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Sweetpotato [Ipomoea batatas (L.) Lam.], a food crop with both nutritional and medicinal
uses, plays essential roles in food security and health-promoting. Chlorogenic acid (CGA), a
polyphenol displaying several bioactivities, is distributed in all edible parts of sweetpotato.
However, little is known about the specific metabolism of CGA in sweetpotato. In this study,
IbPAL1, which encodes an endoplasmic reticulum-localized phenylalanine ammonia lyase
(PAL), was isolated and characterized in sweetpotato. CGA accumulation was positively
associated with the expression pattern of IbPAL1 in a tissue-specific manner, as further
demonstrated by overexpression of IbPAL1. Overexpression of IbPAL1 promoted CGA
accumulation and biosynthetic pathway genes expression in leaves, stimulated secondary
xylem cell expansion in stems, and inhibited storage root formation. Our results support a
potential role for IbPAL1 in sweetpotato CGA biosynthesis and establish a theoretical
foundation for detailed mechanism research and nutrient improvement in sweetpotato
breeding programs.
© 2020 Crop Science Society of China and Institute of Crop Science, CAAS. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Specific nutrients and health-promoting values in food crops
are of high current interest. Sweetpotato [Ipomoea batatas (L.)
Lam.] is an important food, feed, industrial, and energy crop
yielding about 200 million metric tons per year on 9 million
ha. Both leaves and storage roots of sweetpotato are used for
human consumption and provide carbohydrates, fibers,
carotenes, thiamine, riboflavin, niacin, minerals, vitamins A
and C, and high-quality protein [1]. Several functional
ingredients in sweetpotato give it medicinal value, in
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particular chlorogenic acid (CGA), whose health-promoting
effects include antioxidant, antimicrobial, anti-inflammatory,
and antitumor activities [2–4].

Classically, CGA refers to 5-O-caffeoyliquinic acid. A
wider definition of CGAs includes a large group of com-
pounds formed between hydroxycinnamic acids (caffeic,
ferulic, and p-coumaric acids) and quinic acid that include
mono-, di-, tri-, and tetra-esters and mixed esters [5]. Some
of these derivatives are specific to plant species or families,
but CGA can be found in several herbs and foods. While
herbal medicinal sources always come from honeysuckle
[6–8], mikania [9], tea [10,11], and gardenia [12], most
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dietary sources of CGA are coffee beans [13], apples [14],
potatoes [15], and sweetpotatoes [16]. CGA’s wide distribu-
tion in the leaves, stems, and roots of sweetpotato suggests
the potential of increasing the crop’s resistance to biotic
stresses and nutritional benefits [17–21]. It is desirable to
increase CGA content in sweetpotato in order to achieving
the goals of guaranteeing stable production for food
security and providing available nutrients to a large
population of the world.

Plant biosynthesis of CGAs occurs downstream of the
phenylpropanoid pathway, a plant secondary metabolism
pathway mediated by phenylalanine ammonia lyase (PAL).
There is little clarity about the pathways forming other
isomers of the extended CGA family, but the enzymes
catalyzing the conversions that produce CGA are well
established. Three routes have been proposed (Fig. S1): route
1 with the conversion of caffeoyl CoA and quinic acid to CGA
through hydroxycinnamoyl CoA: quinate hydroxycinnamoyl
transferase (HQT), route 2 through the conversion of p-
coumaroyl quinic acid to CGA catalyzed by p-coumarate 3′
hydroxylase (C3H), and route 3 through the conversion of
caffeoyl-D-glucose to CGA through hydroxyl cinnamoyl D-
glucose: quinate hydroxycinnamoyl transferase (HCGQT) [22].
Numerous CGA biosynthesis pathway genes have been
reported to affect CGA accumulation [23], suggesting that it
is a direct and efficient way to explore gene engineering and
synthetic biology applications of CGA by identifying the
molecular mechanism. However, information about the
functional genes and specific pathway of CGA synthesis in
sweetpotato remains limited.

