simultaneous
up-regulation of both fatty acid b-oxidation and triacylgly-
cerol biosynthesis in mid-development seeds. The precise
temporal control of the expression patterns for these two
pathways may account for a-ESA enrichment in tung
seeds, while controlling the levels of potentially toxic by-
products. Deeper understanding of these processes may
open doors to the design of engineered oilseeds containing
high levels of a-ESA.

Keywords: Beta-oxidation � Eleostearate � Fatty acid �

Triacylglycerol � Tung tree.

Abbreviations: ACP, acyl carrier protein; BUSCO,
Benchmarking Universal Single-Copy Orthologs; DAG, diacyl-
glycerol; DAP, days after pollination; a-ESA, a-eleostearic
acid; FAME, fatty acid methyl esters; FDR, false discovery
rate; GC-FID, gas chromatography coupled to a flame ioniza-
tion detector; GO, Gene Ontology; GWD, genome-wide
duplication; KEGG, Kyoto Encyclopaedia of Genes and
Genomes; LTR, long terminal repeat; Mya, million years
ago; ORF, open reading frame; PC, phosphatidylcholine;
RNA-seq, RNA sequencing; TAG, triacylglycerol.

Introduction

Vernicia fordii (V. fordii, Hemsl.), commonly known as tung tree,
is an oil-bearing subtropical woody species in the spurge
(Euphorbiaceae) family. Tung tree is widely grown in its
native China and other countries for its valuable seed oils.
Tung oil contains high levels of the conjugated triene fatty
acid, a-eleostearic acid (a-ESA), a sustainable, environmentally
friendly industrial fatty acid feedstock that is commonly used in
the production of inks, dyes, resins and biodiesel (Cahoon et al.
1999, Chen et al. 2010). Some studies suggested that a-ESA has
a potential role in human health including antitumor (Tsuzuki
et al. 2004b), antioxidative (Dhar et al. 2006) and antiobesity
effects (Chen et al. 2012, Yuan et al. 2014).

China produces approximately 70–80% of the annual global
supply of tung oil. However, the output of tung oil still cannot
meet the growing international demand, and there is increased
industrial interest in improving the yield and chemical/physical
properties of tung oil (Chen et al. 2010). Despite its cultivation
throughout the tropical and subtropical world, the positive

Plant Cell Physiol. 59(10): 1990–2003 (2018) doi:10.1093/pcp/pcy117, Advance Access publication on 21 August 2018,
available online at www.pcp.oxfordjournals.org
! The Author(s) 2018. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
All rights reserved. For permissions, please email: journals.permissions@oup.com

R
egu

lar
P

ap
er

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article-abstract/59/10/1990/5077255 by W

uhan Botanical G
arden, C

AS user on 16 O
ctober 2018



Contents lists available at ScienceDirect

Ecotoxicology and Environmental Safety

journal homepage: www.elsevier.com/locate/ecoenv

Transcriptome analysis providing novel insights for Cd-resistant tall fescue
responses to Cd stress

Huihui Zhua,b,1, Honglian Aic,1, Liwen Caod, Ran Suia, Hengpeng Yea, Dongyun Dua, Jie Suna,
Jun Yaoe, Ke Chena,⁎, Liang Chenb,⁎

a College of Resources and Environmental Science, South-Central University for Nationalities, Wuhan 430074, China
b Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan 430074, China
c College of Pharmacy, South-Central University for Nationalities, Wuhan 430074, China
d Department of Horticulture, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 310058, China
e China University of Geosciences Beijing, School of Water Resources & Environment, Beijing 100083, China

