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Abstract

ChrysanthemunjDendranthema morifoliunTzvel.] is an ornamental plant grown under longrte
artificial cultivation conditions. In productionady Chrysanthemunblossoms are often promoted by
artificial short-day treatment. However, we fouhattthe flower colour o€hrysanthemunblossoms
induced by artificial short-day treatment was lgghthan those induced by the natural photoperiod. T
explore the intrinsic mechanism of colour fadingflowers, we performed full-length transcriptome
sequencing ofChrysanthemummorifolium cv. ‘Jinbeidahong’ using single-molecule real-time
sequencing and RNA-sequencing under natural dayiigb) and short daylight (SD) conditions. The
clustered transcriptome sequences were assigneditus databases, such as NCBI, Swiss-Prot, Gene
Ontology and so on. The comparative results oftaigiene expression analysis revealed that there
were differentially expressed transcripts (DETs)}he four stages under ND and SD conditions. In
addition, the expression patterns of anthocyaniosyithesis structural genes were verified by
guantitative real-time PCR. The major regulatorshef light signallingeLONGATED HYPOCOTYL5
genes were markedly upregulated under ND conditidine patterns of anthocyanin accumulation
were consistent with the expression patternsCofll and 3GT1 The results showed that the
anthocyanin synthesis is tightly regulated by ttetpperiod, which will be useful for molecular
breeding ofChrysanthemum
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Background

ChrysanthemuniDendranthema morifoliunfRamat.) Tzvel.] is a perennial root plant in faenily
Compositae. In ChinaZhrysanthemunis one of the top 10 most famous flowers as welbae of the
four major cut flowers. The international demandl aaconomic benefits o€hrysanthemuncut
flowers are very high, and in China, tBérysanthemuncultivation area, production, and sales have
always been at the forefront of the global cut #owndustry (Lv et al., 2016)Chrysanthemunis an
ornamental plant that was bred through long-tertifi@al selection. This plant has more than 30,000
cultivars, approximately 3,000 of which are growrGhina.

In production, earlyChrysanthemunblossoms are often promoted by artificial shorg-d&D)
treatment. After vegetative growth reaches a ae”tige, proper shading treatment is carried caryev
day. The duration of daylight, namely, the photagmirchanges regularly with different seasons (Yang
et al., 2018). Photoperiodic lighting can promdtavering of long-day plants and inhibit flowerind o



SD plants (Meng and Runkle, 2018). However, we fbthmat the flower colour o€hrysanthemum
blossoms induced by artificial SD treatment wastkg than those induced by natural day (ND)
treatment. Flower colour is a significant featureatt determines the commercial value of
Chrysanthemunvarieties. Pink and purplish-red ray petal coloars all derived from anthocyanins
(Ohmiya, 2018). Environmental factors affect thehanyanin biosynthesis pathway related genes
(Guo et al., 2008). Light conditions are one ofsth&ey factors. In the ray petals, the sharp deerga
anthocyanins is due to the shadingGtfrysanthemurfiowers (Hong et al. 2015). And the expression
of anthocyanin biosynthesis pathway genes, inclyflavanone 3-hydroxylas@=3H), anthocyanidin
synthase(ANS, dihydroflavonol 4-reductaséDFR), UDP-glucose-flavonoid 3-O-glucosyltransferase
(3GT) genes were significantly inhibited, as well angcription factor of anthocyanin biosynthesis,
MYB domain 5-1(MYB5-1) basic helix-loop-helix 24(bHLH24), cryptochromela (CRY13,
CONSTITUTIVE PHOTOMORPHOGENICOP]) and ELONGATED HYPOCOTYLEY5 (Hong

et al., 2016). However, little is known about hdwe trelevant processes are regulated at the motecula
level inChrysanthemumt is very necessary to study the molecular meisma in depth.

Chrysanthemumare an allohexaploid (2n = 6x = 54). Because #m@ome ofChrysanthemunis
large in size and complex in structure, it is veifficult to perform full genome sequencing. Curtlgn
there are no available allohexapldithrysanthemungenome sequences, which limits in-depth studies
into the molecular biology of this species. Witte thontinuous progress of biotechnology, PacBio
single-molecule real-time (SMRT) sequencing tecbhgglhas been widely used. SMRT sequencing
can generate approximately 20-Kb reads, spannowngplete transcript from the-Bnd to the 3poly
(A) tail, allowing for accurate identification ofaforms and precise analysis of alternative sglicin
fusion genes, transposable elements (TEs) ane algiression (Fang et al., 2012). The applicatfon o
SMRT transcriptome sequencing has been reporte@hirysanthemunmorifolium ‘Fenditan’ and
Chrysanthemummorifolium ‘Yuuka’ (Liu et al., 2015; Ren et al., 2016). Ayaé the quantity of gene
expression levels using RNA sequencing to gain mpcehensive understanding of biological
pathways (Wang et al., 2015; Lowe et al., 2017).

To further understand the mechanism of anthocyaogumulation under SD and ND conditions in
Chrysanthemuinthe ray florets ofC. morifolium ‘Jinbeidahong’, one traditional cultivar, were
analysed using transcriptomic methods and PacBiBBbequencing technology. These results will be
very useful for improving the understanding of thght-induced anthocyanin biosynthesis molecular
mechanisms. Furthermore, this study provides trsgstfar molecular breeding theory for modifying
the colour ofChrysanthemumFinally, the high-quality sequencing data providduable reference
genes ofchrysanthemurfor follow-up studies.

Results

Comparative analysis ofanthocyanin accumulation in ‘Jinbeidahong’ four sage

Four sequential developmental stages are dividéd fudding (BD), bud breaking (BB), early
blooming (EB) and full blooming (FB) (Fig. 1 a). Arthe flower cuttings were collected from these
four stages. The anthocyanin levels that accumiilateeach stage dfhrysanthemundevelopment
under ND conditions were much higher than thoseeurdD conditions. The highest levels of

anthocyanin accumulation appeared in the FB stagkeruND conditions (Fig. 1 b). Inflorescence



diameter and fresh weight in each stage&Cbfysanthemundevelopment under ND conditions were
much higher than those under SD conditions (Figd)
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Fig. 1 a C.morifolium ‘Jinbeidahong’ under ND conditions (up) and SDditons (down): BD stage,
BB stage, EB stage and FB stage. b Anthocyanineobranalysis of Cmorifolium ‘Jinbeidahong’ at
the BD, BB, EB and FB stages. c Inflorescence diamef C.morifolium ‘Jinbeidahong’ at the BD,
BB, EB and FB stages. d Inflorescence fresh weight. morifolium ‘Jinbeidahong’ at the BD, BB,
EB and FB stages. Each column represents the nfelmee independent measurements. Error bars
represent the SD of the mean values.

