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Abstract

A small, multigene family encodes 4-coumarate:CoA ligases (4CLs) that catalyze the liga-
tion of CoA to hydroxycinnamic acids, a branch point directing metabolites to flavonoid or
monolignol pathways. In this study, we characterized four 4CL genes from M. notabilis
Genome Database, and cloned four Ma4CL genes from M. atropurpurea cv. Jialing No.40.
A tissue-specific expression analysis indicated that Ma4CL3 was expressed at higher levels
than the other genes, and that Ma4CL3 was strongly expressed in root bark, stem bark, and
old leaves. Additionally, the expression pattern of Ma4CL3 was similar to the trend of the
total flavonoid content throughout fruit development. A phylogenetic analysis suggested
that Mn4CL1, Mn4CL2, and Mn4CL4 belong to class | 4CLs, and Mn4CL3 belongs to class
I 4CLs. Ma4CL genes responded differently to a series of stresses. Ma4CL3 expression
was higher than that of the other Ma4CL genes following wounding, salicylic acid, and ultra-
violet treatments. An in vitro enzyme assay indicated that 4-coumarate acid was the best
substrate among cinnamic acid, 4-coumarate acid, and caffeate acid, but no catalytic activ-
ity to sinapate acid and ferulate acid. The results of subcellular localization experiments
showed that Ma4CL3 localized to the cytomembrane, where it activated transcription. We
used different vectors and strategies to fuse Ma4CL3 with stilbene synthase (STS) to con-
struct four Ma4CL-MaSTS co-expression systems to generate resveratrol. The results indi-
cated that only a transcriptional fusion vector, pET-Ma4CL3-T-MaSTS, which utilized a T7
promoter and lac operator for the expression of MaSTS, could synthesize resveratrol.

Introduction

The flow of carbon from primary metabolism for the biosynthesis of an array of phenylpropa-
noid secondary products involves a minimum of three enzymatic steps, which are catalyzed by
phenylalanine ammonia-lyase (PAL), cinnamic 4-hydroxylase (C4H), and 4-coumarate:CoA
ligase (4CL: EC 6.2.1.12). These enzymes collectively form the general phenylpropanoid path-
way to maintain a continuous metabolic flux for the biosynthesis of phenylpropanoids [1,2]
(Fig 1). 4CL is the last pivotal enzyme that catalyzes the production of 4-cinnamic acids or
their derivatives into corresponding CoA esters to generate precursors that are needed for the
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formation of a number of natural products, such as flavonoids, stilbenes, and lignin, which
serve diverse functions, such as phytoalexins that protect against fungal infections, ultraviolet
(UV) protectants, flower and fruit pigments, and structural components of cell walls [3-5].

The 4CL genes exist in plants as a family with multiple members, including Arabidopsis
(four members, [6]), Oryza sativa (five members, [7]) Populus trichocarpa (four members, [8]),
and Physcomitrella patens (four members, [9]). However, 4CLs can be classified into two dis-
tinct groups in numerous plants: class I and class II. Class I has more relevance for lignin pro-
duction, while class II 4CLs are more likely to biosynthesize flavonoids [6,10,11]. Previous
studies that focused on lignin synthesis showed that the suppression of 4CL expression may
reduce lignin production in plants, such as Nicotiana tabacum, Arabidopsis thaliana, Pinus
radiata, and Populus tremuloides, by 25 to 45% [10,12-14]. Additionally, resveratrol, one of the
products of a branch of the phenylalanine metabolism pathway, has been proven to be benefi-
cial to human health [15-17]. Furthermore, the co-expression of 4CL with other genes to syn-
thesize unnatural flavonoids, stilbenes, and other bioactive materials during fermentation has
been investigated in recent studies [18,19].

Mulberry (Morus alba L.) leaves are the most ideal food for the domesticated silkworm
(Bombyx mori L). Human utilization of the mulberry-silkworm interaction began at least 5,000
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Fig 1. The enzymes of general phenylpropanoid metabolism, which are connected by black arrows, consist of PAL, C4H, and 4CL. Dashed arrows
indicate a branch pathway for lignin biosynthesis emanating from the general phenylpropanoid metabolic pathway, which is also catalyzed by 4CL. The gray
arrows indicate the pathways for chalcone and resveratrol biosynthesis.

doi:10.1371/journal.pone.0155814.g001
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years ago and greatly influenced world history [20]. Furthermore, because of their rich second-
ary metabolite contents, different parts of the mulberry have been extensively investigated for
their various health benefits. The mulberry fruit is widely regarded as a nutritious food, and it
also has one of the highest anthocyanin contents of all fruits [21]. Moreover, mulberry leaves,
root bark, and twigs have long been used in Chinese medicine [22]. Recent studies indicate that
some mulberry phenylpropanoid metabolism products, such as anthocyanin, resveratrol, and
mulberroside A, have antioxidative, antihyperglycemic, hypolipidemic, and antiatherogenic
effects on human health [15-17,23]. Unfortunately, the genes in mulberry that are responsible
for the synthesis of the aforementioned bioactive compounds are unknown. Thus, it is neces-
sary to study the function of Ma4CL genes in mulberry. In this study, we report the isolation
and characterization of four Ma4CL genes from mulberry, determine their tissue-specific
expression, monitor their responses to wounding, UV, salicylic acid (SA), NaCl, and abscisic
acid (ABA) stresses, and characterize the subcellular localization of Ma4CL3. Moreover, we
evaluated different strategies to fuse Ma4CL genes with stilbene synthase (STS) to construct
four Ma4CL-MaSTS co-expression systems to generate resveratrol.

