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Abstract

Lycoris radiata( L6 Her i t . ) Her b i s ernanentahherb inyChina,sarddits grosvih irhgthmis |
characterized as fAflowers and | eaves nol. radigadtlbtipgwee | n t hi
conducted asix developmental stages, specificall® (leafing out), RLE (rapid leaf extension), LMa (leaf maturity), LWi
(leaf withering), Dor (dormancy), and Flo (flowering), to identify the differentially expressed genes (DEGs). There were
6,157 DEGs in RLE vs.(@, 18,193 in LMa vs. RLE, 4,362 in LWi vs. LMa, 5,800 in Dor vs. LWi and 7,373 in Flo vs. Dor.

The KEGG pathway® hor mone si gnal transductiond and O6starch and s
6carbohydrate met ab oWweressigrificaatly enricbes byrupregslated BEG im hMaev$) RUENg
|l eaf development . KEGG pathways of Obploasnwytntdheasnd odammj mmoc

significantly enriched by upregulated DE@sLWi vs. LMa, Dor vs.LWi, and Flo vs. Dor, respectively, during floral
differentiation and flowering. Weighted gene coexpression network analysis (WGCNA) showed that genes encoding
ribosomal proteins were identified as hub genes in both the RLE and Flo stages, and geneg #8db&Da heat shock
protein and heat stress transcription Fact@adike were respectively identified as RLE and LWi stagecific hub genes.
Together, these analyses provide a valuable reference for studying the molecular mechanisdiata growth rhythm

from the aspects of temperature adaptability, sugar signal transduction, sugar metabolism, and circadian rhythm.

Key words: Differentially expressed genes (DEGElpral differentiation,Leaf development, KEGG pathwayGrowthrhythm

Introduction 2019). A high content of indolacetic acid (IAA) and a
low content of abscisic acid (ABA) and gibberellin (GA)

Lycoris radiatais widely distributed in southwest in bulbs was conducive to the morphological
China, Japan, and South Korea. It has rich naturadifferentiation of flower buds, while a relatively high
germplasm resources in China (Wang, 1990; Zke&traj,  content of GA was condugé to the morphogenesis and
2015). Ttke plant has large business prospects and markeprouting of flower organs of. radiata (Cai, 2012;
development potential due to its high medicinal andZhanget al, 2019a). On the other hand, the leaf growth,
ornamental value. In recent years, the market demand asgdaping, and flowering ol. radiata are affected by
planting area of.. radiata have increased rapidly. Unlike environmental temperature. High temperatures (>25°C)
most bulbous flowers, the growth rhythofi Lycorisis  are not coducive to leaf growth but are beneficial to
characterized by fi f 1 ower scapiagradd floleeire (Ceaitsal, 201.8h). meetingo
(Kawano, 2009). Its leaves sprout after flowering in As mentioned above, thghysiological mechanism of
autumn, grow vigorously in autumn and winter, andtheL. radiatagrowth rhythm has been fully studidaljt its
wither in summer. Following summetycoris enters the molecular mechanism remains unknowrAlthough
dormancy period, and then scaped éblossoms, thus transcriptone and metabolic analyses have been used to
ending a growth cycle (Yang, 2009). Understanding thestudy galantamine biosyntheg¢Rarket al, 2019) changes
physiological and molecular regulation mechanism of thisn hormone biosynthesis and carbohydrate metabolism in
unique growth rhythm may provide a theoretical basis fotycoris bulblet initiation (Xuet al, 2020a) they have not
studyingLycoriscultivation technology been used to study. radiata development and flowering.

Cai et al, (2019, 2020) dided the growth and In this study, RNAseq technology was used to analyse the
development of.. radiatainto 6 stages, including: leafing transcriptomes of the bulb tips at different developmental
out (LO) in October, rapid leaf extension(RLE) in  stages ofL. radiata The differentially expressed genes
November, leaf maturity (LMa) from December to (DEGs) with key roles and the modules of coexpressed
February, leaf withering (LWi) from March to May, genes expressed predominantly at specific stagek. of
dormancy (Doyfrom June to July and flowering (Flo) from radiata development were identified. This study provides
August to October. Furthermore, the changes in orgamsights into the molecular mechanisms underlying
biomass in different developmental periods were alsoadiatadevelopment and flowering.
studied. Bulbs are used as nutrient “"sources" in
reproductive and vegetative growth stages, while in thélaterials and Methods
later stage of leaf growth, they are used as storage materials.