Structure analysis of the full-length transcriptome

The three different cDNA libraries of leaf, petip&tem, bud, flower, and root samples were sequence
using the PacBio RS Il system, and cDNA insertssiel-2 kb, 2-3 kb and 3-6 kb were prepared (Fig.
2). The sequencing results showed that the avesiagke-molecule ratio in the ZMW wells was 62.4%.
After stringent quality checks and data cleanin@, B of data were obtained and the average
proportion of clean reads was approximately 93%.08nt of 842,913 reads of insert (ROI) and
415,387 full-length non-chimeric reads (FLNC) wergtained. The FLNC reads were clustered and
corrected to generate 245,033 non-redundant clusiasensus sequences following the iterative
clustering error (ICE) correction algorithm of tlk@SeqCluster module in SMRT Analysis v2.3. A
secondary clustering was performed to reduce reghoyd using Cd-hit-est (v4.6). Finally, 89,477
FLNC reads were obtained. The complete evaluatidheode-duplicated transcriptome was performed
by BUSCO (Fig. 3). The proportion of complete arndgke copies was approximately 21%. The
proportion of complete and duplicated copies wagsr@pmately 38%. The proportion of fragments

was approximately 4%. Finally, 37% of the copiesenmissing.
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Fig. 3 BUSCO assessment results.

Gene transcription produces precursor mRNA, whamh loe spliced in many ways. Different exons
are selected to produce different mature RNAs, whian be translated into different proteins
representing the diversity of biological traits.eTitesults of all-vs-all BLAST analysis showed ataif
9249 candidate variable splicing events. In pakdicuwo unigenesELONGATED HYPOCOTYL5
(HYDH, TO01 cb9752 c45742/f3p1/2628 and TO01l cb19426 %@IPER2p3/3429, were identified as
variable splicing events involved in anthocyanindyinthesis. Non-coding RNA was predicted in the
high-quality non-redundant FLNC reads as describeilethods. A total of 7,314 long non-coding
RNAs were predicted, accounting for 5.2% of thealtaeads. And no anthocyanin biosynthesis
structural gene was predicted. The prediction tesuk available in Supplemental 1.



Functional annotation
Of the 89,477 unigenes, 83,654, 66,608, 52,1878%/,65,469, 69,072, 38,455 and 82,217 were
aligned to the NCBI non-redundant (NR), Swiss-P@&tne Ontology (GO), Clusters of Orthologous
Groups (COG), euKaryotic Orthologous Groups (KO@)otein family (Pfam) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) databaesgmctively. A total of 83,654 genes (93.5%
of the total) were aligned to the Swiss-Prot, Aroteformation Resource (PIR), Protein Research
Foundation (PRF), and Protein Data Bank (PDB) degeb, and the protein data was translated from
CDS data from GenBank and RefSeq (Fig. 4). Thesimgres were associated wiitis vinifera
(13.94%), followed bySesamum indicur{®.54%) andCoffea canephorg7.33%). The GO was used
for gene annotation and analysis, which includedemdar functions, cellular components and
biological processes three ontologies. In viewhaf NR annotation, 52,187 unigenes were classified
into 52 functional GO categories. A total of 537168genes were classified into 16 cellular component
categories, 86952 unigenes were classified intm@lécular function categories, and 136031 unigenes
were classified into 19 biochemical process cafegofFig. 5). A eukaryote-specific version of the
COG tool was used to identify orthologous and mayalis proteins. Based on the COG databases,
84,850 unigenes were classified into 25 functiodalsses. The top scores were associated with
Replication recombination and repair(12.29%), followed byTranscription (11.68%) andSignal
transduction mechanisn{&0.71%) (Fig. 6).

Nr Homologous Species Distribution

Vitis vinifera [11647~13.94%]

I Sesamum indicum [7970~9.54%]
Coffea canephora [6125~7.33%)
Nicotiana sylvestris [4368~5.23%)
Nicotiana tomentosiformis [4160~4.98%)
Theobroma cacao [3615~4.33%]
Solanum tuberosum [2217~2.65%)
Jatropha curcas [2210~2.64%)
Citrus sinensis [2126~2.54%)
Nelumbo nucifera [2091~2.50%)
Other [37034~44.32%]

Fig. 4 NR homologous species distribution of thé83 unigenes.
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Fig. 5 GO classification. The three main GO categorare (left to right): cellular component,

molecular function and biological process.

COG Function Classification of Consensus Sequence

. A: RNA processing and modification [496~0.84%]

B: Chromatin structure and dynamics [410~0.7%]

C: Energy production and canversion [2288~3.89%)]

D: Cell cycle control, cell division, chromosome partitioning [689~1.17%]
E: Amino acid transport and metabolism [2420~4.11%]

F: Nucleotide transport and metabolism [587~1%)]

G: Carbohydrate transport and metabolism [3104~5.28%)]

H: Coenzyme transport and metabolism [1029~1.75%]

I: Lipid transport and metabolism [1696~2.88%]

J: Translation, ribosomal structure and biogenesis [2616~4.45%)]
K: Transcription [6870~11.68%]
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P: Inorganic ion transport and metabolism [1665~2.83%)]
Q: Secondary metabolites biosynthesis, transport and catabolism [1388~2.36%)]

3000 R: General function prediction only [10834~18.42%)
= S: Function unknown [1295~2.2%]
T: Signal transduction mechanisms [6297~10.71%)]
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Fig. 6 COG classification €. morifolium‘Jinbeidahong’. The 25 categories of COG clasaifans

are shown.
Comparative analysis of digital gene expression pfiting in ‘Jinbeidahong’ four stages