Materials and Methods
Plant Materials and Multiple Stresses Test

The mulberry fruit materials were collected from the mulberry cultivar “Jialing No.40” at seven
different developmental stages in the Southwest University mulberry garden. The 1-week-old
etiolated seedlings for ABA (100pg/L) and NaCl (50mg/L) experiments were incubated at 25°C
with 16-h light and 8-h dark photoperiods, and they were collected after stimulation for 1, 3, 6,
10, 16, and 24 h. Additionally, 10-week-old mulberry leaves were collected for UV-C (254 nm,
Spectroline model ZW30S18Y, output 110 yW/cm® at 1 m), SA (100ug/L), and mechanical
wounding treatments. In the SA treatments, a solution of SA was sprayed onto leaves, and
mechanical wounding was performed by creating eight wounds along leaf veins using a sterile
toothpick [24]. For the UV treatment, plants were irradiated by UV-C at a 15cm distance. All
of the materials were frozen in liquid nitrogen and stored at —80°C.

Data Retrieval and Cloning of Ma4CL cDNAs

Similarity searches of the Morus Genome Database (http://morus.swu.edu.cn/morusdb/) were
performed using the coding region of the Pt4CL2 (Populus tomentosa, AFC89538.1), Gh4CL1
(Gossypium hirsutum ACT32027.1), and At4CL1 (A. thaliana, NP_175579.1) genes. Candidate
genes were identified using the nucleotide Basic Local Alignment Search Tool (BLASTN) and
the String Matching Algorithms Research Tool (SMART) (http://smart.embl-heidelberg.de/).
Four Ma4CL genes were finally selected for further study. The primers (S1 Table) were used to
isolate the Ma4CL genes in M. atropurpurea cv. Jialing No.40. The purified PCR products were
confirmed by sequencing (S1 File).

Sequence Alignment and Phylogenetic Analysis

A multiple sequence alignment was performed using MEGA 5.0 software, and a phylogenetic
tree was constructed using MUSCLE 3.6 software based on the maximum likelihood method.
Other 4CL amino acid sequences for the phylogenetic reconstruction were retrieved from
Genbank (http://www.ncbinlm.nih.gov), including P. tomentosa (Poptr4CL1-5 3A9U_A,
AFC89538.1, AFC89539.1, AFC89540.1, AFC89541.1), G. hirsutum (Gh4CL1 ACT32027.1),
N. tabacum (Ntab4CL2 024146.1), Pinus taeda (Pinta4dCL P41636.1), A. thaliana (At4CL1-4
NP_175579.1, NP_188761.1, NP_176686.1, NP_188760.3), O. sativa Japonica (Os4CL1-5
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NP_001061353.1, NP_001047819.1, NP_001046069.1, NP_001058252.1, NP_001061935.1),
Lolium perenne (Lp4CL1 AAF37732.1), Lithospermum erythrorhizon (Le4CL1-2 BAA08365.1,
BAA08366.2), Rubus idaeus (Ri4CL1-3 AAF91310.1, AAF91309.1, AAF91308.1), and Glycine
max (Gm4CL1-4 NP_001236418.1, NP_001236236.1, NP_001237270.1, P31687.2).

RNA Extraction, cDNA Synthesis, and Quantitative Reverse
Transcription-Polymerase Chain Reaction (QRT-PCR)

Total RNA was extracted from root bark, stem bark, old leaves, and young leaves using the
RNA Extraction Kit (TaKaRa, Shiga, Japan), and the total RNA of mulberry fruit was extracted
using the RNA Extraction Kit TransZol Plant Kit (TransGen Biotech, Beijing, China). To digest
genomic DNA, the RNA samples were treated with DNase I (TaKaRa), and 2 pg of purified
RNA was used to synthesize cDNA with Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, W1, USA) as directed by the manufacturer. Seven-fold diluted cDNA was
used in qQRT-PCR. The primers were designed using the online tool of the GeneScript Com-
pany (Nanjing, China) (http://www.genscript.com.cn/index.html) (52 Table). Reactions were
prepared according to the manufacturer’s instructions using SYBR"™ Premix Ex Taq™ II
(TaKaRa) and 2 pL of diluted cDNA in 20 uL reactions. The qRT-PCRs were conducted in the
StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The MaACTIN3
(HQ163775.1) gene was used as an internal control to normalize the relative expression of tar-
get genes [25]. All data was analyzed using 2™**“'method.

Total Flavonoid Determination

The total flavonoid content assay was conducted using a previously described protocol [26].
Different development stages of fruit were collected and dried in a vacuum freeze drier
(Thermo Fisher Scientific, Waltham, MA, USA). Each sample (0.5 g) was ground to a powder
at low temperature, extracted three times with 10 mL of 75% (v/v) ethanol for 1 h, and the fil-
trate was evaporated to dryness and dissolved in 5 mL of 75% (v/v) ethanol. Subsequently, 0.5
mL of NaNO, (50 mg mL™") was added to 0.1 mL of the extract, shaken vigorously, and the
mixture was left at room temperature for 6 min. Then, 0.5 mL of AI(NO3); was added to the
reaction mixture. After 6 min incubation at room temperature, 2.5 mL of NaOH (1M) was
added to the mixture and incubated at room temperature for 15 min. The absorbance was
determined at 510 nm.

