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Systems approach to understanding abiotic stress responses in

plants
Chuang Ma (& [2])423*
IState Key Laboratory of Crop Stress Biology for Arid Areas, College of Life Sciences, Northwest A&F
University, Shaanxi, Yangling 712100, China
2Center of Bioinformatics, College of Life Sciences, Northwest A&F University, Shaanxi, Yangling
712100, China
3Key Laboratory of Biology and Genetics Improvement of Maize in Arid Area of Northwest Region,
Ministry of Agriculture, Northwest A&F University, Shaanxi, Yangling 712100, China

*E-mail: chuangma2006@gmail.com

Abstract: As sessile organisms, plants are often subjected to various abiotic stresses (e.g. drought, salinity,
extreme temperatures, and oxidative stress) during their lifecycle and they have evolved different
mechanisms to combat these stresses [1]. At the molecular level, one of the most immediate responses to
stress is the extensive reprogramming of temporal and spatial transcription, resulting in the concurrent
rewiring of transcriptional regulation interactions for a large set of genes [2]. To understand how the effect
of abiotic stresses on the gene network, we first introduced a Gini-based algorithm, Gini correlation
coefficient (GCC), to accurately infer transcriptional regulation relationships based on correlation analysis
of gene expression patterns [3]. On the basis of GCC, we then developed systems approaches to
thoughtfully investigate abiotic stress responses in model plants and crops [4-6]. By integrating prior
knowledge about stress-responsive mechanisms in the model plant Arabidopsis thaliana, we developed a
machine learning system called mIDNA, to explore the differences between two GCC-based gene
networks built using stress-responsive transcriptomes [4, 5]. Experimental results demonstrated that
mIDNA has the substantially outperformed traditional statistical testing—based differential expression
analysis at identifying stress-related genes, with markedly improved prediction accuracy. For the
stress-responsive transcriptomes in crop species such as Zea mays (maize), we built a GCC-based gene
network from a spatio-temporal transcriptomic map of the drought stress response in maize and
characterized hub genes associated with duplication events, selection, and regulatory networks [6]. This
integrative strategy provided a new way to identify key transcription factors, which may function as a
crosstalk mechanism between drought stress and developmental signaling pathways in maize.

-12 -



Keywords: Abiotic stress; Gini, Machine learning; Network; Transcriptional regulation.

References

1.  Zhu JK. Abiotic stress signaling and responses in plants. Cell, 2016, 167: 313-324.

2. Jogaiah S, Govind SR and Tran LS. Systems biology-based approaches toward understanding drought tolerance in
food crops. Crit. Rev. Biotechnol., 2013, 33: 23-39.

3. Ma C and Wang XF. Application of the Gini correlation coefficient to infer regulatory relationships in transcriptiome
analsyis.Plant Physiology, 2012, 160: 192-203

4.  Ma C and Xin MM, Feldmann KA and Wang XF. Machine learning-based differential network analysis: a study of
stress-responsive transcriptomes in Arabidopsis. Plant Cell, 2014, 26:520-537.

5. Ma C, Zhang HH and Wang XF. Machine learning for big data analytics in plants. Trends in Plant Science, 2014,
19(12):798-808.

6. Miao ZY, Hang ZX, Zhang T, Chen SY and Ma C. A systems approach to a spatio-temporal understanding of the

drought stress response in maize. Scientific Reports, 2017, 7: 6590.

-13-



Nucleosome distributions around transcription start site and

their relation to gene expression in yeast
Hu Meng, Hong Li", Yan Zheng, Yun Jia, Zhenhua Yang
R, RS, AR, W, Wik
Laboratory of Theoretical Biophysics, School of Physical Science and Technology, Inner Mongolia
University, Hohhot, 010021, China

*E-mail: ndlihong@imu.edu.cn

Abstract: Based on the single-base pair resolution map of nucleosome positions in yeast, we used two
types of position definitions for +1/-1 nucleosomes to analyze nucleosome distribution patterns on
transcription start site (TSS) flanking regions. While the position definition based on TSS, it could not
reflect the functional distributions of nucleosomes. Then we re-demarcated +1/-1 nucleosomes by
nucleosome free region (NFR) in 6664 yeast protein coding genes. About 2/3 genes have striking NFR
(sNFR) and about 1/3 have non-striking NFR (nNFR). In sSNFR genes, the length and the order structure
of NFR displayed a positive correlation with gene expression levels. In nNFR genes, the position of -1
nucleosome has obvious conservative property and does not correlate with gene expression levels. Further,
through the constitutive analysis of +1/-1 nucleosomes sequences in SNFR/NNFR genes, it showed that -1
nucleosome sequences in NNFR genes are different from that in SNFR genes. Two kinds of gene
transcriptional regulatory modals appear in our analysis. One is NFR dependence modal and the other is
NFR independence modal. In the first mechanism, the transcriptional efficiency is tightly related to the
modifiability of -1 nucleosome position or the length of NFR and the order structure intensity of NFR
sequence. In the second mechanism, the transcription initiation depends on the -1 nucleosome dispelling
and the transcriptional efficiency is regulated by the combination intensity between -1 nucleosome core
sequence and histone octamer. This conclusion is similar with the Kubik’s recent research. But, it is still
controversial whether the nucleosome dispelling mechanism exists, and our theoretical analysis thought

that this mechanism does exist in yeast.

Acknowledgments: This work was supported by grants from the National Natural Science Foundation of
China (No. 31260219), doctor subject Foundation of the Ministry of Education of China (No.
20121501110006).
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Genetic variation, population structure and history of

demography of Camelus ferus

Yanyun Hong*?, Peng Wu?, Digiang Li?
College of Plant Protect Science and Technology, Hunan Agricultural University, Changsha, 410128,
China; 2Institute of Forestry Ecology, Environment and Protection, and The Key Laboratory of Forest
Ecology and Environment of State Forestry Administration, Chinese Academy of Forestry,

Beijing ,100091, China.

Abstract: Camelus ferus are the alone survivors of the old world camels. At present, their total number is
only about 730-880, less than that of Giant panda (Ailuropoda melanoleuca). They live in Southwestern
of Mongolia and Northwestern of China, which are Kum Tagh desert and Taklimakan deser, considered
critically endangered by the International Union for Conservation of Nature. In the study,1028 scats were
collect from Altyn Mountain (AJ) , Xiogungou (XQG),Xihu wetland (XH) in and around the Kum Tagh
desert region, and Taklimakan desert(TK), 5 microsatellites loci were used to analyze the genetic
diversity, population genetic structure and history of demography of Camelus ferus. The genetic diversity
showed the average number of effective alleles was 8.03, a total of 101 alleles were observed across all the
four populations with mean number of alleles per locus as 14.65. The mean observed heterozygosity (Ho)
and expected heterozygosity (He) were 0.37 and 0.87. Then we found 420 individuals from 1028 fecal
samples. The analysis result of the genetic distance among population indicated that genetic distance
between TK and other three population (AJ, XQG and XH) was farthest, which were 0.359. 0.416.
0.517;and nearest between AJ and XQG(0.111). Results of analysis of molecular variance showed that the
variance among populations was 5%, and the variance among individuals was 95%. The genetic
differentiation index indicted that the genetic differentiation degree was very high among individuals with
in population. Population structure and degree of admixture were assessed using the program
STRUCTURE and the estimated number of clusters in all simulations was K=2. The one was TK group,
the other was made up of AJ,XQG and XH. The conclusion validated that geographic block was one of the
main factors that affected wild animal genes flow. Bottleneck tests revealed that Camelus ferus
experienced a severe population decline (50-fold) during the past 1000 years. The current effective
population size (Ne) of Camelus ferus is less than 1000and the ratio of Ne to the census population size is
approximately 0.08. The work will help to develop a more accurate protection policy for Camelus ferus
and facilitate further research on selection and adaptation of Camelus ferus.

