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The differential expression of long non-coding RNAs and
their associated regulation networksin Drosophila melanogaster
subject to starvation stress
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Abstract [Objectives] To investigate changes in the expression of long non-coding RNA (IncRNA) and their associated
regulatory networks in D. melanogaster under starvation stress, and thereby reveal the roles of IncRNA in the starvation stress
response. [Methods] Abiotic stress-related RNA-Seq libraries of D. melanogaster were downloaded from the NCBI SRA
database and transcriptomes assembled from these data. LncRNAs were identified from the assembled transcriptomes. The
DEseq2 package was used to identify IncRNAs that were differentially expressed under starvation stress. Using the WGCNA
tool, we obtained co-expression modules related to starvation stress and constructed regulatory networks of IncRNAs and
protein coding genes. Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis were performed using clusterProfiler. [Results] A total of 3 612 IncRNAs were identified from the assembled
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transcriptome. After 4, 12, 16, and 24 h of starvation, 260, 28, 200 and 26 IncRNAs were up-regulated and 133, 28, 148, and
25 were down-regulated, respectively, relative to the control groups. These IncRNAs are thereafter referred to starvation-
related IncRNAs. Expression of starvation-related IncRNAs was correlated with 790, 2 950, 725 and 2 961 protein-coding
genes, respectively. GO and KEGG analysis showed that the enriched pathways changed with the duration of starvation.
Pathways associated with phagosome and lysosome production, sugar metabolism, longevity regulation, detection of chemical
stimulus, sensory perception of taste, cells signals related to proliferation and apoptosis, were sequentially enriched as the
duration of starvation increased. After 4, 12, 16, and 24 h of starvation, 66, 1, 23, and 3 hub IncRNAs were found (|gene
significance (GS)[>0.4, |module members (MM) [>0.8). These hub IncRNAs may have key regulatory roles in responding to
starvation stress. [Conclusion] LncRNAs play essential roles in the starvation stress response in D. melanogaster and the
mechanism regulating their expression is closely related to starvation treatment time. Under short-term starvation stress,
starvation-related IncRNAs are mainly involved in the regulation of autophagy and energy metabolism and ensuring energy

supply, however, under long-term starvation stress, starvation-related IncRNAs are mainly involved in foraging, cell
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proliferation, apoptosis and longevity regulation.

Key words Drosophila melanogaster; starvation stress; IncRNA; weighted gene co-expression network analysis
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Fig. 2 Thecharactersof INCRNAs
A. B IncRNA | I 2 i R 4 5 S A XTI 19 20 5740 H 5 B. LncRNA 25 F S 5L A A 0 i A B2
C. > IncRNA | F 2 i3 P X R A Al A8 B9 U040 H 5 D. LneRNA - 35 F 2 i P A e SR A B
##{% 0.001<P<0.01, ***{LFE P<0.001,
A. The exon number per transcript of IncRNA and protein coding genes; B. The exon length of IncRNA and

protein coding genes; C. The isoform counts per IncRNA and protein coding gene; D. The transcript length of
IncRNA and protein coding genes. ** stands for 0.001<<P<0.01, *** stands for P<0.001.
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Fig. 3 Volcano maps of differentially expressed IncRNA under starvation stress
A4 h PURIMNA T IncRNA 922573835 K N3 B. 12 h PUEIEE T IncRNA Y28 5 855 K 1 85
C. 16 h JLIR/IME T IncRNA 12528 K D. 24 h PLERIME T IncRNA 192257 3215 K
P ARV 57 O 22 57 385K 1 IncRNA $0H .
A. Volcano map of differentially expressed IncRNA under 4 h starvation stress; B. Volcano map of
differentially expressed IncRNA under 12 h starvation stress; C. Volcano map of differentially expressed

IncRNA under 16 h starvation stress; D. Volcano map of differentially expressed IncRNA under 24 h starvation
stress. The numbers marked in the figures are the numbers of differentially expressed IncRNAs.
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&1 LncRNA EFERNEEE PCRIIMFIER
Tablel Information of INCRNA primersused for g°PCR