Subcellular Localization of the Ma4CL3 Protein

Ma4CL3 was fused with the 5' and 3' ends, respectively, of the enhanced green fluorescent pro-
tein (EGFP) gene to construct a fusion protein expression cassette. First, EGFP was inserted
into the Spe I/Bam HI sites of the plant expression vector pLGNL to construct pPLGNL-EGFP.
Then, Ma4CL3 was inserted into the BamH I/Kpn I and EcoR I/Spe I sites to construct pPLGNL-
Ma4CL3::EGFP and pLGNL-EGFP:Ma4CL3, respectively. The gene-specific primers that con-
tained the aforementioned restriction enzyme sites are shown in S3 Table. The vectors that
contained EGFP, Ma4CL3::EGFP and EGFP::Ma4CL3 fusion genes were confirmed by
sequencing (Sangon Biotech, Shanghai, China) and then they were transiently introduced into
onion (Allium cepa L.) epidermal cells by Agrobacterium tumefaciens strain LBA4404. The
onion epidermis was stained with 4', 6-diamidino-2-phenylindole (DAPI) before preparing
microscope slides, and images were captured with a fluorescence microscope (Olympus
FV1000, Tokyo, Japan).
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Recombinant Protein Expression and Purification

Full-length Ma4CL3 cDNA was cloned into the pET28a(+) vector between the Hind I1I and Xho I
sites (S3 Table) to obtain fusion proteins containing an amino-terminal hexahistidine tag. The
resulting plasmids were transformed into Escherichia coli BL21 (DE3) pLysS cells. Cultures were
grown until the optical density at 600 nm (ODgq) reached approximately 0.6, at which point they
were induced with 0.1 mM isopropyl-p-D-thiogalactopyranoside (IPTG) for 12 h at 16°C, and then
the cells were collected by centrifugation. Recombinant enzymes were purified by a Ni-NTA metal-
affinity matrix (GenScript) according to the instructions of the manufacturer. Then, protein bands
in the lanes of a 12% polyacrylamide gel were identified using a UltraFlex III matrix-assisted laser
desorption ionization-tandem time of flight mass spectrometer (MALDI-TOF/TOF MS) (S2 File).
The peptide fragment ion data acquired from the MALDI-TOF/TOF MS were used to search for
protein candidates in the Morus Genome Database (http://morus.swu.edu.cn/morusdb/).

Enzyme Assay

Enzyme assays were conducted as described previously [6], with a few modifications. Reactions
consisted of 2 mL of Tris-HCI (100 mM) containing 5 ug of affinity-purified protein, 2.5 mM
MgCl,, 2.5 mM ATP, and a range of cinnamic acid, 4-coumarate acid, caffeate acid, sinapate
acid and ferulate acid; the reaction was started by the addition of 0.2 mM CoA. The absorbance
was measured at 311, 333, 345, 346, and 352 nm for the corresponding cinnamoyl-CoA, 4-cou-
maroyl-CoA, feruloyl-CoA, caffeoyl-CoA, and sinapoyl-CoA products, respectively, against a
blank group. The extinction coefficients (€) were 22, 21, 19, 18, and 20 mM ' cm ™', respec-
tively, for the corresponding CoA ester complexes.

Fermentation Tests

To study other characteristics of Ma4CL3, several strategies were used to co-express it with
MaSTS (GenBank: ALS20364.1). All primers used for generating fusion proteins are listed in
S3 Table, and the fusion strategy is described in Fig 2.

4-S. The Ma4CL3 gene was amplified with primers pETDuet4CL3-F (containing a Pst I
site) and pETDuet4CL3-R (containing a Hind III site) and cloned into the same sites of the
pETDuet-1 plasmid, which resulted in the pETDuet-4CL3 vector. The MaSTS gene was ampli-
fied by PCR using primers MaSTS-F (Kpn I) and MaSTS-R (Xho I). The MaSTS gene was
digested and inserted into the Xho I/Kpn I sites of the pETDuet-4CL3 vector, resulting in pET-
Duet-4CL3-STS. Plasmid pACYCDuet-4CL3-STS was assembled in the same manner as plas-
mid pACYCDuet-4CL3-STS.

S4and 4S. Asin a previous study [27], we also generated two different types of transla-
tional fusions between Ma4CL3 and MaSTS, which were carried by plasmid pET28a(+). The
first was the fusion of Ma4CL3 to the amino-terminus of MaSTS, which resulted in
pET4CL3-STS and referred to as 4S. The second was the fusion of MaSTS to the amino-termi-
nus of Ma4CL3, which resulted in pETSTS-4CL3 and referred to as S4. The original stop codon
of the first gene, which was closest to the promoter, was mutated to TCA (encoding Ser), and a
mini-linker encoding Ser-Ser-Gly-Ser-Gly was inserted in front of the second gene.