Keywords: Camelus ferus, scats, noninvasive assessment, population structure, demographic history.
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Next generation sequencing of DNA pools

Sheng Wang (£ &)
College of Life Information Science and Instrument Engineering, Hangzhou Dianzi University,
Hangzhou 310018

E-mail: bsmagic@hdu.edu.cn

Abstract: Large scale sequencing is still economically challenging despite falling costs of next generation
sequencing. Pool-seq provides a cost-effective alternative to sequencing individuals separately. However,
it creates new problems and challenges for accurate variant call and allele frequency estimation. We
review several robust and reliable strategies and methods for pooled NGS.

Keywords: Targeted sequencing; Target enrichment HaloPlex; Single nucleotide variant; Next generation

sequencing; Pooled sequencing

Introduction

High-throughput DNA sequencing methods that allow genomic sequencing and analysis with
unprecedented speed and detail. The massive capacity of next-generation sequencers can be harnessed for
sequencing specific genomic regions in hundreds to thousands of individuals. Although advances in the
field have led to substantial reductions in the cost of genome sequencing, it is still an issue to control the
costs associated with different methods and strategies for sequencing for almost all genomic research
projects, because they influence the scope and scale. Next Generation Sequencing (NGS) of pools of
individuals (Pool-seq) provides a cost-effective alternative to sequencing individuals separately.
Pool-seq is an alternative cost- and time-effective option in which DNA from several individuals is pooled
for sequencing (Anand et al., 2016). But pooling of DNA creates new problems and challenges for
accurate variant call and allele frequency (AF) estimation.
NGS of pooled samples

Next-generation sequencing (NGS) has been demonstrated to be a powerful approach to overcome
the wide clinical and genetic heterogeneity of disorders. Clinical implementation of sequencing has
focused on customized sequencing of actionable genes, exons, or regions. A targeted-capture NGS strategy
is clinically pragmatic, because it is scalable, is economical, and allows for deeper sequencing coverage

compared to whole genome or whole exome approaches. Thus, many laboratories are using or considering
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custom capture gene panels for diverse applications, including discovery, validation testing, or
clinical-grade assay development. There are four popular library-building methods: SureSelect Custom
Target Enrichment (Agilent Technologies), Haloplex (Agilent Technologies), SeqCap (Roche Diagnostics,
Basel, Switzerland) and Nextera (Illumina, San Diego, CA), could be used for targeted sequencing for a
targeted panel of couples of genes related to target disorders. A study have compared these four
custom-targeted DNA capture methods with respect to uniform sequencing and variant calling, and
demonstrates the potential biases of capture strategies due to differences in experimental procedures and
probe design that may affect performance, including alignment and uniformity (Samorodnitsky et al.,
2015). HaloPlex technology is widely used since it is a novel, fast, and specific method suitable for
targeted sequencing of relatively small regions in many samples (Berglund et al., 2013).

As a cost-effective alternative to sequencing individuals separately, NGS of pools of individuals is
becoming a popular strategy for characterizing variation in population genomic research, with the
availability of custom-tailored software tools (Schlcterer et al., 2014). The cost per patient of next
generation sequencing for detection of rare mutations may be significantly reduced using pooled
experiments (Evangelista et al., 2016). Pooled DNA sequencing is a fast and cost-effective strategy to
detect rare variants associated with complex phenotypes in large cohorts. This pooling technique consists
in analyzing a mixture of DNA from a group of individuals, and assigning the discovered causative
mutations to a single patient (Zilinskas et al., 2014). Many research projects utilize sequencing of pools
containing multiple samples for the detection of sequence variants as a cost saving measure (Anand et al.,
2016; Calvo et al., 2010; Schidterer et al., 2014).

One of the disadvantages in using pooled sequencing data for variant detection is that, the variants
found are not easy to be traced back to the original individual samples. Sometime, low throughout Sanger
sequencing technology must be additionally used to attribute variants to a specific patient in a pool with
more than 2 samples. To solve the indecision between patients in an identified group, in some cases, using
some controlling strategies that replicate samples in pools (allocating the patient in two different pools)
could decrease and even eliminate the number of low throughout experiments (Zilinskas et al., 2014).
Some techniques have been proposed for the planning of pooled experiments and for the optimal
allocation of samples into pools. A freely available web-oriented application with intuitive graphical user
interface and novel algorithms, OPENDoRM (optimization of pooled experiments in NGS for detection of
rare mutations) has been written for the planning of pooled NGS experiments (Evangelista et al., 2016;

Zilinskas et al., 2014). OPENDoRM implemented three distinct strategies: (i) without Replica; (ii) with
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Replica and (iii) Hybrid. A study presented a 3D-pooled DNA sample pooling strategy in which
multiplexed semi-nested PCR is combined with NGS library construction for the sequencing of amplicons
derived from samples , enabling the researcher to obtain DNA sequences of 512 individuals while only
sequencing 24 samples (Chi et al., 2014).

Furthermore, there is a risk of not detecting rare variants in pools with a large number of individuals.
To resolve this issue, many programs have been developed for calling common and rare variants in
analysis of pooled next-generation sequencing (NGS) data (Schld@terer et al., 2014), including CRISP
(Bansal, 2010), LoFreq (Wilm et al., 2012), VarScan (Koboldt et al., 2012), SNAPE (Raineri et al., 2012) ,
SNVer (Wei et al., 2011), GATK (DePristo et al., 2011), etc. SNAPE uses a Bayesian approach for minor
allele frequency (MAF) computation and SNP calling in pools with good power while retaining a low
false discovery rate (FDR). SNVer formulates variant calling as a hypothesis testing problem and employ
a binomial-binomial model to test the significance of observed allele frequency against sequencing error.
CRISP is a program designed to comprehensive read analysis for identification of SNPs from pooled
sequencing. It applies a sophisticated set of techniques to distinguish between false variants coming from
sequencing errors compared to those from real variant alleles and has been tested on a number of pooled
targeted capture datasets generated using the Illumina sequencing platform. LoFreq is a sequence-quality
aware, ultra-sensitive variant caller for uncovering cell-population heterogeneity from high-throughput
sequencing datasets. It models sequencing run-specific error rates to accurately call variants occurring in
<0.05% of a population. VarScan is a platform-independent mutation caller for targeted sequencing data. It
employs a robust heuristic/statistic approach to call variants that meet desired thresholds for read depth,
base quality, variant allele frequency, and statistical significance. GATK as a popular variant calling
software, introduced a framework for variation discovery and genotyping using next-generation DNA
sequencing data. A study has evaluated sensitivity and specificity for five programs (GATK, CRISP,
LoFreq, VarScan, and SNVer) with regard to their ability to detect variants in synthetically pooled
Illumina sequencing data to detect known true variants (Huang et al., 2015). GATK, CRISP, and LoFreq
all gave balanced accuracy of 80 % or greater for datasets with varying per-sample depth of coverage and
numbers of samples per pool. VarScan and SNVer generally had balanced accuracy lower than 80 %.
CRISP and LoFreq required up to four times less computational time and up to ten times less physical
memory than GATK did, and without filtering, gave results with the highest sensitivity. VarScan and
SNVer had generally lower false positive rates, but also significantly lower sensitivity than the other three

programs.
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For pooled DNA sequencing experiments, the number of short reads produced during sequencing and
belonging to each patient might be very different, due to the contribution of DNA from each patient in a
pool is in general difference. And in a pool with the diploid individual number n, each single variant
would only be represented in approximately 1/2n of the pooled sample reads. Since a certain percentage of
reads is affected by base call and mapping errors, some rare variants of a specific patient could have
representation rates lower than the sequencing error rate, and might be in reads that are unusable and
therefore discarded from the analysis. In the worst case, it becomes increasingly likely that a singleton
variant will not be sequenced at all. A rule of thumb to deal with pooled sequencing experiments is that the
number of short reads covering each position of interest should be at least thirty multiplied by the number
of samples in the pool (Zilinskas et al., 2014).
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Transcriptome sequencing analysis of sunflower responsive to
Verticillium dahliae infection and mining of resistance-related