ZESERIBNGI CIE/EA s 519781 (5037
Results predicted by DEseq2 Primer name Primer sequence
Tubulin-F TGTCGCGTGTGAAACACTTC
N2 HL K Reference gene
Tubulin-R AGCAGGCGTTTCCAATCTG
FBgn0264602-F CGAATGGGTGGGTTTTGCAG

A
Up-regulated

4 h YUk

FBgn0264602-R
FBgn0266974-F
FBgn0266974-R

TCTGGAGGCCGAGATACACA
CACCTGGGAAGCACAAGTGA
TGGGTTGCTGGGTGATTCAA

4 h starvation

L

Down-regulated

FBgn0259936-F
FBgn0259936-R
FBgn0045800-F
FBgn0045800-R

TGTTGCTAGCCTACGTGCTT
CAAGGGAGCCAAGTGTGGAA
CCACACGTGTCTCAAAGTAAGA
CTTAAGCAGACGGCCAGGAT

i
Up-regulated

12 h YLk

FBgn0052660-F
FBgn0052660-R
FBgn0266645-F
FBgn0266645-R

TCGAACAAACGGAGCTGTCA
GCAATCCGTGCCATTGGTTT
TTACCATGAAGTGCCCCTGAC
GACGACAAATGGCGGAGAAC

12 h starvation

T

Down-regulated

FBgn0267613-F
FBgn0267613-R
FBgn0264874-F
FBgn0264874-R

CAACCGCCTGGTAGGAAGAG
CATATCGGGGAGTGTCTGCC
CATCGACGCTGTGGGATTCT
TCCCGCACTTGATTTGTTGAC

i
Up-regulated

16 h Jlifk

MSTRG.2861-F
MSTRG.2861-R
FBgn0265074-F
FBgn0265074-R

GTCTGCCTCCTCCGATTTCC
AATTCGTCCGAAGTGCCGAT
TGAGACCAGGCGATTTGCAT
TTATTTTCGCAACCGCAGCC

16 h starvation

A

Down-regulated

FBgn0259993-F
FBgn0259993-R
FBgn0050055-F
FBgn0050055-R

AACCGTCTGTGAACAGCGTC
GTGACGTAGGCGACACTTGA
TTACCGGTGAGCCAAAATGC
TGGTCGGAACGAAGTTGAAGT

i
Up-regulated

24 h Yk

MSTRG.16731-F
MSTRG.16731-R
FBgn0266258-F
FBgn0266258-R

TCCCATGGCCCCCATAATTG
CCGATAGTCGTCGGAGTGTG
AGGGCGTATGAGTAATGCGG
TCACGTCACGTTTTGCGAAC

24 h starvation

T

Down-regulated

FBgn0267987-F
FBgn0267987-R
FBgn0051044-F
FBgn0051044-R

AGCATACCATTTTGCGGTGC
ACCTTGACGAGATTGCCGTT
GAACTTGGAACTGCAACGCC
GTTGGGTGCCCTGAATGTTG

%7 L MSTRG JT3k i B R a5 P 1 Bz iR %€ 58T IncRNA . 3R 3 [,
The genes whose numbers start with MSTRG are novel IncRNAs predicted by the pipeline shown in Fig. 1. The same as table 3.
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4 UBEAETEERIEERRIE INCRNA EEKR K EE PCR BIEER
Fig. 4 Thequantitative real-time PCR results of differentially expressed INcRNAs
in Drosophila melanogaster under starvation
Bl 22 5 B EVE MR A Student’s r-test K. (R 0.01<P<0.05, **{L3 0.001<P<0.01, ***{{3E P<0.001,
Gene expression is analyzed by Student’s #-test. * stands for 0.01<<P<0.05,
** gstands for 0.001<<P<0.01, *** stands for P<0.001.
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BRI 22 i (B 5: A,

DI RBOR T 0.6 Gk S5 LR M & A
KRR, KBRS 4 h ALk AL T g R A O PR A
ey 31k royalblue #Bk (R=0.74, P=6x10"")
1 pink #iHe (R=0.85, P=3x10"'"), M9l & T
1 N F1 86 MILEEAH I IncRNA JE[H; 5 12 h ¥l
TR B 5 B A DG IE PRI )y darkturquoise FEdR