4-T-S. Ma4CL3 carried a BamH I site at its 5'-end, and Kpn I and Xho I sites at its 3'-end, and
it was first cloned into the pET28a(+) vector between the BamH I and Xho I sites, which resulted in
the pET4CL3. The pET28a(+) fragment from AGATCTCGATCCCGCGAA to GGATCC (the
BamH I site) was cloned and mutated from AGATCT to CTGCAG (a Kpn I site), and then it was
linked to the 5'-end of MaSTS by fusion PCR. Then, the digested fusion fragment was inserted into
the Kpn I/Xho 1 sites of pET4CL3, which resulted in pET4CL3-T-STS. Thus, the genes Ma4CL3
and MaSTS were preceded by a T7 promoter/lac operator and a ribosome-binding site.
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Fig 2. Schematic diagram representing the co-expression of the Ma4CL3 and MaSTS proteins. 4-S was carried by plasmid pETDuet-1/pACYCDuet-1;
S4 and 4S were carried by plasmid pET28a(+); 4-T-S was also carried by plasmid pET28a(+), but with an independent T7 promoter and /ac operator.

doi:10.1371/journal.pone.0155814.9002

The four aforementioned co-expression plasmids were transformed separately into E. coli
BL21 (DE3) pLysS. The cells were incubated at 28°C until the ODgy reached 0.6, induced with
0.1 mM IPTG, and grown for 10 h at 16°C for protein production. Then, the cells were col-
lected by centrifugation at 5,000 x g 5 min and resuspended in M9 medium containing 1 mM
4-coumarate acid, 0.1 mM malonyl-CoA, 0.1 mM IPTG, and necessary antibiotics. After incu-
bation at 25°C for 24 h, lysed fermentation liquor was obtained by sonication, and the liquor
was centrifuged at 12,000 x g for 20 min to pellet insoluble debris. Subsequently, it was
extracted with ethyl acetate, and 1 mL organic phase samples were collected for high-pressure
liquid chromatography (HPLC) analysis.

HPLC Analysis

A Waters 2487 HPLC system (Waters, Milford, MA, USA) and a reverse phase 5 um C18 col-
umn (4.6x150 mm) (Waters Sunfire’™, Dublin, Ireland) were used for the analyses. The injec-
tion volume was 10 pL, and the flow rate was 0.8 mL/min. The separation temperature was
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25°C, and detection was at 306 nm. Ethyl acetate samples were centrifuged and filtered through
a 0.22 um filter. The mobile phases were (A) methyl alcohol and (B) 0.1% aqueous acetic acid.
The solvent gradient elution program was as follows: 0-10 min, 10-30% A, 90-70% B; 10-25
min, 30-50% A, 70-50% B; 25-30 min, 50-70% A, 50-30% B; 30-45 min, 70-30% A, 30-70%
B; 45-50 min, 30-10% A, 70-90% B.

Statistical Analysis

For all the QRT-PCR experiments, triplicate samples were performed, and the results were
expressed as mean + standard deviation (SD). Statistical analysis was performed using SPSS
Statistics 18.0 (SPSS Inc., Chicago, IL, USA) with Duncan's multiple range test and figures were
drawn using by GraphPad Prism v5.0 software (GraphPad Software Inc., La Jolla, CA, USA).
Mean values that were significantly different within treatment from each other were indicated

by

«x

Results
Structure and Phylogenetic Analysis of 4CL Genes

Based on a multiple sequence alignment of sequences obtained from the Morus Genome Data-
base and GenBank, four Mn4CL genes were found, and they were confirmed by isolating their
corresponding cDNAs from various tissues. Like 4CL genes in other species, the Mn4CL genes
have a multi-exon and -intron structure. The exon and intron structures for the Mn4CL genes
are shown in Fig 3. Mn4CL1 and Mn4CL3 contain six exons and five introns, and Mn4CL2
contains five exons and four introns. However, Mn4CL4 only contains two exons and one
intron. All of the Mn4CL genes were predicted to encode a family of proteins that includes
Mn4CL1 with 646 amino acids, Mn4CL2 with 546 amino acids, Mn4CL3 with 595 amino
acids, and Mn4CL4 with 407 amino acids (S3 File). The results of the phylogenetic analysis
obviously divided the sequences into two groups, suggesting that Mn4CL3 belongs to the class
II group; whereas Mn4CL1, Mn4CL2, and Mn4CL4 belong to the class I group (Fig 4). And the
multiple sequence alignment indicated that the catalytic domains and active sites are conserved
in these mulberry proteins, and that all four Mn4CLs have two structural domains, a putative
AMP-binding motif (box I) and a conserved box II domain (Fig 5).

Expression of Ma4CL Genes in Different Tissues and Dynamic
Expression under Multiple Stresses

To further investigate how Ma4CL genes are expressed in various tissues, transcripts from the
four Ma4CL genes were quantitatively measured by qRT-PCR using gene-specific primers (52

1 1K 2K 3K 4K ‘ 5K‘ 6K 7K 8K bp
Mn4cL7 [ m. - < .
Mn4cLo PO m. s ] ®
P— infron -~ _---
" e cxon [E——
500b
Mn4CL4 W :

Fig 3. Gene structure of Morus notabilis 4CL genes. Schematic diagrams with exons (gray boxes) and introns (dashed lines between exons). Gene
structures were displayed by Fancy Gene (http://bio.ieo.eu/fancygene/).

doi:10.1371/journal.pone.0155814.9003
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Fig 4. The phylogenetic tree analysis of Mn4CL proteins. The results of the phylogenetic analysis divided the sequences into two groups, suggesting that
Mn4CL3 belongs to the class Il group; whereas Mn4CL1, Mn4CL2, and Mn4CL4 belong to the class | group.

doi:10.1371/journal.pone.0155814.g004

Table). Total RNA was isolated from root bark, stem bark, old leaves, and young leaves of
10-week-old mulberry plants. As shown in Fig 6A, all of the Ma4CL genes were constitutively
expressed in all selected organs, but they exhibited significant differences in their magnitudes
of expression. The expression level of Ma4CL3 was higher than those of the other three genes
in the same tissues, and Ma4CL3 was strongly expressed in root bark, stem bark, and old leaves.
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Fig 5. Sequence comparison of the deduced amino acid sequences. Box | represents the putative AMP-binding domain, and box Il represents the
conserved GEICIGR putative catalytic site.

doi:10.1371/journal.pone.0155814.9005

Furthermore, the Ma4CL3 transcript was the most abundantly expressed transcript in old
leaves, followed by root bark and stem bark, while the Ma4CL3 transcript was the least abun-
dant in young leaves. Additionally, Ma4CL1 and Ma4CL2 were highly expressed in root bark,
while Ma4CL4 exhibited the lowest expression in all selected organs.