Genes
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Abstract: Sunflower (Helianthus annuus L.), an important oil crop and ornamental plant, is also
considered as a potential biodiesel source. However, Sunflower Verticillium Wilt (SVW) is threatening
the industry. In order to accelerate breeding progress, it is necessary to further study the molecular
mechanisms of SVW, to find important genes and biological pathways related to the resistance. The
research on molecular mechanism of resistance to SVW develops slowly for a lack of disease resistance
materials and genetic information.

In this study, physiological and biochemical indexes were analysized in S18 and P77 inoculated by
Verticillium dahliae. Furthermore, 16 samples that were infected by the pathogen in different time were
sequenced by RNA-Seq. And a great deal of transcriptome information about sunflower infected with V.
dahliae was obtained. And then, the study on interaction mechanism of Sunflower and SVW was made by
bioinformatics methods. Based on the RNA-seq data, a lot of differentially expressed genes (DEGS) were
detected by examining from different pairwise transcriptome comparisons. Disease resistance related
DEGs were obtained by GO (Gene Ontology) enrichment analysis. Based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis and correlation network analysis, the resistance
mechanism of sunflower was explored. In general, based on the transcriptome profiling results, a detailed
discussion on the transcripts about the crosstalk between sunflower and V. dahliae was provided, which
was beneficial to disease-resistance breeding for sunflower.

Keywords: Helianthus annuus L.; RNA-Seq; Tanscriptome; Verticillium Wilt; Differentially expressed
genes (DEGs); Resistance-related genes; gPCR validatio
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TCMID 2.0: a comprehensive resource for TCM
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Abstract: As a traditional medical intervention in Asia and a complementary and alternative medicine in
western countries, Traditional Chinese Medicine (TCM) is capturing worldwide attention in life science
field. Traditional Chinese Medicine Integrated Database (TCMID), which was originally launched in 2013,
was a comprehensive database aiming at TCM's modernization and standardization. It has been highly
recognized among pharmacologists and scholars in TCM researches. The latest release, TCMID 2.0
(http:/lwww.megabionet.org/tcmid/), replenished the preceding database with 18,203 herbal ingredients,
15 prescriptions, 82 related targets, 1,354 drugs, 1,572 diseases and numerous new connections between
them. Considering that chemical changes might take place in decocting process of prescriptions, which
may result in new ingredients, new data containing the prescription ingredients was collected in current
version. In addition, 778 herbal mass spectrometry (MS) spectra related to 170 herbs were appended to
show the variation of herbal quality in different origin and distinguish genuine medicinal materials from
common ones while 3,895 MS spectra of 729 ingredients were added as the supplementary materials of
component identification. With the significant increase of data, TCMID 2.0 will further facilitate TCM’s
modernization and enhance the exploration of underlying biological processes that are response to the
diverse pharmacologic actions of TCM.

Keyword: Traditional Chinese Medicine (TCM); database; mass spectrometry; network
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Genome-wide identification and characterization of putative

IncRNAs in the diamondback moth, Plutella xylostella (L.)
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Abstract: Long non-coding RNAs (IncRNAs) are of particular interest because of their contributions to
many biological processes. Here, we present the genome-wide identification and characterization of
putative INcRNAs in a global insect pest, Plutella xylostella. A total of 8,096 IncRNAs were identified and
classified into three groups. The average length of exons in INCRNAs was longer than that in coding genes
and the GC content was lower than that in mMRNAs. Most IncRNAs were flanked by canonical splice sites,
similar to mRNAs. Expression profiling identified 114 differentially expressed INcRNAs during the DBM
development and found that majority were temporally specific. While the biological functions of IncRNAs
remain uncharacterized, many are microRNA precursors or competing endogenous RNAs involved in
micro-RNA regulatory pathways. This work provides a valuable resource for further studies on molecular
bases for development of DBM and lay the foundation for discovery of IncRNA functions in P. xylostella.

Keywords: long-noncoding RNAs, DBM, RNA-seq, expression profiling
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Crucial Enzymes in the Hydroxylated Triacylglycerol-ricinoleate

Biosynthesis Pathway of Castor Bean
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Abstract: Castor bean (Ricinus communis L.) is an important oilseed crop for the rich hydroxylated
triacylglycerol (TAG)-ricinoleate which is a raw material with wide applications in industry. Hydroxylated
TAG synthesis occurs through complicated pathways among multiple subcellular organelles. Some crucial
enzymes have been identified in previous studies. After analyzing the available castor tissue-specific
transcriptome sequencing data and comparing the classic pathways in other plants, a possible de novo
biosynthesis pathway for the hydroxylated TAG has been revealed. In this study, some other crucial
enzymes were ascertained and their expression levels were improved and pinpointed into the pathways in
castor. Several key enzymes were analyzed in terms of structure, biofunction prediction and similarity of
expression pattern mechanisms, aiming to give an insight on the better understandings of the molecular
knowledge for this oil-rich plant and the crucial enzyme performances in the hydroxylated
triacylglycerol-ricinoleate biosynthesis pathways.

Keywords: Biosynthesis pathways, castor bean, hydroxylated TAG-ricinoleate, Transcriptome sequencing

data.

- 44 -


mailto:llliu@zju.edu.cn

ERBRIFE DA R BHER R X R RER
BORE HAZT BART, KHE", BAK'
MR RS SHE R, BT 025043

"THEREEHEXBERERS L TREAFR FL, #T 028043

WE: EFR(Ricinus communis L. ) fERIETIEMAPGH ZEARER, JBRER—MreHEY,
FEAEF b iy R MV Ay DX IR . SUCE B PRI [ 2 B PR 2| S ke, AE KBRS A R B . Bl
TR T A F AN TREBOR KA R, BRI IR e & RS AR S AS T E , T 7 1 B B PRI
BRREEY & AR AR S O E iE—— IRt — ACP TRBENE. Wt —12 Foiuls. Bt H B e i i
WA - B A AL B WEARIERE AR I R IR A AL MRS ) LA SRR AT SR8, X ERR
W R e A U8 A% TRE N FH T FU A BRI R 3

-45-



BE 5 SEMTATMREBREHIREZARWR

hEZED, RRENT, READ, KNE, EE2Y
THEREREAFEGRFFR, #ET 028043;
"HEREREAFRFR, BT 028043;
TWEREEBEXERERS L TREEAF R P, ET 028043;

'"WEEERREREAATEALRT, #T 028043

T DoAY WAl B 5 5 BERRONMRL, BIFST 1 B R R0 50 B RELIR D AR 38 e, 45 SRR,
Bk EREE I (8] (HERS , ERFRL T ER R EAS R “B—R—B” AR, S “s”
R 2 A7 5K, 72 35 DAP I FRLT-EE0y 26. 86g, T KAA 28. 80g. ¥FhisE v+ 5 Z &AL 50
DAP INIAEIF AR, Ry 52. 80%.