(R=0.7, P=4x10"°) il blue itk (R=0.72, P=2x
10°%), ZF 35T 1A 5 MIUAR S IncRNA
HF; 5 16 h YUk AL S B AH O Ry
green ( R=0.78, P=5x10"%) #ile, & T 26 1
PURAH L IncRNA JE[H 5 5 24 h PURAL B & &
FHICIE BLHN turquoise FLH ( R=0.61, P=1x
107%), 8T 20 MIUEAT X IncRNA FEF (&
5: B, % 2), RS R3RHRA WEE
B S 50 N YU T B R

25 GO INfEFEHM KEGG BB EELH
LncRNA il # #OA MVEH T 5 HE A %Y
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Bl 5 WGCNA ERFRLERERKFIEE
Fig.5 WGCNA gene clustering and module feature map

A, BRI FEFRPIREIRZE, DU FIRBECRE I Rt BB FE SRR, KEHER
I RBNHMA TSR SE N 5 B, BEHRRESCIRAR AT o BEAT 00— R, AR5 0F i — AR, AR
DITAL SRR AR S P AR . (LLHERE P A 6 A S YUER MG = B A AR ),

A. Clustering dendrogram of genes, with dissimilarity based on topological overlap, together with assigned merged module
colors and the original module colors. Each module is represented by a color, and gray module includes genes that had not
been classified into a specific meaningful module. B. Module-trait associations. Each row corresponds to a module eigengene,
column to a trait. Each cell contains the corresponding correlation and P-value. The table is color-coded by correlation
according to the color legend. (The modules selected by red frame are highly related to starvation stress.)
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Table2 ThelncRNA in the six modules highly related to starvation stress
[REER R i R Bierf IncRNA % H PURAH S IncRNA 3 H *

Module Number of genes in module Number of IncRNA in module Number of starvation-related IncRNA
FE W Royalblue 91 31 1
#i i Pink 1162 239 86
WA L4R {0, Darkturquoise 77 51 1
W Blue 4375 666 5
k{0 Green 1509 431 26
a0 Turquoise 5213 1062 20

* GEAHMSIENEBEIERT 0.3 AYLUEASE IncRNA,

*: Starvation-related IncRNAs with a protein-coding gene weight greater than 0.3.

FHOCIY B 1 it 2 R R HRaT H AR Lk AR
K IncRNA ByZifig, ik 5UURAESC IncRNA H
AREMEEMNEARMGIERN (GEEERT
0.3), It GO YIReH BEF1 KEGG 38 % & 4T
LI R A T80T

MR LB, YURINE 4 h )5, SYLERAEE
IncRNA HA7 R M S 1 B 1 nfid 3 8 i 25
LB A LM AEERSEE, 25 7T WK%
5, ZRESE . PRBERRAZ TR, RS SRR
G . ATP & UG BT &5 5 A 2l 12
(P.adjust<0.05) (&l 6: A-B); YUHMHE 12 h
Ja, WA E R NEERRICE . BB
FAIETRIG IS M, S5 00 T
AT mukieit . ADP . NEARRZEMR . K55
B WA S5k 2 F i B2 (P.adjust < 0.05) (A
6: C, D); YUk 16 h 5, 355 EAER
. 23 - AN P4SO . OHE I 245 W
FRER I AH B A . KRR ISRRSEE, 257
SIS S S AR S, Tk
SIS | B HER E ESE A A ad # (Padjust
<0.05) (Kl 6: E, F); YUfkMnE 240 f5, W

A Anatomical structure maturation
Neuron maturation

Endosome transport via multivesicular
body sorting pathway

Multivesicular body sorting pathway
Neuron remodeling

BP

Endosome membrane
Cytoplasmic vesicle
Intracellular vesicle
ESCRT complex

C

part
Serine-type peptidase activity

Serine hydrolase activity

Serine-type endopeptidase activity
Endopeptidase activity

ATPase activity, coupled to
transmembrane movement of substances

IIII I"III (L]
MF

P. adjust
0.000 5

®)
0.0010
= 0.0015
010203040

HNEH Gene number

B ERTEEALEIR AL . SRR LBEACH . KA i%
&, A& Wnt, Hippo. FoxO, mTOR, MAPK
FlETEM, 25 THEES . KiES . #
s BT NAE . MR AR
i (Padjust < 0.05) (Kl 6: G, H), LLE%S
RFEM, YUKAHE IncRNA Tl fiE S 5 F g i i
R (5515 LU A MG 5 08 T A Wi A
FJEEEARRIE YL E T 2 A2, S50
FEAF R A A