The expression of both classes of 4CL genes was induced by wounding (Fig 6B). Ma4CL]1
and Ma4CL3 expression exhibited an “M-shaped” pattern, peaking at 1 and 24 h after leaves
were wounded. Ma4CL3 especially showed clear induction at 24 h, and the second expression
peak was more than 4.11-fold greater than that of the control group. However, Ma4CL2 and
Ma4CL4 were less responsive to wounding treatment than Ma4CL1 and Ma4CL3, and their
transcript levels peaked at 1 and 3 h, respectively.

The Ma4CL genes exhibited various responses to SA treatment (Fig 6C). Ma4CL3 expres-
sion was sensitive to SA, peaked at 1 h, decreased to its normal level at 6 h, and sharply
increased after 10 h of treatment, at which time its expression was approximately 7.06-fold
greater than that of the control group. Ma4CLI, Ma4CL2, and Ma4CL4 exhibited similar
expression patterns, as evidenced by small increases in expression after SA treatment, followed
by a return to their control levels.

The expression of the Ma4CL genes was UV-inducible (Fig 6D). Except for Ma4CL4, whose
expression exhibited a single peak at 6 h, the expression of the other Ma4CL genes exhibited
similar double-peaked patterns, and decreased at 10 h. However, Ma4CL1 expression peaked
at 3 and 16 h, while Ma4CL2 expression peaked at 6 and 16 h. As seen for the other treatments,
Ma4CL3 expression was induced substantially by UV light, and it reached its maximum at 1 h,
which was approximately 1.81-fold greater than that of the control group.

Expression of Ma4CL Genes and Total Flavonoid Determination during
Mulberry Fruit Development
During mulberry fruit development from stage S1 to S7 (Fig 7E), four Ma4CL genes were con-

stantly expressed throughout fruit development, but they showed two distinct expression pat-
terns (Fig 7A-7D). Ma4CL1, Ma4CL2, and Ma4CL4 were expressed at relatively high levels
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during stage S1. Then, their expression dramatically decreased during S2, increased gradually,
reached their maximum levels during stages S6, S3, and S3, respectively, and then decreased
during subsequent fruit development. However, the Ma4CL3 expression pattern was quite dif-
ferent from that of the others; its transcription level decreased before stage S4, and then
increased rapidly, peaking at stage S5, and then declined slowly (Fig 7C). Dynamic total flavo-
noid contents during mulberry fruit development from stage S1 to S7 were determined. As
shown in Fig 7E, the trend of the total flavonoid content was similar to that of the expression
pattern of Ma4CL3 throughout fruit development, although it peaked during stage S6.

Various up-regulated expression patterns occurred under diverse stresses. Under NaCl
stress (Fig 8), Ma4CL1 and Ma4CL3 expression in stems peaked at 1 h, and then decreased (Fig
aand c). Ma4CL2 and Ma4CL4 exhibited similar double-peaked expression patterns (Fig 8B
and 8D). In roots, Ma4CL1 and Ma4CL2 expression peaked at 6 and 3 h, respectively (Fig 8E
and 8F). However, the expression of Ma4CL3 and Ma4CL4 did not noticeably increase, and
was obviously down-regulated at 1 and 12 h (Fig 8G and 8H).

For the ABA treatment, stems and roots showed different responses (Fig 9). When stems
were subjected to ABA treatment, Ma4CL1 and Ma4CL2 expression peaked at 1 and 12 h,

PLOS ONE | DOI:10.1371/journal.pone.0155814 May 23,2016 10/20



el e
@ ' PLOS ‘ ONE Function of 4-Coumarate:CoA Ligase Genes and Co-Expression with Stilbene Synthase for Resveratrol

o]
0.3, Do 0s- 0.8+
- Ma4CL1 © Ma4CL2 © Ma4CL3
> > d >
3 3 0.04 2 o6l
2 0.2 2 2
2 2 0.03 2
o o 19
é é 0.02 é ™
o 0.1 o . T o
27 2 2 02
5 T 0.014 T
& & &

0.0 0.00- 0.0

S1 S2 S3 S4 S5 S6 S7 S1 S2 83 S4 S5 86 §7 S1 S2 S3 S4 S5 S6 S7

d e f

0.104 S1 S2 S3 S4 S5 S6 S7 1.04 Total flavonoids content

Ma4cCL4
—> mature

0.084 flower Eo.
r A \ e

0.06- % % B LB © 0.6-
e 3 0]
bt < o

0.044 - “ § 0.4
-~ 2
y

0.02- 2 0.2
<

0.00- :

S1 S2 S3 S4 S5 S6 S7

Fig 7. Expression of Ma4CL genes and total flavonoid contents during mulberry fruit development. a, b, ¢, and d
represent Ma4CL1, Ma4CL2, Ma4CL3, and Ma4CL4 expression levels, respectively, e and f indicate total flavonoid contents
during fruit development from stage S1 to S7. Error bars on each column indicate SDs from three replicates.

doi:10.1371/journal.pone.0155814.9007

Relative expressive level

o
o
I

S1 S2 S3 S84 S5 S6 97

respectively, and then decreased (Fig 9A and 9B), while the expression levels of Ma4CL3 and
Ma4CL4 did not change significantly (Fig 9C and 9D). However, the expression of Ma4CL
genes in roots showed completely different responses. Except for Ma4CL3, whose expression
reached its maximum after 3 h (Fig 9G), the expression levels of the other genes increased grad-
ually and reached their maxima after 24 h of treatment (Fig 9E, 9F and 9H). Additionally, the
ratio of expression level in roots and stems (RERS) also showed differences (Table 1). It can be
obviously seen in Table 1 that the RERS of Ma4CL2 were less than those of the control before
24 h, but the RERS of Ma4CL3 and Ma4CL4 were greater than those of the control.