- 46 -



HRRRN FALF KR BAE RAMR

WA, FOm, F48, kx)
'MEREREAFADHFRAF, BT 028043;
TR E R R FERE, AR 010031
THERERLRFFHUHFEAER, FREH 010018

#E-mail: 1ijinquan nd@126. com, atcgnmbi@aliyun.com, 1ichunl985@126. com

WE: NRRNFE R E R AR By T F 4, R K 2 L2 SR
W FHLEE, & 6 R AL, /5 BAMERA (5K FREEEEER) , 0-12
ANH 0 Fssngraaes ), B E—4E0) 12 A) (a6 HEEREH A&, L3R 78 MR Mt
TR AN Y o W55k cleandata H#E{EM TCC VAR X B 1L £ S F KA Caprahircus
(assembly ARSL) , FPAURIIELRSZTy 78. 38+/-1. 69%.

0-12 AN H s FEZELARE S AR FPRM B HEAT AN TR) A A BE DN 1) 2 BB AR 3 0, 0 7 AL 8 A
ERFIXFEFNEILA ARG BEEERIR, MHHTEEM RN, ERREEFNFEE
1E Jak-STAT signaling pathway . Complement and coagulation cascades. Measles. Fatty
acid metabolism Z¢{5 @M SR ALULIN AL AT &

0-12 /N 0 BRI A 20 22 S S RV H AR G R AT R B, 4-9 H 22 e 3 R 80 H 3518
HEAMARA L. RAEPIEE H O 17 22 08 0 A, GSMTT Dyt RISMR AL RE ], (2R
RN ERRE, EadrR T SR EERRX R,

DAL SNP 20 M A I A, St 15047 200 Fst M2, 3E— 20 70 il B B S 10 S 7 2 PR S A
Tt JLAr I E) SNP 47 55 11810021, Fst {E>0. 6 ALk 398633, HX 25 S 4L fA Fst fE>0. 6 AL
5, 25821 M LT T 128 AN3ER. i@ DAVID Chttps://david. neiferf. gov/) fELRHT T

HXHxX 128 ANFER AT IhRE

o}

TR, XL IR 43 =A@ NF-kappa B signaling
pathway. Rapl signaling pathway. Retrograde endocannabinoid signaling.

gig: TH. 8 ARFIIAGILFRIKERR B MELEFEAT A 4 . 9 AR RL K ERER
B HISCHE T: GSMTT BEDR 2 Bk rhl JR B M A ) — MR EHE

XeEiE): WREER, MLFRKEL, ¥ERA

HEBWB NS ERRIEIE S H (No. 2014BS0313) s [E K AREEIL4 T H (No. 31402052)

-47 -



Dissecting the Underlying Pharmaceutical Mechanism of Chinese
Traditional Medicine Yun-Pi-Yi-Shen-Tong-Du-Tang Acting on
Ankylosing Spondylitis through Systems Biology Approaches

Duoli Xie# Lin Huang?¥, Yiran Yua, Jiawei Gao, Haichang Li, Chengping Wen ™"
TCM Clinical Basis Institute, Zhejiang Chinese Medicine University, 548 Binwen Road, Hangzhou,
Zhejiang, 310000, China
# These authors contributed equally to this work.

* Correspondence should be addressed to C.W. E-mail: wengcp@163.com; Tel: +86-571-86613644.
Abstract:

Traditional Chinese Medicine (TCM) has been served as complementary medicine for Ankylosing
Spondylitis (AS) treatment for a long time. Yun-Pi-Yi-Shen-Tong-Du-Tang (Y-Y-T)! is one of the
effective formulas and has been widely used in clinical for AS treatment. In this study, a clinical practice
proved the efficiency of Y-Y-T in AS treatment and then we tried to decipher the underlying molecular
mechanism of Y-Y-T in the therapy. Herbal ingredients and targeting proteins were collected from
available databases TCMID and STITCH. PPI networks were then constructed to further infer the
relationship among Y-Y-T, drugs used for treating AS, differentially expressed genes of AS patients and
AS disease proteins. We found that TLR signaling pathway and T cell receptor signaling pathway may
involve in the biological processes of AS progression and contribute to the curative effect, proteins such as
JAK2, STAT3, HSP90AAL, TNF and PTEN are the key targets in the therapy. Our systemic investigation
to infer therapeutic mechanisms of Y-Y-T for AS treatment provides a new insight in the understanding
of TCM functions.

Keywords: Ankylosing Spondylitis; Traditional Chinese Medicine; formula; pharmacology network
Introduction

Ankylosing Spondylitis (AS) is a chronic rheumatic disease with 0.2-0.5% prevalence worldwide 2. It
mainly affects the axial skeleton and is characterized by morning stiffness and sacroiliitis 2. In the disease

process, the onset of joint fusion, spinal deformity and disability will sequentially take place 3. So far, the

1 Y-Y-T; Yun-Pi-Yi-Shen-Tong-Du-Tang
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accurate etiology of AS is still unknown. It was reported that the etiopathogenesis of AS was related to
Gram-negative bacteria, human leukocyte antigen B27 (HLA-27), pattern recognition receptors (PRRS)
and inflammatory bowel disease (IBD) #°. AS remains an incurable disease. Medication treatment for AS
mainly includes the following three classes of drugs, non-steroid anti-inflammatory drugs (NSAIDs),
disease-modifying anti-rheumatic drugs (DMARDSs) and biologicals. These medical treatments can
alleviate inflammatory reaction, relieve pain of sacroiliac joints and spine, slow down disease progression
and decrease disease activity to some extent. But a prolonged therapy with these medications may also
cause systematic side effects such as serious infections and gastrointestinal intolerance 8.

Traditional Chinese Medicine (TCM), as an alternative medicine, is widely used for AS treatment in
clinical. For example, kunxian capsule, a Chinese patent medicine used for immunologic treatments, can
effectively induce an anti-inflammatory effect and regulate immunity 8. Besides, clinical observation
found that Chinese herbs combined with etanercept could relieve various symptoms and improve
therapeutic efficacy in AS patients °. Another clinical case reported that Bushen-Qiangdu-Zhilv Decoction
can help AS patients alleviate the inflammatory symptoms and improve quality of life .

Yun-Pi-Yi-Shen-Tong-Du-Tang (Y-Y-T) is a TCM decoction created by Professor Chengping Wen. It
contains 11 medicinal herbs with recommended doses as follows: Dioscoreae Nipponicae Rhizoma
(Chuan Shan Long, 20g), Atractylodes Lancea (Cang Zhu, 12g), Rhizoma Smilacis Glabrae (Tu Fu Ling,
30g), Lonicera Japonica (Jin Yin Hua, 15g), Achyranthes Bidentata (Niu Xi, 12g), Myrrh (Mo Yao, 10g),
Aconitum Carmichaeli (Chuan Wu, 10g), Radix Astragali (Huang Qi, 15g), Glycyrrhiza (Gan Cao, 6g),
Leech (Shui zhi, 6g), Coptis (Huang Lian, 9g). Studies have shown that Myrrh, Coptis and Lonicera
Japonica were remedies for inflammation related disorders %12, Aconitum Carmichaeli is an analgesic
and anti-rheumatic medicine which can effectively alleviate the symptoms of neuropathic pain and
inflammatory ** while Dioscoreae Nipponicae Rhizoma has been widely used to deal with arthroncus,
arthrodynia and arthritis 4.

