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Abstract

Background: Hazy weather significantly increase air pollution and affect light intensity which may also affect
medicinal plants growth. Syringa oblata Lindl. (S. oblata), an effective anti-biofilm medicinal plants, is also vulnerable
to changes in plant photoperiods and other abiotic stress responses. Rutin, one of the flavonoids, is the main
bioactive ingredient in S. oblata that inhibits Streptococcus suis biofilm formation. Thus, the present study aims to
explore the biosynthesis and molecular basis of flavonoids in S. oblata in response to different light intensity.

Results: In this study, it was shown that compared with natural (Zo) and 25% ~ 35% (Z,) light intensities, the rutin
content of S. oblata under 50% ~ 60% (Z) light intensity increased significantly. In addition, an integrated analysis
of metabolome and transcriptome was performed using light intensity stress conditions from two kinds of light
intensities which S. oblata was subjected to: Z, and Z,. The results revealed that differential metabolites and genes
were mainly related to the flavonoid biosynthetic pathway. We found out that 13 putative structural genes and a
transcription factor bHLH were significantly up-regulated in Z;. Among them, integration analysis showed that 3
putative structural genes including 4CL1, CYP73A and CYP75B1 significantly up-regulated the rutin biosynthesis,
suggesting that these putative genes may be involved in regulating the flavonoid biosynthetic pathway, thereby
making them key target genes in the whole metabolic process.

Conclusions: The present study provided helpful information to search for the novel putative genes that are
potential targets for S. oblata in response to light intensity.
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Background

Hazy weather is a normal event in China [1] that can se-
verely increase the occurrence of air pollution [2]. It is
characterized by scattering of particles which constitute
the main factor for visibility degradation [3, 4]. On a lon-
ger timescale, these pollutants from China may affect
North America, the Pacific and the Arctic, making Chin-
ese air pollution a global problem [5]. Its direct result is
that plants receive less light than in better weather

* Correspondence: liyanhua@neau.edu.cn

fYan-Yan Liu and Xing-Ru Chen contributed equally to this work.

'College of Veterinary Medicine, Northeast Agricultural University, 600
Changjiang Road, Xiangfang, Harbin, Heilongjiang 150030, People’s Republic
of China

’Heilongjiang Key Laboratory for Animal Disease Control and Pharmaceutical
Development, Harbin, China

K BMC

condition. However, the plants in their natural habitats
need to modify their growth and development to suit
various environmental conditions including light signals
[6], cold hardiness, drought resistance and shade abilities
[7]. High light intensity [8] and UV-B radiation [9] also
play an important role in the regulation of the flavonoids
biosynthesis which is one of the most intensively studied
area [10, 11]. It is well-known that flavonoids are the
main secondary metabolites in medicinal plants in na-
ture and have various biological functions, such as
flower pigmentation, pollen fertility, plant microbe inter-
action, protection from UV radiation [12], antioxidant
functions [13], anti-fungal and anti-bacterial properties
[14]. Rutin is one of the well-known flavonoids in plants
and has been reported as the main bioactive ingredient
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in S. oblata that inhibits Streptococcus suis (S. suis) bio-
film formation [15]. Thus, it is unknown whether the
concentration of flavonoids in S. oblata is affected by
different light intensity groups and the effect of second-
ary metabolites against the formation of biofilm by
Staphylococcus xylosus (S. xylosus) remains unexplored.

Recently, metabolomics analysis and transcriptomics
[16, 17] have been successfully applied as connection
networks in identifying differential gene expression in
several plants, including Yukon thellungiella [18], sun-
flower [19] and Nicotiana tabacum [20]. However, no
studies on bio-information analysis and functional iden-
tification have been published exploring the molecular
mechanism of the secondary metabolite of flavonoid bio-
synthesis in the absence of S. oblata genomic informa-
tion. Transcriptome sequencing [21, 22] is a rapid
technique for obtaining functional genomic information
that is widely used to determine gene structures and ex-
pression profiles in medicinal plants. Nevertheless, de
novo assembly of RNA-Seq data makes it possible to
conduct gene analysis in the absence of reference ge-
nomes [23, 24].

In this study, biofilm formation and flavonoids biosyn-
thesis were examined under different light intensity
groups in S. oblata. First, the changes in rutin content
and the effect of S. oblata against the formation of bio-
film by S. xylosus were tested in vitro in different months
and different light intensity groups. Then, under the dif-
ferent light intensity groups, the presence of flavonoids
in S. oblata were detected using histochemical method.
Finally, comparative metabolomic and transcriptomic
analysis were performed to identify the differentially
expressed metabolites and genes. To the best of our
knowledge, the study offers a new approach to the use
of multi-omics technology for high-throughput sequen-
cing in elucidating the molecular mechanism underlying
the changes in the rutin content and flavonoid accumu-
lation in S. oblata under different light intensity groups.

Results

Biofilm formation ability of S. xylosus

The study involves the evaluation of the biofilm inhibi-
tory properties of rutin and S. oblata extract against S.
xylosus biofilm formation during the period of different
months and light intensity groups (Fig. la and Fig. 2a).
The results revealed that 0.8 mg/mL of rutin significantly
inhibited biofilm formation compared with the control
(p<0.05) (Fig. 1b). And the results showed that the
MIC:s of all the different months of S. oblata against S. xylo-
sus was 62.5mg/mL, and 1/2 MIC (31.25 mg/mL) of the
different months was able to significantly inhibit biofilm
formation compared with the positive control (p <0.05)
(Fig. 1c). Furthermore, the MICs of Zy, Z; and Z, of S.
oblata against S. xylosus were 62.5mg/mL, 31.25 mg/mL
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and 31.25 mg/mL, respectively. Among them, the results re-
vealed that in comparison with positive control, 1/2 MIC
(15.625 mg/mL) of Z; and Z, significantly inhibited S. xylo-
sus biofilm formation as against 1/2 MIC (31.25 mg/mL) of
Zo (p < 0.05) (Fig. 1d). This indicated that S. oblata had the
highest ability to inhibit the formation of S. xylosus biofilm
only when subjected to light intensity.

Variations in the rutin content

In order to evaluate whether the content of rutin was in-
fluenced by the 6 months (May to October) and three
light intensity groups (Zo, Z; and Z,), two experiments
were conducted. The trends of the daily sunshine, rain-
fal, and atmospheric temperature all through the
months in the first experiment are shown in Fig. 1e, f. It
revealed that the rutin content in May was 1.3331 £
0.5612 mg/g, and then it increased to the highest value
(11.0787 £ 0.9570 mg/g) in August. Then, it decreased in
September  (5.0921 + 1.8441 mg/g) and  October
(3.6752 + 0.7840 mg/g) (Fig. 1g). At the same time, the
trend of the daily sunshine and rain fall all through the
months were negatively and positively correlated with
the content of rutin, respectively (Fig. 1g). The air pollu-
tion indices in August and September were more excel-
lent than those obtained in other months, the values
were obtained from the Website (https://www.aqistudy.
cn/historydata/) (Additional file 1: Table S1). At the
same time, lower particles such as ambient particulate
matter (PM 2.5 and PM 10) could enhance solar radi-
ation, thus enhancing ambient temperature and bio-
logical plant growth rates [25]. This finding is in
agreement with previously findings reported on the con-
tent of rutin in Fructus Sophorae which peaked in mid-
August, then declined gradually [26]. Furthermore, in the
second experiment, the photosynthetically active radiation
(PAR) and light reflection values of Z; and Z, measured by
spectrometer were significantly lower than Z, (Fig. 2b, c).
The study revealed that the amount of rutin in S. oblata in
September significantly increased in Z; (4.4729 +0.7738
mg/g) when compared with Z, (2.7518 + 0.2854 mg/g) and
Z5 (2.5921 + 0.5419 mg/g) (p < 0.05) (Fig. 1h). Due to insuf-
ficient exposure of the leaves to light, the flavonoid content
decreased after excessive shading which is also the reason
why the rutin content in Z, was lower than Z;. Therefore,
Zo and Z; of S. oblata were selected and used for the next
phase of studies [27].

Histochemical analysis of flavonoids with different light
intensity groups

Flavonoid accumulation in plants can be visualized using
DPBA, a reagent, which indicates the presence of many
flavonoids in histochemical analysis [28]. Leaves were
stained with DPBA. Cross-sections of green fluorescence
were observed in S. oblata (Fig. 1i, j) using LCSM. This
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(See figure on previous page.)