After 4 d of ABA treatment, although all of the RERS were significantly up-regulated,
Ma4CL3 expression only increased 3.46-fold, while Ma4CL1, Ma4CL2, and Ma4CL4 were up-
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doi:10.1371/journal.pone.0155814.9009

regulated approximately 5.23-, 16.50-, and 9.47-fold, respectively, compared with that of the
control group (Fig 91). Furthermore, the ratio of root length and stem length reached 3.49,
while that of the control group was only 1.12. Additionally, the taproots of the ABA treatment

Table 1. The ratio of expression level in roots and stems under the ABA treatment.

Treatment time MacCL1 MacCL2 MaCL3 MaCL4

Oh 1.249 £ 0.22 2.220 £ 0.03 0.554 + 0.09 0.593 + 0.01
1h 0.600 + 0.12* 1.573 £ 0.33* 0.683 £ 0.11 0.833 £ 0.03**
3h 1.113+£0.33 1.817 £ 0.27 0.963 + 0.07** 1.082 + 0.09**
6h 1.358 £ 0.07 1.902 + 0.71 0.773 £ 0.15 1.079 £ 0.24**
12h 1.765 £ 0.13** 1.717 £ 0.05* 0.743 £ 0.02 1.117 £ 0.16**
24 h 3.464 + 0.87** 2.248 £ 0.11 0.778 £0.13 1.471 £ 0.29%*

Column values without “*” indicate no significant difference in expression compared to 0 h (P > 0.05). One “*” indicates a significant down-regulation in

expression compared with that at 0 h; a double “*” indicates a significant up-regulation in expression compared with that at 0 h. Results are displayed with
means + standard deviations (n = 3).

doi:10.1371/journal.pone.0155814.t001
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group became sturdier than control, and the number of root hairs increased significantly

(Fig 9]).

Subcellular Localization of the Ma4CL3 Protein

To study the localization of the Ma4CL3 protein, EGFP, Ma4CL3:EGFP, and the EGFP::
Ma4CL3 fusion genes, under the control of the Cauliflower mosaic virus (CaMV) 35S pro-
moter (Fig 10A), were transfected into onion epidermal cells. The EGFP vector was used as a
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Fig 10. Subcellular localization of the Ma4CL3 protein. (a) EGFP, Ma4CL3::EGFP, and the EGFP::Ma4CL3 fusion strategies. (b) The positive control was
a transfected plasmid containing EGFP alone. DAPI was used to indicate the nucleus. It was observed that Ma4CL3 localized to the cytomembrane mainly.
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doi:10.1371/journal.pone.0155814.g010
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control and was transfected separately. It could be clearly observed that the green fluorescence
signals of the EGFP distributed in the cytoplasm, nucleus and cytomembrane (Fig 10B). How-
ever, the green fluorescence signals of the Ma4CL3:EGFP and EGFP:Ma4CL3 fusion proteins
were observed mainly at the cytomembrane, where they may activate transcription, which
implied that Ma4CL3 is a cytomembrane-localized protein. This result is consistent with the
protein function of the 4CL family.

Enzyme Assay of Ma4CL3

The open reading frame of Ma4CL3 was subcloned into the expression vector pET28a(+), and
soluble proteins were obtained. After purification via metal-affinity chromatography, the puri-
fied Ma4CL3 protein was analyzed by MALDI-TOF/TOF MS, and the results showed that the
purified protein peptides completely matched the predicted peptides (S2 File). Enzyme assays
of Ma4CL3 using various substrates, including cinnamic acid, 4-coumarate acid, caffeate acid,
sinapate acid, and ferulate acid, were conducted. As shown in Table 2, the K,,, of 4-coumarate
acid was 10.49 uM; however, the V,,,,, was only 4.4 nkat mg™". This indicated that 4-coumarate
acid was the best substrate among cinnamic acid, 4-coumarate acid, and caffeate acid, while no
catalytic activity was observed when sinapate acid and ferulate acid were used as substrates.

Fermentation Test

As described in the Methods section, four co-expression strategies were used. Unfortunately,
only the 4-T-S strategy produced two soluble proteins in a low-temperature (16°C) and low-
IPTG (0.1 mM) fermentation environment, but only 0.1268 mg/L resveratrol was produced in
the fermentation broth (Fig 11). We were unable to obtain soluble Ma4CL3, Ma4CL3-MaSTS,
or MaSTS-Ma4CL3 proteins using the 4-S, 4S, and S4 strategies.