Network pharmacology has provided a new sight to understand the mechanisms of TCM and is widely
used in omics and bioinformatics in recent years 6. For instance, systemic pharmacology-based
approach was applied to predict potential targets and molecular mechanism, for example, Bu Fei Jian Pi
formula can act on the COPD 7 and to investigate pharmacological mechanism of how Wu Tou Tang take
effect on Rheumatoid Arthritis 8. AS is a disease with complex pathogenic factors. Y-Y-T showed its
own worth in the intervention of disease progression. To clarify the underlying mechanism of Y-Y-T in

AS treatment, we deeply analyzed the composition of the formula and constructed PPI networks to show
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the interrelationship between formula targets and AS-related proteins and to predict potential targets of
Y-Y-T. This systematic approach to uncover the mechanism of therapy on molecular lever facilitates our

understanding of the intangible biological processes of this formula.
Results
Clinical performance of Y-Y-T in AS patients’ treatment

We made a retrospective investigation to evaluate the effectiveness of the formula. In this study, patients
who did not response to the western medicine therapy and continuously suffer from morning stiffness,
persistent lower-back and multiple joints pain participated Y-Y-T add-on treatment for 3 times a day in 6
months. Inflammatory markers, acute phase reactants C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), Ankylosing Spondylitis Disease Activity Index ASDAS-CRP and ASDAS-ESR were
measured before and after treatment. Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) was
assessed and 9 patients were in active period of AS (BASDAI score of >4) at baseline. After the 6-month
treatment, the data of BASDAI, ASDAS-CRP and ASDAS-ESR scores were significantly decreased
(p-value as 0.0003, 0.003 and 0.002 respectively). Moreover, symptoms such as pain, fatigue and morning
stiffness were apparently relieved. The result of clinical research showed that Y-Y-T formula could help

AS patients in alleviating symptoms and enhancing physical quality.
The herbs, ingredients and targets of the Y-Y-T

It is generally recognized that spleen, kidneys, and governor vessel, in the cognition of TCM, are closely
related to the risk of AS progression. So, the creative principle of Y-Y-T is to strengthen spleen, nourish
kidney and dredge governor vessel. Specifically, Atractylodes Lancea, Radix Astragali and Glycyrrhiza
are used to strengthen the spleen, Achyranthes Bidentata is added to burst the function of kidneys while
Rhizoma Smilacis Glabrae and Aconitum Carmichaeli are used to dredge governor vessel. The six herbs
above play vital roles in the treatment and thus being called as Jun (Monarch) while the other 5 herbs are
served as assistance. To further mine the underlying treatment mechanism of this formula, we collected
herbal ingredients from TCMID resulting in 357 kinds of ingredients. To be detailed, Aconitum
Carmichaeli contained 2 ingredients, gaconitine and songorine. Myrrh contained 2 ingredients, eugenol
and cinnamaldehyde. Dioscoreae Nipponicae Rhizoma contained 5 ingredients, including dioscin, trillin,
allantoin, etc. There were 68, 33, 106, 2, 70, 11, 35 and 30 ingredients in Atractylodes Lancea, Rhizoma

Smilacis Glabrae, Lonicera Japonica, Achyranthes Bidentata, Radix Astragali, Glycyrrhiza, Leech and
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Coptis respectively. Function of some ingredients has been studied. For instance, discin, one ingredients
of Dioscorea nipponica, could repair the damaged synovium tissue by reducing Th1/Th2 1°, regulate the
signaling pathway of the microRNA let7i/TLR4/MyD88 and reverse the inflammatory kidney injury 2°.
Astilbin, a bioactive compound extracted from Rhizoma Smilacis Glabrae, could decrease antigen-specific
autoantibodies by up-regulating regulatory T cells and down-regulating Th17 cells and it also can reduce
the efficiency of antigen presenting cells by decreasing the expression of MHC class 11 2.

Among the 357 ingredients, 350 of them were unique to individual herb while 7 were shared among
herbs which indicated a cumulative effect (Figure 1). Mutual ingredients between 5 herbs formed 7 herb
pairs. For instance, Lonicera Japonica and Radix Astragali shared 2 compounds y-sitosterol and
B-sitosterol, Radix Astragali and Atractylodes Lancea shared adeninenucleoside and uridine while
chlorogenic acid was found in Lonicera Japonica and Coptis. Interestingly, most of the common
ingredients can reduce inflammation through various approaches such as decreasing tumor necrosis factor

(TNF) and interleukin 6 (IL-6) production, preventing leukocyte extravasation and antibacterial effect

22-25
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Figure 1. The relationship between herbs. Same ingredients shared between 5 herbs, the width of the lines

represent the number of same ingredients shared between herbs.

We then extracted targets that were highly correlated with the ingredients from STITCH. Totally, we
found that 81 ingredients had effect on 1100 proteins. 452 targets are shared among ingredients while
other 648 targets are unique. Several small molecules such as resveratrol, trans-resveratrol and quercetin

seem to have similar features since they possessed more than 70 identical targeting proteins (Figure 2).
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Figure 2. The relationship between ingredients. Sharing targets more than 3 between ingredients were
showed up in the network. The width of the lines represents the number of same targets among

ingredients.
Functional analysis of Y-Y-T targets

Gene Ontology (GO) analysis and KEGG pathway analysis were utilized to analyze the main therapeutic
effect of the formula. Results of GO analysis showed that targets of Y-Y-T were mainly related to 5 highly
parts, namely catalytic, transporter, receptor and molecular transducer activity as well as binding (Figure
3). Specifically, heparin binding (p = 1.20E-11), peptide receptor activity, G-protein coupled (p =
1.20E-09), neuropeptide hormone activity (p = 3.10E-06) are closely associated with AS. For example, a
neuropeptide  of  vasoactive intestinal  polypeptide  plays a  significant role in
neuroendocrine-immune-gastrointestinal systems 2 and magnesium-containing intramedullary nails had
the ability to repair osteoporosis 27. The enriched terms showed us the essential function of the formula in
treating AS.

80 enriched KEGG pathways could be divided into six categories including Human Diseases,
Organismal Systems, Environmental Information Processing, Metabolism, Genetic Information
Processing and Cellular Processes. In Human Diseases group, Inflammatory bowel disease (IBD) (P =
5.10E-03) and Rheumatoid arthritis (RA) (P = 1.00E-02) are significantly associated with AS. The
etiopathogenesis of IBD and AS is analogous because of the similar genetic and immunologic background.
Moreover, RA and AS patients shared common bone metabolism biomarkers and symptoms >,

Additionally, some pathways in immune system were involved in the onset and development of AS. For
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example, in an inflammatory environment the activation of AMPK (p = 5.00E-04) and TLR signaling
pathway (P = 7.30E-04) would lead to the pathogenesis of AS 2°. T cell receptor signaling pathway (P =
9.10E-04) participated in hip joint ligament ossification 3. Moreover, other pathways focus on endocrine,
sensory and nervous systems and relate to signaling molecules interaction and transduction. In metabolism,
the formula may involve in the metabolism process of amino acid, carbohydrate and lipid.
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Figure 3. Classification of the formula’s top 20 enriched Go term. The different colors represent different

functional categories and the lower levels affiliation to upper levels.

Comparison between Y-Y-T targets, other AS drug targets, AS disease proteins and differentially

expressed genes of AS patients

To further discover potential therapeutic mechanism of Y-Y-T formula for AS treatment, we made
comparison between four datasets. The expression matrix sample of 72 AS patients were downloaded
from GEO database. T-test with Benjamin-Hochberg correction for multiple comparisons was carried out
to identify DEGs, resulting in 2122 DEGs. The other 3 datasets, 1100 targets of Y-Y-T formula, 88 targets

of 19 FDA approved drugs related to AS and 115 AS disease genes, were retrieved from related public
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databases. As showed in Figure 4. 19, 98 and 36 formula targets overlapped with disease proteins, proteins
encoded by DEGs and drug targets, respectively. TNF, which is the only one target shared the 4 groups, is

apparently a key protein in therapy.