As a crucial rate-limiting enzyme that mediates the
conversion of L-phenylalanine to trans-cinnamic acid in the
first step of the phenylpropanoid pathway, PAL links primary
and secondary metabolism [24–26]. PALs are helix-containing
proteins that contain a common domain, 4-methyldiene-
imidazol-5-one (MIO), in their active site for catalysis [27,28].
In plants, the PAL proteins are encoded mostly by a multi-
gene family and specific PAL isogenes often show a unique but
overlapping expression pattern, suggesting that PAL isoforms
have distinct but redundant functions [29]. In Coffea canephora,
three PAL genes have been characterized and appear to fall
into two different groups. CcPAL1 and CcPAL3 are associated
with the accumulation of CGA, whereas CcPAL2 may contrib-
ute more to flavonoid accumulation [30]. Sweetpotato PALs
are known [31,32], and two proteins (IPBPAL, M29232;
IPBPALA, D78640) were isolated from sweetpotato root follow-
ing wounding [33]. However, little is known about their
function in CGA biosynthesis.

In this study, we cloned a novel PAL gene, IbPAL1, from
a Sushu 16 transcriptome database and validated the
positive correlation between the expression level of IbPAL1
and CGA content in sweetpotato. Overexpression of IbPAL1
in transgenic sweetpotato greatly increased the CGAs
contents and altered the expression level of CGA biosyn-
thetic pathway genes in leaves. Enlarged secondary xylem
cells in stems and reduced storage roots were observed in
overexpressing transgenic plants. Collectively, this study
provides the basic insights for nutritional quality improve-
ment and synthetic biology application of functional
nutrients in sweetpotato.
Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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2. Materials and methods

2.1. Plant materials

A transcriptome database from Sushu 16 (a variety developed
by Jiangsu Academy of Agricultural Sciences) was constructed
in our laboratory and used for gene cloning. The cloned gene
was further introduced into sweetpotato cv. Xushu 29 (a
variety suitable for transformation) for function characteriza-
tion. Cuttings (sweetpotato tips, top 10 cm) obtained from the
field were planted in sterilized soil in 25 L plastic (35 cm
height × 25 cm top diameter × 28 cm bottom diameter) pots
at 25 °C under 16 h light/8 h dark in growth chamber. For
biological replicates, at least five pots were included in each
treatment.

For IbPAL1 expression pattern analysis in Sushu 16, the 3rd
fully expanded leaves and stems from shoot apical meri-
stems, fibrous roots, pigment roots, and storage roots were
collected. For expression level and PAL content analysis in
overexpressing transgenic plants and Xushu 29, the 3rd fully
expanded leaves, stems, and roots from two-month-old
plants were collected. Samples were immediately frozen in
liquid nitrogen and stored at −80 °C for RNA extraction or
freeze-dried for high performance liquid chromatography
(HPLC) analysis.

2.2. RNA isolation and first-strand cDNA synthesis

Total RNA was extracted from sweetpotato plants using
RNAprep Pure Plant kit (Polysaccharides & Polyphenolics-
rich) (Tiangen Biotech Co., Beijing, China) according to the
manufacturer’s protocol. First-strand cDNA was synthesized
using a Moloney Murine Leukemia Virus (M-MLV) Reverse
Transcriptase kit (Promega Biotech Co., Beijing, China) with
1 μg of total RNA.

2.3. Isolation and cloning of IbPAL1

According to the Sushu 16 transcriptome database, a
unigene (C41375.Contig_All) predicted to encode a phenylala-
nine ammonia lyase was used to design primers to amplify a
full-length fragment of the candidate gene (primer pair
IbPAL1-F/R, Table S1). The PCR product was amplified by
KOD FX (TOYOBO Co., Osaka, Japan) and then cloned into a
pEASY-Blunt Cloning Vector (TransGen Biotech Co., Beijing,
China) for sequencing. Five independent clones were se-
quenced to confirm the sequence.

2.4. Protein sequence analysis

Theoretical molecular weight and isoelectronic point (pI) were
calculated by ProtParam tool (http://web.expasy.org/
protparam/). The active site of the IbPAL1 protein was
identified with InterProScan (http://www.ebi.ac.uk/Tools/pfa/
iprscan/). Prediction of the 3-D structure was performed using
phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/). Sequences sim-
ilar to IbPAL1 were identified using the BLASTP search
program of the National Center for Biotechnology Information
(NCBI, http://www.ncbi.nlm.nih.gov/). A phylogenetic tree
ression of IbPAL1 promotes chlorogenic acid biosynthesis in
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was constructed by the UPGMA method using MEGA 6 [34].
Multiple sequence alignments were performed with BioEdit
software. Prediction of IbPAL1 subcellular localization was
performed with Localizer [35] and CELLO2GO [36].