In order to study the effect of photoperiod on aoganins in Cmorifolium ‘Jinbeidahong’ at the BD,
BB, EB and FB stage, digital gene expression (D@6filing was also performed. The results show
that the raw reads was 22,504,773, 22,100,05293&%86, 23,335,517, 25,910,326, 28,471,699 and

26,105,006 generated from the eight samples, régplc
Subsequently, DETs were identified between the sssngrown under ND and SD conditions and



the BD, BB, EB and FB stages. There were 974 DE34 (ipregulated and 543 downregulated) in the
BD stage, 2,434 DETs (639 upregulated and 1,795 degulated) in the BB stage, 6,808 DETs (2,987
upregulated and 3,821 downregulated) in the EBestagd 1,202 DETs (610 upregulated and 592
downregulated) in the FB stage (Fig. 7). As showithe figures, the highest number of DETs during
flower development of Gnorifolium‘Jinbeidahong’ was observed for EB-stage unigenes.
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Fig. 7 MA plot of upregulated and downregulatedegeim the BD stage (a), BB stage (b), EB stage (c)
and FB stage (d).

Different publicly databases are used to classié/functions of DETs. For example, 310, 466, 343,
395, 816, 596, 696, 722, were aligned against &350, KEGG, KOG, Pfam, Swiss-Prot, eggNOG
and NR databases, respectively (Table 1). All thescriptome unigenes were used as background,
obviously enriched GO terms were obtained for tHe€T®in four stage. In the BD stage, the DETs
between the samples under ND conditions and thoderuSD conditions were significantly enriched
in rhythmic process included in biological processracellular region included in cellular componen
and electron carrier activity included in molecufamction. In the BB stage, the DETs were
significantly enriched in rhythmic process included biological process, supramolecular complex
included in cellular component and antioxidant\agtiincluded in molecular function. In the EB stag
the DETs were significantly enriched in rhythmiopess included in biological process, extracellular
region included in cellular component and electrarrier activity included in molecular function. In

the FB stage, the DETs were significantly enrichedextracellular region included in cellular



component and transporter activity included in roolar function (Supplementary Fig. 1). In the
analysis of KEGG pathway, the prevailing pathwaysrevas follows: protein processing in
endoplasmic reticulum (8.16%) in the BD stage betwéhe samples under ND conditions and SD
conditions, carbon metabolism (7.69%) in the BBystacarbon metabolism (7.69%) in the EB stage,

and starch and sucrose metabolism in the FB staggplementary Fig. 2).

Table 1 Number of differentially expressed trarpsrin annotations

DEG_Set Annotated COG GO KEGG KOG Pfam Swiss-Prot ggN®©G nr

T1 918 310 466 343 395 816 596 696 722
T2 2327 1044 1544 1136 1254 2090 1824 2045 2086
T3 6519 2910 4386 2981 3700 5728 5291 6136 6254
T4 1172 491 693 478 619 999 868 1006 1022

The statistical enrichment of differentially expged genes (DEGs) in KEGG pathways was tested
using KOBAS software. The figures show the first@hs with the lowest significant Q values (Fig.
8). The over-presentation in the BD stage was &ssat with taurine and hypotaurine metabolism
between the samples under ND conditions and SDithons, while in the BB stage this was associated

with thiamine metabolism, in the EB stage this wasociated with the photosynthesis antenna, and in

the FB stage this was associated with anthocyaosybthesis.
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Fig. 8 KEGG pathway enrichment scatter map of teffiially expressed transcripts in the BD stage (a)

A" L
Rich factor

BB stage (b), EB stage (c) and FB stage (d).

5 I’H
Rich factor

Characterization of functional genes involved in athocyanin biosynthesis

To explore the molecular basis of the differencéamer colours between the samples under ND and



SD conditions, we identified important functionangs involved in th€. morifolium‘Jinbeidahong’
anthocyanin biosynthetic pathway. The genes for ahthocyanin biosynthetic pathway consist of
structural genes and regulatory genes (Tanaka,e2Gfl8). The results of bioinformatic analysiswho
that many unigenes were determined as homologapserees of the structural genes in anthocyanin
biosynthetic pathway.The anthocyanin synthesis of upstream genes ingladenty-threechalcone
synthase(CHS), seventeerchalcone isomeraséCHI), twenty-five flavanone 3-hydroxylasé=3H),
twenty-eightflavonoid 3-hydroxylase(F3'H), twenty-four flavonoid 3,5-hydroxylase(F3'5'H). The
anthocyanin synthesis of downstream genes inclubiggeen dihydroflavonol 4-reductas€DFR),
fifteen anthocyanidin synthas@ANS and thirty-oneUDP-glucose-flavonoid 3-O-glucosyltransferase
(3GT) genes (Table 2). Regarding transcription factorolved in the regulation of anthocyanin
biosynthesis, the basic helix-loop-helix (bHLH), MY domain (MYB) and WD40-repeat
domain-containing proteins (WD40) proteins haverbeédely demonstrated to activate or repress
transcription of the anthocyanin structural genggdotal of 942 MYB-related homologous family
members, including 350 bHLH proteins and 305 WD4&tgins, were identified. Photoreceptor and
regulator of light signalling genes, including #4yptochrome(CRY$, 44 phytochrome(PHY9,
CONSTITUTIVE PHOTOMORPHOGENIGCOPY), 41 CONSTANS (CO) and ELONGATED
HYPOCOTYLSHYYH), were identified. The results of DEG analysiswsld that the structural genes
expression was very different during flower deveh@mt among the samples. Interestingly, two
unigenes (unigene ID: TO1_cb15047_c1/f1p0/927 adtl €b15047_ c6/f1p0/815, a memberGH1l
homologies) were always significantly upregulatedhie BD, BB and EB stages under ND conditions
compared to their expression levels under SD cmmdit The highest CHI transcript levels were
observed at the EB stage under ND conditions, whielowest were observed at the BB stage under
SD conditions. All homologous members of the 3Giifg were significantly upregulated in the four
stages. Two unigenes (unigene ID: TO1 cb8439 c3pHM 745 and TO1 cb8439 c27/f10p4/1748, a
member of 3GT homologies) were significantly upregulated duritige four stages under ND
conditions compared to their expression levels u&i2 conditions. The highe8GT transcript levels
were detected at the BD stages under both conditio®ne unigene (unigene ID:
TO1 _cb5961 c8/f1p1/3157, a memberR3¥H homologies) that was significantly downregulateasw
expressed in the BD, BB and EB stages. The high@lst transcript levels were detected at the EB
stages under both conditions. The highd¥6 transcript levels were detected at the BD stageeu
SD conditions and FB stages under ND conditions.urFounigenes (unigene ID:
TO01_cb19426_c30649/f1p1/3155, TO1_cb5508 c11326/8844, TO1_cb19426_c42556/f12p3/3429,
TO1 ch9752 c45742/f3p1/2628) that were signifigadtbwnregulated in the BB, EB and FB stages.
The highest=3H transcript levels were detected at the EB stageleruSD conditions. One unigene
(unigene ID: TO1_cb5961 c8/f1p1/3157) that was ificantly downregulated was expressed in C.