The activities of superoxide dismutase (SOD) andPlant materials: Bulbs ofL. radiatawith a diameter of 3
peroxidase (POD) and the content of soluble sugar were 0.1 cm were planted outdoors in the Jiangxi
decreased in bulbs during the dormancy stage buk g l tur al Uni versity Fl

ricu oW
increased during the flowering stagéaf et al, 2018a, 115A83 a E) in the fall of 20
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derived from quaternary declay with a pH of 6.43. The 2005). For both GO and KEGG pathway enrichment, a Q
planting area is in a subtropical monsoon climate zonevalue<0.05 was used as the threshold of significant
The average minimum temperature occurs in Januargnrichment. Moreover, the R package WGCNA (weighted
which is 3.9 , and the a\geNe acgaxpreasiorx i naIwork analysis, e htigsi//grang
occurs in July, whi t.hadiates RoBEct.org/web/prekagesiVieENA4Ndey.html) was
were sampledn the morning (approximately 9 a.m.) of applied to perform the coexpression network analysis
October 9 (during the LO stage), October 27 (during théL-angfelder & Horvath, 2008).
RLE stage), December 30 (during the LMa stage), April
13 (during the LWi stage), June 28 (during the Dor stage),
and September 3 (during the Flo stage), iditig samples . - N .
from 45 plants each timelianget al, 2021). Then, all Sequencing data quality: After trimming and applying
the quality filter, the clean read number of the

bulbs were taken into the lab, washed with distilled water, . . . ;
and cut open to obtain bulb tips in a cold chamber at 4° ndividually sequenced libraries ranged from 39,366,080

The weather was stable within three days before and aft%r:,)zG (Table 1). The Phred quality score (Q scdre) is
the samphg date. The resulting bulb tips were )y ysed to evaluate the accuracy of a sequencing
immediately placed in liquid nitrogen and then stored in Blatform. In this study, the minimum percentage of bases
-80°C refrigerator for subsequent experimental analysisyjth Q scores greater than 2Q ( ©) addd30 Q ©O) 3 0
In the experiment, each sample was repeated three timggy the individually sequenced libras was 98.05% and
and each repetition contained 15 bulb tips. 94.03%, respectively. This showed that the yghlity
clean reads obtained can be used for subsequent analysis.

esults

RNA extraction and sequencing: Approximately 0.2 g
bulb tips were ground into powder in a mortar with liquid DEGs identification between the adjacent
nitrogen. Total RNA from three replicates was extractejevelopmental stages: Pairwise comparison at the
independently using Invitrogen's TRIzelagent (Carlsbad, adjacent developmental staged ofadiatawas conducted
CA, USA) in accordance with the instructions. Then, 1%o |dent|fy the genes Corre|ating with deve|opmeMth
agarose gel electrophoresis was used to monitor RNfwe development of leaves (from the LO stage to LMa), the
degradation and contamination. A NanoPhotometer&umber of DEGs identified between adjacent
spectrophotometer (IMPLEN, CA, USA) and an RNANanodevelopmental stages increased (Fig. 1). Most DEGs were
6000 Assay Kit for the AgilenBioanalyzer 2100 system dentified betwee LMa and RLE (18,193). Similarly, with
(Agilent Technologies, CA, USA) were used to assess thRaf senescence and flower bud development (from the
purity and integrity of the RNA. RNA samples were sent to Wi to Flo stages), the number of DEGs identified between
Applied Protein Technology Co., Ltd. (Shanghai, China)adjacent stages also increased (Fig. 1). For example, there
for sequencing. were 4,362 DEGs identified between LWi vs. aMout