2.6 Hub IncRNA i R HiAiEmM%

Hub IncRNA J&5 MR I B K 5 HAl L A
KR IR, S WGCNA 2% i ST
B, WA BRI TIRE ML IR on i, XA
FIE KRG 1FeE A R L IR
7 38 Ny JEE FR A9 AZ 0 (hub ) IncRNA, XFAS[A]
B R YUER 38 T SR R P 2 S YU MM a T R
PR YLURAE IncRNA JEA7I6 R, &3, UL
% 4 h J5,4 66 1 hub IncRNA 7£ royalblue f&1k
Fl pink BEHURESCHMER; DU 12 h 5, HA
1 /™ hub IncRNA 7E blue B &% 5 ,

P. adjust

0.002'5
0.005 0
® Fo00075

Lysosome [~
0.0100
0.0125

Endocytosis [- ®

0.096 0.099 0.102
7 5 b Gene ratio

0.093
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Cytoskeletal part [ Pyruvate metabolism - [ ] °
Dynein complex (I 0.001 Galactose metabolism - @ Count
Axoneme I . . e 15
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ene ratio
0 50 10 HH G
FEFHH Gene number F P. adjust
E Chitin metabolic process i— Drug metabolism-other enzymes (- 0.01
Aminoglycan metabolic process | L L .
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Amino sugar metabolic process NN . . -,
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Synapse organization - g ‘Wnt signaling pathway |- . :
Symaptc signting | SN P. adi e 0.02
Trans-synaptic signaling | NN . aajust mTOR signaling pathway - ) 003
—_— -54 _— X
Intogral component of plasma membrane | 1.8x 10722 MAPK signaling pathway-fly - [ ]
ininsic component of plasma mermbrane NN | 1.2x10 Phosphatidylinositol signaling system |- Y Count
Neuron m:jecﬁm‘ = O 2.3x107% FoxO signaling pathway | @ ® 20
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Synapse part NN 3.5x107% Hippo signaling pathway-fly | @ ® 25
Signaling receptor activity T 4.6x107%2  Longevity regulating pathway-multiple species | @ ® 30
Molecular transducer activity - Tnositol phosphate metabolism
Transmembrane signaing receptoractiviy | SN E prosp .., |93
G protein-coupled receptor activity I » o O
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B 6 #HRASYHEMERX INCRNA EEREZEXMENELHRBER GO 1 KEGC BEEANER
Fig. 6 GO and KEGG enrichment results of protein coding genesrelated to starvation-related IncRNA in the module

A. 59U 4 h 2 FE S BEAH DG royalblue, pink BiH 5PURASE IncRNA HAg FihAH MM E ARSI FE 1Y GO T
AETERELE SR, B. SR 4 h A3 5 AR C Y royalblue . pink FH iR S5YLRARE IncRNA H A R IR M09 HE A i i
FH B KEGG FAE45 R, C. 50U 12 h B EEAH L) darkturquoise . blue BB FP 5YLEAHIR IncRNA EA #1540
TR E GRS IE A GO THAETERZE R D. 5Lk 12 h A PEE AT XA darkturquoise . blue BBk 5L AH G
IncRNA HA FRISASMER A ST 19 KEGG AL B, 5L 16 h AT BEANSCAY green BLbR i 5 YLIRAR
K IncRNA HAFRIBAHCNERE A g 5L 19 GO TNREHEREER; F. 5YUEK 16 h AL PE BEAHSCH) green BEHR P 571
ARG IncRNA HAG FRIBACHE MR (I 4mid 2 M 1 KEGG & 42454 G S5YUHR 24 h AP = BEAR G turquoise Bk
T SYUHARC IncRNA EA R IXASCH: 19 8 1 i K 19 GO DRETEREZE IR s H. 5YLIR 24 hAb B BEAH DG turquoise
B SYUHRARSE IncRNA BAT FAAH N 19 8 1 0 2R N ) KEGG 5 464581
A. The GO function annotation result of protein coding genes related to starvation-related IncRNA in the royalblue and pink
modules that are highly related to 4 h starvation; B. The KEGG enrichment result of protein coding genes related to
starvation-related IncRNA in the royalblue and pink modules that are highly related to 4 h starvation; C. The GO function
annotation result of protein coding genes related to starvation-related IncRNA in the darkturquoise and blue modules that are
highly related to 12 h starvation; D. The KEGG enrichment result of protein coding genes related to starvation-related
IncRNA in the darkturquoise and blue modules that are highly related to 12 h starvation; E. The GO function annotation
result of protein coding genes related to starvation-related IncRNA in the green module that is highly related to 16 h
starvation; F. The KEGG enrichment result of protein coding genes related to starvation-related IncRNA in the green module
that is highly related to 16 h starvation; G. The GO function annotation result of protein coding genes related to