Fig. 1 The leaves of Syringa oblata Lindl. grow under different light intensities such as natural (Zy), 50% ~ 60% (Z;) and 25% ~ 35% (Z>) light
intensity (a). The inhibition of S. xylosus ATCC 700404 biofilm formation by rutin (b) the biological activity of Syringa oblata Lindl. against the
formation of biofilm by S. xylosus ATCC 700404 during the different months (c) and light intensity (d) groups. The control (b, ¢ and d) is S. xylosus

ATCC 700404. Zo, Z; and Z, were natural, 50% ~ 60 and 25% ~ 35% light intensity, respectively. *p < 0.05 represents significantly different
treatment means compared to untreated control bacterial culture. Changes in weather (e) and average temperature change (f) in different
months in 2017. The rutin content of Syringa oblata Lindl. with different months (g) and light intensity (h) groups. Flavonoid accumulation in
Syringa oblata Lindl. leaf cross sections detected by DPBA fluorescence (red) in natural (Zp) and 50% ~ 60% (Z,) light intensity in (i) and (j)

finding is in agreement with earlier findings previously
reported [28] that the presence of flavonoids was con-
firmed in different light intensity groups, especially ob-
servable in the epidermal cell layers and vascular
bundles [29, 30]. To visualize the accumulation of flavo-
noids in leaf tissue more quantitatively and precisely,
DPBA imagery was used. The results showed that the
green fluorescence area of Z; (2707423) was also larger
than Z, (903,872.5) after handling them with Image]
(https://imagej.nih.gov/ij/index.html) [31].

Metabolites analysis with different light intensity groups

To identify key metabolic alteration after different light in-
tensity groups, the metabolite levels between Z, and Z; were
compared using LC-MS analysis. All data on retention time,
exact mass, and peak intensity were recorded for multiple
statistical analysis, including principal component analysis
(PCA) (Fig. 3a, b) and partial least squares-discriminate ana-
lysis (PLS-DA) (Fig. 3¢, d). These analytical methods re-
vealed a trajectory of the different light intensity groups by
the combination of the two main components. Volcano plot

can visually screen for differentially expressed metabo-
lites of S. oblata between the different light intensity
groups. All metabolites from secondary mass spectrom-
etry identification statistics were significantly different
by ratio >2 or ratio < 1/2, g-value<0.05 and VIP>1 in
different ion modes. The result showed that there were
7402 and 9481 total metabolites in the negative and
positive ions modes contained as (1212, 1553) up-
regulated and (1439, 1749) down-regulated metabolites,
respectively (Fig. 3e, f). Furthermore, the secondary me-
tabolite matching to specific biosynthesis pathways in
terms of the number of matches in the positive and
negative ions modes were enriched and analyzed by the
KEGG pathway. The results showed that the secondary
metabolite biosynthesis pathways were mainly matched
to isoquinoline alkaloid biosynthesis, glucosinolate bio-
synthesis, and flavonoid biosynthesis (Table 1).

Transcriptome sequencing and data analysis with
different light intensity groups
Transcriptome sequencing results and sequence assembly.
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Fig. 2 Different light intensity treatment design of Syringa oblata Lindl. in natural (Zo), 50% ~ 60% (Z;) with a black net and 25% ~ 35% (Z,) light
intensity with a black net (). (b) and (c) represent the photosynthetically active radiation (PAR) and light reflection of Syringa oblata Lindl. under
different treatments in July in 2017, respectively
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In order to understand the potential molecular synthe-
sis mechanisms, four RNA-seq libraries were con-
structed by Z, and Z;. These RNA-seq libraries were
subjected to pair-end reading with the Illumina HiSeq
4000 platform. In addition, since there is no reference
genome sequence in S. oblata, all clean reads were de
novo assembled into contigs using the Trinity software,
and reads were mapped back to contigs, redundancy was
removed and the longest transcripts were defined as
unigene. The final assembly of S. oblata had 73,159

unigenes with an N 50 length of 1116 nucleotides (nt)
(Table 2).

Unigenes sequence functional annotation.

For functional annotation of the S. oblata transcriptome,
all assembled unigenes of the 73,159 unigenes were
BLASTed against 6 public databases, including NCBI_nr,
eggNOG, Swiss-Prot, Pfam, KEGG and GO databases
using the DIAMOND [32] program with E-value thresh-
old of 1E-5. From the results in Table 3, a total of 34,764
(42.19%) sequences showed high homology to public
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Table 1 KEGG pathway analysis on biosynthesis of other secondary metabolites

Pathway Number of Compound (Detected) Pathway ID

All Negative Positive

Isoquinoline alkaloid biosynthesis 93 37 64 map00950
Glucosinolate biosynthesis 75 19 28 map00966
Flavonoid biosynthesis 68 52 43 map00941
Tropane, piperidine and pyridine alkaloid biosynthesis 68 8 30 map00960
Phenylpropanoid biosynthesis 66 33 47 map00940
Anthocyanin biosynthesis 66 20 44 map00942
Isoflavonoid biosynthesis 63 52 44 map00943
Flavone and flavonol biosynthesis 49 38 35 map00944
Indole alkaloid biosynthesis 47 25 28 map00901
Monobactam biosynthesis 39 21 22 map00261
Carbapenem biosynthesis 32 11 11 map00332
Stilbenoid, diarylheptanoid and gingerol biosynthesis 25 12 16 map00945
Betalain biosynthesis 24 10 15 map00965
Caffeine metabolism 21 11 7 map00232
Benzoxazinoid biosynthesis 9 3 4 map00402
Acridone alkaloid biosynthesis 7 4 5 map001058

databases. Among them, 36,713 (50.18%), 19,592 (26.78%),
32,939 (45.02%), 29,896 (40.86%), 42,229 (57.72%), 42,374
(57.92%) unigenes were annotated in the GO, KEGG,
Pfam, Swiss-Prot, eggNOG and Nr databases, respectively.
Analysis of the Differentially Expressed Genes (DEGs).
The DEGs of the four transcriptome libraries were iden-
tified with significant differences expression under the
thresholds of log 2 (Fold-change) over 1 and FDR less
than 0.001 with an adjusted p-value < 0.05. In this study,
the expression of genes was calculated by TPM. Accord-
ing to the expression differences, a total of 73,159 genes
were detected using KEGG pathway analysis, and only
8015 genes displayed significant changes in expression
levels between Z, and Z;. The numbers of up-regulated
and down-regulated unigenes were 4568 and 3447, re-
spectively in volcano (Additional file 1: Figures S1, S2).
GO analysis was performed again based on DEGs in
Additional file 1: Figure S3. Of the 36,713 unigenes, 26,
072 DEGs were divided into 3 GO terms such as bio-
logical process (9588), cellular component (7847) and mo-
lecular function (8637). Among them, the most frequently
annotated genes involved in the biological process were
biological process (627), regulation of transcription, DNA-
templated (337) and protein phosphorylation (303). The
most frequently annotated genes involved in the cellular

Table 2 Summary of assembly results of Syringa oblata Lindl

component were nucleus (1206), plasma membrane (922)
and integral component of membrane (708). And also, the
most frequently annotated genes involved in the molecu-
lar function were molecular function (607), protein serine/
threonine kinase activity (390) and ATP binding (348).
The KEGG function annotation were performed and
ggplot 2 was used to analyze the KEGG enrichment re-
sults as a scatter plot (Fig. 4). The results showed that the
top 10 pathways for KEGG enrichment were other types
of O-glycan biosynthesis, sesquiterpenoid and triterpenoid
biosynthesis, glucosinolate biosynthesis, caffeine metabol-
ism, stilbenoid, diarylheptanoid and gingerol biosynthesis,
anthocyanin biosynthesis, flavonoid biosynthesis, vitamin
B6 metabolism, diterpenoid biosynthesis and limonene
and pinene degradation.

Integration of metabolites and expressed Unigenes with
different light intensity groups
Differential metabolites of flavonoid biosynthesis pathway.
All metabolites related to flavonoid biosynthesis path-
way were significantly differentiated by the ratio > 2 or ra-
tio<1/2, g-value<0.05 and VIP>1. It included rutin,
kaempferol, naringin, tras-2-hydroxycinnamic acid, 3,4-
dihydroxyhydrocinnamic acid, astragalin, daidzin, glycitin,

Index All GC% Min Length Median Length Max Length Total Assembled Bases N50
Transcript 162,354 41.20 201 575.00 10,795 134,100,053 1225
Gene 73,159 41.63 201 430 10,795 52,090,718 1116
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Table 3 Summary of functional annotation of Syringa oblata

Lindl

DB Num Ratio (%)
All 73,159 100.00
GO 36,713 50.18
KEGG 19,592 26.78
Pfam 32,939 45,02
swissprot 29,896 40.86
eggNOG 42,229 57.72

NR 42,374 57.92

L-phenylalanine, N-acetyl-, luteolin, quercetin 3'-methyl
ether and so on (Table 4).