A R T I C L E I N F O

Keywords:
Tall fescue
Cd stress
RNA-Seq
Phytoremediation
Molecular mechanism

A B S T R A C T

Cadmium (Cd) is a severely toxic heavy metal and environmental pollutant. Tall fescue is a cold season turf grass
which has high resistance to Cd as well as the ability to enrich it. To investigate the molecular mechanism
underlying the adaptability of tall fescue to Cd stress, RNA-Seq was used to examine Cd stress responses of tall
fescue at a transcriptional level. A total of 12 cDNA libraries were constructed from the total RNA of roots or
leaves of tall fescue with or without Cd treatments. A total of 2594 (1768 up- and 826 down-regulated) dif-
ferentially expressed genes (DEGs) were detected in the roots of Cd-stressed tall fescue compared with control
roots (R_cd vs R_ck), while only 52 (29 up- and 23 down-regulated) DEGs were found in the leaves of Cd-stressed
plants versus the controls (L_cd vs L_ck). The genes encoding glutathione S-transferase (GST), transporter pro-
teins including the ABC transporter, ZRT/IRT-like protein, potassium transporter/channel, nitrate transporter,
putative iron-phytosiderophore transporter, copper-transporting ATPase or transporter and multidrug and toxic
compound extrusion (MATE) proteins, and numerous transcription factors were found to be significantly in-
duced in Cd-treated roots. In addition, pathogenesis/disease-related gene mRNAs were accumulated in Cd-
treated roots of tall fescue. Furthermore, the significantly enriched KEGG pathways in roots were related to
‘Glutathione metabolism’, ‘Ribosome’, ‘alpha-Linolenic acid metabolism’, ‘Diterpenoid biosynthesis’, ‘Sulfur
metabolism’, ‘Phenylpropanoid biosynthesis’, ‘Protein processing in endoplasmic reticulum’, ‘Protein export’ and
‘Nitrogen metabolism’. The study provides novel insights for further understanding the molecular mechanisms of
tall fescue responses to Cd stress.

1. Introduction

Heavy metals are significant environmental pollutants and their
distribution increases with the development of human and industrial
activities (Han et al., 2007). Their high mobility, toxicity and non-de-
gradable characteristics have raised concerns concerning their en-
vironmental damage. Heavy metal-contaminated soils pose serious
environmental issues and threat agriculture and food safety. Cadmium
ions (Cd2+) are particularly dangerous and widespread in soil, espe-
cially in developing countries (Baryla et al., 2001). In order to mitigate
Cd2+-contaminated soil, physicochemical ex situ and in situ methods
were developed. Nevertheless, these technologies are generally both
costly and detrimental to soil properties in practice (Luo et al., 2016)

and they even introduce new pollutants to the soil.
Phytoremediation is a biological process that can be applied for

heavy metal removal or detoxification from soil. Because of potentially
low cost and environmental friendliness, it has received attention in
recent decades (Zhuo et al., 2017). Although it can be taken up by many
plant species, Cd2+ is unessential to plant growth (Di Cagno et al.,
1999). Early phytoremediation research focused on Cd2+ hyper-
accumulation in plants due to their enrichment ability towards high
concentrations of the heavy metal. However, this often results in slow
growth and minimal biomass, hindering their application in phytor-
emediation (He et al., 2015). Festuca arundinacea, commonly known as
tall fescue, is a cool season forage and turf grass species that grows in
temperate regions of the world, particularly in Europe. Due to its well-

https://doi.org/10.1016/j.ecoenv.2018.05.066
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Abstract

Background: Most published genome sequences are drafts, and most are dominated by computational gene
prediction. Draft genomes typically incorporate considerable sequence data that are not assigned to chromosomes, and
predicted genes without quality confidence measures. The current Actinidia chinensis (kiwifruit) ‘Hongyang’ draft genome
has 164 Mb of sequences unassigned to pseudo-chromosomes, and omissions have been identified in the gene models.
(Continued on next page)

* Correspondence: robert.schaffer@plantandfood.co.nz
ˆDeceased
1The New Zealand Institute for Plant & Food Research Ltd (PFR), Private Bag
92169, Auckland 1142, New Zealand
2School of Biological Sciences, University of Auckland, Private Bag 92019,
Auckland 1142, New Zealand
Full list of author information is available at the end of the article