starvation-related IncRNA in the turquoise module that is highly related to 24 h starvation; H. The KEGG enrichment result
of protein coding genes related to starvation-related IncRNA in the turquoise module that is highly related to 24 h starvation.
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W1 hub IncRNA K 5 H HA R CPE
(38 I A BE R RIS EAE DG &R, FIHT Cytoscape
AR DU IE T S8 IncRNA S5 112 2414
FEM LS, BRI, BlE VU ST TH] A S,
hub IncRNA & 45 1% 5 DA X 28 1, % 2B T TR 20 i
2%, IncRNA TEYUERAN [ i 18] B Be vl BETEAS [A] 114
AW E R R ARG ER (K 7).,

3 itig

X e, S o s LR 8 2
e A i ) — AR T o Sl A X LR R
RE 2 Bk DL & i3k — 25 19 4E i BB (Rion and
Kawecki, 2007). KR ORI IE R TE
DU A T 2 BB AR S ) S RAT y, Bl IE

RIFIMS S IEERAR ML, W clock foxo Z5FRIEHIAE
(Kramer et al., 2008; Keene et al., 2010; Masek
et al., 2014; Slankster ef al., 2020), {HX} IncRNA
HIAH B T /D o AT FERE DL AR Bt 3 AH 5 ) 2
RMHFRY RS T IncRNA 45, @il %t 233
I P v RS SR AR A e B S AT T
SHVRINE T B IncRNA RFRIE KA1k J %
W REHEAT 1RO AT 347
ZRIRTRKI, 16 4. 12, 16 Fl 24 h
YU A T 4045 393.56.348 Fl 51 4> IncRNA
AH LR HRAH 022 5 K58 o 12 h DURIE 2540
1350122 555 IncRNA $H &, nlggemF
IZREAR S 2 AL B 1 e S 2 SO A/ I 38, WL
P30 Ak PEAH SCABE B 25 53 3K IncRNA 5 IAH G
(14928 1 G i R 43 B 2R B, FEAE R B T g 1
WE (/N 16 h) T, XA HE R 80 AT
FrEAA | A IE % D) N e s R AR DG Y A= 12
R FR . AR RO A VR AN,
H WSOy Z VUM 8 T S8 3R S RE Y

% 3 hubIncRNA &
Table3 hub IncRNA list

linSi] (i85
Srtess Module

*H

hub IncRNA
Number

5 {0 Royalblue

FBgn0267666 1

FBgn0052194, FBgn0058469, FBgn0085582, FBgn0262142, FBgn0262148,
FBgn0262722, FBgn0262898, FBgn0263019, FBgn0263049, FBgn0263617,
FBgn0263766, FBgn0264713, FBgn0264822, FBgn0264874, FBgn0264879,
FBgn0264947, FBgn0264982, FBgn0265074, FBgn0265075, FBgn0265254,
FBgn0265311, FBgn0265338, FBgn0265542, FBgn0265786, FBgn0265798,

Pk 4 h

4 h starvation ¥t Pink

FBgn0265810, FBgn0265843, FBgn0265961, FBgn0266041, FBgn0266143,
FBgn0266252, FBgn0266349, FBgn0266408, FBgn0266631, FBgn0266680,
FBgn0266735, FBgn0266740, FBgn0266307, FBgn0266829, FBgn0266880,