Differentially expressed Unigenes of flavonoid biosyn-
thesis pathway.

Based on metabolite results, the content of rutin in S.
oblata was significantly increased at Z; compared with
Zo. At the same time, combined with the results of tran-
scriptome sequencing, it was observed that differential
metabolite and DEGs were both related to the flavonoid
biosynthetic process by GO and KEGG annotation ana-
lysis. Thus, based on TPM, 13 putative structural genes
and 1 putative regulatory gene involved in the flavonoid
biosynthesis pathway were screened as shown in Fig. 5.
The results showed that a total of 13 putative structural
genes such as phenylalanine ammonia-lyase (PAL,
TRINITY_DN36967_c0_gl), 4-coumarate-CoA ligase
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(4CL1, TRINITY_DN35155_c0_gl), trans-cinnamate 4-
monooxygenase (CYP73A, TRINITY_DN29851_c0_g2),
two shikimate O-hydroxycinnamoyltransferase (HST,
TRINITY_DN31867_c0_gl; HST, TRINITY_DN31867_
c0_g2), three chalcone synthase (CHS, TRINITY_
DN35859_c0_g3; CHS, TRINITY_DN35859_c0_g2; CHS,
TRINITY_DN32109_c0_g3), naringenin 3-dioxygenase
(FHT, TRINITY_DN36563_c0_gl), three flavonol syn-
thase (DLO2, TRINITY_DN36038_c0_g2; DMR6, TRIN-
ITY _DN28124_c3_g2; SGRI1, TRINITY_DN29800_cO_
g2), flavonoid 3’'-monooxygenase (CYP75B1, TRINITY_
DN31579_c2_g5), and transcription factor bHLH (TRIN-
ITY_DN28965_c1_g8) significantly up-regulated the me-
tabolite of rutin in S. oblata with Z,.

Correlation networks analysis between differential me-
tabolites and differentially expressed Unigenes.

Pearson partial correlation analysis was used to conduct
the analysis on the significant correlation networks (r > 0.9
orr<0.9, p <0.05). The genes and metabolic network prop-
erties constructed by 13 putative structural genes and 11
differential metabolites between Z, and Z; could be seen in
Fig. 6. The results showed that metabolites of rutin were
positively correlated with 4CL1 (TRINITY_DN35155_cO_
gl), CYP73A (TRINITY_DN29851_c0_g2), SGRI (TRIN-
ITY_DN29800_c0_g2) and  CYP75B1 (TRINITY_
DN31579_c2_g5) under the negative ion mode. These 4
putative genes were negatively correlated and positively
correlated with 4 metabolites (rutin, kaempferol, naringin
and tras-2-hydroxycinnamic acid) and 7 metabolites
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Fig. 4 The significantly enriched KEGG pathway of Unigenes in Syringa oblata Lindl
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Table 4 Types of differences in secondary metabolites in the phenylpropanoid pathway

Correlation D RankMS2ident Ratio g-value VIP Regulated
neg M609T415 Rutin 4.49 0.006 146 up
neg M285T182 Kaempferol 341 0.006 1.39 up
neg M223 7280 Tras-2-Hydroxycinnamic acid 045 0.006 1.1 down
neg M579T201 Naringin 047 0.006 1.06 down
pos M317T170 Quercetin 3-methyl ether 320 0.007 1.25 up
pos M449T177 Astragalin 3.09 0.021 129 up
pos M287T178 Luteolin; Kaempferol 311 0.007 1.39 up
pos M381 1271 Daidzin 045 0.006 1.09 down
pos M268T316 L-Phenylalanine, N-acetyl- 032 0.007 140 down
pos M224 738 3,4-Dihydroxyhydrocinnamic acid 040 0.007 1.21 down
pos M447 1297 Glycitin 0.34 0.021 1.31 down

(astragalin, daidzin, glycitin, L-phenylalanine, N-acetyl-,
luteolin and quercetin 3'-methyl ether), respectively.

Verification of differentially RNA-Seq expressed Uni-
genes by quantitative real-time PCR.

To confirm the accuracy of the RNA-Seq sequencing
analysis, 13 putative genes were conducted to analyze
their relative expression level between Z, and Z; (Fig. 7)
by quantitative real-time PCR analysis. The 13 putative
genes (PAL, 4CL1, CYP73A, two HST, two CHS, CHS2,
FHT, DLO2, DMR6, SGR1, and CYP75BI) expressed
from the biosynthesis of rutin were up-regulated and a

similar phenomenon was observed with RNA sequen-
cing data, meaning that the transcriptome analysis was
reliable. Among them, the putative gene expression of
CYP75BI1 (TRINITY_DN31579_c2_g5), CYP73A (TRIN-
ITY_DN29851_c0_g2), HST (TRINITY_DN31867_c0_
g2), HST (TRINITY_DN31867_c0_gl) and 4CLI (TRIN-
ITY_DN35155_c0_gl) were highest in Z; and up-
regulated to 19.31, 19.16, 11.70, 11.23 and 8.84, respect-
ively. This confirms that RNA-Seq sequencing analysis
helps to understand the regulatory mechanisms of fla-
vonoid biosynthesis.
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Discussion

S. xylosus, one of the most common pathogens in the
skin of mammals [33], is frequently isolated from milk,
meat, and other food products such as cheeses and sau-
sages [34], it is the leading cause of cow mastitis infec-
tion [35]. S. xylosus is also one of the coagulase-negative
Staphylococci [36], which has strong ability to form bio-
film [34, 37]. Therefore, in the quest of eradicating cow
mastitis from dairy herds, it is necessary to look for a
medicine which can resist the formation of biofilms in
bacteria.

Currently, many medicinal plants can inhibit the for-
mation of biofilms, especially among the well-known ex-
periments. Mediterranean herbal extracts have been
reported to inhibit the formation of biofilm by Strepto-
coccus mutans [38] and Glyeyrrhiza physic liquor, Glab-
rous crazyweed liquor [39] and Glabrous Crazyweed [40]
have also been noted for their activities against the for-
mation of biofilm by Staphylococcus epidermidis. This
study revealed that 1/2 MIC of S. oblata extract in Z;
had a significant ability to inhibit S. xylosus biofilm for-
mation (p <0.05). At the same time, previous study [41]
has confirmed rutin as the main bioactive ingredient in
S. oblata which inhibits biofilm formation in S. suis [15].
This is consistent with the report of this study that rutin
is the main bioactive ingredient of S. oblata extract
which inhibits S. xylosus biofilm formation. Therefore, it
is significant to improve the content of rutin in S. oblata
in order to have the best inhibitory effect of S. oblata ex-
tract against S. xylosus biofilm formation.

Current data on PM 2.5 collected from 20 European
sites may be pertinent in epidemiologic studies [42].
Visibility degradation is related to the PM components