morifolium‘Jinbeidahong’ under ND conditions.

Table 2 Homologous sequences of the major structural giewessed in anthocyanin biosynthesis

Gene  Number Unigene ID
name
CHS 23 TO1_cb10302_c44/f1p1/1479,T01_cb10302_c207/17#¥%,T01_cb10302_c207/f1p0/1765,T01_cbl

0302_c207/f1p0/1765,T01_cb10302_c207/f1p0/1765,8010302_c236/f1p5/1464,T01_cb103
02_c236/f1p5/1464,T01_cb10302_c62/f1p0/1536,T0100R9c2/f4p2/1441,T01_chb9002_c7/f1




p1/1418,T01_cb9002_c9/f1p0/1345,TO1_ch9002_c11/1¥M TO1_cb10302_c43/f2p1/1465,T
01_ch10302_c47/f1p3/1370,T01_cb10302_c64/f1p4/T4H3,cb10302_c61/f1p0/1571,T01_cb
10302_c63/f1p1/1420,T01_cb11086_c2/f1p0/1391,T010802_c232/f12p1/1382,TO1_ch1030
2_c59/f1p2/1431,T01_ch14962_c0/f1p0/2020,T01_cb28Z3/f1p0/531,TO1_ch16039_c1/f1p0
11377

CHI 17 TO1_ch5189_c1/f2p0/3307,TO1_cb6001_cA4/f1p0/IAEIL,cb5189_cA4/f1p0/2355,TO1_ch18734_c3/f
1p0/768,T01_cb15047_c1/f1p0/927,TO1_cb15047_c6/8HTOL_cb15047_c3/f1p0/855,TO1_
ch15047_c5/f1p0/907,T01_cb15047_c4/f1p0/943,TO11885c0/f9p0/979,TOL_cb15047_c2/fl
p0/874,TO1_ch5189_c2/f2p0/933,TO1_ch6001_cO/fLMIIOL_cb5189_c5/f1p0/1724,TO1_cb
18734_c2/f5p0/759,TO1_ch5508_c22988/f1p0/3343, TOA189_c7/f1p0/980,TOL cb18354 cl
/f1p0/1022

F3H 25 TO1_ch9752_c4098/f1p0/1275,T01_cb5961_c21/fYSBIT01_ch18379_c1/f1p0/1201,TO1_ch1147
1_c17/f10p1/1300,TO1_cb5961_c25/f3p2/1376,T01_cb3186/f1p0/1689,TO1_ch5961_c11/fl
p4/1357,T01_cb9752_c44692/f2p0/1512,TO1_ch113082m0/337,T0L_cb5961_c19/f1p0/21
46,T01_ch5961_c26/f5p2/1270,TO1_ch19426_c37265/4P89, TO1_ch5705_c16/f1p0/1741,T
01_ch5961_c10/f1p2/1470,TO1_ch5961_c16/f1p1/1020,8611471_c16/f3p1/1330,T01_ch55
08_c5156/f1p0/3331,TO1_ch13983 c2/f2p0/1301, TO19605c20/f1p0/1436,TO1_ch13983 c5
/f1p0/1225,T01_cb11471_c10/f1p1/910,TO1_ch59611¢8MB157,T01_ch13983_c3/f2p0/1257,
TO1_cb16192_c5/f1p2/1309,
TO1_ch5961_c12/f1p0/2014,TO1_ch11471_c14/f1p0/367

F3H 28 TO1_ch6480_c1/f1p0/3486,T0O1_cb5657_c21/fLpl/MERM6 ch7984_c4/f1p1/1840,T01_cb16591_c3
/f1p0/1859,T01_ch5657_c5/f3p3/1722,TO1_ch16591 1¢d/M 786, TO1_ch19426_c37199/f2p0/
3558,
TO1_ch8246_c1/i2p0/1739,T0L_cb16591 c2/f1p3/181B,ED5657 c13/flp1l/1672,TO1_ch565
7_cO/f1p3/1778,TO1_ch7984_c2/f1p0/1811,TOL_ch53@6200/3269,TO1_ch7984_c1/f1p0/18
51,TO1_cb7984_c5/f1p0/1619,TOL_ch5657_c23/f13p& IABlL_cb5657_c7/f3p4/1708,TO1_ch
16591_c7/f1p1/1897,T01_cb12342_c4/f1pl/1824,T012862_c6/f1p0/1807,TO1_cb5657_cO/f
38p6/1704,TOL_cb5657_c24/f1p3/1716,TO1_ch12342200/1724,T01_ch5508_c14914/f1p0/
4979,T01_ch6480_cO/f1p0/2264,TOL_ch5657_c2/f1p3ITBEL_ch5657_c10/f1p1/3227,T01_c
b16591_c6/f1p3/1790

F35 24 TO1_ch8246_c16/f1p0/1936,TO1_ch7984_c4/fLpl/IBAD ch8246_c4/f1p0/1724,T01_cb14652_c8