) ) ) 7,373 DEGs identified between Flo vs. Dor.
Assembly and annotation: By removing lowqudity
reads and reads containing adapters and-Ndiom the GO enrichment analysis of the DEGsGO enrichment
raw data, higiquality clean reads were obtained for onalysis of DEGs was conducted and the DEGs identified
downstream analyses. Transcriptome assembly W38 gach comparison group were divided into three
completed based on the left.fq and rightfq by Trinity cateqories: biological processes (BP), cellular ponents

(Grabherr et al, 2_011). The longest anscript was C), and molecular functions (MF) (Table Zhe top 5
selected as the unigene of the gene. All transcripts anfloificantly enriched GO terms of upregulated and
unigenes were counted, and the subsequent b|0|nformat;3€

analysis was conducted on this basis. Furthermore, wpregu!ate_d DEGs in the biological process category
; ; -are listed in Figs. 2 and 3.
unigenes were annotated based on the following public

) For the three stages of leaf development (LO, RLE
databases: NCBI noadundant protein sequences (Nr), ' '
NCBI nonredundant nucleotide sequences (Nt), Cluster. nd LM3, the upregulated DEGs of LMa vs. RLE enriched

; e most GO terms at a Q value <0.05, followed by RLE vs.
oefer%rtg?][{%?é);;(gg;ups of proteins (KOG/COG), andLO (Table 2). There were 25 upregulated GO terms

mapped to biological processes in LMa vs. RLE, including

Differential expression analysis:DEG analysis between 0" €Sponse to sti mul medabolic ( 117)
adjacent developmental stages was conducted by tHef ©cesso (55), and oOresponse
DESeq R package (1.10.1) (Waeg al, 2010). The P (,Flg. 2). Some upregulated DEGs qulved in
values adjusted by Benjami®arl baophgy dif &d Bp eMegtedsb 0d p §r oPa cOrc ©
(Q value) (Benjamini& Hochberg, 1995) were used to Among these, the expression levels of genes annotated as
control the false discovemate (FDR). When the Q value 9lyceraldehyde3-phosphate deydrogenas@C  cytosolic

<0.05 and the absolute value Log2 (fold change, FC)>1(GAPC2), fructan 6@ructosyltransferase (66FT), and

the gene was called a differentially expressed genbetaamylase 8 (BAM8Jike protein were all increased
(Anders & Huber, 2012). more than 128old (log2FC >7) in LMa relative to RLE. In

The DEGs identified in the above steps wereaddition, there were 24 upregulated DEGs in LMa vs. RLE
analysed for GO enrichment in the Gene Ontology YGOinvolvedi n 6r esponse to abiotic s
database (Youngt al, 2010) and annotated in the KEGG encoding protein ESKIMO 1 (Log2FC= 6.65),

(Kyoto Encyclopedia of Genes and Genomesglyceraldehydes-phosphate  dehydrogenase = GAPAL,
http://www.genome.jp/kegg/) database to identify thechloroplastic isoform X1 (Log2FC= 6.38), and HSHiR@
pathway in which the DEGs were located (Mebal, chaperones superfamily protein (Log2FC=5.33) (Table 3).
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Table 1. Simmary of lllumina transcriptome sequencing.