2.5. Subcellular localization

Subcellular localization analysis of IbPAL1 in 3-week-old
tobacco (Nicotiana benthamiana) leaves was performed as
described previously [37]. The coding sequence of IbPAL1 was
amplified and fused to the N-terminus of GFP under control of
the CaMV35S promoter in the transient expression vector
pCAMBIA1305-GFP (primer pair PALG-F/R, Table S1). A tran-
sient expression construct was introduced into Agrobacterium
tumefaciens strain GV1301, which was then infiltrated into N.
benthamiana leaves. After 2 days, the infiltrated parts of
tobacco leaves were sampled and used to isolate N.
benthamiana protoplasts. Confocal imaging analysis was
performed using a Leica TCS SP5 laser scanning confocal
microscope.

2.6. Primer design and expression analysis

Specific primer pairs for quantitative real-time PCR (qRT-
PCR) amplification were designed with the GenScript online
tool (https://www.genscript.com/tools/real-time-pcr-taqman-
primer-design-tool) to amplify products of 80–150 bp, with an
optimal primer melting temperature (Tm) of 60 °C and GC
contents between 40% and 60%. qRT-PCR was performed
using a SYBR Premix Ex Taq kit (TaKaRa Biomedical Technol-
ogy Co., Beijing, China) on an ABI prism 7900 Real-Time PCR
System. The 2−ΔΔCT method [38] was used to analyze relative
changes in gene expression. The sweetpotato Tubulin gene
was used as a reference. For qRT-PCR of genes in the CGA
pathway, the primers were initially selected by separation of
their PCR products on a temperature gradient from 60 to 95 °C
to confirm the presence of a single PCR product and specificity
of the qRT-PCR. Primers are listed in Table S1.

2.7. Vector construction and plant transformation

The coding region of IbPAL1 was introduced into the plant
expression vector pCAMBIA1305 under the CaMV35S promoter
(primer pair OPAL-F/R, Table S1). The resulting CaMV35S::
IbPAL1 plasmid was transferred into A. tumefaciens EHA105
and introduced into Xushu 29 for overexpression analysis [39].
After transgenic sweetpotato plants were generated, vine
cuttings from them were propagated. Regenerated plants
were transplanted into pots and grown in a greenhouse for
further analysis.

2.8. PAL content assay

The protein content of PAL was assayed with a Plant PAL
ELISA Kit (Shanghai Jianglai Industrial Limited By Share Ltd.,
Shanghai, China). Homogenized samples were prepared in
PBS buffer (pH 7.4). After centrifugation at 2500 ×g for 20 min,
the supernatant was collected as enzyme source. After
addition of stop solution, the concentration was measured at
450 nm with a spectrophotometer. The Plant PAL ELISA Kit
Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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provided a set of calibration standards ranging from 0.2 U L−1

to 4.0 U L−1, which were assayed at the same time to create a
standard curve. The concentration of PAL in the samples was
determined by comparison of the A450 absorbance to the
standard curve.

2.9. Paraffin sectioning

The stems between the 6th and 7th fully expanded leaves
from the top harvested from the field were excised and fixed
in FAA solution (5 mL formalin, 5 mL glacial acetic acid,
90 mL 70% ethanol) for 48 h. After dehydration in an ethanol
gradient series from 50% to 100%, the samples were cleared
with xylene and embedded in paraffin. Sections of 10 μm
were prepared with a rotary microtome (LEICA RM2245,
Wetzlar, Germany), dewaxed in xylene, and stained with
safranin solution (1% safranin dissolved in 50% ethanol) and
Fast Green solution (5 g of Fast Green in 100 mL of 95%
ethanol). The sections were viewed and photographed under
an Olympus BX51 microscope (Olympus, Tokyo, Japan).

2.10. Histochemical staining

Histochemical staining was performed by the Wiesner method
[40], using stems between the 3rd and 4th fully expanded leaves
from the top harvested from 1.5-month-old same-sized plants in
the greenhouse. More than five stems of the IbPAL1-
overexpressing and control plants were cut into sections by
hand and dipped in phloroglucinol-HCl solution (one volume of
concentrated HCl mixed with two volumes of 3% phloroglucinol
in ethanol) for 3–5 min. The stained sections were observed and
photographed with an Olympus BX51 microscope.