H /f1p0/1751,T01_cb8246_c12/f1p0/1551,TOL_cb8246 20739, TO1_ch9430_c1/f2p0/1694,
TO1_cb16591_c2/f1p3/1818,TO1_ch14652_c1/f4p1/168B,Th9517_ca/f2p1/1748,TO1_ch824
6_cO/f1p0/1685,TO1_ch8673_c2/f2p0/1849,TO1_ch79841p0/1811,TOL_ch7984 cl/f1p0/18
51,TO1 ch9517 c17/f1p2/1233,TO1_ch14652_cl3/f6 001 _ch8246_c2/f2p0/1751,TO1_c
b15969_c1/f1p0/1758,TO1_ch14652_c6/flp3/1817, T08246_c6/f1p0/1040,TO1_ch8246_c5/f
1p0/1812,TO1_cb8246_c3/f2p0/1722,TO1_ch8246_cOMASR, TO1_cb14665_cO/f2p0/1751

DFR 13 TO1_cb11761_cl1/f12p1/1292,T01_cb11761_cl2/fHMT01_ch11761_c8/f1p0/1466,T01_cb1176
1_c17/f1p1/1747,T01_cb11761_c16/f1p0/1350,TO1_cB11Z19/f1p1/1568,T01_cb11761_c7/f
1p1/1647,TO1_cb11761_c24/f1p1/1578,TO1_ch117613p6/1415,TO1_ch15530_cO/f1p0/158
2,701_cb15530_c8/f1p0/1700,T01_ch11761 c21/f3plB¥L cb11761_c20/f1pl/1643

ANS 15 TO1_ch10429 c7/f1p0/1275,TO1_ch11303 cl/f2p@IHL_ch11303_c5/1p0/1326,TO1_ch11471_
C7/f1p0/1005,T01_cb11471_c5/f1p1/993,TO1_ch104281p/1275,TO1_cb10429_cO/f1p0/13
46,T01_cb11303_c8/f1p0/1171,TO1_ch11303_c3/fLpQME0 cb11303_c7/f1p0/1483,TO1_ch
13983_c4/f1p0/1172,TO1_ch17823_c0/f2p0/1175,TO104RQ_c10/f39p4/1251,TO1_ch10429_
C8/f1p0/1326,T01_cb10429_c10/f39p4/1251

3GT 31 TO1_ch5533_c47/f2p2/1365,TO1_ch15075_cO/f3p@IREL_cb15075_cA4/f1p0/1652,TO1_ch12322
cO/f5p1/1583,T01_ch8439_c27/f10p4/1748,TO1_ch1368@/f1p1/1059,TOL ch8439_c28/f13p
5/1745,TO1_ch5533_c41/f4p2/1497,TO1_ch5533_c132/1Hi8,T0OL_cb5533_c131/f1p1/1624,
TO1_cb15075_c3/f1p0/1959,TO1_ch9752_c49692/2pBIRNL_ch13952_c86/f13p1/1708,T01
_ch5533_c47/f2p2/1365,TO1_ch13259_cO/f7p0/1634,E09261_c4/f1p0/2049,TO1_cb5533_c
30/f12p3/1826,T01_cb15904_c1/f1p1/1724,T01_ch10Z58/f1p0/1076,TO1_ch5533_c170/flp
1/1734,TO1_ch8439_c24/f1p0/2273,TO1_ch16924 cOMII®, TO1_ch12322_c1/f2p0/1695,TO
1_cb13259_c2/f1p0/1644,T0L_cb13952_c85/f43p4/1 THIL,Eb5533 c125/f1p2/1772,T01_cb5
533_c165/f6p4/1820,T01_ch8439_c16/f1p0/1832,T0158B5c121/f1p2/1772,TO1_ch5533_cl
40/f8p0/1648,TO1_ch13952_c14/f4p1/1788,T01_cb132591p0/1689

An expression heatmap was constructed based oexjession of the identified DEGs of the
anthocyanin pathway (Fig. 9). Sixty-two unigeneaghing eight enzymes showed large changes
during flower development, including thirte€@HS nine CHI, six F3H, sevenF3'H, six F3'5H, six
DFR, oneANSand fourteel8GT genes.
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Fig. 9 Heatmap of the anthocyanin structural gequeession levels in the BD, BB, EB and FB stages.
The colour scale indicates a relative fold-changi¢h red indicates high expression and green low
expression.

Validation of gene expression related to anthocyanibiosynthesis

Among the sixty-two unigenes, six unigenes parétigy in the anthocyanin biosynthesis pathway
were always significantly upregulated in the fowages under ND conditions compared to the
expression levels under SD conditions. To confima &ccuracy and reproducibility of the lllumina
RNA-Seq results, quantitative real-time PCR (qRTRP@as employed (Wang et al., 2017; Li et al.,
2019). As shown in Fig. 10, the patterns of antho@y accumulation were consistent with the
expression patterns diY5-1, HY5-2 HY5-3 HY5-4 CHI1 and 3GT1 In contrast,F3H showed
opposite patterns with respect to anthocyanin actaton.
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Fig. 10 The expression levels and patternsigb-1(a, b),HY5-2(c, d),HY5-3 (e, f), HY5-4(g, h),
CHI1 (1, ), F3H (k, ) and3GT1(m, n) were confirmed by RNA-Seq technology and-fCR during
the BD stage, BB stage, EB stage and FB stag€.oforifolium ‘Jinbeidahong’. Each column
represents the mean of three independent measuenigmor bars represent the SD of the mean
values.

Discussion

In production, artificial SD treatment is often dst® promote early flowering ofhrysanthemum
However, we found that the flower colour of @orifolium ‘Jinbeidahong’ blossoms induced by
artificial short-day treatment was lighter thang@anduced by the ND photoperiod.

