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Differential expression of miRNA and function of target genes
in heteromorphic leaves of Populus euphratica
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Abstract: [Objective] Heterophylly is the phenomenon that plants form multiple types of mature leaves on
the same plant to adapt to the environment. Populus euphratica is a typical woody heterophyllous plant, and
previous research found that there were differences between heteromorphic leaves of P. euphratica in
physiological characteristics and enironmental adaption. In this study, to reveal the molecular regulation of
morphological and physiological characteristics in heteromorphic leaves of P. euphratica, we analyzed the

differential expression of miRNAs and functions of target genes in heteromorphic leaves of P. euphratica.
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[Method] In this paper, using high-throughput sequencing, comparative study for miRNA expression
patterns and functions of target genes was conducted in lanceolate leaves and dentate broad-ovate leaves.
[Result] Total of 6 high-quality sSRNA libraries were obtained, and the valid sequence of each library
accounted for 56%—81% of the raw data. Total 517 known miRNAs and 127 predicted novel miRNAs were
identified, the length of which was mainly distributed in 20—22 nt. Besides, 389 of the identified miRNAs
were mapped to 54 known miRNA families, and there were 369 miRNAs detected in both two types of
leaves. Compared with lanceolate leaves, 7 miRNAs were up-regulated and in dentate broad-ovate leaves,
while 15 miRNAs were down-regulated. Based on the prediction of target genes and function annotation,
differentially expressed miRNAs were involved in stress-resistant pathways in Populus euphratica, such as
cellular response to salt stress, inositol phosphate metabolism, cutin, suberine and wax biosynthesis, base
excision repair, and RNA degradation pathways. Moreover, expression levels of 5 differentially expressed
miRNAs and their corresponding target genes were examined by quantitative real-time PCR, which could
confirm the expression profile of the sSRNA-sequencing and the negative regulation of miRNAs on their
target genes. [Conclusion] Our study reveales that the expression patterns of miRNA between the
heteromorphic leaves of P. euphratica are different. The miR167 and miR166 involved in growth and
development of plant and miR172 associated with stress resistance of plant are up-regulated in dentate
broad-ovate leaves. Besides, the miR169 and miR396 involved in stress resistance of plant are down-
regulated in dentate broad-ovate leaves in comparison to lanceolate leaves. We speculate that the differential
expression of miRNA may induce the morphological difference between heteromorphic leaves, and could
increase the resistance of dentate broad-ovate leaves to adverse environments, this is consistent with our
previous results of morphological and physiological characteristics in heteromorphic leaves of P. euphratica.

Key words: Populus euphratica; heteromorphic leaf; miRNA; high-throughput sequencing; differential
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Fig. 1 Two representative types of heteromorphic

leaves in P. euphratica
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by differentially expressed miRNAs; B, analysis of KEGG pathway enrichment of genes targeted by differentially expressed miRNAs.

Fl6 7 miRNA FEEEH Y GO f KEGG il & St 4 b
Fig. 6 Analysis of GO enrichment and KEGG pathway enrichment of genes targeted by differentially expressed miRNAs

2 H, ASHEFUN 5B 22 5 miRNA BLEE AT GO
EEEI T, WK 6A Fiuw, 2253 miRNA HUHEZE N 3
L B T 2 M xt E6 a8 () i B (cellular response to
salt stress), T fIig I JUL B Jit 5% 2 /F F (phosphatidy-
linositol dephosphorylation), mRNA BY ¥z {7 /& % $
(mRNA splice site selection)% GO 2k H . Nitk—2
] B 22 7% miRNA (SRR = 222 5 1 ARHH& A, X
S 22 5 miRNA $EEE R HEAT T KEGG 8 B% & %
YEor AT, K2 7 miRNA [ 8§ [F] 3= 22 22 5 RNA
k% fit (RNA degradation), B B2 1 B 1% #f (inositol
phosphate metabolism), Ffi il FA g A 11 A0 &
% (cutin, suberine and wax biosynthesis), fF& IR &