[43]. Light intensity, which is one of the environmental
factors in the lower atmosphere, maybe also have effect
on the growth of plants, especially in the synthesis of ac-
tive ingredient and the concentration of their contents
[44]. This study revealed that the rutin content of S.
oblata had a significant increase in August compared to
other months (May to October). This finding is contrary
to the trend of air pollution index (Additional file 1:
Table S1) and earlier findings previously reported on the
content of rutin in Fructus Sophorae which was ob-
served to peak in mid-August, and then decline grad-
ually [26]. However, considering the natural growth of S.
oblata and the role of beautifying the city, it is not rec-
ommended to select the month of August as the best
harvesting period for S. oblata. At the same time, com-
pared with S. oblata extract in August, there was no sig-
nificant difference in the biofilm formation of S. xylosus.
Therefore, it is recommended that the harvesting period
of S. oblata should be selected before the emergence of
the dry leaves in mid-September, which is consistent
with previous studies [26]. In addition, previous study
has found that anthocyanin and flavonoids accumulation
is strongly associated with different flowering develop-
mental stages in S. oblata [45, 46]. With regard to
photoperiod, it was observed that flavonol compounds
and the expression of flavonoid pathway genes were re-
lated to the increased light exposure imposed on sweet
potato leaves [47]. In summary, this is consistent with
this study that the amount of rutin content was related
to the plant photoperiod or developmental stage. Shad-
ing treatments significantly affected flavonoid accumula-
tion in plants, such as in tea plants [48]. However, the
flavonoid levels in an excellent albino tea germplasm
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increased after moderate shading treatment [49] and all
fruits do not require strong light exposure to accumulate
high amounts of flavonoids [50]. And the shaded trees
were significantly lower than trees without shades (ex-
posed to sun) to enhance light capture and use efficiency
in low-light environments [51], but would not greatly
alter spectral quality [52]. This is consistent with this
study that the PAR of Z; and Z, were significantly lower
than Z, (Fig. 2b). The light radiation of Z; were signifi-
cantly lower than Zy group (Fig. 2c), which has a lot of
factors related to the results such as the cloud cover in
the sky and the observation angles, but the spectrum is
basically the same. Thus, this study further confirmed
that 1/2 MIC of S. oblata extract had a significant ability
to inhibit S. xylosus biofilm formation (p<0.05) and
rutin content in S. oblata increased significantly under
Z, compared with Z, in September 2017. So, in this
study, the results about the increasing of flavonoid con-
tent in lower light intensities for S. oblata is not only
unique to S. oblata. This indicated that the selection of
S. oblata in Z; is of great significance for subsequent
molecular mechanism research because of its excellent
ability to inhibit biofilm formation and the high rutin
content compared with Z,.

Furthermore, in order to locate the subcellular site of
flavonoids accumulation in the tissues, histochemical
analysis was conducted. Previous studies have shown
that the key enzyme in flavonoids formation was found
in the epidermal [53] and subepidermal mesophyll tissue
that could absorb potentially harmful UV-B radiation
[28]. The results showed that more accumulation of fla-
vonoids was observed in Z; in the epidermal cell layers
and vascular bundles compared with Z,. This finding is
in agreement with earlier findings previously reported
[28]. Generally, the study on the accumulation of flavo-
noids in S. oblata under Z, and Z; was used to investi-
gate the molecular mechanism that was beneficial to
flavonoid production.

Up to date, metabolome and transcriptomic data of S.
oblata are still not available in NCBI database, which is
widely used in identifying novel genes that are involved
in the biosynthesis of secondary metabolites. Thus, a
metabolite and RNA-sequencing analysis without a ref-
erence genome was used to elucidate the differential
regulation involved in the different light intensity groups
for S. oblata. In the current study, the results indicated
that the differential metabolites and DEGs which were
annotated and classified were mainly related to the fla-
vonoid biosynthesis pathway. It has been reported that
the components involved in flavonoid biosynthesis are
the main functional components in many species. For
example, the flavonoid biosynthesis related genes in Tri-
cyrtis sp were isolated and characterized and they consist
of CHI, F3H, F3'H, FLS, DFR, ANS. These genes vary
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with the flower developmental stages [45]. 16 genes were
different in the regulation of flavonoid biosynthesis in
Camellia sinensis under different shading stages. It was
observed that F3’H and FLS significantly decreased
throughout the shading stages while the others (PAL,
CHS, DFR, ANS, ANR and LAR, etc.) temporally de-
creased in the early or late shading stages [48]. Interest-
ingly, compared with Z,, this study showed that 13
putative structural genes related to the flavonoid path-
way were up-regulated in Z;, indicating that these puta-
tive genes may be the key target genes regulating
flavonoid biosynthesis and metabolism.

Furthermore, 3 putative genes including 4CLI (TRIN-
ITY_DN35155_c0_gl), CYP73A (TRINITY_DN29851_
c0_g2) and CYP75BI (TRINITY_DN31579_c2_g5) were
positively correlated with rutin by the integration of me-
tabolites and DEGs analysis and up-regulated to 19.31,
19.16, 11.70, 11.23 and 8.84 respectively by quantitative
real-time PCR analysis. This suggests that our results
provide the first accurate and relevant gene information
for S. oblata in the flavonoid biosynthetic pathway.

4CL1 is the first main branch point enzyme that con-
trols the metabolism of rutin through the phenylpropa-
noid metabolic pathway. 4CL enzymes catalyzes the
conversion of several hydroxycinnamic acids into their
corresponding thioesters, conserving the evolution of
vascular plants [54]. In addition, the 4CL enzymes have
been characterized from various plants for their role in
plant physiology or in biotic and abiotic stresses [55]. In
this study, 4CL1 (TRINITY_DN35155_c0_gl) was posi-
tively correlated with Z; which helped to promote most
of the enzymes including CYP73A (TRINITY_DN29851_
c0_g2) and CYP75B1 (TRINITY_DN31579_c2_g5). In
addition, de novo transcriptome sequencing was per-
formed to reveal that genes such as curcumin synthase
and CYP73A were the differentially expressed genes in
the different species of gingers being investigated [56].
At the same time, expression of chalcone reductase, fla-
vonoid 3,5 -hydroxylase (F3’5’H) and CYP75B1 were all
reported to be up-regulated under cold treatment in C.
microphyllum, which was as a potential source of abiotic
stress resistant germplasm for chickpea breeding pro-
grams [57]. This study has confirmed that the presence
of CYP73A (TRINITY_DN29851_c0_g2) and CYP75BI
(TRINITY_DN31579_c2_g5) enhanced promote the pro-
duction of rutin.

In addition, studies have shown that transcriptional
regulation such as bHLH is the most important tool for
modulating flavonoid biosynthesis when plants are under
stress conditions [58]. In plants, bHLH transcription fac-
tors have a wide range of functions, such as regulation
of marginal pollen tract tissues growth [59], photo-
morphogenesis [60] plant growth, development and de-
fence [61] and flavonoid biosynthesis [62]. The study
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observed that three bHLH (bHLH79, bHLHI47, and
bHLH79-like) transcription factors were up-regulated at
the budding and flowering stages, and another two tran-
scription factors (bHLH3, and bHLH48) were down-
regulated at the budding and flowering stages in S.
oblata [46]. The over-expression of bHLHI gene from
grape was chemically synthesized and significantly in-
creased the accumulation of flavonoids and enhanced
salt and drought tolerance in transgenic Arabidopsis
thaliana plants [63]. This experiment showed that under
light intensity groups, the bHLH transcription factor was
up-regulated to 10.48. At the same time, it was observed
to be the main factor that regulated the flavonoid bio-
synthetic process, seed coat development, protein
dimerization activity, seed development, regulation of
proanthocyanidin biosynthetic process and so on.

Conclusions

The synthesis of the active ingredient content of S.
oblata will be affected under different light intensity
groups. Therefore, it was speculated that a smoggy en-
vironment would affect the synthesis of the secondary
metabolic components in medicinal plants. Based on our
work view, we successfully screened S. oblata under Z,
and it was observed to have the best rutin and flavonoids
content and a better efficacy in inhibiting S. xylosus
bioflm formation. The result of metabolite and tran-
scriptome analysis revealed significant metabolite-genes
that correlated with the flavonoids biosynthesis pathways
such as 4CLI (TRINITY_DN35155_c0_gl), CYP73A
(TRINITY_DN29851_c0_g2) and CYP75B1 (TRINITY_
DN31579_c2_g5), and therefore present a better under-
standing of the molecular mechanism behind the accu-
mulation of flavonoids by S. oblata in response to
different light intensity.

Materials and methods

Plant growth and materials collection

S. oblata, identified by Professor Xiuju Wu (College of
Life Sciences, Northeast Agricultural University, Harbin,
China) were grown under natural sunlight environment
in the campus of Northeast Agricultural University (N
45°44°'33.64", E 126°43'22.07") in Harbin, Heilongjiang
Province of China. They were grown under natural en-
vironmental conditions without additionally watered/fer-
tilized. The experiment was divided into two groups of
different months and different light intensity groups.
The first batch of experimental samples were collected
from the S. oblata grouped under different months and
sample collection started on the 11th of May and ended
on 11th of October, 2017. The other experiment was
conducted by using different black coloured nets to
cover the S. oblata and thus different light intensity
treatments were created as follows: S. oblata under
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natural growth condition (Zp), S. oblata with 40% ~ 50%
shading treatment (Z;, 50% ~ 60% of natural sunlight can be
transmitted through the shade nets) and S. oblata with 65%
~75% shading treatment (Z,, 25% ~ 35% of natural sunlight
can be transmitted) (Fig. la and Fig. 2a). The nets were
placed over the plants on 11th of May in 2017 (Fig. 2a). S.
oblata leaves were collected from all the different light in-
tensity treatments on 11th of September in 2017. At the
same time, environmental parameters were measured
among each treatment to monitor the growth conditions of
S. oblata during light intensity experiment, including the
PAR (Light Scout” Quantum Light Meters, Item#3415F,
Spectrum Technology® Inc. USA) and light reflection by
spectrometer (UVCHR768, SVC, America). Above all, in
each of the experiment, five trees were selected from each
treatment group, and a large number of leaves were col-
lected from each tree randomly [51]. All samples were col-
lected on the 11th of each month, frozen in liquid nitrogen
and stored at — 80 °C until they were analyzed.