For the full-length transcriptome sequencing @frysanthemum morifoliunsv. ‘Jinbeidahong’,
approximately 60 GB of high-quality data were obeai, and 415,387 FLNC reads with an average
length of 2786 bp were obtained. Finally, a totaB8,477 high-quality non-redundant FLNC reads
were obtained. Based on the COG, GO, KEGG, KOGnP&wiss-Prot, eggNOG and NR databases,
84,850 unigenes were predicted for a specific oregd function, corresponding approximately to all
of the unigenes. This number of unigenes was higen those found for Gnorifolium Ramat. cv
‘Chuju’, C. morifolium ‘Fenditan’, C. morifolium ‘Yuuka’ and C. lavandulifolium which were
analyzed by the identical transcriptome strategar{iVet al., 2014; Liu et al., 2015; Ren et al.,&01
Yue et al., 2018). For the DGE profiling of eaclowker sample, approximately 191.04 GB of
high-quality data were obtained, and the averag® @as greater than 90%. In this study, we
characterized the transcriptomes of the traditianétivar C.morifolium ‘Jinbeidahong’ using SMRT
transcript sequencing. Compared to experimentahyas$or transcript tags assembled from short
RNA-Seq reads, full-length transcripts can greatprove the accuracy of genome annotation and

transcriptome features (Dong et al., 2015). GSFI54 4equencing was used to read expressed



sequence tags (ESTs) of Morifolium ‘Jinbeidahong’. The average sequence lengths axettour
cDNA libraries were 358 bp, 585 bp, 457 bp and #p0 respectively. The 3,243,586 reads were
assembled after trimming and filtering processad,anly 39,221 contigs were finally obtained (Sasak
et al., 2017). lllumina paired-end sequencing tettgy was used to sequence transcriptomes of C.
morifolium ‘Jinbeidahong’. The 91,367 unigenes with an averlemgth of 739 bp were assembled
from 15.4 GB of reads (Liu et al., 2015). The semes obtained do not fully cover the entire strrectu

of each retroelement and transposon, includingitenepeat sequences and the protein-coding genes
needed for transposition. Furthermore, the trapsctags derived from RNA-Seq may exhibit
misassembly of the reads transcribed from highlyetitve regions or very similar members of
multigene families in polyploid plants &hrysanthemunthat often harbour a large number of nearly
identical homoeologous gene sets. The 76,428 radsravere retained as singletons and further
preprocessed into 41,368 clean reads for C. bqraatkthe 97,947 raw reads were preprocessed into
57,035 clean reads for @worifolium The average length was 480 bp by GSFLX 454 saipugiWwon

et al., 2017).

Our result is 2.5 times that for @orifolium, which is also a hexaploid species. SMRT sequencin
errors were random, so the subreads from the savi Hole could correct each other to obtain
circular consensus sequences (CCSs). The minimamraxy of the CCSs was 90%. On the other hand,
the FLNC reads were clustered and corrected torgen@on-redundant cluster consensus sequences
following the ICE correction algorithm. The minimuaccuracy of polished isoforms was 99%. This
can reduce gene integration.

Subsequently, DEG profiling was performed in thewiérs from the BD, BB, EB and FB stages
grown under ND and SD conditions. Due to lack @firysanthemungenomic information, the
RNA-Seq sequencing data were aligned against thgemoes assembled from our previous
transcriptome analyses. As mentioned above, DETe vaentified between the samples under ND
conditions and those under SD conditions. The coatp@ results revealed that most DEGs (2,987
upregulated and 3,821 downregulated) were presgheiEB stage. The over-presentation genes in the
KEGG pathways were associated with taurine and taypme metabolism in the BD stage, thiamine
metabolism in the BB stage, the photosynthesisnaiatén the EB stage and anthocyanin biosynthesis
in the FB stage between the samples under ND dondiand those under SD conditions. Undoubtedly,
the over-presentation genes might indicate thgimiicant regulatory function durinGhrysanthemum
development.

The anthocyanin biosynthetic pathwayGhrysanthemunnay petals has been determined (Ohmiya
et al., 2018). The steps catalysed@iyS CHI, F3H, F3'H, F3'5'H, DFR, ANSand3GT lead to the
production of different anthocyanin subgroups bydifyang the molecular skeleton and/or backbone
(Yue et al., 2018). In this study, twenty-th@ES seventeelCHI, twenty-five F3H, twenty-eight=3'H,
twenty-four F3'5'H, thirteen DFR, fifteen ANS and thirty-one3GT homologous unigenes were
identified (Table 3). The results of DEG profilirghow that 62 DEGs were predicted to be key
structural genes involved in anthocyanin biosyntheSix of them were significantly upregulated
during the four stages under ND conditions (Fig. Y@ suggest that a dramatic increase of trartscrip
encoding HY5-1, HY5-2 HY5-3 HY5-4 CHI1 and 3GT1 probable provide more anthocyanin



biosynthesis substrate, which is mainly responsibiehigher anthocyanin accumulation in flowers
under ND conditions than SD conditions. In oranigevéred gentian (Gentiana lutea L. var.
aurantiaca), the petals accumulated higher relégivels ofCHI at stage S3 than the lutea petals, while
3GT had higher relative levels at both stages (S3 &b (Berman et al., 2016). Silencing of the
endogenou€HI was highly effective in reducing the chi gene anthocyanin accumulation in floral
tissues of Petunia (Keykha et al., 2016).

Anthocyanin accumulation is light-dependent in mplsints.HY5 is the major regulator of light
signalling in plantsHY5 positively regulates anthocyanin biosynthesis tigvating the transcription
of the anthocyanin biosynthetic genes (Shin eRal0;7). In this study, the anthocyanin accumulatibn
C. morifolium‘Jinbeidahong’ blossoms in different stages induiog SD treatment were all lower than
those induced by ND treatment. In addition to tlamgcripts encodinglY5-1, HY5-2 HY5-3 HY5-4
CHI1 and 3GTY, in terms of transcript level$SmHY5 which binds the promoters &mCHSand
SmDFR was upregulated by light in eggplant (Jiang et aD16). In tomato, SIHY5 directly
recognized and bound to the G-box and ACGT-comgirdlement in the promoters of anthocyanin
biosynthesis genes (Liu et al., 2018). In pear, PpHtirectly bound to the promoters of the
anthocyanin biosynthesis gerfldgCHS PpDFR PpANSandPpMYB10(Tao et al., 2018). In particular,
HY5-3 and HY5-4 were two different variable splicing transcripts @ morifolium ‘Jinbeidahong’.
Alternate splicing is an important process to iasee genetic and functional diversity in an organism
(Treutlein et al., 2014). We propose that a shagpeiase in the variable splicing transcriptdHofs-4
might be foremost responsible for the higher anfhom accumulation of Gnorifolium ‘Jinbeidahong’
blossoms in different stages induced by SD treattiem those induced by ND treatment.