Figure 4. The overlaps between formula targets, disease genes, drug targets and DEGs. Blue: disease

genes; Yellow: DEGs; pink: Y-Y-T formula targets; green: drug targets.
Targets association networks between proteins encoded by disease genes and Formula targets

To further explore the underlying mechanism of the formula, we applied PPI networks to uncover the
functional relationship between formula targets and disease proteins. 811 formula targets and 77 proteins
encoded by disease genes formed 3732 pairs of PPIs. As showed in Figure 5, two proteins overlapped
between the two groups (janus kinase 2 and signal transducer and activator of transcription 3) were
defined as essential targets. 17 nodes (13 formula targets, 2 essential targets and 2 AS disease genes),
formed a highly-connected cluster. In this cluster, JAK2 and Epidermal growth factor receptor (EGFR)
appear to act as hub due to their high degree of association. JAK2 and STATS3 are both regulatory factors
of IL-23 pathway which is an important etiological factor for AS 3! while EGFR has been recognized as a
monoclonal antibody targets for the treatment of AS 32 and involves in AS progression. Moreover, STAT3
is also an essential protein in differentiation and maintenance of Th17 cells. Furthermore, JAK2, signal
transducer and activator of transcription 1 (STAT1), SHC-adaptor protein (SHC), protein tyrosine kinase 2
(PTK2) jointly take part in chemokine signal pathway which has been proven to affect immune-mediated
inflammatory disease. However, heat shock protein 90 alpha family class A member 1 (HSP90AAL) is a
formula targets directly or indirectly connected with 4 disease proteins. It was suggested that
HSP90AA1-targeted agents can potently balance the inflammation-immune system through blocking

inflammation, cytokine production, protein kinase activity and angiogenic signaling 2.
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Figure 5. A cluster PPI network of the Y-Y-T formula and disease genes. Green: formula targets;

yellow: disease genes; red: formula and disease genes.
Targets association networks between DEGs and Formula targets

869 Y-Y-T targets and 1266 DEGs formed 13461 pairs of PPIs and there are 90 targets in common. 79%
Y-Y-T targets associated with 60% DEGs. For 90 Y-Y-T targets sharing with the DEGs, 41 of them were
up-regulated DEGs while 49 were down-regulated DEGs. As showed in Figure 6, spectrin beta,
non-erythrocytic 1 (SPTBN1), shared by 2 groups, was a hub connected with other 25 nodes including
estrogen receptor 1 (ESR1), neurotrophic receptor tyrosine kinase 1 (NTRK1) and phosphatase and tensin
homolog (PTEN), etc. ESR1 was related to low bone mineral density (BMD) in AS 3435, NTRK1 is
involved in the pain mechanism 3* while PTEN could active PI3K/Akt signaling which is related to the
bone metabolism of AS patients 6. The formula may act on above mentioned proteins to intervene the

progression of AS.
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Figure 6. A cluster PPI network of the Y-Y-T formula and DEGs. Green: formula targets; red: formula
targets and up-regulated DEGs; yellow: formula targets and down -regulated DEGs; blue: up-regulated

DEGs; purple: down -regulated DEGs.
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Targets association networks between drug targets and Formula targets

810 Y-Y-T targets interact with 68 drug targets and 34 drug targets can be found in formula targeting
proteins, including TNF and prostaglandin G/H synthase 2 (PTGS2) in Etanercept, NFKB inhibitor alpha
(NFKBIA) and inhibitor of nuclear factor kappa B kinase subunit beta (IKBKB) in Acetylsalicylic acid.
These drugs are routine medication in the course of AS treatment, indicating an akin mechanism in
formula. As presented in Figure 7, hub target TNF was connected with other 10 targets. TNF is a cytokine
involved in systemic inflammation and anti-TNF drugs are widely utilized for rheumatism intervention in
clinical 3. Another drug target NFKBIA and its’ promoter polymorphisms are associated with the
development of AS 38, In addition, formula target conserved helix-loop-helix ubiquitous kinase (CHUK)
has been reported to effect as anti-TNF 2° and help control the inflammation. All these results expounded

that a combination of AS drug targets and Y-Y-T formula targets can enhance the curative effect.

NFKBIA
TBK1 e
cDC42 \
RAC1
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CAV1  IiNF
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CHUK

Figure 7. A cluster PPI network of the Y-Y-T formula and drug targets. Green: formula targets; red:

formula targets and drug targets.
Discussion

Y-Y-T formula is a prescription created by Professor Chengping Wen. Clinical evidence demonstrates that
Y-Y-T formula is beneficial for AS patients in relieving clinical symptoms and enhancing physical quality.
In this study, we proved the efficacy of Y-Y-T on AS treatment and deciphered the potential underlying
mechanism of this formula.

BASDAI is a self-administer instrument consisting of six horizontal visual analog scales and is widely
used to estimate the disease progression and measure severity of fatigue, spinal, and peripheral joint pain,
localized tenderness and morning stiffness 4°. ESR and CRP are biomarkers of inflammation and are
widely utilized in various diseases for evaluation of disease activity and medicine efficacy , in addition,
an elevated CRP is associated with increased damages of iconography both on X-rays and sacroiliac MRI

4243 The retrospective research result indicated that the formula Y-Y-T can reduce the symptoms of
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morning stiffness, fatigue, pain and decrease clinical indexes of disease activity, proving the effectiveness.

In this study, herbs, compounds and targets of Y-Y-T formula were jointly exploited in layers of
in-depth analysis, which gave us a better understanding of the potential therapeutic mechanisms of Y-Y-T.
We found that there are a few common compounds among the 11 herbs. Some compounds, like
resveratrol, trans-resveratrol, quercetin targeting more than 70 proteins seems to be critical compounds in
the therapy. For example, resveratrol can restrain growth of aklebsiella pneumonia #* which is an
inflammation trigger of AS while quercetin has anti-inflammatory and analgesic effects 4°. Meanwhile,
some targets were shared among the compounds, such as IL-6, nitric oxide synthase 3 (NOS3),
apolipoprotein B (APOB), TNF, PTGS2, matrix metallopeptidase 9 (MMP9), caspase 3 (CASP3) and
cytochrome P450 family 1 subfamily B member 1 (CYP1B1), indicating an accumulative effect. 1L-6,
TNF, PTGS2 are classic pro-inflammatory cytokines secreted by a variety of immune cells and are either
associated with disease activity or associated with other inflammatory markers 647, However, berberine
and astibin could inhibit the expression and secretion of IL-6, TNF and PTGS2 48-%0,

Functional analysis illustrated that formula was significantly enriched on GO terms of molecular
transducer activity, receptor activity as well as binding and pathways related to immune, inflammatory
and metabolism, like metabolic pathways, TLR signaling pathway, AMPK signaling pathway, T cell
receptor signaling pathway, etc. Most of these pathways were involved in the development of AS. Others,
such as Complement and coagulation cascades, TNF signaling pathway are related with the onset of AS.
Complement and coagulation cascades is related to immunoprotecive and regulatory function 5 and there
are 36 formula targets engaged in it.