Sample Raw reads Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC (%)
LO 1 46,949,372 46,789,430 6.5G 0.02 98.30 94.57 48.43
LO 2 50,530,454 50,311,898 6.95G 0.02 98.40 94.89 47.56
LO_3 47,557,842 47,328,360 6.58G 0.02 98.30 94.67 47.33
RLE_1 60,127,732 59,882,636 8.32G 0.02 98.42 94.94 48.07
RLE_2 46,255,014 46,092,948 6.4G 0.02 98.49 95.12 47.84
RLE_3 48,691,088 48,505,958 6.72G 0.02 98.40 94.92 47.95
LMa_1 47,133,982 46,979,722 6.52G 0.02 98.40 94.86 46.08
LMa_2 41,427,216 41,260,906 5.73G 0.02 98.29 94.61 46.09
LMa_3 46,770,282 46,604,204 6.44G 0.02 98.41 94.91 46.2
Lwi_1 43,229,864 43,087,526 5.98G 0.02 98.37 94.73 47.89
LWi_2 50,995,890 50,799,380 7.07G 0.02 98.42 94.89 47.6
LWi_3 47,326,832 46,609,110 6.45G 0.02 98.37 94.78 48.25
Dor_1 49,255,808 48,999,096 6.79G 0.03 98.05 94.03 47.64
Dor_2 45,690,260 45,474,530 6.32G 0.02 98.22 94.49 46.64
Dor_3 48,065,536 47,869,366 6.65G 0.02 98.32 94.67 47.13
Flo_1 39,517,852 39,366,080 5.47G 0.02 98.41 94.94 47.13
Flo 2 40,496,724 40,296,902 5.6G 0.02 98.12 94.22 47.69
Flo_3 42,316,850 42,125,508 5.85G 0.02 98.22 94.46 48.55

Q20 (%)and Q30 (%),percentage of bases with a Phropdility score (Q score) greater than 20 8Adrespectively. GG%), the
percentage of G and C bases in all clean reads. LO represents the stage of leafing out; RLE represents the stagef
extension; LMa represents the stage of leaf matubiyi represents the stage of leaf withering; Dor represents the st

dormancy; and Flo represents the stage of flowering
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Fig. 1.DEGs identified in the pairwise comparisondofadiatabulb tips LO represents the stage of leafing out; RLE represents the
stage of rapid leaf extension; LMa represents the stage of leaf maturity; LWi represents the stage of leaf witherings@us e
stage of dormancy; and Flo represents the stage of flowering

For the three stages of reproductive growth (LWi, Dor,enriched by upregulated DEGs were significantly involved
and Flo), there were more downregulated GO terms n 6organoni trogen compound
mapped to biological processes in the Dor vs. LWi groupmet abol i cd, and O0biosynthetic
but more upregulated GO terms mapped to biological ) .
processes irhe Flo vs. Dor group (Table 2). Specifically, KEGG enrichment analysis of the DEGs: KEGG
biological processes related to stress response wefiinotation was conducted to further investigate the
significantly enriched by upregulated DEGs (Fig. 2), an iological functions of the DEGs. Among the six pairwise
biological processes related to compound biosynthetic an:‘q?mparlsons, the DEGs in LMa vs. RLE enriched the

: N ; ost KEGG pathwaybothat Q value 0.05andp value

metabolic were significantly enriched bywnregulated

X S . i . 0.01, followed by Dor vs. LWi and LWis. LMa (Fig.
DEGs in Dor vs. LWi (Fig. 3). The main genes involved iN4). However, none of the KEGG pathways enriched by

the stress response and heat response are listed in Tableygcs in RLE vs. LO reached a significant level at a Q
Genes encoding heat shock protein 83 exhibited over 64ajue < 0.05 (Fig. 4A). Figs and Fig. 6 show the top 5
fold (Log2FC 6) increased expression in the Dor stagesignificantly enriched KEGG pathways of upregulated
relative to LWi.Furthermore, for Flo vs. Dor, the GO terms and downregulated DEGs inaapairwise comparison.
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Table 2. Number of significantly enriched GO terms (Q value<0.05) in the pairwise comparisonslgfcoris radiata.

PairWise Comparisons Number of up-regulated GO terms | Number of down-regulated GO terms Total
P BP | cC | MF BP | cC_ | MF

RLE vs. LO 8 4 7 141 80 41 281

LMa vs. RLE 25 5 20 68 34 21 173

LWivs. LMa 95 40 43 42 27 28 275

Dor vs. Lwi 19 2 31 374 119 200 745

Flo vs. Dor 289 110 105 12 1 16 533

LO represents the stage of leafing out; RLE represents the stage of rapid leaf extension; LMa represents the stageiritfy]¢
LWi represents the stage of leaf withering; Dor represents the stage of dormancy; Flo represents the stage of Blewezany
biological process, CC means cellular component, and MF means molecular function