Temperature is crucial for the accumulation of antfanins. In this study, the anthocyanin contents
of the flowers from the EB and FB stages under Mbditions were much higher than those under SD
conditions. One of the reasons for this findinghat the temperature in the late stage of the ND
conditions was lower than that in the late stagehef SD conditions. Low temperature promoted
anthocyanin synthesis, and high temperature irgdbéccumulation of the same (Dar et al., 2019).
3GT1 was significantly upregulated in the EB and FBgetaunder ND conditions compared to the
expression level under SD conditions. The expressiothe ACCHIL gene in pink-red petals of A.
eriantha was markedly increased by low temperdiutedecreased by heat stress (Yang et al., 2017).
MdbHLH3 activatesMdDFR andMdUFGT expression in response to low temperature, whashlting
in anthocyanin accumulation in apples (Xie et 2012). Therefore, it is likely that overexpressafn
CHI1 and3GT1of C. morifolium ‘Jinbeidahong’ could increase the anthocyanin eottMoreover, to
advance florescence and keep petal colour unchattgegenetic transformation method that employs
an Agrobacterium-mediated overexpressionCofll and 3GT1 should be used iChrysanthemum
production.

Furthermore, we observed that anthocyanin biosgighis also regulated at the epigenetic level in
plants. In the present study, DNA methyltransfesasere significantly upregulated in the four stages
under ND conditions compared to expression levetieu SD conditions. In our previous study, it was
found that DNA methylation in the SD treatment gravas significantly lower than that in the control
group (Li et al., 2016). The DNA methyltransferaisibitor 5-aza-2-deoxycytidine (5-aza-dC)



increased the anthocyanin content in bagged fidita et al., 2018). H3K9 methylation, H3K27
methylation, and DNA methylation are generally thou to be indicators of condensed
heterochromatin (He et al., 2014). The histone H8kfhethylase gen&VJ25IMJ25directly affects
MYB182 expression by altering the histone methglatstatus of its chromatin and causing DNA
methylation, resulting in repression of anthocyaagstumulation (Fan et al., 2018 NS and F3H
exhibited upregulated expression in apple mutaanid, differences were observed in the methylation
patterns of their promoters (Jiang et al., 2019).

To sum up, the single-molecule real-time sequen@nd RNA-Seq analysis of Gnorifolium
‘Jinbeidahong’ under ND and SD conditions reveatledt the anthocyanin biosynthesis is tightly
regulated by the photoperiod. TH&5-1, HY5-2 HY5-3 HY5-4 CHI1 and3GT1genes are significant
in anthocyanin biosynthesis accumulation, whichl@¢qrovide a basis for molecular breeding. With
this perspective, we are currently generatidy5-1, HY5-2 HY5-3 HY5-4 CHI1 and 3GT1
overexpression and knock-out mutant lines Gifrysanthemumo examine gene expression and
function. It is likely that the use of transgenieéding to overexpreddY5-1, HY5-2 HY5-3 HY5-4
CHI1 and3GT1in Chrysanthemuroould improve the flower colour induced by ariicSD treatment
in production.

Conclusions
The single-molecule real-time sequencing and RN&-Spalysis of Cmorifolium ‘Jinbeidahong’
under ND and SD conditions revealed that the andngia biosynthesis is tightly regulated by the
photoperiod. ThedY5-1, HY5-2 HY5-3 HY5-4 CHI1 and3GT1genes are significant in anthocyanin
biosynthesis accumulation, which could provide aiddor molecular breeding. The high-quality
sequencing data provide valuable reference gemdslfow-up studies oChrysanthemum
Methods
Plant material
C. morifolium ‘Jinbeidahong’ is a Chinese traditional flower,daplants were preserved in our
laboratory, Henan University, Plant Germplasm Resegsliand Genetic Engineering, for eleven years.
Plants were grown under ND conditions in an expernital field of Henan University at Kaifeng,
Henan Province, People’'s Republic of China (N34°B214°30). The cultivar has floral competence
at the 10-leaf stage and a limited inductive phetau of 43 days under SD conditions. Leaf, pefiole
stem, bud, flower, and root samples were colleftech C. morifolium ‘Jinbeidahong’ plants once a
week until the complete flower appeared. The samplere subsequently rapidly frozen in liquid
nitrogen and kept at -80 °C for RNA extraction g@iginent measurement.
RNA extraction and anthocyanin quantification
Total RNA samples were isolated from leaf, peticdeem, bud, flower, and root samples using a
commercial kit (Takara Biotechnology, Dalian, Chinghe integrity of the RNA was determined with
an Agilent 2100 Bioanalyzer (Agilent TechnologiBslo Alto, California). Only the total RNA samples
with RIN values> 8 were used for constructing the cDNA librariehwRacBio sequencing.

Flower petals were collected from budding (BD), lwdaking (BB), early blooming (EB) and full
blooming (FB), four sequential developmental stafage to the requirements of biological replicates,

the flowers petals from different three plants weagnpled. Total RNA samples were isolated from



flower samples using a commercial kit (Takara Bibtelogy, Dalian, China). The integrity of the
RNA was determined with an Agilent 2100 Bioanalyg&gilent Technologies, Palo Alto, California).
The total RNA samples were used for RNA-Seq quiaatibn analysis. The anthocyanin content was
qguantified using the method of Fuleki (1988).

PacBio single-molecule real-time sequencing, altestive splicing, IncRNA analysis, and
functional annotation

Total RNA about Jug was reverse transcribed into cDNA using the SM&RFCR cDNA Synthesis
Kit, which has been optimized for preparing highalify, full-length cDNAs (Takara Biotechnology,
Dalian, China), followed by size fractionation (1k22-3 k and 3-6 k) using the BluePippin™ Size
Selection System (Sage Science, Beverly, MA). EBlRT bell library was constructed using 1.5 ug
of size-selected cDNA with the Pacific BioscienE#$A Template Prep Kit 2.0. The binding of SMRT
bell templates to polymerases was conducted ugiagDNA/Polymerase Binding Kit P6 and v2
primers. Sequencing was carried out on the PaBifiscience RS Il platform using C4 reagents with
240 min movies.

