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Table 1 Primers used for RT-qPCR

J#H ID gene ID

1E [ 5|4 Forward primer

S If1 514 Reverse primer

Potri.007G 102400 ATTCCTGACATGGGCACTGA AGAAGTGATCCAGTCCCTGC
Potri.001G010700 TACCATGGGAAAGCTGCTGA AGGCCTTGGAGCAGATCTTT
Potri.009G045100 ACAATACCTGCCTCTCCACC GTGGTGCCGGCTTTTCTAAA
Potri.003G 152300 ATATCCACGAACCGACCTCC TATCGTTTTGACGCTCCTGC

Potri.004G 116500 CCCGTTATTGCAGCCTCATC AATGAATCCCAGAGCCAGCT
Potri.001G391900 GCCTGGCAGTTATACAAGGC AAGTGCTCCTCTCCGAAACA
Potri.006G 123200 TGGTGACCAAGGCCATATGT AGAATCGTGTGAACCCGGAT
Potri.019G 131500 AATGGAGAATGTGGGGAGGG TTCCCCTAGCAGTTCCAAGG
Potri.0056G232600 GTCAATCTACGTGCCGGAAC CCATTGCTGCCATGTCAAGT

Potri.007G045300 GGAGTGGACAAGTAGCCCTT TATCACCAGCAGAGCAACCA
Potri.0056G 172400 CTGCTGACAACTGGATCGAA TTTTAACCAGACCGCAAACC

Potri.002G 113600 GGATGAGTTTCATCGGGCTA CCCGCTTGTAGCAGGAGTAG
Potri.008G009500 AGGTTGTAGGAAGGGCTGGT GCCAACGTCTTCCCAACTAA
Potri.014G022800 AATTTGGGAGACACCTGTGC CAGCCATTCTGCAGTTCGTA

Potri.006G213100 TCCTCTCTGGAGTGCCAAGT ATATCCCTTGCCTCACATGC

Potri.001G327000 CGACCAAGATGGGAAGAAAA TTGCAGTGGAGGTCTGTGAG
Actin CCCATTGAGCACGGTATTGT TACGACCACTGGCATACAGG

125 Z2F ARz 5E5H #Hd
Blast2GO 4, * iy 22 & Kk T GO Thfigd:
RO, BT GO mEME LT, LI LR E]
Hi GO 4kH (term) JHifii, jdit P {A Bonferroni
IE (P <0.05) i X2 R 3Rk b i s 421
GO term, [F}, Z5GEY(EE S KEGG 3, 41
Mras Sk S WA pp2= DiRe"™ . [FFELL corrected
P < 0.05 mbrife, Fiiderr2s ikl g s
ffCHRRS . FIFH MapMan k4. Popgenie ¥4
J% ( https://popgenie.org/exnet) L) & Cytoscape
FEIF, ARSI AN R ZUE A 22 ik
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BAREZER (K1), MR M ERKE

JLP RS R B TR —1%, X UIAREIE

SRR AR AT SR, R, ZEPF
WEEEFKSER, BEAE R HEICE SR AR SV E R T I
AR % A B0 BT — 20 DRI 326 RO AR A B i
1) 0~4 cm FRISH AT 5 L 5%
22 HRANFHIESF

T FIREEFE SR, UAHEIES
AbBEAZ AR AR, EAT e 3l 2 S 4 Y A3
Bro MPEER BN, BB o35l 1545
57 001 409 FI1 57 517 359 &A% F4) (% 2),
B4 A SCEE I H B T 99.20% (£ 2), W
ASREBRAKS AP, RERS LU B R A A
BRI A543 591y 81.59% Fi 82.60%, 1B
B 55 AR R P e XAy, T LA TR &2
5387 o
23 FAREBESHEEEGT, BHIRAEZERRE
ERE S

AR EIE SR, LIS E AR
RXTHR, FERAS AT, e 2207 4>
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a, b: 25/ 0.5 mmol-L™" i A (NO3™) 5 0.5 mmol-L™ #4884 (NH,") A3 10 d JE R RmRE . c: MKEITT; d: MIRRIREERA R
BT, BARLSFEIEESEs (n=24) o8, WAREIESMBR PEITRR R 2508 & P<0.001,

a, b: Phenotypes of P. x canescens cultured under 0.5 mmol-L™" nitrate or 0.5 mmol-L™" ammonium for 10 days. c: Statistical analysis of root
length. d: Statistical analysis of the distance from lateral root start to root tip. Data are presented as means + SEs (n =24) , and the P value
from one-way ANOVA for the different nitrogen forms treatments is indicated: **: P< 0.001.