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Pilkington et al. BMC Genomics  (2018) 19:257 
https://doi.org/10.1186/s12864-018-4656-3



Journal of Chromatography A, 1537 (2018) 141–146

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

j o ur na l ho me  page: www.elsev ier .com/ locate /chroma

Short  communication

Profiling  of  polyunsaturated  fatty  acids  in  human  serum  using  off-line
and  on-line  solid  phase  extraction-nano-liquid
chromatography-quadrupole-time-of-flight  mass  spectrometry

Wan-yi  Gu a,1,  Mei-xian  Liu a,1,  Bao-qing  Sun b,∗,  Ming-quan  Guo c,  Jian-lin  Wu a,∗,  Na  Li a,∗

a State Key Laboratory for Quality Research of Chinese Medicines, Macau University of Science and Technology, Avenida Wai Long, Taipa, Macau
b State Key Laboratory of Respiratory Disease, National Clinical Center for Respiratory Diseases, Guangzhou Institute of Respiratory Diseases, First Affiliated
Hospital, Guangzhou Medical University, Guangzhou, Guangdong Province, China
c Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of Sciences, Sino-Africa Joint
Research Center, Chinese Academy of Sciences, Wuhan, China

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 1 November 2017
Received in revised form 3 January 2018
Accepted 7 January 2018
Available online 12 January 2018

Keywords:
Off-line and on-line SPE-nano-LC–MS
Matrix effects
Separation
PUFAs
Allergy

a  b  s  t  r  a  c  t

Polyunsaturated  fatty  acids  (PUFAs)  play  a pivotal  role  in  the biological  effects,  and  are  the  potential
biomarkers  for  some  diseases.  However,  the  structural  diversity  and  similarity,  the  low  concentration,
and  the  interference  of high  abundant  endogenous  components  challenge  the  PUFAs  profiling.  Herein,
a  novel  analytical  approach,  off-line  and  on-line  solid  phase  extraction-nano-liquid  chromatography-
quadrupole-time-of-flight  mass  spectrometry  (off-line  and  on-line  SPE-nano-LC-Q-TOF-MS),  was
established  to monitor  the  PUFAs.  The  combination  of  off-line  and on-line  SPE  removed  most  of  impuri-
ties,  and  the  recoveries  ranged  from  80.1% to  93.0%  and  the matrix  effects  were  from  85.1%  to 92.8%.  Using
this  method,  51  PUFAs  could  be  separated  well  and  quantified  with  the  limits  of  quantification  between
0.006  and  2.2  pg.  Finally,  this  developed  method  was applied  successfully  to simultaneously  qualify  and
quantify  the  potential  biomarkers  in  the  allergic  patients.  21  PUFAs  including  LTB4, 5S-,  11S-,  15S-HETE
and  15S-HEPE  showed  significant  differences.  Our  study  indicated  that  the  established  method  has the
potential  to sensitively  and  accurately  determine  the  PUFAs  in  biological  samples.

© 2018  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Polyunsaturated fatty acids (PUFAs) are a kind of fatty acids
containing more than one carbon-carbon double bond [1]. They
are essential bioactive nutrients that exert a plentiful of biological
effects [2] and play a pivotal role in the processes of inflamma-
tion and their resolution [3]. Indeed, multitudinous metabolites are
derived from PUFAs [4] and their levels in human serum were found
to change considerably under disease conditions. Thus, PUFAs may
serve as an indicative biomarker for disease.