Raw reads were processed into error-corrected @adsert (ROIs) using the Iso-seq pipeline with
minFullPass=0 and minPredictedAccuracy=0.75. Naxt;length, non-chimeric (FLNC) transcripts
were determined by searching for the polyA taihsigand the 5 and 3’ cDNA primers in ROIls. ICE
(Iterative Clustering for Error Correction) was dse obtain consensus isoforms, and FL consensus
sequences from ICE were polished using Quiver. Hdjighlity FL transcripts were classified with the
criterion of post-correction accuracy above 99%-%&q high-quality FL transcripts were used for
removing redundancy with cd-hit (identity > 0.99).

We used Iso-SeqTM data directly to run all-vs-alAST searches with high identity settings.
BLAST alignments that met all criteria were consateproducts of candidate AS events: there should
be two HSPs (High-scoring Segment Pairs) in thgnatient. Two HSPs have the same forward/reverse
direction, within the same alignment, and one segeeshould be continuous or have a small
"Overlap" size (smaller than 5 bp); the other segaeshould be distinct and show an "AS Gap", and
the continuous sequence should nearly completigy & the distinct sequence. The AS gap should be
larger than 100 bp and at least 100 bp away fren8i3' end.

Four computational approaches include CPC/CNCI/GPfam/ were combined to sort non-protein
coding RNA candidates from putative protein-codRigAs in the transcripts. Putative protein-coding
RNAs were filtered out using a minimum length axdre number threshold. Transcripts with lengths
more than 200 nt and have more than two exons wselected as INcRNA candidates and further
screened using CPC/CNCI/CPAT/Pfam that have theepdw distinguish the protein-coding genes
from the non-coding genes.

Functional annotation was performed by aligningRh&IC reads to selected databases and methods
as follows. The unigenes were aligned to the NR,GK@nd KO databases using NCBI-BLAST
2.2.29+ (Koonin et al., 2004; Deng et al., 20063s&J on the NR protein annotation results, Gene
Ontology (GO) enrichment analysis of the differatyi expressed genes (DEGs) was implemented by
the GOseq R package-based Wallenius non-centrariggometric distribution, which can adjust for
gene length bias in DEGs (Ashburner et al.,, 206@GG (Kanehisa et al., 2004) is a database



resource for understanding high-level functions atilities of the biological system, such as th#,ce
the organism and the ecosystem, from moleculat-lefermation, especially large-scale molecular
datasets generated by genome sequencing and oitfethioughput experimental technologies
(http://www.genome.jp/kegg/).

RNA-Seq and quantification of gene expression le\el

The expression levels of the unigenes in the edghtples were calculated by RNA-Seq quantification
analysis. Raw data (raw reads) of fastq format ieseprocessed through in-house Perl scriptshin
step, clean data (clean reads) were obtained bgvieg reads containing adaptors, reads containing
ploy-N and low-quality reads from raw data. At gane time, the Q20, Q30, GC content and sequence
duplication level of the clean data were calculatstidownstream analyses were based on clean data
with high quality. The transcriptomes of the saraplere used as a reference to screen the cleasm read
Only reads with a perfect match or one mismatchewarther analysed and annotated based on the
reference transcriptome. Tophat?2 tools were usedkio the reference genome.

Quantification of gene expression levels was edéhdy the fragments per kilobase of transcript
per million fragments mapped. For the samples Witiogical replicates, prior to differential gene
expression analysis, for each sequenced libraeyréhd counts were adjusted by the edgeR program
package through one scaling normalized factor.egffitial expression analysis of two samples was
performed using the EBSeq R package. The resUuiidig (false discovery rate) was adjusted using the
PPDE (posterior probability of being DE). The FDR 95 and |log2 (fold-change}] were set as the
threshold for significant differential expression.

Verification by gRT-PCR analysis

RNA was purified, and first-strand cDNA was syniked as described above (Dong et al., 2018). The
resulting cDNA samples were analysed by qRT-PCR 25 pl reaction volume containing 12,d
SYBR Premix Ex Taq Il (TaKaRa), which was performaa a LightCycler 480Il real-time PCR
detection system (Roche). For RT-PCR, the spegifimers were designed according to the gene
sequences of Anorifolium ‘Jinbeidahong’. The real-time PCR primers weréetisin Table 3. For

normalizing gene expression data, &win gene was included as a control (Fu et al., 2013).

Table 3 Primers used for Real time PCR

Gene name Forward primers (5't0 3") Reverse primers( 5'to 3')

HY5-1 AAAGGTTTTCGGCGTGTTTCGGCTC TGATTTGCACTGCGGTCTTCGTTCC

HY5-2 GTTGGTGCGAGGGAGTTGGTGATG TTGGTTTCCTTTTAGGCCGCGGAG

HY5-3 GGTGTTCAATAGAGGCTAAAGAAAGCGAGA CTTGGCTACATGATTTTGATGGAAGATAC
HY5-4 GGACGTATAGCTTTTCAAGCACTCTTCTCAAG CGACAAAAACAGGTAAAACATATAGCACCCAC
CHI GAATCCGTCTTCGTTCCACCGTCCTT CCACATCCCAACTATCTTTTCTGCCG

F3H TAGCCAGAGGTGGAGATAAAGGGGGT TAGCATCAAGAGCGGAGCCAGACAT

3GT CCACCTTTACTCCCCATCGGACCAT CCCTATAGCAGCCGCTTCCATCACC

Actin ACAACTGCTGAACGGGAAAT TCATAGACGGCTGGAAAAGG

List of abbreviations
SMRT: single-molecule real-time; CCSs: circular semsus sequences; FLNC: full-length

non-chimeric; kb: kilobase; GO: Gene Ontology; NRCBI non-redundant; KOG: euKaryotic



Orthologous Groups; KEGG: Kyoto Encyclopedia of éemand Genomes; ICE: iterative clustering

error; LTR: long terminal repeat.
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Highlights:

e The flower colour ofChrysanthemum blossoms induced by artificial short-day treatmesmats
lighter than those induced by the natural photaukri

e The clustered sequences were used for functionabtation (GO, NR, KEGG, and KOG),
identification and distribution analysis of sim@equence repeat loci, and prediction of coding
sequences, transposons and retrotransposons byerfgth transcriptome sequencing of
Chrysanthemum.

e Transcriptome analysis o€. morifolium ‘Jinbeidahong’ revealed that the biosynthesis of

anthocyanin is tightly regulated by the photoperiod
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