2.11. HPLC quantification of CGA and isochlorogenic acids
(ICGAs)

The same samples used for real-time PCR experiments were
assayed for CGA content, following Kobayashi et al. [41], with
some modifications. Fifty milligrams of freeze-dried powder
were added to 5 mL of 70% ethanol (v/v) and incubated at
85 °C for 40 min. After centrifugation at 3000 r min−1 for
15 min, the supernatant was collected, filtered through a
0.22 μm membrane filter, and stored at 4 °C in the dark.

After fivefold dilution of all test solutions, 10 μL was injected
for HPLC analysis using an Agilent HP 1100 series HPLC system
(Agilent Technologies, Santa Clara, California, USA) with an
InertSustain C18 250 mm × 4.6 mm column (Shimadzu Global
Laboratory Consumables Co., Shanghai, China). The mobile
phase included acetonitrile (solvent A), 40% methanol (solvent
B) and aqueous formic acid (100:0.1, v/v, solvent C) in the
following gradient system: initial, 80% A/10% B/10% C; 0–3 min,
65% A/10% B/25% C; 3–15 min, 55% A/10% B/35% C; 15–15.1 min,
75% A/10% B/ 15% C; 15.1–20 min, back to the initial condition for
re-equilibration. The flow rate was 0.5 mL min−1 and the
detection wavelength was set at 318 nm.

Standards for CGA, isochlorogenic acid A (ICAA),
isochlorogenic acid B (ICAB), and isochlorogenic acid C (ICAC)
were from Sigma. For CGA content measurement in Sushu 16,
CGA standard solutions ranging from 1 to 50 μg mL−1 were
prepared in 70% ethanol. For content measurement of CGA and
ression of IbPAL1 promotes chlorogenic acid biosynthesis in
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three isochlorogenic acids (ICGAs) in transgenic plants, standard
solutions in a concentration range of 1 to 50 μg mL−1 containing
CGA, ICAA, ICAB, and ICAC were prepared in 70% ethanol.

2.12. Statistical analysis

All values are presented as mean ± SD from at least three
independent experiments with three replicates each. Statisti-
cal analysis was performed with the GLM procedure of SAS
(SAS Institute Inc., Cary, North Carolina, USA) to reveal
significant differences (⁎, P < 0.05; ⁎⁎, P < 0.01).
3. Results

3.1. Isolation and characterization of IbPAL1

The PAL cDNA clone (C41375.Contig1_All) was obtained from the
transcriptome sequencing database of Sushu 16. PCR was
performed to amplify the gene from transcripts of Sushu 16
tender leaves. Sequencing of the fragment showed a complete
open reading frame of 2130 bp, which encodes a protein of 710
amino acids (Fig. S2, GenBank: MN823653). The estimated
molecular weight of the protein was 77.1 kDa and the pI was
6.02. Structure analysis revealed that thehelix-containing protein
harbored a phenylalanine ammonia-lyase active site (amino
acids 191–207) which formed a MIO (4-methyldiene-imidazol-5-
one) domain on top of three polar helices. Two additional
structural elements, a specific shielding domain sites over the
active center and a mobile N-terminal extension (Fig. 1a),
indicated that the isolated gene encoded a typical PAL protein.

Sequence alignment showed that the protein had high
similarity with the other two known PAL enzymes from
sweetpotato, in particular IPBPALA (96.4%) (Fig. S3). As this
protein showed the highest sequence similarity to AtPAL1
(83.6%) from Arabidopsis, we named it IbPAL1. A phylogenetic
tree constructed with the full-length amino acid sequences
showed that IbPAL1 clustered with PALs from sweetpotato
and tobacco (Fig. 1b). Whereas PAL proteins in tobacco can be
divided into two distinct groups, subfamily Ι with NtPAL1 and
NtPAL4, and subfamily П with NtPAL2 and NtPAL3, the amino
acid sequence of IbPAL1 shared higher similarity with NtPAL1
(87.2%) and NtPAL2 (87.6%) (Fig. 1b, Fig. S3).