Biofilm formation ability of S. xylosus

S. xylosus ATCC 700404 strain was cultured in Trypti-
case Soy Broth (TSB: Summus Ltd., Harbin, Heilong-
jiang, China) at 37°C for 12h with constant shaking.
The methanolic extracts of S. oblata and standard rutin
were used for MIC assays using the protocol described
previously [64]. Briefly, the overnight cultures of S. xylo-
sus were diluted to a density of 1 x 10° CFU/mL using
sterile TSB, then 100 pL samples were added to each
well in a 96-well plate (Corning Costar® 3599 Corning,
NY, USA) containing serial dilutions of compounds in
100 pL culture medium. Control bacteria were cultivated
in the absence of extracts of S. oblata. The MICs were
determined as the lowest concentration of extracts of S.
oblata after incubation for 24 h at 37 °C. The biofilm for-
mation assay was carried out by the extracts of S. oblata
using 96-well microtiter plates [64]. Negative control
wells contained broth only. Positive control wells con-
tained culture medium and bacterial suspension. Bio-
films were treated as described above [64]. The OD of
sample was measured at 595nm using a micro-titer
plate reader (DG5033A, Huadong Ltd., Nanjing, Jiangsu,
China). Three independent sample analysis were per-
formed for each tissue.

Determination of rutin content

High performance liquid chromatography (HPLC) ana-
lysis was performed on methanolic extracts of S. oblata
using Waters Alliance HPLC system (Shimadzu, Corpor-
ation, Kyoto, Japan) that is equipped with a binary pump
and a UV/V detector. The fresh tissues obtained from
the different months and light intensity groups which
were frozen in liquid nitrogen were dried under room
temperature. A total of 20 to 50 mg for each dry sample
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was used to extract flavonoids by adding 2 mL of 50%
(v/v) of methanol (HPLC grade) in H,O. Then, the mix-
ture was placed in an ultrasonic cleanser (Ningbo
Scientz Biotechnology Co. Ltd) for 20 min and centri-
fuged for 10 min at 13000 rpm [9]. The supernatant was
filtered through a 0.45 mm membrane filter and loaded
for HPLC analysis. The chromatographic separation was
carried out on a Diamosil C18 column (4.6 mm x 250
mm, 5pum) with a gradient solvent A (0.1% formic acid
aqueous solution) and solvent B (acetonitrile) as mobile
phase at a flow rate of 1 mL/min. The gradient condi-
tions was 0 min, 5% solvent B; 30 min, 53% solvent B; 35
min, 5% solvent B [15]. Rutin quantity was estimated
based on the linear calibration curve of standard rutin
(Sigma-Aldrich, Germany) under a detection wavelength
of 355 nm. Three independent sample analysis were per-
formed for each tissue.

Histochemical analysis of flavonoids with different light
intensity groups

Small pieces of fresh S. oblata leaves (Zy and Z;) were
embedded in medium before cutting for histolocalisation
as described above [65, 66]. The 20-um embedded tissue
were obtained using a LEICA CM 1850P vibrating blade
microtome. These sections were labeled with saturated
(0.25%, w/v) 2-aminoethyl diphenylborinate (DPBA)
(Macklin, Shanghai Macklin Biochemical Co.Ltd.) that
dissolved in 80% methanol for 15min. Then, 80%
methanol was used to wash away the excess DPBA dye
and xylene was used to make the tissues transparent.
The DPBA-labelled sections were viewed by laser con-
focal scanning microscopy (LCSM, Germany).

Metabolites extraction and LC-MS analysis with different
light intensity groups

Metabolites Extraction

Frozen samples from Z, and Z; were ground into fine
powder in liquid nitrogen. One hundred milligrams of
powder from each sample was extracted with 120 uL. of
precooled 50% methanol, vortexed for 1 min, and incu-
bated at room temperature for 10 min. Then, the extrac-
tion mixture was stored overnight at -20°C. After
centrifugation at 4000g for 20 min, the supernatants
were stored at — 80 °C prior to the LC-MS analysis. Six
biological repeats were performed and both data sets
produced qualitatively similar results.

LC-MS analysis

Metabolite analysis was performed using an ultra-
performance liquid chromatography (UPLC) system
(SCIEX, UK). An ACQUITY UPLC BEH Amide column
(100 mm x 2.1 mm, 1.7 um, Waters, UK) was used for
the reversed phase separation, a high-resolution tandem
mass spectrometer TripleTOF5600 plus (SCIEX, UK)
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was used to detect the metabolites eluted from the col-
umn. At the last, the specific instrument parameters and
conditions were set up using settings as previously de-
scribed [67].

Metabolite data analysis

LC-MS raw data files were converted into mzXML for-
mat and then processed by the XCMS (UC, Berkeley,
CA, USA) [68], CAMERA [69] and metaX toolbox [70]
implemented with the R software. Each ion was identi-
fied by combining retention time (RT) and m/z data. In
order to explain the physical, chemical properties and
biological functions of metabolites, the online Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://
www.kegg.jp/) databases were used to perform identifi-
cation and annotation. Screening and quantitative ana-
lysis for differential metabolites were conducted using
metaX software (http://metax.genomics.cn/) [67]. At the
same time, the normalized data was then used to per-
form PCA and PLS-DA [71]. Wilcoxon tests were con-
ducted to detect differences in metabolite concentrations
between 2 phenotype. The P value was adjusted for mul-
tiple tests using an FDR (Benjamini - Hochberg). The
PLS-DA was conducted through metaX to determine
the differences in the different variables between groups.
Then VIP value was calculated and also a VIP cut-off
value of 1.0 was used to select important features [67].

Transcriptome sequencing and data analysis with
different light intensity groups

RNA extraction

About 100 mg fresh sample from Z, and Z; were ground
into fine powder in liquid nitrogen and then stored at —
80°C for RNA extraction. Total RNA was extracted
using Trizol reagent (Invitrogen, CA, USA) by following
the manufacturer’s procedure. The total RNA quantity
and purity were analyzed by Bioanalyzer 2100. Two bio-
logical repeats were performed.

RNA library construction and transcriptomic analysis

Approximately 10 pg of total RNA were prepared. The
methods adopted for library preparation, de novo strat-
egy and transcriptomic analysis were the same with our
previous study [72]. Sequencing was carried out using an
Mlumina Hiseq 4000 platform (LC-Bio, Hangzhou,
China) according to the manufacturer’s protocol. De
novo assembly of the transcriptome was performed with
Trinity 2.4.0 [73]. For gene identification and expression
analysis, the reads from different species were co-
assembled, and for gene sequence analysis, the reads
from different species were assembled separately.
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Unigenes annotation and functional classification

All assembled Unigenes were aligned against the non-
redundant (Nr) protein database (http://www.ncbinlm.
nih.gov/), Gene ontology (GO) (http://www.geneontology.
org), SwissProt (http://www.expasy.ch/sprot/), KEGG
(http://www.genome.jp/kegg/) and eggNOG (http://egg
nogdb.embl.de/) databases using DIAMOND [32] with a
threshold of E-value< 0.00001.

Differentially expressed Unigenes analysis

Salmon [74] was used to calculate the expression level of
Unigenes (TPM) [75]. The differentially expressed Uni-
genes (DEGs) were selected with log 2 (fold change) > 1
or log 2 (fold change) < -1 and with statistical signifi-
cance (p value <0.05) by R package edgeR [76]. Next,
GO and KEGG enrichment analysis were again per-
formed on DEGs by perl scripts in-house.