% (base excision repair) ST IE2 (K 6B), 1X
R YIHIR F B i) 72 57 miRNA AJ fg il i 4%
Z 5L R RSB DR () Rk R TR K B &

M 5

2.6 RHMEERIMENEREXHEER

I 2 5 miRNA RIEEEE R P 5 % 2K 5K
B B A G s 7 ROk B R R . ik 3
Fr7r, AR ORI TR A N AR IA R miR169 22 5% 3
AMZHERTT Y(XM_011048135.1.XM_011048134.1.
XM_011048132.1)F1 i I~ GATA #% 5% K ¥ (XM_
011024766.1. XM_011024764. D) K15 . N FIE
) miR396 fit % i % F-box & H (XM_011046985.1)

x3 EMEAFRMEmMNEEXHEER

Tab. 3 Target genes involved in plant development and environmental response

725 miRNA ZE ik IR E RS AR R D REVERE
Differentially expressed miRNA  Differential expression Accession No. of target gene Annotation of target gene
A XM_011048135.1, XM_011048134.1, R TY
tc-MIR169s-p3
pte- S-p. Down-regulated XM _011048132.1 Nuclear transcription factor Y
GATARE R T
XM _011024766.1, XM_011024764.1 GATA transcription factor
T F-box & 4
ptc-MIR396b-p3 Down-regulated XM_011046985.1 F-box protein
| XM_011030586.1, XM_011030585.1, bHLH%: 3% ¥

ptc-miR167¢ Up-regulated

XM_011030587.1, XM_011026286.1

bHLH transcription factor

XM_011027709.1, XM_011027715.1,
XM_011027701.1, XM_011023286.1,
XM_011023287.1

E312 RE MEHME3

Ubiquitin-protein ligase

pte-MIR1450-p5_1ss12CG TR

XM_011028646.1, XM_011028647.1

FRES T BT R S i

Down-regulated Cation/H(+)antiporter
XM _011033752.1, XM_011047107.1, ABCHi2HEH
XM_011047106.1 ABC transporter
PRTTEH
XM_011036267.1 Heat shock protein
T NACH: 3K 1

pte-MIR3627b-p3_2ss19TA20GA Down-regulated

XM_011044984.1

NAC transcription factor

gk

==A



8 = N AN

42 %

Mk . AN, miR167 HHEEE R 405 4 4> bHLH
S F(XM_011030586.1. XM _011030585.1. XM _
011030587.1. XM _011026286.1)F1 5 4~ E3 &z R&EH
2 ¥ (XM_011027709.1. XM_011027715.1. XM _
011027701.1. XM_011023286.1. XM_011023287.1).
miR1450 Z 5 i #% 2 ASBH & 7 i 7 S 17138 i 3 1
(XM _011028646.1. XM_011028647.1), 3 > ABC #%
iz % A (XM 011033752.1. XM _011047107.1. XM _
011047106.1) & #AK 7 2 1 (XM_011036267. 111 5%
15 . N R IE M miR3627 W] i 5 NAC ¥ & K 1
(XM_011044984. 11k, sma a2 mprisive. LA
B R D T SO ER AE R e N N R B
WA b R E AR, R R 2 R Rk
miRNA FE % 10 i e #2858 DR 3 428 52 ) S T/ it £0) A2
KRB IR S IR B e B R
27 2R mlRNAJSiEE%IiE < £ H) qRT-PCR
i

HNEGAE sSRNA-seq &5 I AT SEM:, FIH 2230 kg
SAEWFBI(FR 4), FF i S 5O E & PCR X}
TR T T 2 53 3205 miRNA K6 B #E J [K] 33E 1T 2%
LA . Wi 7A BTN, pte-miR167e. lus-miR172j

F4 EHEHE

L+IR-1. ptc-miR169q R+1 1ss14CT. ptc-miR160b-
3p. ptc-MIR6474-p3 1ss21GT 7 $ &1 -1 4 14 G
[ T W v (1 3% 3K o 35 15 v 0 P 25 SR (JE] 4D) A
ABL, 6B AR R 45 R LS FE R R o B Ak, SF B ) EE
BN 5 L E 2 3Rk miRNA £ F Rl Ao 2800
R RIS (- 7D, RILL 2 7 RKIE miRNA