It has been reported that PALs may be located in cytoplasm,
mitochondria, Golgi apparatus, chloroplast, peroxisome, and
othermembraneorganelles at subcellular level [25]. Todetermine
the subcellular localization of IbPAL1 protein, we transiently
expressed the fusion protein IbPAL1-GFP in tobacco (N.
Fig. 1 - Characterization of IbPAL1. (a) 3-D structure of IbPAL1.
domain, and shielding domain. Image coloured by rainbow N to C
(b) Evolutionary relationships of PAL proteins. Other PALs used fo
(Arabidopsis thaliana, At), tobacco (Nicotiana tabacum, Nt), honeysu
sweetpotato. LjPAL1 (Locus ID: Lj1g3v4590760), LjPAL2 (Locus ID:
(Locus ID: Lj1g3v4590850.1), LjPAL5 (Locus ID: Lj1g3v4590850
Lj3g3v0602630.2), LjPAL8 (Locus ID: Lj5g3v0659760.1), LjPAL9 (Loc
AtPAL1 (Locus ID: At2g37040), AtPAL2 (Locus ID: At3g53260), A
NtPAL1 (P25872), NtPAL2 (P35513), NtPAL3 (P45733), NtPAL4 (ACJ
localization of IbPAL1, Scale bars, 10 μm.

Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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benthamiana) leaves. As shown in Fig. 1c, the control vector 35S::
GFP showed expression in both nuclei and cytosol, while IbPAL1::
GFP showed a typical endoplasmic reticulum (ER) localization,
indicating that IbPAL1 was targeted to the ER.

3.2. Expression profiles of IbPAL1 and CGA content in
sweetpotato organs

Transcripts of IbPAL1 were detected in all tested tissues. The
lowest relative expression was in stems, with higher expres-
sion in leaves and pigment roots (Fig. 2a). Maximum CGA
content was found in leaves, containing 8.55 ± 1.41 mg g−1

(DW), followed by pigment roots (7.14 ± 0.86 mg g−1 DW) and
fibrous roots (3.50 ± 0.24 mg g−1 DW). In accordance with the
expression level, stems and storage roots contained less CGA
(Fig. 2b). These results showed that the expression pattern of
IbPAL1 corresponded with CGA distribution in tissues of
sweetpotato.

3.3. Identification of overexpressed IbPAL1 transgenic
sweetpotato

To confirm that IbPAL1 is responsible for the biosynthesis of
CGA in sweetpotato, we constructed and transformed an
overexpression vector of IbPAL1 into Xushu 29. By PCR identifi-
cation of genomic DNA with both hygromycin (Hyg-F/Hyg-R,
Table S1) and 35S::IbPAL1-specific fragment which includes a
portion of the 35S promoter and IbPAL1 (dePAL-F/dePAL-R, Table
S1), 17 positive plants were identified, suggesting that the
recombined IbPAL1 gene had been integrated into the genome.
The 17 independent positive lines andXushu 29were propagated
and used for qRT-PCR analysis and PAL content assay after
2 months. Three independent transgenic lines showing about 2-
to 4-fold higher expression of IbPAL1 thanXushu29were selected
as representative lines and referred to as OVs (Fig. 3a). The PAL
content in overexpressing transgenic plantswasalso increased2-
to 2.5-fold (Fig. 3b)

3.4. Phenotypic characterization of IbPAL1-overexpressing
transgenic plants

The OV lines showed no marked difference in morphology of
aboveground parts but showed harder stems than Xushu 29.
Anatomical examination of stems showed enlarged
expanding secondary xylem cell in OV lines (Fig. 4a). In
younger stems, phloroglucinol-HCl staining also revealed a
thicker secondary xylem with more lignified cells in OV lines
(Fig. 4b). These results suggested that overexpression of
IbPAL1 contains three domains including MIO domain, core
terminus. Model dimensions (Å): X:49.781 Y:135.025 Z:59.937
r analysis were from the following plant species: Arabidopsis
ckle (Lonicera japonica, Lj), aspen (Populus tremuloides, Pt), and
Lj1g3v4590770.1), LjPAL3 (Locus ID: Lj1g3v4590840.1), LjPAL4
.2), LjPAL6 (Locus ID: Lj2g3v3339740.1), LjPAL7 (Locus ID:
us ID: Lj5g3v1811400.1), LjPAL10 (Locus ID: Lj0g3v0350889.1),
tPAL3 (Locus ID: At5g04230), AtPAL4 (Locus ID: At3g10340),
66297), PtPAL1 (AF480619), PtPAL2 (AF480620). (c) Subcellular