We also found that 13 drug targets were shared by more than 5 compounds. Among them, TNF, PTGS2,
CYP1AL (cytochrome P450 family 1 subfamily A member 1) seems to be hub targets because of the high
frequency in herbs, showing a superposition effect. PP network between drug targets and formula targets
illustrated the underlying mechanism that why TCM can enhance the efficacy of western medicine.
Furthermore, PPI networks between four datasets were constructed and hub proteins were selected in the
network. The four data pieces formed a complex network, suggesting a close relationship between formula
targets and AS. Results suggested that proteins such as JAK2, STAT3, HSP90AA1, TNF and PTEN are
the key targets in PPI networks.

In all, the integrative investigation of the Y-Y-T targets in biological function helps us better understand
how this formula treats the refractory disease AS. In this study, our systemic method is different from

traditional single target research to reveal the therapeutic mechanism of Y-Y-T formula on AS treatment,
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which provide an alternative way to investigate the TCM formulae.
Materials and methods
Clinical data collection

This retrospective study was carried out under the approval of Ethics committee of Zhejiang Chinese
Medical University and the methods were carried out in accordance with the approved guidelines. Written
informed consents were obtained from all patients before they participating in the study. We stuck to the
basic principle of “freely given informed consent”. Patients enrolled in the study range from 2015 to 2016
and fit with New York criteria revised in 1984. Patients’ detailed information was collected either from
outpatient medical records in The Second Affiliated Hospital of Zhejiang University of TCM or from the
patients’ follow-up visits. Those who had other diseases or suffering from liver and renal dysfunction
were removed. Finally, 13 cases met the criteria. General information, serum markers (ESR and CRP) as
well as indicators of disease progression were recorded. T-test was applied to analyze the otherness of

indexes in different treating period.
Collection of Y-Y-T data, AS disease proteins and AS drug targets

Ingredients of the 11 herbs in Y-Y-T and targets of those ingredients were gleaned from Traditional
Chinese Medicine Integrated Database (TCMID; http://www.megabionet.org/tcmid/) 52. Online Mendelian
Inheritance in Man (OMIM; http://omim.org) % and The Genetic Association Database (GAD;
http://geneticassociationdb.nih.gov) 54 were applied for the collection of AS disease proteins while AS

drug targets were gathered from Drug Bank (http://www.drugbank.ca) .
Microarray data processing of AS samples

72 expression matrix samples were download from GEO database. Among the 72 samples, 42 are from
AS patient samples while 30 are from normal samples. Expression values were normalized by rma
function in R. T-test with Benjamini-Hochberg correction for multiple comparisons were carried out to

identify DEGs and adjust P-value less than 0.05 were defined as DEGs.
GO enrichment analysis

GO and KEGG pathway enrichment analysis for Y-Y-T targets were undertaken through the online
analytical tools DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/) and topGO function

inR.
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Target association network

Homo sapiens protein-protein interaction data was extracted from InWeb_InBioMap, the most complete

Human PPI database. Networks were visualized by Cytoscape 3.4.0.
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¥ra&sExg)L SHN EE 5 ER FH9

AR EHEERE, F8, TRAC
AR ERY RF EafFFl, TMER, 010018

*E-mail: pmb403@163.com

WE: AP2ERFs & — MK PRI, SHEMNAEKE B P EEEEEM. JiECH
TE PRI o A SR A s R 7 SHIN R BRI e 8181514, A RACE BOR T BEIR1G 7 25 5 2% LI
AP2 #5353 R F-4mh L K SHN 14K cDNA 751, FoIEbxt o412,  SHN 741K E4 999 bp,
BHA TP BAE 651bp, ZWhY 216 N2 AR . FNIZEEK 9S8 70 T8N 24.06KDa, 45 H ki
5.62. ZIEMRF IR ZFIEA AP2 Gk, J&T AP2 BRI . RGN M RN Z
HHESKE SHN3 BA & i FWETE, #iZHE R a4 7y CKSHN.

KeiE): 1T&IEIE/L; SHN; RACE; FFHUSTHH
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&R )L CKLEAG-1 ERER = IENINEES

Tk, wre, BB, ITwNl, FEE
ARE R AFEGFFFR, FAERF, 010018

*E-mail: pmb403@163.com

RE : BN, 5. RSB ARRE B 2 YA KRB RS T
ERREYRET, SBESHERREL, RIEYAERTNHUIETRR T REAEIEE AL
HEN & FINERE ., AR K & M E 1 (Late embryogenesis abundant, LEA){SE f2& FE47) 75 8 18 10 45
I 75 S K — R BT e s 1, BAT SR MRS 8 1, A ORI R A L 5 FL AR i ARSI R (K Th g
LEA HE A& S RAAEMIER B B 7 P R B, BEfE, HARR b LEA & A tAH gk ki .
BRYIFTFUAN LEA S AR AL TR A TP i — R E, A7 B K AT DLOR 74
VI 2% . JERE I KEFTREMN, LEA B AR ILERYRFrh RERE, MY
ZEITEL R = Eh DL YR A TR (ABA) S AR AR P i 2 615 5 LEA B g B K&
Rik, B KZ LEA AT RAE ALV R EA0H . KA —SIE s h BRI T LEA
EAMRAAAE, AT LEA SEAJEAZEY ATRA 1. LEA Ay — R PSR Fblok
B2 IGTE, MOCHE O H sl 2 . WIS AT 44538 JL(Caragana korshinskii Kom.) 1 Sgf# 15 2 — 4>
LEA ZEH &K CKLEAG-1,CKLEAG-1 £ F Ay 5L AE K 4 255bp, 4875 85 MR &M, HRH LEA 6
RPEEME, FibarBiZERE A CKLEAG-1, LR IIEESE PCR N A I CKLEAG-1 IRIATE R
AIMNEIES, REKLWRINAESIHEAIET CKLEA6-1 EREITFRIAIUB T4 ENR KB E L BFA R
K, BYEHERS THEE, AVESEIRLAAAEURMET, CKLEA6-1 EETFRIAMEIT
FUERAENBESERATR. ACHLHEER, E-20CHTRAMAREFERRMI, MAESQN
WRIEKRFR MDA 2 8RAI, 4CREFEFRIAKEN MDA 22X TEER, HEN CKLEAG-1
L PRI AT RE -5 7 SR A G ) L S 1 5 b 1B A

KEIF: ATHRBGIL; LEARE; #lETT; RME; Einiit
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ch B4R 38 )L CiMYB6o BEEEER FiEk DT
XNEK, MEE, TR, TEE
NEERIVAFEGRFEFR, "FrER 010018

*E-mail: pmb403@163. com

BB : R2R3-MYB # N FAEWI A SRS A KR & ROt 445 JE AR P ) B 2 %A T T
HAEZEH . AOFF L ARG Loy SBe BRI PCR £R 707/ BL cDNA 5 gDNA Jysiiont
CiIMYB60 JE[R3H4T T sl 45 KA. CIMYB6O0 JE [l (f1FF il el iS2HE Jy 1035 bp,  4ifith 345 A&
g, A DNA FAIK Y 1485 bp, &A1 2 NN & T 3 MR 7. AEVE Be b BoR:
CiMYB60 Fréi s i) N Sl & 2 > MYB ks, KOs T 38 R2R3-MYB K H.
%8 A 5784 38.41 kDa, FFHisi A 5.95, HHEE FRSEAKMER . FIFHGOAPRBE AR
W% CIMYB60 J:[R ) ATG i3 K il 1848 bp, i o a a1 A& — 28 5l )i
AL R W AR AE Y B A S B S T A ISR 9EO6E B PCR HARXS CIMYB60 Jk
K ZIE AT 04T, RIAEDLZK . NaCl H UV-B b3 T H 3 1k 5 i [ 38 Ak BRI 8] ) 2 KT PG B
WSS AR CIMYB60 2 X T §ES 5 v AV ARG ) Lox 300 S5 ol a ey o b7 o A2