Integration of metabolites and expressed Unigenes with
different light intensity groups

Functional analysis of integration of metabolomics and
transcriptomics data

Correlation between the expression levels of 13 putative
genes and the profiles of flavonoids in S. oblata from Z,
and Z; were carried out using the program R 2.10.1. RPKM
values for genes and the peak values of metabolites were
used as a matrix for pearson partial correlation analysis
[77]. The metabolite correlation network was constructed
for Zy and Z; using all metabolite accumulation profiles
separately. Correlation pairs were deemed statistically sig-
nificant when the |PCC|>0.9 and p-value<0.01. The
resulting correlation networks were obtained and used for
network visualization and analysis of network properties
using Cytoscape software (Cytoscape 2.6.3) [78].

Verification of differentially expressed Unigenes in
flavonoid biosynthesis pathway by quantitative real-time
PCR

The total RNA for quantitative real-time PCR analysis
was extracted using TRIZOL reagent and 1.0 ug RNA
was used for reverse transcription using the Prime-
Script™ RT reagent Kit with gDNA Eraser (Tiangen,
Beijing, China) in 20 pL of reacting system. 13 putative
structural genes and 1 putative regulatory gene were se-
lected as DEGs. The CPR gene were selected as internal
control. The specific primers were designed from San-
gon Biotech (Shanghai) and listed in Additional file 1:
Table S2. Quantitative real-time PCR was performed
using the Roche Light Cycle 480 II sequence detection
system (Roche, Switzerland) as previously described,
with a few modifications [79]. The final volume for each
reaction was 10 uL with the following components: 1 pL
diluted ¢cDNA template (1 mg/mL), 5uL SYBR Green
Master (ROX) (Indianapolis, IN, USA), 0.3 uL forward
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primer, 0.3 uL reverse primer and 3.4 pL. ddH,O. The re-
action was set at 95 °C for 10 min, followed by 40 cycles
of denaturation at 95 °C for 15s and annealing/extension
at 60 °C for 1 min. Each quantitative real-time PCR ana-
lysis was performed with three biological replicates.

Student’s t-test

Values were expressed as means + SDs. The statistical
differences among different groups were compared by 1-
way ANOVA. Significant means were separated using
Tukey method and statistical significant level was set as
p <0.05. The data of quantitative real-time PCR were an-
alyzed using repeated measurements in -ACt model [80].
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hydroxycinnamoyltransferase; KEGG: Kyoto Encyclopedia of Genes and
Genomes; MIC: minimal inhibitory concentration; PAL: phenylalanine
ammonia-lyase; PCA: principal component analysis; PLS-DA: partial least
squares-discriminate analysis; PM: particulate matter; S. oblata: Syringa oblata
Lindl; S. Suis: Streptococcus suis; S. Xylosus: Staphylococcus xylosus

Author contributions

Y-HL designed the research. Y-YL and X-RC conducted the fieldwork, performed
the experiments and analyzed the data. J-PW, X-XX, X-YC, W-YD, W-QC, GB, and
NE were supportive during the experiment. Y-HL, Y-YL and X-RC wrote the
manuscript. All authors have read and approved the manuscript for publication.

Funding
This work was sponsored by the earmarked fund for China Agriculture
Research System — 35.

Availability of data and materials

All raw sequence reads have been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series accession number GSE137862
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137862).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

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


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.geneontology.org
http://www.geneontology.org
http://www.expasy.ch/sprot/
http://www.genome.jp/kegg/
http://eggnogdb.embl.de/
http://eggnogdb.embl.de/
https://doi.org/10.1186/s12870-019-2100-8
https://doi.org/10.1186/s12870-019-2100-8
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE137862

Liu et al. BMC Plant Biology

(2019) 19:487

Received: 30 April 2019 Accepted: 25 October 2019
Published online: 11 November 2019

References

1.

20.

Bi YF, Guo FY, Yang L, Zhong H, Wang AK, Wang YK, Wu ZZ, Du XH.
Phyllostachys edulis forest reduces atmospheric PM2.5 and PAHs on hazy
days at suburban area. Sci Rep. 2018;8:12591.

Hu'Y, Yao L, Cheng Z, Wang Y. Long-term atmospheric visibility trends in
megacities of China, India and the United States. Environ Res. 2017;159:466—
73.

Y-y Z, Ma Y, Zheng J, Cui F-P, Wang L. Pollution characteristics and light
extinction effects of water-soluble ions in PM2.5 during winter hazy days at
north suburban Nanjing. Huan jing ke xue= Huanjing kexue. 2015;36(6):
1926-34.

Xu C, Ye H, Shen J-D, Sun H-L, Hong S-M, Jiao L, Huang K. Light scattering
extinction properties of atmospheric particle and pollution characteristics in
hazy weather in Hangzhou. Huan jing ke xue= Huanjing kexue. 2014;35(12):
4422-30.

Huang RJ, Zhang YL, Bozzetti C, Ho KF, Cao JJ, Han YM, Daellenbach KR,
Slowik JG, Platt SM, Canonaco F, et al. High secondary aerosol contribution
to particulate pollution during haze events in China. Nature. 2014;514(7521):
218-22.

Whitelam GC, Franklin KA. Light signals, phytochromes and cross-talk with
other environmental cues. J Exp Bot. 2004;55(395):271-6.

Steyn WJ, Wand SJE, Holcroft DM, Jacobs G. Anthocyanins in vegetative
tissues: a proposed unified function in photoprotection [review]. New
Phytol. 2002;155(3):349-61.

Figueiredo-Gonzalez M, Cancho-Grande B, Boso S, Santiago JL, Martinez MC,
Simal-Gandara J. Evolution of flavonoids in Mouraton berries taken from
both bunch halves. Food Chem. 2013;138(2-3):1868-77.

Czemmel S, Hoell J, Loyola R, Arce-Johnson P, Antonio Alcalde J, Tomas
Matus J, Bogs J. Transcriptome-wide identification of novel UV-B- and light

modulated Flavonol pathway genes controlled by VWiMYBF1. Front Plant Sci.

20178.

Winkel-Shirley B. It takes a garden. How work on diverse plant species has
contributed to an understanding of flavonoid metabolism. Plant Physiol.
2001;127(4):1399-404.

Tohge T, Watanabe M, Hoefgen R, Fernie AR. The evolution of
phenylpropanoid metabolism in the green lineage. Crit Rev Biochem Mol
Biol. 2013;48(2):123-52.

Nakatsuka T, Saito M, Yamada E, Fujita K, Kakizaki Y, Nishihara M. Isolation
and characterization of GtMYBP3 and GtMYBP4, orthologues of R2R3-MYB
transcription factors that regulate early flavonoid biosynthesis, in gentian
flowers. J Exp Bot. 2012;63(18):6505-17.

Agati G, Azzarello E, Pollastri S, Tattini M. Flavonoids as antioxidants in
plants: location and functional significance. Plant Sci. 2012;196:67-76.
Jay-Allemand C, Tattini M, Gould KS. New evidence for the functional roles
of secondary metabolites in plant-environment interactions special issue of
environmental and experimental botany (EEB). Environ Exp Bot. 2015;119:1-3.
Liu Y-Y, Chen X-R, Gao L-F, Chen M, Cui W-Q, Ding W-Y, Chen X-Y,
God'spower B-O, Li Y-H. Spectrum-Effect Relationships Between the
Bioactive Ingredient of Syringa oblata Lindl. Leaves and Its Role in Inhibiting
the Biofilm Formation of Streptococcus suis. Front Pharmacol. 2018;9:570.
Cho K, Cho K-S, Sohn H-B, Ha IJ, Hong S-Y, Lee H, Kim Y-M, Nam MH.
Network analysis of the metabolome and transcriptome reveals novel
regulation of potato pigmentation. J Exp Bot. 2016,67(5):1519-33.

Polturak G, Heinig U, Grossman N, Battat M, Leshkowitz D, Malitsky S,
Rogachev |, Aharoni A. Transcriptome and metabolic profiling provides
insights into Betalain biosynthesis and evolution in Mirabilis Jalapa. Mol
Plant. 2018;11(1):189-204.

Guevara DR, Champigny MJ, Tattersall A, Dedrick J, Wong CE, Li Y, Labbe A,
Ping CL, Wang YX, Nuin P, et al. Transcriptomic and metabolomic analysis
of Yukon Thellungiella plants grown in cabinets and their natural habitat
show phenotypic plasticity. BMC Plant Biol. 2012;12.