ression of IbPAL1 promotes chlorogenic acid biosynthesis in
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Fig. 2 – IbPAL1 expression and CGA content in organs of sweetpotato. (a) Expression profiles of IbPAL1 in tissues of sweetpotato
cv. Sushu 16. (b) Measurement of CGA content in corresponding tissues of Sushu 16. S, stem; L, leaf; SR, storage root; PR,
pigment root; FR, fibrous root; CGA, chlorogenic acid. Values represents means ± SD. ⁎ and ⁎⁎ indicate significant differences
compared to the stem at P < 0.05 and P < 0.01 (t-test), respectively.
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IbPAL1 promoted lignification in the early stage of secondary
growth and thus stimulated secondary xylem cell expansion
in sweetpotato stem.

Compared with Xushu 29, marked phenotypic changes in
storage roots were observed in OV lines after the plants were
harvested from the field (Fig. 5a). Compared with Xushu 29
(2–4 storage roots per plant), fewer storage roots but more
pigment roots were produced by IbPAL1 OV lines (Fig. 5b, c).
The smaller size of storage roots in OV lines was accompanied
by severe lignification. Thus, overexpressed IbPAL1 inhibited
storage root formation.

3.5. Overexpression of IbPAL1 promoted CGAs accumulation
and altered the CGA biosynthetic pathway genes expression in
leaves

In comparison with Xushu 29 (5.80 ± 0.17 mg g−1 DW), the leaf
CGA content was significantly increased in all the three
transgenic plants, which contained 17.76 ± 0.47, 10.94 ± 0.15,
and 7.79 ± 0.39 mg g−1 DW) (Fig. 6a). ICAA, ICAB and ICAC
were also detected in Xushu 29 and transgenic plants (Fig. S4).
Fig. 6a shows that ICAA was the main form of three ICGAs in
leaves and accumulated to the highest level in both Xushu 29
and OV lines. The abundances of ICGAs were higher in
transgenic plants, and the most striking increase was in OV1
with an approximately 2-fold increase over Xushu 29. The
increasing trend of the contents of these three ICGAs in OV3
Fig. 3 – Transcript levels of IbPAL1 (a) and PAL protein content (b
Values represent means ± SD. Asterisks indicate a significant dif
phenylalanine ammonia-lyase.

Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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was less marked. A significant increase of ICAB content
(4.25 mg g−1) was observed in OV2, whereas that in Xushu 29
was 1.89 mg g−1. In the other 14 transgenic lines, the CGA and
ICGAs concentrations varied with IbPAL1 expression level,
from unchanged to a greater than 2-fold increase (Fig. S5).

The effect of overexpressed IbPAL1 on downstream CGA
pathway genes expression was analyzed to further study the
mechanismof sweetpotato CGA biosynthesis. From the Sushu 16
transcriptome sequencing library, we finally isolated six CGA
biosynthesis pathway genes including IbC4H, Ib4CL, IbHCT, IbC3H,
IbHQT, and IbUGCT. As shown in Fig. 6b, the transcript levels of
both IbC4H and IbUGCT were significantly increased in OV lines.
In comparison with Xushu 29, a slight increase was observed in
expression of Ib4CL and IbHCT in three transgenics. Expression of
IbC3H was not significantly different between Xushu 29 and OV
lines, whereas expression of IbHQT was decreased by 26%–35%
relative to Xushu 29. These results suggested that IbPAL1
promotes the biosynthesis of CGA by influencing the transcript
levels of downstream pathway genes.
4. Discussion