Until now, lots of methods have been reported to measure these
metabolites (Table S1). Although some enzyme-linked immune-
sorbent assays (ELISA) were sensitive [5], they lacked the ability to
simultaneously determine multiple analytes and sometimes were
subject to cross-reactivity. Gas chromatography-mass spectrome-

∗ Corresponding authors.
E-mail addresses: sunbaoqing@vip.163.com (B.-q. Sun), jlwu@must.edu.mo

(J.-l. Wu), nli@must.edu.mo (N. Li).
1 These authors contributed equally to this work.

try (GC–MS) has been successfully applied to some PUFAs analysis,
although it is not suitable for thermo-unstable compounds. More-
over, the derivatization for non-volatile species also limits its
application [6,7]. Currently, LC–MS has been widely employed
because of its high sensitivity and specificity. Due to the low ion-
ization efficiency of PUFAs, the sensitivities of non-derivatization
methods were relatively low [8,9]. In order to improve the sensi-
tivity, the derivatization had to be conducted too [10] (Table S1).
Besides, the profiling of PUFAs is still a challenging task [4] due
to the structural diversity over one thousand, the existence of iso-
mers, and wide concentrations difference among different PUFAs,
which can reach more than 3 orders of magnitude [11]. In addi-
tion, high abundant interferences may  disturb the detection and
quantification of trace metabolites [12].

In recent years, nano-LC-Q-TOF-MS has been more and more
applied in shotgun proteomics researches, while it is relatively
rarely applied in metabolomics study. Nano-LC can provide better
separation and higher sensitivity [13,14] than common LC system
by decreasing column diameter (<0.2 mm)  and lowering flow rates
(0.3 �L min−1) [13]. At the same time, nano-spray transports the

https://doi.org/10.1016/j.chroma.2018.01.015
0021-9673/© 2018 Elsevier B.V. All rights reserved.
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Abstract: Melatonin (N-acetyl-5-methoxy-tryptamine) is a universal molecule that is present in
animals and plants. It has been detected in different kinds of plants and organs in different levels.
Melatonin in plants shares the same initial biosynthesis compound with auxin, and therefore
functions as indole-3-acetic acid like hormones. Moreover, melatonin is involved in regulating
plant growth and development, protecting plants against biotic and abiotic stresses, such as salt,
drought, cold, heat and heavy metal stresses. Melatonin improves the stress tolerance of plants
via a direct pathway, which scavenges reactive oxygen species directly, and indirect pathways,
such as increasing antioxidate enzymes activity, photosynthetic efficiency and metabolites content.
In addition, melatonin plays a role in regulating gene expression, and hence affects performance
of plants. In this review, the biosynthesis pathway, growth and development regulation, and the
environment stress response of melatonin in plants are summarized and future research directions
and priorities of melatonin in plants are speculated.

Keywords: melatonin; plant; biosynthesis; stress tolerance

1. Introduction

In the growth and development process of plants, numerous factors, especially environmental
stresses, are involved in molding the status of the plant. Biotic and abiotic stresses will induce yield
reduction, growth retardation, senescence and even death. Plants develop various strategies to alleviate
the damage induced by different stresses. Plenty of molecules such as ethylene [1], nitric oxide [2],
hydrogen sulfide [3], calcium [4] and phytohormones, such as jasmonic acid [5], gibberellin acid [6]
and abscisic acid [7], are involved in plant stress responses. Nowadays, another amazing molecule
named melatonin draws the attention of researchers. Plenty of investigations found that melatonin
plays an essential role in plant development and stress responses.

Melatonin (N-acetyl-5-methoxy-tryptamine) was so-named, when it was first identified in 1958,
because it could reverse the darkening effect of melanocyte stimulating hormone (MSH) [8]. In the first
four decades after melatonin was isolated, studies on melatonin focused on animals. It was shown
that melatonin played key roles in the regulation of antioxidant enzymes activity [9,10], circadian
rhythms [11], coronary heart disease [12], Alzheimer’s disease [13], physical condition and emotional
status [14]. In 1995, melatonin was discovered in plants as well [15,16]. Since then, melatonin has been
detected in different plant species (Table 1). Further investigations have found that melatonin is also a
widespread and multifunctional metabolite in the plant kingdom. It is distributed in the leaves, stems,
roots, fruits and seeds of various plants (Table 1). It is not only associated with plant stress response,