Discussion

The phenylalanine metabolic pathway, as one of the most important carbon flux metabolic
pathways, plays an important role in carbon accumulation during plant growth. 4CL is the key
enzyme in the phenylalanine metabolic pathway, and it is regulated developmentally and acti-
vated by external stimuli, such as pathogen infections, elicitor treatments, wounding, and UV
light irradiation [2,4]. Additionally, it shows different catalytic activity for various cinnamate
derivative substrates, such as cinnamic acid, 4-coumarate acid, caffeate acid, sinapate acid and
ferulate acid, and it has a defined substrate preference [9,28-30]. The preference is beneficial
for metabolism, as it can provide downstream processes with suitable proportions of cinna-
moyl CoA mixtures, and it regulates the metabolites flowing to lignin or non-lignin syntheses.
Similar to 4CL genes in other species, Mn4CL genes have multiple introns and exons, which
differ from each other, both in terms of their lengths and nucleic acid sequences. However,
box I and box II regions are conserved peptide sequences in the Mn4CL family. Box I
(SSGTTGLPKGYV) is the AMP-binding domain, and box II (GEICVRS) is the catalytic site [29]

Table 2. Kinetic characterizzation of Ma4CL3.

Isoenzyme Substrate

Cinnamic acid
4-Coumarate acid
Caffeate acid

73.53
10.49

Kem (uM) Vinax (nNKat mg™") Keat (s7) K cat/ K m (M~ s7)
22.15 1.041 0.014
4.40 0.284 0.027

463.69 16.15 1.428 0.003

Ma4CL3 was no catalytic activity to Sinapate acid and ferulate acid.

doi:10.1371/journal.pone.0155814.t1002
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(Fig 5). During different periods of mulberry fruit growth, the expression level of Ma4CL3 was
higher than that of the other three genes, and the expression trend of Ma4CL3 was in accor-
dance with the trend of the total flavonoid content in fruits. The maximum expression of
Ma4CL3 did not occur in the S7 stage when the color was the deepest, but during the S5 stage.
It was during the S5 stage that the flavonoid content also began to increase. This is similar to
the expression pattern of Nt4CL2 (N. tabacum) in tobacco flowers, which exhibit high expres-
sion in unpigmented corolla tubes, and high Nt4CL2 transcript levels are first evident in stage-
4 flowers, and decrease significantly in stage-6 flowers [2]. In addition, according to the mul-
berry tissue-specific expression analysis, Ma4CL3 transcripts are mainly present in the root
bark, stem bark, and old leaves. Moreover, root bark, stem bark, and old leaves are the regions
that are enriched in flavonoids [26,31]. It was found that recombinant Ma4CL3 has greater
affinity for 4-coumarate acid than other substrates in the in vitro enzyme activity test, and the
product of 4-cinnamoyl-CoA was the most-used precursor for flavonoid biosynthesis. Previous
studies indicated that the K,,, of 4CL for flavonoids was usually lower than that for monolignols
[6,9,28,30,32]. Furthermore, a phylogenetic tree suggested that Mn4CL3 belonged to class IL
In various plant species, the biosynthesis of monolignols has been considered to be the main
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function of class I 4CL, and the main function of class II 4CL has been suggested to be associ-
ated with flavonoid synthesis [6,10,11]. A recent study proved that a mutation in At4CL3 (A.
thaliana) significantly reduced the flavonol glycoside content in Arabidopsis by approximate
80% compared with that of wild-type plants, while mutations in the other At4CL (class I) genes
did not significantly affect the flavonol glycoside content [33]. Additionally, silencing of both
the At4CLI and At4CL2 (class I) genes reduced the amounts of total lignin compared with that
of non-induced stems [34]. Furthermore, suppression of Os4CL3 (class I) expression resulted
in a significant reduction in lignin [7]. In view of the above experiments, we infer that the pri-
mary function of Ma4CL3 is in flavonoid biosynthesis.

The synthesis of secondary metabolites in response to stress conditions, such as fungal, UV,
and H,0, treatments, has been implicated as a major defense response of higher plants
[3,4,35]. Because flavonoids strongly absorb UV irradiation, the induced synthesis of flavo-
noids can afford plants protection against UV light [4]. Cell suspension cultures of parsley (Pet-
roselinum hortense) have been studied extensively as a model system, and they have been
shown to respond to UV irradiation by synthesizing flavonoids. Studies have shown that UV
irradiation up-regulates the expression of several genes, including PAL, 4CL, and CHS, which
are essential genes for flavonoid synthesis [3,35]. When plants suffer from mechanical wound-
ing, the cell walls of the wound site are first strengthened by crosslinking proteins to prevent
dehydration and possible pathogen infections, and phenylpropanoid derivatives are required
for lignification and suberization of the cell walls in a subsequent step [36]. In A. thaliana,
At4CL1 and At4CL2 (class I) transcripts rapidly accumulated after wounding, but At4CL3
(class IT) expression was not wound responsive [6]. These results are in contrast to this study,
in which wounding significantly induced the expression of Ma4CL3 in leaves; however,
Ma4CL2 and Ma4CL4 expression was less responsive to wounding treatment. This indicated
that Ma4CL3 was more sensitive to wounding treatment. Similar wounding of silver birch
(Betula pendula) induced the expression of Bp4CLI (class I) and Bp4CL2 (class II) genes in
leaves, whereas the transcript levels of Bp4CL3 and Bp4CL4 (class I) remained unchanged [37].
Previous study showed that wounding can induce the expression of genes that encode enzymes
of the general phenylpropanoid route, thereby leading to the generation of monolignols that
are essential for wound sealing [38]. Therefore, the phenylpropanoid flux should be directed
from the flavonoid biosynthesis route towards the biosynthesis of monolignols. Furthermore,
wounding has been shown to decrease the expression of potential lignin biosynthesis repressors
[39,40], which may be why Ma4CL3 expression was induced in response to wounding stress.