4.1. IbPAL1 plays a key role in sweetpotato CGA biosynthesis

We isolated anovel PAL gene, IbPAL1, fromsweetpotato cv. Sushu
16. IbPAL1 encodes a 710-amino-acid protein with conserved
) in Xushu 29 (X29) and overexpressing transgenic plants.
ference compared to X29 at *, P < 0.05; **, P < 0.01 (t-test). PAL,

ression of IbPAL1 promotes chlorogenic acid biosynthesis in
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Fig. 4 – Phenotypic characterization of stems. (a) Paraffin sectioning of the 7th stem showed enlarged secondary xylem cell in
OVs. P, phloem; Esx, expanding secondary xylem. (b) Phloroglucinol-HCl staining of the 4th stem showed thickened and more
lignified secondary xylem cells in OVs. Scale bars, 100 μm.
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domains and active site, especially theAla-Ser-Gly triad (195–197)
which can be converted into a MIO domain (Fig. 1a, Fig. S2). The
formation of aMIOdomain in the active site reveals an active PAL
enzyme able to catalyze the synthesis of trans-cinnamic acid
from L-phenylalanine [27,28]. Phylogenetic analysis and amino
acid sequence alignment also demonstrated that IbPAL1 shares
high identity with two previously isolated PAL proteins from
sweetpotato (Fig. 1b, Fig. S3). However, there have been few
studies describing functional analysis of these two proteins, and
Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
sweetpotato..., The Crop Journal, https://doi.org/10.1016/j.cj.2020.0
whether they are involved in CGA biosynthesis is unclear. PALs
are soluble proteins that are localized mostly in the cytosol,
whereas some more active ones are associated with the ER
[42–44]. Subcellular localization of IbPAL1 showed that IbPAL1 is
an ER-localized protein (Fig. 1c). These results demonstrate that
IbPAL1 is a member of the PAL family and may possess high
enzyme activity.

A positive association between IbPAL1 expression and CGA
content was confirmed. IbPAL1 was preferentially expressed
ression of IbPAL1 promotes chlorogenic acid biosynthesis in
6.003
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Fig. 5 – Phenotypic characterization of roots. (a) Inhibited storage root formation with more pigment roots in IbPAL1-
overexpressing plants. (b) Storage root numbers of Xushu 29 (X29) and OVs. (c) Pigment root numbers of Xushu 29 and OVs.
Values represents means ± SD. Asterisks indicate a significant difference compared to X29 at *, P < 0.05; **, P < 0.01 (t-test).
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in leaves and pigment roots accumulating higher content of
CGA, and weakly expressed in tissues containing much lower
CGA including stems, storage roots, and fibrous roots (Fig. 2).
In comparison with Xushu 29, overexpression of IbPAL1
promoted CGA accumulation in leaves (Figs. 3, 6a, Fig. S5).
Three ICGAs were also detected in leaves of Xushu 29 and
OVs, and HPLC results confirmed that ICAA, which accounts
for a high proportion of ICGAs, is the main isomer of ICGAs in
sweetpotato leaves. The contents of three ICGAs showed
various degrees of increase in OVs leaves (Fig. 6a, Fig. S5).
Little is known about the biosynthesis of dicaffeoylquinic
acid, but caffeoyl moiety can be combined with quinic acid to
form either monocaffeoylquinic or dicaffeoylquinic acid [45].
CGA can be converted to ICAA by CGA pathway genes or
enzymes in plants [46–48]. It can thus be speculated that
promoted CGA accumulation provides the necessary precur-
sor or substrate for ICGAs synthesis. The changes in the
expression levels of IbPAL1 and CGAs were not completely
consistent in OVs (Figs. 3, 6a, Fig. S5), for unknown reasons.
We speculate that IbPAL1 is metabolically feedback-regulated
at both transcriptional and post-transcriptional level.