Int. J. Mol. Sci. 2018, 19, 1528; doi:10.3390/ijms19051528 www.mdpi.com/journal/ijms
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Abstract

Introduction: Medicinal plants are gaining increasing attention worldwide due to

their empirical therapeutic efficacy and being a huge natural compound pool for

new drug discovery and development. The efficacy, safety and quality of medicinal

plants are the main concerns, which are highly dependent on the comprehensive anal-

ysis of chemical components in the medicinal plants. With the advances in mass spec-

trometry (MS) techniques, comprehensive analysis and fast identification of complex

phytochemical components have become feasible, and may meet the needs, for the

analysis of medicinal plants.

Objective: Our aim is to provide an overview on the latest developments in MS and

its hyphenated technique and their applications for the comprehensive analysis of

medicinal plants.

Methodology: Application of various MS and its hyphenated techniques for the

analysis of medicinal plants, including but not limited to one‐dimensional chromatog-

raphy, multiple‐dimensional chromatography coupled to MS, ambient ionisation MS,

and mass spectral database, have been reviewed and compared in this work.

Results: Recent advancs in MS and its hyphenated techniques have made MS one

of the most powerful tools for the analysis of complex extracts from medicinal plants

due to its excellent separation and identification ability, high sensitivity and resolu-

tion, and wide detection dynamic range.

Conclusion: To achieve high‐throughput or multi‐dimensional analysis of medicinal

plants, the state‐of‐the‐art MS and its hyphenated techniques have played, and will

continue to play a great role in being the major platform for their further research

in order to obtain insight into both their empirical therapeutic efficacy and quality

control.

KEYWORDS

ambient ionisation MS, mass spectral database, medicinal plants, MS, multiple‐dimensional

chromatography

1 | INTRODUCTION

Medicinal plants have been used to treat numerous diseases for many

centuries. Nowadays, medicinal plants are gaining more and more

attention all over the world due to their reliable therapeutic efficacy.1

Furthermore, as the most productive sources, herbal medicines provide

huge leading compounds for drug discovery.2 Until now, more than

20000 medicinal plants have been globally listed by the World Health

Received: 2 January 2018 Revised: 10 February 2018 Accepted: 12 February 2018

DOI: 10.1002/pca.2763
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Abstract Akebia trifoliata belongs to the Lardiza-

balaceae family of flowering plants, has tremendous

potential as a new fruit crop for further domestication

and commercialization in China. However, the selec-

tion of A. trifoliata is extremely limited due to lack of

information about basic inheritance of fruit traits. In

this study, 11 key fruit characters, including single

fruit weight (SFW), fruit length (FL), fruit width

(FW), peel thickness (PT), peel weight (PW), soluble

solids content (SSC), seed weight (SW), pulp weight

(PuW), edible ratio (ER), hundred-grain weight

(HGW) and seed number (SN) were evaluated, and

genetic parameters were analyzed. The results showed

that the 11 tested traits have high repeatability range

from 0.87 to 0.95. Correlation analysis showed that

SFW was positively correlated with FL, FW, PT, PW

and PuW, but negatively correlated with ER. The

Smith–Hazel-index based multitrait selection was

used to select superior lines. The SH selection index

identified superior lines with high SFW and ER, and

low SN. Taken together, our results provide important

information for domestication and breeding program

of Akebia trifoliate.