A fe I A DGR R R ) R IA Sk 2 5 iR R
TR R H AR R

3 Wik &I

3.1 HEREM miRNA WERRERHLERMN
Inge

S T P AR ) i T 3 2R R U e A e R PR
T2 TR B R R I 52, AR A0 5 i B B 3 1 A B %
TR R E EEERM. AT Ry, 7%
TR 25 AN D BRARF P 1) 22 e 5 T P A AN [R) AR B 1)
T8 N )R SR04, I ke 22 S YR T g A 35 R B SR
KPR 2 7 3Rk « miRNA 178 N TEIES S RNA fig
% A 3% SR 7K1 0 AL ) 1) 22 R 3k AT T 48, i o 411
1] 45 e i s [ E’Ji% Ak HHEMI KK E TS
M 2231, AR S I sSRNA sl & 7, @57 T ARA

= PCR 5| ¥1E71

Tab. 4 Primer sequence for quantitative real-time PCR

miRNA/mRNA 751 Sequence (53"
miRNA AGCAGGGTCCGAGGTATTC
ptc-miR167¢ GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGATC
pte-miR167¢ CCGCGTGAAGCTGCCAGCAT

lus-miR172j_L+1R-1
lus-miR172j_L+1R-1
ptc-miR169q R+1 1ss14CT
ptc-miR169q R+1_1ss14CT
ptc-miR160b-3p
ptc-miR160b-3p

ptc-MIR6474-p3_1ss21GT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGGAAT
CCGCGTGCAGCATCATCAAG
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAGGC
CCAGGCTAGCCAAGGACGATTT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTATGCA
CCAGCGTG GCGTATGAGGAGC
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACTGTG

pte-MIR6474-p3_1ss21GT CCAGTCGACTATCTACGG
XM_011030586.1 GATTTAGTGGAAGTTTTGCC
XM_011030586.1 TAGCCTCTGTCATTTCATTG
XM_011027061.1 ATGACGACGAGCACCCAA
XM_011027061.1 CCATCTCAGACAATCCCTTT
XM_011048135.1 CTGTTCAGGGAGCCATTT
XM_011048135.1 CCATCATTCAACTCTTTCGT
XM_011032166.1 CCAGGCATTGTTTATCGG

XM_011032166.1
XM_011048960.1
XM_011048960.1

CCACAGTTGGGACATCAAGTATTA
AGTTAGTTTCAGAGGGTTGTG
CTTGTGGCAGCCATGTAG
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Fig. 7 Analysis of expression levels of the differentially expressed

miRNAs and their target genes in heteromorphic leaves of P. euphratica

S TV WAL A% PR B et T P R0 145 B 5] T2 1 SRNA
SCPECR 1), FREEE AR 517 4> 281 miRNACK 2),
43 ) J& T MIR166. MIR169 1. MIR167 1 %5 54 4~
miRNA Z % (18] 3b) . X 2845 R B9 57 0% it
T2 AFAE S AR SF miRNA, 7] EXT TR - TR 24 Al
A PR B L S
TEFEDRS A B0 8L (R 75 P, miRNA B8 38
LR R s ) B AE B T e . AREE SIS e
RG22 ANTEBER T A8 U 50 B ] i A 22 e Rk
miRNA. 35 2 57 miRNA 3E17 $E 3 K 700 K 40
FEK ) GO Al KEGG T RE 73, FAAR BLix Le s I
F 22 5 90 Mg 0k 25 W38 () Wi B Ccellular response
to salt stress), ff fg JJL B X ¥f (inositol phosphate
metabolism), £ Jii « BA JIg AT 1) 2 9 & A% Ceutin,
suberine and wax biosynthesis), T, & 1] Bk 12 & (base
excision repair) 55 1 47 13 15 e B ok B2 (& 60, & BT
¥y M 2 S 20k miRNA 38 i 1 28 5 20 555 33 o7 AH
KELFER [ RIE, WA BRI 7 Pl . X
B o M 45 IR 5 AT A R R i B 3 Y BE T —
Flo2e2s), R WUREAC 1 55 HE A v S5 J A0 SR % A5
SRS FEE VI RPN, KRR, ERKIE