4.2. IbPAL1 promotes CGA biosynthesis by affecting expres-
sion of downstream pathway genes

Flux through the phenylpropanoid pathway depends mainly
on the expression levels of pathway genes [22,49]. Although
the plant biosynthetic route of CGA remains unknown, major
Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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genes encoding key enzymes have been reported [23,50,51] to
control the biosynthesis of CGA. As we obtained six down-
stream pathway genes from the Sushu 16 transcriptome
database, the effect of overexpressed IbPAL1 on these down-
stream genes was investigated. The effect seems to be related
to their position in the biosynthesis pathway. Overexpressed
IbPAL1 may stimulate the accumulation of cinnamic acid,
which activates the subsequent catalytic reaction controlled
by IbC4H and IbUGCT. The transcripts of both the two genes
were significantly accumulated in IbPAL1-overexpressing
transgenic plants (Fig. 6b). However, the effectiveness of
IbPAL1 may gradually decreased as specialized branches of
phenylpropanoid metabolism shunt common metabolic in-
termediates in different directions. p-Coumaroyl-CoA is a key
branch point in phenylpropanoid biosynthesis and 4CL plays
a central role in redirecting the biosynthetic pathway towards
either the CGA or other branches in the phenylpropanoid
pathway [5,52]. Thus, while there was a slight increase in
expression of Ib4CL and IbHCT, the effect on IbC3H of
overexpressing IbPAL1 was smaller (Fig. 6b). As for IbHQT, the
transcript level was even decreased in OVs compared with
Xushu 29 (Fig. 6b). The correspondence between HQT and CGA
was less clear than that between the other pathway genes and
CGA. The role of HQT in CGA accumulation has been reported
in many plants [22,53–56]. However, some studies in potato
[57–60] showed no association between HQT expression and
CGA concentration. The activity of HQT is fully reversible:
HQT can catalyze a reverse reaction by which caffeoyl-CoA is
ression of IbPAL1 promotes chlorogenic acid biosynthesis in
6.003
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Fig. 6 – Overexpression of IbPAL1 increased CGAs accumulation and altered CGA biosynthetic pathway genes expression in
leaves. (a) CGA and ICGA contents in leaves of Xushu 29 and overexpression lines. CGA, chlorogenic acid; ICAA, isochlorogenic
acid A; ICAB, isochlorogenic acid B; ICAC, isochlorogenic acid C. (b) Expression levels of CGA pathway genes in Xushu 29 and
overexpressing transgenic plants. Values represent means ± SD. ⁎ indicates statistically significant based on t-test (⁎, P < 0.05;
⁎⁎, P < 0.01).
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made from CGA, consistent with a complex dynamic regula-
tion in CGA biosynthesis by metabolic feedback. We propose
that overexpressed IbPAL1 increased carbon flux into the CGA
Please cite this article as: Y. Yu, Y. Wang, Y. Yu, et al., Overexp
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biosynthetic pathway, increasing CGA accumulation in leaves
by increasing the transcription of downstream pathway
genes.
ression of IbPAL1 promotes chlorogenic acid biosynthesis in
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4.3. IbPAL1 may possess a tissue-specific function in
sweetpotato secondary metabolism

As the entry-point enzyme controlling general phenylpropanoid
metabolism, PAL affects the production of various bioactive
aromatic compounds other than CGAs, such as flavonoids,
anthocyanins, lignin, and condensed tannins. Overexpressed
IbPAL1 caused thickened lignified secondary xylem cell in stems
(Fig. 4). As for the effect of overexpressed IbPAL1 on storage root
development, inhibited storage root formation with more pig-
ment roots production was observed in OVs (Fig. 5). The
production of sweetpotato storage roots is a complex process:
initially formed adventitious roots transform to fibrous roots,
with some of these subsequently acquiring pigmentation and
undergoing thickening growth to form pigment roots that
ultimately develop into storage roots [61]. Recent studies [31,32]
have shown that storage root formation involves the regulation
of lignin and starch biosynthesis, and increased lignification can
suppress starch accumulation in developing storage roots,
causing the reduction of storage root yield. We accordingly
propose that an initial large increase in lignified pigment roots
affected the formation of storage roots in our IbPAL1-
overexpressing plants. Taking into account the expression
pattern of IbPAL1 (Fig. 2a), we speculate that IbPAL1 is involved
mainly in guiding the flux into the lignin biosynthesis pathway in
stems and developing storage roots, suggesting a tissue-triggered
functional specialization of IbPAL1 in sweetpotato secondary
metabolism.
5. Conclusions

We report the function of IbPAL1 in sweetpotato CGA
biosynthesis. IbPAL1 is involved in the regulation of CGA
accumulation. Overexpressing IbPAL1 altered phenotype and
affected phenylpropanoid flux, depending on the organ. More
detailed studies would shed light on the molecular regulation
of IbPAL1 and specific metabolism of CGA biosynthesis in
sweetpotato. Suppression of IbPAL1 is one promising ap-
proach. An interesting question concerns the extent to which
specific CGA biosynthesis can be promoted in sweetpotato
without concomitant increases in other phenylpropanoid
branches.

Supplementary data for this article can be found online at
https://doi.org/10.1016/j.cj.2020.06.003.
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