Keywords Akebia trifoliata � Domestication �
Repeatability � Genetic correlations � Smith–Hazel

index

Introduction

Akebia trifoliata is perennial, deciduous vines pro-

ducing large edible fruits commonly known as

‘‘Bayuezha’’ (August crack) in China. The fruit cracks

open longitudinally when ripe in Chinese lunar

August. In the last 20 years, A. trifoliata fruit from

the wild has received increased attention because of its

nutritional value and potentially healthy diet. The fruit

ofA. trifoliata has a delicate and a soft pulp texture and

very sweet flavor, tasting like a mixture of banana,

persimmon, and litchi. The fruit are very rich in

vitamins, minerals and crude proteins than those of

pear, strawberry and apple (Liu and Qian 2002). The
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ABSTRACT
Plagiorhegma dubia Maxim. is a traditional Chinese medicinal herb from Plagiorhegma, Berberidaceae,
which is distributed in the northeast of China, Korea, Russia. The complete chloroplast genome is
152,468bp in length, with large single copy (LSC 82,257bp) and small single copy (SSC 16,599bp)
regions separated by a pair of inverted repeats (IR 26 805 bp). The genome has a total of 113 genes
including 79 protein-coding genes, 30 tRNA genes, and 4 rRNA genes. Phylogenetic analysis shows that
P. dubia is closely related with Sinopodophyllum hexandrum and Epimedium species. The results are of
great implication for the development and utilization of P. dubia and the phylogenetic researches on
Berberidaceae.
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KEYWORDS
Chloroplast; Plagiorhegma
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Plagiorhegma dubia Maxim is a perennial herbaceous plant
and the only species of the genus Plagiorhegma of
Berberidaceae, Ranales, which is distributed in Northeast
China, Korea, Russia (Ying et al. 2011). As the traditional
Chinese medicinal material, the rhizome of P. dubia contains
berberine, and has antipyretic, antidotal, stomachic and anti-
diarrhoeal clinical effects (Arens et al. 1985; Jeong and
Sivanesan 2016). Furthermore, P. dubia has potential as a new
ornamental garden plant which has attractive heart-shaped
leaves and light purple flowers. The species has potential as a
new ornamental garden plant (Rhie et al. 2014).

The total genomic DNA of P. dubia was extracted from its
fresh leaves which were collected in Tonghua of Jinlin
Province, China (N 41�4304800 E 125�5902400). An Illumina
paired-end (PE) genomic library was prepared and sequenced.
High quality reads were obtained from the total pair-end (PE)
raw reads and assembled by the CLC-quality genome assem-
bler (ver 4.06bata) (Kim et al. 2015). All of the contig sequen-
ces were aligned and ordered to the reference cp genome of
Nandina domestica (NC_DQ923117) using MUMmer (Kurtz
et al. 2004). Sequence gaps were filled by Gapcloser included
in the SOAP package vl.12 (Li et al. 2010). Four junctions
between LSC/IRs and SSC/IRs were validated with PCR-based
conventional Sanger sequencing.

The genes in the chloroplast genome were predicted
by the Dul Organellar GenoMe Annotator (DOGMA; Wyman

et al. 2004). The BLAST tools and ORF finder at NCBI web-
site (http://www.ncbi.nlm.nih.gov/) were also used in the
gene annotations. The tRNA genes were verified with
tRNAscan-SE (Lowe and Eddy 1997). The circular cp genome
maps were drawn by the Organellar Genome DRAW tool
(OGDRAW; Lohse et al. 2007) with subsequent manual
editing.

The complete chloroplast genome of P. dubia was submit-
ted to NCBI, and the accession number of nucleotide
sequence is MG397139. The nucleotide sequence was
152,468 bp, and was assembled into a single circular which
presented a typical quadripartite structure including one
large single-copy region (82,257 bp), one small single copy
(16,599 bp), and a pair of inverted repeat regions (IRa and
IRb) of 26805 bp. The GC content of the chloroplast genomes
was 38.15%. The 113 unique genes in the sequence were
composed of 79 protein-coding genes, 30 tRNA genes and
four rRNA genes.