GO term Upregulated DEGs
transmembrane transport A 39(0.04)
N-terminal peptidyl-serine acetylation - 2(1)
RLE vs. LO N-terminal peptidyl—glutamic acid acetylation - 2(1)
peptidyl-glutamic acid modification - 2(1)
peptidyl-serine acetylation 2(1)
response to stimulus - 117(0.06)
LMa vs. RLE response to stress - 68(0.09) -Log10(Qualue)
carbohydrate metabolic process 55(0.07) 60
protein folding 34(0.1) !
response to abiotic stimulus - 24(0.09) : ' 40
cellular amide metabolic process - 130(0.1)
LWi vs. LMa amide biosynthetic process - 127(0.1) 20
peptide metabolic process - 124(0.1)
translation - 122(0.1)
peptide biosynthetic process 122(0.1)
protein folding 29(0.09)
Dor vs. LWi response to stress - 37(0.05)
positive regulation of ATPase activity - 5(0.71)
regulation of ATPase activity 5(0.71)
response to heat - 8(0.27)
organonitrogen compound biosynthetic process - I 365(0.16)
Flo vs. Dor cellular amide metabolic process - I 242(0.18)
amide biosynthetic process - I 237(0.19)
translation 4 227(0.19)
peptide biosynthetic process-| I 227(0.19)
6 ZéO 560

Gene number

Fig. 2. Top 5 significantly enriched GO terms of the upreguldd&tizs in the biological process (BP) category in each pairwise
comparison. LO represents the stage of leafing out; RLE represents the stage of rapid leaf extension; LMa represents kbaf stag
maturity; LWi represents the stage of leaf withering; Bspresents the stage of dormancy; and Flo represents the stage of flowering.

WGCNA and gene network analysis:To further study Furthermore, we selected the top 60 genes by weight
the relationship between gene expression and thtom the WGCNA module and consttad the gene
development ol. radiata, we used WGCNA to divide network with Cytoscape software. In the gene network, hub
the identified genes into 19 modules, as shown on the lefienes were in the centre of the regulatory network, with the
side of Fig. 7, with each colour representing a modulemost connections and highest connectivity. In this paper we
The Dor stage was highly positively correlated withfound that hub genes annotated as hypothetical proteins
MElightgreen (r = 0.79) and negatively correlated with(Fig. 8A) in MElightgreen, pyruvate dehydrogenase E1
MEgrey60(r = -0.78), indicating that the gene expressioncomponent subunit betkke, and dihydrolipoamide

in the light green module was upregulated and that in thdehydrogenase precursor in MEgray60 (Fig. 8B), protein
grey 60 module was downregulated in the Dor stageALP1-like and 60S ribosomal protein LZBlike in
Similarly, the Flo stage was positively correlated withMepurple (Fig. 8C), ribosomal protein L31e in Meblack
Mepurple (r = 0.60), the RLE stage wassjpioely (Fig. 8D), 16.0 kDa heat shock protein in MEtan (Fig. 8E),
correlated with Meblack (r = 0.74) but negatively and heat stress transcription Facte2alike in MEred (Fig.
correlated with MEtan (r =0.73), and the LWi stage was 8F). Our results showed that these genes may be involved
positively correlated with MEred (r = 0.71) (Fig. 7). in the growth and developmentlafradiata.
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GO term

Downregulated DEGs
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RLE vs. LO

chromatin organization

nucleosome assembly

nucleosome organization

chromatin assembly

chromatin assembly or disassembly

LMa vs. RLE

cellular amide metabolic process
amide biosynthetic process
peptide metabolic process
peptide biosynthetic process
translation

LWivs. LMa

response to stimulus

electron transport chain

respiratory electron transport chain
oxidative phosphorylation

ATP synthesis coupled electron transport

Dor vs. LWi

organonitrogen compound biosynthetic process
small molecule metabolic process

drug metabolic process
biosynthetic process
carboxylic acid metabolic process

Flo vs. Dor

nucleic acid-templated transcription
RNA biosynthetic process

response to stress

inositol biosynthetic process

inositol metabolic process -

- I 236(0.1)
- I 219(0.11)
- 99(0.16)
- [ 352(0.08)
- I 148(0.12)