miRNA 8 o 1 77 3 80 3E (K] 2 55 1) 42 i R UL B AR i
IEFE, 51D P TS R PRS0 I 1 ) 22 o SR B
JIAA R TR 98 K o3 B HEHAR R e
PRI s L K S PR & 2 AL R S
B R R . BATHIWE TR I, 2 7 miRNA
B DR TE A1 0 0O g R 10 A2 0 A AR T i 45
w2, HULEN I miRNA 2 5 RIA T Rg 25l
A 508 U7 B9 (20 % i 52 2 8 D D AL, DA TG s Ak
Tk J2 b A U O [ R 3 R AR G g S K
SBRHI IR . VIR EE FES 5B E 05
ST HEAIE ) DNA #0347, 4ERFE TR 5E T 8L
JR AR E P AR, 2 55 miRNA B R 7R
Bl 5E V) B 2 2 B AR AFAE B 5, R R 25 i %
DNA #44 E e JIAEAE 22 5, B v B 5 )2 72
5 oy 38 HH RE B B AT M 4E FF DNA AR 1. A
B BRI PU R, X e — e i 52 B,
AHIE 7T 25 57 30k miRNA [ #E5E [R 76 £ il 36 1 g
Ny A, HEDNEE U 99 [ R T i
EVERTREAEAEZ 52
32 R miRNA S5FEREHAEKEZERE
miva

i T miRNA 55 $EJE R 25 A X 2 A ™ 4% 11
A B AME, BT LAY miRNA B ThAg k. WF
TR I, — LR 5T A miRNA 76 A [F R 4 i A= K
ESEN S A AR R S S PN (i /(1
miRNA167 e S 5RBHEMES K E LR, E&
I57KAE miR167 REGSATREMRIE LI 3G KL BE A D,
AR I, SHE TR FH G, miR167 7685 U5 59 [
et rh EiE A, HEN miR167 Al fE3 5 T i
RIEM AR E LR, AL, G FRIRIE miR166
R B8 R4 I Fr AR 2 1, e 28 2 I R AR 0,
AT 25 SR LA P A RS B 7 miR166
FILTEAEZE S, £ miR166 AT REFEIA T #1450 i
WP 2 R 5 R B LR . DRk, FRATTHE I A7 B
BT i R 1 R [ i 2 2 R i RS (B D
Al RE 5 A kK B ) miR167 Al miR166 78 P A
e 22 R RIE A K.

BRI FE R B, N T & R JE AR 7K 43
T R B IREE, B AE UG O 5 AR A R3S i AL
AR PPR N B TR I, miR172 & — KR8
Wi . 7K 435 5 (AR 0 AR <7 miRNA, i 36 3k #0L 7 JF
miR 172 HE 15 1 55 % I DR AR AR T Sl K 2% 1 PR 52 12k
R AR K Z A g P b, K E miR172 B
Z 5K 577 R N2, 30 K S miR172 R
5 HAE AR O PT R MRS BRI, miR172 7E
Wy 4 v OR [ i b i 2R 0A (] 4D), R B miR172
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VR RIE W] R AR U OF [BE i B AR B R
fRIKEEJT. miR169 Z 5 HEYIN K 7375 I RE, 1
X K FKFEN B T A I, FEARAE 7K 23 PR 2%
E R miR169 230 R . JATHI S5 R KN,
A A B, miR169 7848 15 UR 5] J -l 308 &
N, K miR169 £ 4R U7 98 R RO 7K 735
AP REREEEH. M TAKTEE L, B
SR S B8R R K, R A AT O [ T I e T A v
T H T i R RO, K v R PR 52 R R
F AP, miR396 25 14 f) i 5 o 46 g 7
TEm AR, KR miR396b I T iR IA LA
JE X fe il PR AHIE 7T R I, miR396 £E 41 A7 B F]
TE R R A AR T B, v Re S8 7B
M S AN B ek JZ IR SR 9. 45 1, 2 7R 1K miRNA A]
BE A P TR R 1 O B T 2 IR A 22 S R
DAL, [ B, 2 8 o 2 265 it 2 300 ot 42 8 55 A [ )
TETENLE o 5 B ET T A LL, 5 15 B [ % I B8 47 1
I N R JE SR K T BRI R A S . X 53R
TRTEAA S EAR T R4S 5 AR BV IR T 9 25
FH—3K
33 ZR miRNA NEBEESSHGRERRRIT
£E