Mulberry trees are ecologically and economically important perennial woody plants, which
can grow in the severe desertification region and can adapt to drought, sand damage, and saline
environments [41]. As important signaling molecules in the plant immune response, ABA and
SA have been reported to improve tolerances to disease, salt, and dehydration [42,43]. How-
ever, there are only a few reports of the effect of SA on 4CL regulation. The results of this study
showed that the expression of four Ma4CL genes was induced by SA (Fig 6B). The expression
level of Ma4CL3 was significantly up-regulated (7.06-fold compared with that of the control
group), while the expression of the other three genes was unchanged. The results indicated that
Ma4CL3 is the most important participant in the SA response. Drought and salt lead to
increased reactive oxygen species concentrations in the cell, and they stimulate the synthesis
and accumulation of ABA in plant roots [43]. This induces certain physiological and biochemi-
cal responses in plants, which enable them to survive in such environments. In this study, the
expression of the Ma4CL genes differed in roots and stems under the ABA treatment, the
RERS of Ma4CL3 increased slowly, while those of Ma4CL1, Ma4CL2, and Ma4CL4 increased
rapidly. At the same time, the ratio of root length and stem length, as well as lateral roots
increased significantly. Accordingly, this suggests that after ABA stimulation, mulberry
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enhanced the development of its belowground portion, while suppressing the development of
its aboveground portion, to resist environmental stresses. For example, this strengthens the
ability of mulberry to absorb water that is deep below the surface, while reducing water evapo-
ration from aboveground organs. The development of plant roots is also related to lignin and
the increased RERS of Ma4CL genes. However, under NaCl and ABA stresses, the expression
of Ma4CL genes differed. This implies that mulberry responds to salt stress via an ABA-inde-
pendent signal transduction pathway.

During the course of plant evolution, the functions of genes in the same family may be
redundant or different. In this study, it was found that the four Ma4CL genes reacted differ-
ently to external stimuli. Some were more sensitive to the external stimuli, while others were
not, and some exhibited the same reaction mode, which means that these isoforms may have
similar regulatory effects and function redundantly with each other. 4CL genes have been
detected by monitoring their transcript levels and/or by promoter analyses using Arabidopsis
(A. thaliana) [6,38], tobacco (N. tabacum) [44], rice (O. sativa) [7], and aspen (P. trichocarpa)
[10]. The results demonstrated that the regulation of 4CL genes is complex, and that the genes
play both positive and negative roles [38]; thus, different 4CL family members show distinct
expression patterns in response to biotic or abiotic stress [6,7].

It is well know that soluble protein is a prerequisite for protein activity. In this study, soluble
Ma4CL3 could not be obtained at a high concentration of IPTG or at a high temperature,
despite using multiple expression vectors. Previous studies have used the 4CL-STS co-expres-
sion system to ferment resveratrol, and the resveratrol content in broth was much higher than
in this study [18,45-48]. It should be noted that the efficacy of recombinant microorganisms
for resveratrol production depends on various factors, such as the species and the strain, the
origin of the transferred genes, as well as other parameters such as plasmids or precursors used
[48]. For instance, resveratrol yield produced by BW27784 (E. coli) was 2.67 times the yield of
Saccharomyces cerevisiae with the Nt4CL (Nicotiana tabacum) and VivSTS (Vitis vinifera) [45].
However, resveratrol yield of At4CL (Arabidopsis thaliana) and AhSTS (Arachis hypogaea) is
more than 6.25 times compared with Nt4CL and VivSTS [45,46]. Meanwhile, the resveratrol
yield of fusion protein Le4CL (Lithospermum erythrohizon) and AhSTS (Arachis hypogaea)
reached 5.25 mg/L in yeast strain [47]. In this study, we explore the possibility of gaining res-
veratrol yielded by the fermentation of genes from mulberry. We will focus on optimizing the
fermentation conditions to obtain higher resveratrol concentrations in future research.

With greater attention being paid to health issues, natural products have enjoyed great pop-
ularity. However, because of numerous byproducts of chemical synthetic drugs and the low
content of natural products, environmental damage and pollution caused by the extensive use
of raw materials has become increasingly serious [26]. Additionally, mulberry is rich in resvera-
trol, oxyresveratrol, and mulberroside A [31,49], which means that there is a highly efficient
biological synthesis system in mulberry. This view is supported by the fact that we determined
that the trend of Ma4CL expression is related to flavonoid synthesis, and we established a co-
expression system to produce resveratrol in microbes, as an alternative to extracting resveratrol
from plants or obtaining it via chemical synthesis. This study lays the foundation for future
research on the phenylalanine metabolic pathway in mulberry.

Conclusion

In summary, four Ma4CL genes from mulberry were identified in our study. The Ma4CL genes
were expressed in all selected organs, although significant differences in their expression were
observed. In particular, Ma4CL3 exhibited relatively high expression in root bark, stem bark,
and old leaves. Based on an in vitro enzyme assay, expression in mulberry fruits, and its
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response to multiple stresses, the function of Ma4CL3 may be associated with flavonoid synthe-
sis, and Ma4CL3 localized to the cytomembrane. Furthermore, the co-expression of Ma4CL3
and MaSTS was established, and resveratrol was successfully produced by fermentation. The
results pave the way for future work on the phenylalanine metabolic pathway in mulberry.
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