44(0.22)
30(0.52)
30(0.49)
30(0.48)
31(0.45)
209(0.16)
204(0.16)
198(0.16)
196(0.16)
195(0.16)
34(0.02)
8(0.08)
7(0.15)
6(0.14)
5(0.14)

29(0.03)
29(0.03)
22(0.03)
3(0.8)
3(0.43)

2%0 5(I)O
Gene number

-Log10(Qvalue)
30

B -1 20
10

Fig. 3. Top 5 significantly enriched GO terms of the downregulated DEGs in the biological process (BP) category in each pairwise
comparison. LO represents the stage of leafing out; RLE represents the stagéddEed extension; LMaepresents the stage of leaf
maturity; LWi represents the stage of leaf withering; Dor represents the stage of dormancy; and Flo represents tHevetaigeg of
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Fig. 4. Number of significantly enriched KEGG pathways at Q value <0.05 (A) avall® <0.01 (B). LO represents the stage of
leafing out; RLE represents the stage of rapid leaf extension; LMa represents the stage of leaf maturity; LWi reprstagesothe
leafwithering; Dor represents the stage of dormancy; and Flo represents the stage of flowering.
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Table 4. The main upregul ated DEGs involved in 0OrespahWie
. Response tatress
Gene id log2FC NR annotation

TRINITY_DN170905 c0_g1
TRINITY_DN172806_c6_g3
TRINITY_DN153753 c1_g1

6.72
6.43
6.40

hypothetical protein GOBAR_AA0660%jossypium barbadenise
DNA-directed RNA polymerases Il, IV and V subunit-8iRe isoform X2
[Asparagus officinalis

heat shock protein 8&jcurbita pepsubsppepqd

TRINITY_DN176968 c5 g1 6.37 PREDICTED: heat shock protein 88dpulus euphratida
TRINITY_DN165008 c1 gl 6.30 PREDICTED: heat shock protein 8BHeobroma cacdo

TRINITY_DN170075_c6_gl
TRINITY_DN161608 c1 g1l
TRINITY_DN168699_cO_g3
TRINITY_DN152331_c3 g2
TRINITY_DN152822 c0_g3

5.35
4.13
3.79
3.51
3.49

putative heat shock protein 90, parti@irfikgo bilobd

Thiazole biosynthetic enzym@#rasponia andersoqii

ubiquinol oxidase 2, mitochondrifike [Asparagus officinalils

PREDICTED: heat shock protein-&8e, partial [Gossypium hirsutun

PREDICTED: chaperone protein ClpB3, chloroplastic isoform X1 [Elaeis guineen:

Response to heat

TRINITY_DN165008_c1_g1
TRINITY_DN170075_c6_g1
TRINITY_DN143610_c4 g1
TRINITY_DN152331_c3_g2
TRINITY_DN152626_c6_g4
TRINITY_DN172462_c1_g2
TRINITY_DN172462_cl_g4
TRINITY_DN177200_c1_g2

3.49
2.79
2.67
2.34
211
2.06
1.36
1.13

PREDICTED: chaperone protein ClpB3, chloroplastic isoform Rlaéis guineensjs
PREDICTED: chaperone protein ClpB3, chloroplastic isoform Klagis guineensjs
dnaJ protein homolodPhalaenopsigquestri$

hypothetical protein B456_N00750G §ssypium raimondii

HSP20like chaperones superfamily prote#rfbidopsis thalianh

dnaJ protein homologdsparaguofficinalis]

PREDICTED: KH domaircontaining protein HEN4Hhoenix dactyliferh
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Fig. 5. Top 5 upregulated KEGG pathways in each pairwise comparison. LO represents the stage of leafing out; RLE represents the
stage of rapid leaf extension; LMa represents the stage of leaf maturity; LWi representsetio¢ Is@igwithering; Dor represents the
stage of dormancy; and Flo represents the stage of flowering.