XA FEEBIL; CIMYBE0; RIADH; BihTrekE
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Fh8)4838 )L CiCHIL BRI FHEER 94

W RKim, ME, i, FEE, TR
AR ERY RF EafFFl, TMER, 010018

*E-mail: pmb403@163.com

WE: WA= YR AR M R LA E . BRI TR IR 1M IR, &R
TS DL R i SR B . R AR R Y AN R CEAREERAR, AR B
FHJUAFEM S, BN ET L TRLEY. B/RE R M8 (CHI, chalcone isomerase) &
KN BEIEE LA OCHERE, AR RS GelR  RORE, 32 AR R A B RHEAT IERR ) 71 A
AL, AR TSI &) RO PR e A& AR N - M Y . AR T B3 ) LTS e 41
P P 2 S S P v A 3 A CHI SRR S 5, I 85K PCR s s He k4T 58 P33 ) 30
Tk, RIS 37 Ie R M MG 4 CICHIL R 3IF,  TRINE 307 L e oot
K@i ERESFME; ZKNRIIERTH; PEEGIL
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)RS ) L IAER R ES A I [RESE E i) e AT st £
AE, KT, RF, BRE, FEM, IR
AR R LKA GHESR, PRk 010018

*E-mail: pmb403@163.com

WE. WHBHEE A LJEEE (cinnamoyl-CoA reductase, CCR) AAMEALAR &K & KT IR —
ABRER, X ABT R KA AR B AR o A S P RIS L SE B AR RIS CORFEAL, 430 i 44
N CICCR2 N CiCCR3, Horh CiCCR2 HERITTTRURAER Y 897bp, Hifih 299 NEILRR, C1CCR3F:FTF
R SEHE A 966bp, ZwED 322 NEIERR, FHRRIIM @I RIEEIA p35S: :CiCCR2 R p35S: :CiCCR3,
AL AE RIS I Columbia—0, 20/ B4 &4 8 Mk R 9 MR W RIE CiccrR2 F CiCCR3
SEDRR AR TT BT BRI 4 B A 3 B v T A B g A AU A G (AR BOAIE T R R
MRAATFR REI AR IT 2 I B CICCR2FN C1CCR3 1 33 R MR IR 86 3 R 2 L B A BB
KR FEEGIL; MERHES A TRES; KREK; wkE
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FREHAS) LA LR R EIL
£HE, BW, EHA
MRS R LKA SR EE, RS, 010018

*E-mail: pmb403@163.com

W ARG LR B E PG AL T R B X A K SRR LB AR, BT MR 1 R 10 5 RE ),
F&— P TG AR FORI R FR A s ISR TR BTSRRI 7 Hh TR RS ) LS B A oG
(R R R ST Hos AR A iRk R, ST RIS LI M B AR R T B PRI, B 5 LA () 4
A LI ZE BOAAMENR, S5 4205 555 55 5 IMS+GA3 0.15mg/L+6-BA 0.2mg/L+NAA 0.4mg/L+AC
0.1g/L+ i HE250/L+E iE6g/L+/LEZ0.1g/L, pH{E5.8-6.0, {51/ T % N33.33%; MAEZERE SHE 7%
JAMS+6-BA 1.0mg/L+NAA 0.2mg/L +JEH%25g/L+E5 fE6g/L+JLEZ0.1g/L, pH{E5.8-6.0, MA=ZF%E G %
H13.33%; A HREE IR AMS+GA3 0.15mg/L+IAA 0.5mg/L+ i 4% 20g/L+E ig6g/L+LEZ0.1g/L, pHIE
5.8-6.0, “EARZEA60%:; KLt AARRE IR G I/ IMERR IS IR AR I, BRI 2 9 100%.  Hh ) 4
A8 ) LTV BT AR R

XEIF: PESIGIL; BALESR; FE; IMER
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FiE$ )L CINACL EE{R#HMETTH R RE
Bk, BhH, THE FEE
MRS R A SR EFR, i, 010018

“E-mail: pmb403@163.com

WE: MYAEZITR. &R, 8. A RFEEWELE, @RSZRAFEBERS . a6
M JLEATFE P T R SR L B RIEFRIP X 7 AR K TR . NAC Besx K]
THRBIEAEFFA N KRR TR —, EEYEREEEE A EENEN . ALk
FEAT 2 AR RS )L NACL JE R A 4K cDNA FP A1, JEE AT A2 R RG 145 21 3% Rk Rl il Feil 4l & AR PR
2, TR CHEAEFILLG, CINACY BRI s R E I B Tt 522, JF B SR KA
FIED G BRI L LML B Je Ik B W B, Bk Rk i S Ak R Rk B THA
. Bk, FATHEWT CINACL H K A] BELE 446 SR a2 il i R A5 EH .

XK#2iF: NAC #%RETF; CINACL; Z8; MHARE
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BRFRRXZIFEEYNHERES S

F#kY, FXHF, ITmA°
AR ERY RF EafFFl, TMER, 010018

*E-mail: pmb403@163.com

E: RO (Natural rubber) J& 57 — 4 .98 (CsHe) n EA 1,4- I AL AE — 2 TE I 2L
T, A e, PR RS ERAE, 0 I MR BRI AT Tk, G AR
e ASCHIE R TR CIETR . ZLAMIETERE DU RS T2 T 2 SN B S At 1 e 1k S 2 2y o3 et
Fo GEREM], LEAMCTE RS I HE TR 57 I I R AL IR S e BT s P AR U Bk VA L R S AR
B, XIS T N R o R T, FOR I L AR R IR R I T . AER IR A AT
53 M I S BRI (0 2 i KRR R, A0S A ARG S L S A A SRR Tl B Joe ik A QA A
FeAL. — € A A AR BRI B e . B S, T AT S A FN R
K RAGE; Ef; Eaoih
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MNIBHEPENRR K _HRUFEHS T
T, WEF, EHA
MRS R LKA SR EFR, iS4, 010018

*E-mail: pmb403@163.com

WE: RIMEK (Natural Rubber, NR) &5 Bt (CsHg) n LA 1,4- A BLIEBAE — AL Ak
MDD R 505 o ASSCR B SRR HO AT R E WAL, R RS 1 et 4oy
IHETE, SRR IIRE DRI R GV s S L SRR L PR T K dre AR AN R A4
—RE RN AR AR TR S BRAC Y > B4y SRR AP s TR, RGN R BRI N E A
Wi AHIE TS R RGBT Wt TR L & A A )

KEF: RAKGE; B9, BRRXTK; &XEY
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CircPro: —MAFNEBEBRDFEMTK RNAKNTIR

FZEX, BR4E
HIAFEGRFFIRENERFEZR, MM, 3130058

*E-mail: mchen@zju.edu.cn

FZE: R RNA (circRNAY TE—2RMIEME RNA, [ ZAAE T HZ Y. BEAFRED S
FEH AR ILAIIE I BT, circRNA 72 RNA A HE 2 —. KZH circRNA 21 id mRNA
RIS BT Y04, TR R 10 57 I8 51 37 2 SRR HTIRR 2 L A 3L P H 544 L A, 224 circRNA
AERRERRE, BTS2 cireRNA $0A 2 AEgmS . SR1M0, Bt IR T I — 28 circRNA BEfS
TEARN P2 AR S, T — RIUCR A & T s AR B T a2 T IR ST circRNA #fliiX
A, AR T s E RN TR R A ST RENE circRNA [ — /N & T H, (CircPro,
http://bis.zju.edu.cn/CircPro).

KEEIE: MK RNA; ZHE4; EEREREY; SESNF
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