65

FBgn0266912, FBgn0266973, FBgn0267152, FBgn0267153, FBgn0267208,
FBgn0267459, FBgn0267581, FBgn0267587, FBgn0267591, FBgn0267621,
FBgn0267639, FBgn0267769, MSTRG.10802, MSTRG.16102, MSTRG.17004,

MSTRG.17007,

MSTRG.17463,

MSTRG.20261, MSTRG.20722,

MSTRG.21450, MSTRG.3993, MSTRG.4693, MSTRG.5900, MSTRG.5943,

MSTRG.6108

P 12h

W4 Blue
12 h starvation E

FBgn0267534

P& 16 h

16 h starvation

Zf4 Green

FBgn0259841, FBgn0259846, FBgn0259853, FBgn0263660, FBgn0266218,
FBgn0266275, FBgn0266681, FBgn0266929, FBgn0267321, FBgn0267445,
FBgn0267809, FBgn0267924, FBgn0286827, MSTRG.13138, MSTRG.20870,
MSTRG.21643, MSTRG.21959, MSTRG.2861, MSTRG.4622, MSTRG.5743,
MSTRG.6021, MSTRG.7078, MSTRG.7772

23

YLk 24 h

24 h starvation

W44 Turquoise FBgn0264724, FBgn0266963, MSTRG.17611
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Fig. 7 Diagram of hub IncRNA regulatory network

A. 5 4 h YUK PR & B AHOE Y royalblue, pink BB hub IncRNA JH#E M %% ; B. 5 12 h YUk 2 5 AH
FfP) blue FEELHF Y hub IncRNA FEFEMZE; C. 5 16 h YU H = ALY green B 117 hub IncRNA J8#5 B4 ;
D. 5 24 h YURALH & FEAH K AY turquoise BEER H1AY hub IncRNA JHFERI 2% . W45 AN AR — 36 A,
A/NRAERF-AEARBILE, —ADSHIEARE—A hub IncRNA, 151 K/NEICE TP ICRAKRE X,

AT RN PR I BT

A. The hub IncRNA regulatory network in the royalblue and pink modules that are highly related to 4 h starvation stress;
B. The hub IncRNA regulatory network in the blue module is highly related to 12 h starvation stress; C. The hub IncRNA
regulatory network in the green module that is highly related to 16 h starvation stress; D. The hub IncRNA regulatory
network in the turquoise module that is highly related to 24 h starvation stress. Each node in the network represents a
gene, a small dot represents a protein coding gene, and a hexagon represents a hub IncRNA. The size of the dot has no
specific meaning in the figure, and the color of the dot is the color of the module name.

JeE (Scott et al., 2004; Rabinowitz and White, FLEAARTE R F IR L AE S5 Fm K, Rt
2010 ). HEMZELLIE] IncRNA FIRES SEIRME A 3 m R A 3 S8 0 1 B AR e i B 9
fArES, SEeE RIS EmASC, MAEMXHE il s, EH IncRNA L_Lﬂ#:éﬂﬂﬂﬁii@&ﬁt
I EYLRNE (16 h Al 24 h) &, X AER T MRS, JFRIBERMEA &1 Mkl
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W, FEYVERI A T, SRR P YL AR 5C IncRNA
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AHFFEH ] IncRNA 58 1 gnfih BN 1) 3k
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( Mercer et al., 2009; Pelechano and Steinmetz,

2013; Engreitz et al., 2016; Joung et al., 2017 ),
IncRNA 7EZH I r 1% B A2 45 5 =Xk LI S 2
SRS T RN, 1A, 5 IncRNA FRikAH &
PEAN R 119 25, 1 G B R DL A ] R 4 BT 4
23| IncRNA BYIa4E , MABEFE SN 4 14 i
1E 77 AT i T BUR &5 B 0 PR 15 M 48 A7 —
R BRPE 5 e 22 SR A o B LA 4 T i AT
IncRNA TEYUR IS B i D BE

Zx LA, AR R T AEYUBRINE T G
HE/E IR hub IncRNA, £ IncRNA Al iS5
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