The phylogenetic analyses sampled P. dubia and other
nine Berberdaceae species. These nine species had been
sequenced on chloroplast genome, including four Epimedium
species (Lee et al. 2015; Sun et al. 2016; Zhang et al. 2016),
Sinopodophyllum hexandrum (Meng et al. 2017), two Berberis
species (NC_KM057374, NC_KM057375), Nandina domestica
(Moore et al. 2006), Gymnosepermium microrrhynchum
(NC_KM057373). ML phylogenetic tree was constructed based

CONTACT Yanjun Zhang yanjunzhang@wbgcas.cn Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden,
Chinese Academy of Sciences, Wuhan, People’s Republic of China; Zhilin Li 13708870986@139.com College of Horticulture and Landscape, Yunnan
Agriculture University, Kunming, People’s Republic of China
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This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ABSTRACT: Lotus (Nelumbo nucifera Gaertn.) contains various bioactive
compounds, with benzylisoquinoline alkaloids (BIAs) as one of the major groups.
The biosynthetic pathways of two major bioactive BIAs in this plant, nuciferine and
N-nornuciferine, are still not clear. Therefore, several genes related to BIA
biosynthesis were searched from the lotus database to study the role of key genes
in regulating these pathways. In this study, the expression profiles of NCS, CNMT,
6OMT, CYP80G2, and WRKY TFs were investigated in mechanically wounded lotus
leaves. It was found that the accumulation of nuciferine and N-nornuciferine
significantly increased in the mechanically wounded lotus leaves in accordance with
the relative expression of putative CYP80G2 and one WRKY transcription factor
(NNU_24385), with the coregulation of CNMT. Furthermore, the role of
methyltransferase-related genes in this study suggested that methylation of the
isoquinoline nucleus to yield a methylated-BIA structure may occur at the N position
before the O position. Altogether, this study provides improved understanding of the
genes regulating BIA biosynthesis under stressed conditions, which could lead to improvements in BIA production from the
commercial lotus.

■ INTRODUCTION

The content of benzylisoquinoline alkaloids (BIAs) in plants is
known to be closely related to their pharmaceutical values,
such as analgesics, morphine, and codeine from Papaver
somniferum, berberine from Coptis japonica, and the anti-
bacterial agent sanguinarine from P. somniferum and
Eschscholzia californica. Similarly, lotus (Nelumbo nucifera
Gaertn.), which contains BIAs, has also been reported to
possess interesting biological activities. For example, nuciferine
and N-nornuciferine from lotus provide antidiabetic agents,
anti-HIV agents, and melanogenesis inhibitory activities.1−3 An
aquatic perennial lotus plant is distributed throughout Asia and
Oceania and is used as a raw material in folk medicine.4

Phytochemically, N. nucifera has been shown to contain several
bioactive alkaloids, with the majority being two aporphine-type
BIAs in the leaves: N-nornuciferine and nuciferine.1,2,5 Other
BIAs, such as lotusine, liensinine, isoliensinine, and neferine,
have been found in trace amounts in the leaf sap, seed, embryo,
and tender rhizome.6 Biosynthetically, the pathways leading to
the formation of many BIAs in various alkaloid-producing
plant species have been successfully elucidated, with

identification of the corresponding genes for the purpose of
pharmaceutical usage; however, little is known about the
biosynthetic pathways of aporphine-type BIAs in plants,
including bioactive nuciferine and N-nornuciferine in
lotus.5,7,8 Recently, two aporphine-type BIAs, corytuberine
from C. japonica and magnoflorine from Magnolia grandiflora,
have had their possible biosynthetic pathways documented in
C. japonica and P. somniferum, respectively.9,10 CYP80-based
reactions have been employed in many steps of simple BIA
production.8−11 In this pathway, CYP80G2 is responsible for
hydroxylation and phenol C−C coupling. It has been reported
that CYP80G2 catalyzes the phenol C−C coupling reaction, by
which (S)-reticuline is converted to (S)-corytuberine.10−12

The presence of aporphine-type BIAs in lotus suggests that it
possibly possesses a CYP80G2 analog that catalyzes the
formation of the aporphine backbone.10,13 In this study, we
predicted that this putative CYP80G2 sequence would be
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