Moschen S, Bengoa Luoni S, Di Rienzo JA, Caro MD, Tohge T, Watanabe M,
Hollmann J, Gonzalez S, Rivarola M, Garcia-Garcia F, et al. Integrating
transcriptomic and metabolomic analysis to understand natural leaf
senescence in sunflower. Plant Biotechnol J. 2016;14(2):719-34.

Jin JJ, Zhang H, Zhang JF, Liu PP, Chen X, Li ZF, Xu YL, Lu P, Cao PJ.
Integrated transcriptomics and metabolomics analysis to characterize cold
stress responses in Nicotiana tabacum. BMC Genomics. 2017;18.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

Page 15 of 16

Koenig D, Jimenez-Gomez JM, Kimura S, Fulop D, Chitwood DH, Headland
LR, Kumar R, Covington MF, Devisetty UK, Tat AV, et al. Comparative
transcriptomics reveals patterns of selection in domesticated and wild
tomato. Proc Natl Acad Sci U S A. 2013;110(28):E2655-62.

Sun W, Xu XN, Zhu HS, Liu AH, Liu L, Li JM, Hua XJ. Comparative
Transcriptomic profiling of a salt-tolerant wild tomato species and a salt-
sensitive tomato cultivar. Plant Cell Physiol. 2010;51(6):997-1006.

Wu ZJ, Li XH, Liu ZW, Xu ZS, Zhuang J. De novo assembly and
transcriptome characterization: novel insights into catechins biosynthesis in
Camellia sinensis. BMC Plant Biol. 2014;14.

Zhang JA, Liang S, Duan JL, Wang J, Chen SL, Cheng ZS, Zhang Q, Liang
XQ, Li YR. De novo assembly and Characterisation of the Transcriptome
during seed development, and generation of genic-SSR markers in Peanut
(Arachis hypogaea L.). BMC Genomics. 2012;13:90.

Falcon Y1, Nufio L, Becerril JP, Cortes L. Sampling Of PM2.5 Respirable
Particles In TheNorthwest Of The Metropolitan Zone OfMexico City During
2006. Air Pollution XVIIl. 2010:163-9.

Liu YJ, Wang ZL, Gou LY, Liu HM, Jing W. Content determination of Rutin
and Sophoricoside in FRUCTUS SOPHORAE at different harvesting time.
Medicinal Plant. 2012;2.

Wang HT, Xie BD, Jiang YZ, Wang ML. Effect of solar irradiation intensity on
leaf development and flavonoid and Terpene content in Ginkgo biloba
leaves. Acta Agric Univ Jiangxiensis. 2002;24(5):617-22.

Schmitz-Hoerner R, Weissenbock G. Contribution of phenolic compounds to
the UV-B screening capacity of developing barley primary leaves in relation
to DNA damage and repair under elevated UV-B levels. Phytochemistry.
2003;64(1):243-55.

Peer WA, Brown DE, Tague BW, Muday GK, Taiz L, Murphy AS. Flavonoid
accumulation patterns of transparent testa mutants of Arabidopsis. Plant
Physiol. 2001;126(2):536-48.

Schnitzler JP, Jungblut TP, Heller W, Kofferlein M, Hutzler P, Heinzmann U,
Schmelzer E, Ernst D, Langebartels C, Sandermann H. Tissue localization of
uv-B-screening pigments and of chalcone synthase mRNA in needles of
scots pine seedlings. New Phytol. 1996;132(2):247-58.

Abramoff M. Image processing with ImageJ. Biophoton Int. 2004;
11(5-6):36-42.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using
DIAMOND. Nat Methods. 2015;12(1):59-60.

Dordet-Frisoni E, Gaillard-Martinie B, Talon R, Leroy S. Surface migration of
Staphylococcus xylosus on low-agar media. Res Microbiol. 2008;159(4):263-9.
Planchon S, Gaillard-Martinie B, Dordet-Frisoni E, Bellon-Fontaine MN, Leroy
S, Labadie J, Hebraud M, Talon R. Formation of biofilm by Staphylococcus
xylosus. Int J Food Microbiol. 2006;109(1-2):88-96.

Vasudevan P, Nair MK, Annamalai T, Venkitanarayanan KS. Phenotypic and
genotypic characterization of bovine mastitis isolates of Staphylococcus
aureus for biofilm formation. Vet Microbiol. 2003;92(1-2):179.

Osman KM, Abd El-Razik KA, Marie HSH, Arafa A. Coagulase-negative
staphylococci collected from bovine Milk: species and antimicrobial gene
diversity. J Food Saf. 2016;36(1):89-99.

Planchon S, Desvaux M, Chafsey |, Chambon C, Leroy S, Hébraud M, Talon R.
Comparative subproteome analyses of planktonic and sessile
Staphylococcus xylosus C2a: new insight in cell physiology of a coagulase-
negative Staphylococcus in biofilm. J Proteome Res. 2009;8(4):1797.

Hickl J, Argyropoulou A, Sakavitsi ME, Halabalaki M, Al-Ahmad A, Hellwig E,
Aligiannis N, Skaltsounis AL, Wittmer A, Vach K, et al. Mediterranean herb
extracts inhibit microbial growth of representative oral microorganisms and
biofilm formation of Streptococcus mutans. PLoS One. 2018;13:12.

Ren X, Chen W, Zhang L. Effects of Glyeyrrhiza physic liquor and glabrous
crazyweed herb liquor on biofilm formation by Staphylococcus epidermidis.
Chinese Journal of Veterinary Science. 2013;33(1):125-128,149.

Ren X, Chen W. Effects of glabrous crazyweed herb from different regions
on biofilm formation of Staphylococcus epidermidis. Acat Agriculturae
Boreali-Occidentalis Sinica. 2014;23(12):33-7.

Bai J, Yang Y, Wang S, Gao L, Chen J, Ren Y, Ding W, Muhammad |, Li V.
Syringa oblata Lindl. Aqueous Extract Is a Potential Biofilm Inhibitor in S-suis.
Front Pharmacol. 2017;8:26.

Kunzli N, Mudway IS, Gotschi T, Shi TM, Kelly FJ, Cook S, Burney P, Forsberg
B, Gauderman JW, Hazenkamp ME, et al. Comparison of oxidative
properties, light absorbance, and total and elemental mass concentration of
ambient PM2.5 collected at 20 European sites. Environ Health Perspect.
2006;114(5):684-90.



Liu et al. BMC Plant Biology

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2019) 19:487

Li'Y, Huang HXH, Griffith SM, Wu C, Lau AKH, Yu JZ. Quantifying the
relationship between visibility degradation and PM2.5 constituents at a
suburban site in Hong Kong: differentiating contributions from hydrophilic
and hydrophobic organic compounds. Sci Total Environ. 2017,575:1571-81.
Zhao M, Zhang H, Yan H, Lu Q. Effects of light intensity on seed
germination and seedling growth of six species in grassland. Ecological
Science. 2018.

Otani M, Kanemaki Y, Oba F, Shibuya M, Funayama Y, Nakano M.
Comprehensive isolation and expression analysis of the flavonoid
biosynthesis-related genes in Tricyrtis spp. Biol Plant. 2018;62(4):684-92.
Zheng J, Hu Z, Guan X, Dou D, Bai G, Wang Y, Guo Y, Li W, Leng P.
Transcriptome Analysis of Syringa oblata Lindl. Inflorescence Identifies
Genes Associated with Pigment Biosynthesis and Scent Metabolism. PLoS
One. 2015;10(11):e0142542.

Carvalho IS, Cavaco T, Carvalho LM, Duque P. Effect of photoperiod on
flavonoid pathway activity in sweet potato (Ipomoea batatas (L) lam.)
leaves. Food Chem. 2010;118(2):384-90.

Liu L, Li Y, She G, Zhang X, Jordan B, Chen Q, Zhao J, Wan X. Metabolite
profiling and transcriptomic analyses reveal an essential role of UVR8-
mediated signal transduction pathway in regulating flavonoid biosynthesis
in tea plants (Camellia sinensis) in response to shading. BMC Plant Biol.
2018;18.

Song L, Ma Q, Zou Z, Sun K, Yao Y, Tao J, Kaleri NA, Li X. Molecular link
between leaf coloration and gene expression of flavonoid and carotenoid

biosynthesis in Camellia sinensis cultivar ‘Huangjinya’. Front Plant Sci. 2017;8.

Zoratti L, Karppinen K, Escobar AL, Haggman H, Jaakola L. Light-controlled
flavonoid biosynthesis in fruits. Front Plant Sci. 2014;5.