E1 AEERESLER, RGRERE

Fig.1 Morphological parameters of P. x canescens roots with different nitrogen forms
F 2 BHFREANENFHESIT
Table 2 Distribution of RNA-seq in different categories
LR AR EAE B - ALY ERSETE Q20% Q30% GCH=
Sample Raw data Valid data Valid ratio (reads) /% Mapped reads GC content/%
NO3z” 57407539 57001409 99.29 46521558 (81.59%) 99.51 95.89 45
NH,* 57945941 57517359 99.26 47517203 (82.60%) 99.44 95.95 45

2EFRIRHEH (p<0.05), MHILETHSRLHE, il
BREALIA 1414 DR BIRIL, 793 ANEHT
WA, A 32 MR REZERRIL (p<0.001), L
&l 2a, Hr, Potri.013G102100 3K 25 754k i
B3, log, (FC) N-6.56, ZIEHIFRN Il Al 4
1kl (peroxiredoxin type 2 ); Potri.004G138100
S E AR B3, log, (FC) ok 6.18, SR
AR W R TR, THREAR A [RI A, O 28
TINS5 EYAERKREEMENZERRBERN ., H
H, SRR — R, TE AR I
AR ZIE SIS 5 HAERK T LB 24585
FwHEAEH . B4, NFYA ( nuclear transcription
factor Y subunit alpha) GRF (  growth-
regulating factor) #1 ARF ( auxin response
factor ) L1, EATHREEE I EH S AR

iZ{R NRT ( nitrate transporters ) %2 ) 26311
ARIEIEA, WP R A K & B i fle,
F—2, PkBET 10 -2 RRINER, FIH RT-
qPCR i — I SE T 25 S T St (18l 2b ).
24 FRAEESHBEGT, RERREREKIE
EHEH GO ThEEXl &

itk T S RIRIEF N IIRE, K2R
IREER LR GO $dla AR S R, R IR
RILSL BT, 2207 PR RIEBILF N
SREB/ILBONTTIREd, WiEAEY =T’
( biological process, BP). 4ififi4H 4> ( cellular
component, CC) #l 4+ + I fig ( molecular
function, MF) (¥ 3)., &5 E7~, EY2Fdfk
FEAR PR SR L RS N A R . 7R
ML o2 rh, 25 AR DA i R iR 22 1 2K IK
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NO,;™-3 fREMEEALFEMN 3 MEYHEE . b: HLI 10 A BE 2 FFRIKIEN, FIH RT-qPCR 45 LI IEI P45 5L 0 v] Stk

a: Heatmap of significantly differentially expressed mRNAs under different nitrogen forms treatments. NH,"-1. NH,4*-2 and NH,*-3represent three

biological replications of ammonium treatment, NO;™1.,

NO;™-2 and NO3™-3 represent three biological replications of nitrate treatment. b: The

validation of 10 differentially expressed mRNAs in root tips of P. x canescens by qRT-PCR and sRNA-seq.

B2 AREESLEEHT, GRRAEZZEFREHER
Fig. 2 Significantly differentially expressed mRNAs in root tips of P. x canescens under
different nitrogen form treatments
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FEFRI, BSPRIA AR R AE ) R 2R A DG Sl
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7. BPO1: regulation of transcription, DNA-templated %% 5 {:; BP02: oxidation-reduction process & fLif il #2; BPO3: transcription, DNA-
templated ¥ 5% ; BPO04: protein phosphorylation & 121k ; BPO5: biological process 4214 #%; BP06: response to salt stress & it i
N ; BPO7: cell wall organization 4 il 8% 20 21 ; BPO08: translation #11%; BP09: response to cadmium ion #% & T Wi L. ; BP10: fatty acid
biosynthetic process fi IR 4= )& miid #2; BP11: multicellular organism development £ 4 Jifi 4 2114 7% ; BP12: defense response B[ i ;
BP13: response to light stimulus >t )i ; BP14: response to oxidative stress &1L )i i 2 Jii ; BP15: secondary metabolite biosynthetic
process A AE W& it ; BP16: microtubule-based movement % i23f; BP17: response to auxin 2k Z i) ; BP18: cell division
5245 BP19: transmembrane receptor protein tyrosine kinase signaling pathway 5 i 52 {4 % 11 % % FR 4 3 {5 = 38 1% ; BP20: flavonoid
biosynthetic process 25 # i/ ¥ & Wi #2; BP21: response to cold ¥ 1) ; BP22: embryo development ending in seed dormancy It & & 457
FFFRIR; BP23: carbohydrate metabolic process /K LA 44 tiid#; BP24: response to water deprivation /K i) ; BP25: response to
wounding 5 F Wi i ; CCO1: nucleus 4 i #%; CCO02: plasma membrane JfiJfi; CCO03: cytoplasm #iJfifi; CCO04: integral component of
membrane X523 A 4; CCO5: chloroplast M-4¢1A&; CCO06: cytosol 4ifiiii#fi; CCO7: extracellular region Jifd#MX; CCO8: mitochondrion £
#iffk; CC09: membrane fi¥; CC10: chloroplast stroma -4 {AZE ii ; CC11: plasmodesma ffi [i1] % 22 ; CC12: cell wall 4ii fiil 5 ; CC13:
cytosolic large ribosomal subunit Jifl i kA% ##HA I 5 ; CC14: chloroplast envelope H4¢{&#5iE; CC15: Golgi apparatus i5/K3E(k; MFO1:. ATP
binding ATP 454; MF02: protein binding & 1454 ; MF03: transcription factor activity, sequence-specific DNA binding 45X 7%, 54
5% DNA 254 ; MF04: DNA binding DNA 454; MF05: metal ion binding 4JR %1454 ; MF06: protein serine/threonine kinase activity 7 122
SR 195 & R B % ME s MFO7.  structural constituent of ribosome 4% #if 14 45 ¥4 41 A48 4> ; MFO08: kinase activity 4 /i 1% 75 ; MFO09:
molecular_function 7+F31fiE; MF10: sequence-specific DNA binding 33455 DNA 454