WM S 22 5 miRNA RS 4% & 2K 8 5t
T I EEINRESE R, 52 A B U K S R
B o ZEFRTY /&S5 182 0 Pk 53 8 (1) 51 2
T, AR BRI RN T Y Aeig 58
FERR AT AR AR e i 52 PR . 75 A7 Bt 9T
R, TR b RIE I RE T Y S 51k
Xof - 5 A me B2 AR S R, Al A IR e
NEFRILR) miR169 Z5ii{E 3 MEFRET Y (XM_
011048135.1. XM 011048134.1. XM 011048132.1)
RIE (R 3), RIPLILA M BA BT X P 5
EMIBET) . GATA 3 F T2 —KEF RN m
e R, MR FEAE R (Populus spp.) HHiE B H:
RERS AR B E ™. A5, B4 GATA
B 5 T (XM_011024766.1. XM_011024764.1)%%
F miR169 AT GE 3), e S 5 R EN &
PER B, A RS R G fe 718 %=
5o F-box 5 [ 2 50T 858 (0 B, 7 534 (1 B
FH R, F-box AEWE 2 Eh A0 FE ., i, T RE5HE S,
Hid Rk F-box REMEHE &1 A7 B 15 ME 1Y . ARHHF 7
RI, B U5 R A T2 R R IA 1 miR396 2 5 i
% F-box & [ (XM _011046985. 1)) &%k (£ 3), fE
il A 5% U7 R (R I F-box JE K A e s Rk &,
BET I A B A B B PU M . bHLH 3% 5%
B FEEP A K R E R R EEAEH, B

W IR W2 5 24U 7 A KORS B 48 R A
B REW, WG, EE T R, #4% bHLH
xR TZ 5REERSILR EAOEEERY &K
VR HT A5G T84 5 T8 i IR AT 58 R I A AN [] S
TE S SLAFE A S E A R AT AR 22 700 R F
4 > bHLH #% 3% X ¥ (XM_011030586.1. XM _0110
30585.1. XM _011030587.1. XM_011026286.1)1F ~
a5 A O 8 T v B SR I B miR167 FY A 5 K]
(% 3), %= 5HEAm R EH ALK E SOLE1E
R, 5 B R 5 8 22 S AL AE AL & RE T I 2%
Fto B3 2 3 HEREE AR P 15 5% s
BAEZEN, R aRIEHY B3 2 REQE
TG 1) 0 B 5 M R R R T 5 Mol A e Y e 017
A BIF 50 38 A R AN ) 1R 3 A% B A S5, IE
TP B3z REOEEES S HEEKRNTR
PEUS AR I, miR167 MUSEIE RS 5 AN E3 72
AR (XM_011027709.1. XM_011027
715.1.XM_011027701.1.XM_011023286.1.XM_0110
23287.1) (3% 3), RYIH AT GeiH g E3 &2 R R A&
T R 42 52 A AN 5] S T (R T R

— R RS ) 25 7 R 0A miRNA B2 51155
SR S BT RE IR, 2 A% A 7 R B
SULK C 5 7B = W S A T T N e k<5 i o E K-
TR 1) I8 Hi MK RS ) 35 - T A AT X B
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X 4 B 38 5 A ke i 56 2 1 B A RO ARt
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FETHEYXT AR AP B 52 1Y 5 R R
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