Xiao H, Wang C, Liu J, Lei W, Du D. Insights into the differences in leaf
functional traits of heterophyllous Syringa oblata under different light
intensities. J For Res. 2015;26(3):613-21.

Kotilainen T, Robson TM, Hernandez R. Light quality characterization under
climate screens and shade nets for controlled-environment agriculture.
PLoS One. 2018;13:6.

Schnitzler JP, Jungblut TP, Heller W, Kofferlein M, Hutzler P, Heinzmann U,
Schmelzer E, Emst D, Langebartels C, Sandermann H. Tissue localization of
u.v.-B-screening pigments and of chalcone synthase mRNA in needles of
scots pine seedlings. New Phytol. 2010;132(2):247-58.

Liu X-Y, Wang P-P, Wu Y-F, Cheng A-X, Lou H-X. Cloning and Functional
Characterization of Two 4-Coumarate: CoA Ligase Genes from Selaginella
moellendorffii. Molecules. 2018;23:3.

Lavhale SG, Kalunke RM, Giri AP. Structural, functional and evolutionary
diversity of 4-coumarate-CoA ligase in plants. Planta. 2018;248(5):1063-78.
Jiang Y, Liao Q, Zou Y, Liu Y, Lan J. Transcriptome analysis reveals the
genetic basis underlying the biosynthesis of volatile oil, gingerols, and
diarylheptanoids in ginger (Zingiber officinale Rosc.). Bot Stud. 2017;58:41.
Singh RK, Singh S, Anandhan S, Shannon LM, Quiroz-Figueroa FR, Ruiz-May
E. First insights into the biochemical and molecular response to cold stress
in Cicer microphyllum, a crop wild relative of chickpea (Cicer arietinum).
Russ J Plant Physiol. 2017,64(5):758-65.

Winkel-Shirley B. Flavonoid biosynthesis. A colorful model for genetics,
biochemistry, cell biology, and biotechnology. Plant Physiol. 2001;126(2):
485-93.

Heisler MG, Atkinson A, Bylstra YH, Walsh R, Smyth DR. SPATULA, a gene
that controls development of carpel margin tissues in Arabidopsis, encodes
a bHLH protein. Development (Cambridge, England). 2001;128(7):1089-98.
Leivar P, Monte E, Oka Y, Liu T, Carle C, Castillon A, Hug E, Quail PH.
Multiple Phytochrome-interacting bHLH transcription factors repress
premature seedling Photomorphogenesis in darkness. Curr Biol. 2008;18(23):
1815-23.

Goossens J, Mertens J, Goossens A. Role and functioning of bHLH
transcription factors in jasmonate signalling. J Exp Bot. 2017,68(6):1333-47.
Ohno S, Hosokawa M, Hoshino A, Kitamura Y, Morita Y, Park K-, Nakashima
A, Deguchi A, Tatsuzawa F, Doi M, et al. A bHLH transcription factor, DvIVS,
is involved in regulation of anthocyanin synthesis in dahlia (Dahlia
variabilis). J Exp Bot. 2011,62(14):5105-16.

Wang F, Zhu H, Chen D, Li Z, Peng R, Yao Q. A grape bHLH transcription
factor gene, VWWbHLH1, increases the accumulation of flavonoids and
enhances salt and drought tolerance in transgenic Arabidopsis thaliana.
Plant Cell Tissue Org Cult. 2016;125(2):387-98.

Y-h Z, Xu C-g, Yang Y-b, X-x X, Liu X, Qu Q-W, Ding W-Y, Bello-Onaghise GS,
Li Y-H. Histidine metabolism and IGPD play a key role in Cefquinome

65.

66.

67.

68.

69.

70.

71,

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16 of 16

inhibiting biofilm formation of Staphylococcus xylosus. Front Microbiol.
2018,9:665.

Campa C, Urban L, Mondolot L, Fabre D, Roques S, Lizzi Y, Aarrouf J,
Doulbeau S, Breitler J-C, Letrez C, et al. Juvenile coffee leaves acclimated to
low light are unable to cope with a moderate light increase. Front Plant Sci.
2017,8:1126.

Ogo Y, Ozawa K, Ishimaru T, Murayama T, Takaiwa F. Transgenic rice seed
synthesizing diverse flavonoids at high levels: a new platform for flavonoid
production with associated health benefits. Plant Biotechnol J. 2013;11(6):
734-46.

Li'Y, Fang J, Qi X, Lin M, Zhong Y, Sun L, Cui W. Combined Analysis of the
Fruit Metabolome and Transcriptome Reveals Candidate Genes Involved in
Flavonoid Biosynthesis in Actinidia arguta. Int J Mol Sci. 2018;19:5.

Smith CA, Want EJ, O'Maille G, Abagyan R, Siuzdak G. XCMS: processing
mass spectrometry data for metabolite profiling using nonlinear peak
alignment, matching, and identification. Anal Chem. 2006;78(3):779-87.
Kuhl C, Tautenhahn R, Boettcher C, Larson TR, Neumann S. CAMERA: an
integrated strategy for compound spectra extraction and annotation of
liquid chromatography/mass spectrometry data sets. Anal Chem. 2012,84(1):
283-9.

Wen B, Mei Z, Zeng C, Liu S. metaX: a flexible and comprehensive software
for processing metabolomics data. Bmc Bioinformatics. 2017;18:183.

Yu M, Jia HM, Zhou C, Yang Y, Zhao Y, Yang MH, Zou ZM. Variations in gut
microbiota and fecal metabolic phenotype associated with depression by
16S rRNA gene sequencing and LC/MS-based metabolomics. J Pharm
Biomed Anal. 2017;138:231-9.

Zhou T, Luo XJ, Yu CN, Zhang CC, Zhang L, Song YB, Dong M, Shen CJ.
Transcriptome analyses provide insights into the expression pattern and
sequence similarity of several taxol biosynthesis-related genes in three
Taxus species. BMC Plant Biol. 2019;19.

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, Amit |, Adiconis
X, Fan L, Raychowdhury R, Zeng Q, et al. Full-length transcriptome assembly
from RNA-Seq data without a reference genome. Nat Biotechnol. 2011;29(7):
644-U130.

Patro R, Duggal G, Love M|, Irizarry RA, Kingsford C. Salmon provides fast
and bias-aware quantification of transcript expression. Nat Methods. 2017;
14(4)417.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods. 2008;5(7):
621-8.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139-40.

Porth I, White R, Jaquish B, Ritland K. Partial correlation analysis of
transcriptomes helps detangle the growth and defense network in spruce.
The New phytologist. 2018,218(4):1349-59.

Smoot ME, Ono K, Ruscheinski J, Wang PL, Ideker T. Cytoscape 2.8: new
features for data integration and network visualization. Bioinformatics. 2011;
27(3):431-2.

Yang YB, Wang S, Wang C, Huang QY, Bai JW, Chen JQ, Chen XY, Li YH.
Emodin affects biofilm formation and expression of virulence factors in
Streptococcus suis ATCC700794. Arch Microbiol. 2015;197(10):1173-80.
Hurtado A, Reguant C, Bordons A, Rozes N. Expression of Lactobacillus
pentosus B96 bacteriocin genes under saline stress. Food Microbiol. 2011;
28(7):1339-44.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Biofilm formation ability of S. xylosus
	Variations in the rutin content
	Histochemical analysis of flavonoids with different light intensity groups
	Metabolites analysis with different light intensity groups
	Transcriptome sequencing and data analysis with different light intensity groups
	Integration of metabolites and expressed Unigenes with different light intensity groups

	Discussion
	Conclusions
	Materials and methods
	Plant growth and materials collection
	Biofilm formation ability of S. xylosus
	Determination of rutin content
	Histochemical analysis of flavonoids with different light intensity groups
	Metabolites extraction and LC-MS analysis with different light intensity groups
	Metabolites Extraction
	LC-MS analysis
	Metabolite data analysis

	Transcriptome sequencing and data analysis with different light intensity groups
	RNA extraction
	RNA library construction and transcriptomic analysis
	Unigenes annotation and functional classification
	Differentially expressed Unigenes analysis

	Integration of metabolites and expressed Unigenes with different light intensity groups
	Functional analysis of integration of metabolomics and transcriptomics data

	Verification of differentially expressed Unigenes in flavonoid biosynthesis pathway by quantitative real-time PCR
	Student’s t-test

	Supplementary information
	Abbreviations
	Author contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