B3 AREAESLEZFHT, KGRRESRIEZERR GO IEERKTR

Fig. 3 Gene Ontology classification annotation of differentially expressed genes in root tips of
P. x canescens under different nitrogen form treatments

FEP~%0 Number of genes

IIIIIII..'.IIIIIIIIIIIII
O~
85
mom

3 ik SAK AT T AT
SRR K A K e R T FEATRIGALLI 10 d 5, Leid fil LY

Fr—, REAR. BR. MEESEEYRGe 00, KET 2207 PRESFRIKIEN. ST,
A P R R R ok Potr.013G 102100 KPR G — A 11 AL it AL Wy Al

RSN . 8 B MR TE R . % ( peroxiredoxin type 2 ), H TG EE N EE,
FOKMBR LIS R AR, Aty AOADISERUL, AL AR i o ke
/\Ei‘%%l&?ﬁ]ﬁﬁm'z‘”o T - 5 A ) U 2 T i F—ZSAE LAY 22 ARt A LI ( 2-Cysteine

SRR A AT S L S kbt s . Peroxiredoxin ), HAE X T AL fiE Iy A A T
TR RAR I KA % 7 ﬁfm AifgereR  TRIEEEEEAT. AAPREN, 2-FitEm

o

[FAUEASALEE 10 d J5, XMt mge o, ST g T LS SR AL e b A R 38 Ji

,g AA L}ETE’J}_*@&{“}L%’AE@I AU LT (nitrite reductase ) FI4+ 22 & Bl ( glutamate

—fi . KIS NEAGIRZ T (P. simonii x  synthase ) AHEAEM], MIisZmES SR, Potri.
P mgra) WHRES, BT THAAREY — 004G138100 H:H LA %, (HixIEFIGE
MRASEAF RIEAS N A, BRI SR oRJ, RN AT RES SRR I AN [R) BB A 14

MFHA, MARRIESLHEZNT, BMRIZE W, WIBEEERRRA KR AR, Fr, 724



, G5 AFREIESA I TR IE S b S B RE S A

51

i % = AR GT 1T Statistics of pathway enrichment
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Fig. 4 KEGG pathway analysis of significantly differentially expressed target genes
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101000) Tk, FAHEEmM ERMK, 1
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5mM AR AT LI HE ARF6/8 123k K, {2k
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R th PcARF8/16 ( Potri.004G078200 F1 Potri.
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Table 3 Differentially expressed genes related to nitrogen metabolism

JEH 47 Gene name 247 Regulation ifEVER: Description log, (fc) p value
Potri.005G 172400 up nitrate reductase family protein 4.18 0.0049
Potri.002G088600 up nitrate reductase family protein 3.84 0.0037
Potri.004G 140800 up Ferredoxin--nitrite reductase family protein 3.03 0.0117
Potri.008G200100 up glutamine synthetase family protein 1.78 0.0174
Potri.012G043900 up glutamine synthetase family protein 1.02 0.0153
Potri.015G111000 down glutamate dehydrogenase [NAD(P)+] -1.82 0.0194
Potri.012G113500 down glutamate dehydrogenase [NAD(P)+] -2.68 0.0036
Potri.002G146100 down nitroreductase family protein -1.47 0.0469
Potri.014G 143300 up aspartate aminotransferase 1.1 0.0335
Potri.001G 162800 down alanine aminotransferas family protein -1.34 0.0344
Potri.002G106200 up argininosuccinatelyase 1.03 0.0231
Potri.006G123200 up S-adenosylmethionine synthetase family protein 1.78 0.0000
Potri 014G 114700 up S-adgnosylmethionine synthetase 1 family 160 0.0011

protein
Potri.004G 190900 up methionine synthase 1.18 0.0031
Potri.0056G213100 up selenocysteine methyltransferase family protein 1.43 0.0222
Potri.010G083600 down ;c(;)rtr;?r(]:ysteine S-methyltransferase 3 family 157 0.0370
Potri.013G099500 up aspartate kinase family protein 1.38 0.0252
Potri.002G113600 down branched-chain-amino-acid transaminase -1.71 0.0218
Potri.014G022800 up D-3-phosphoglycerate dehydrogenase 1.38 0.0163
Potri.008G009500 up phosphoglycerate dehydrogenase 1.30 0.0033
Potri. T069600 up hypothetical protein 1.89 0.0311
Potri.019G038900 up hypothetical protein 1.41 0.0111
Potri.0056G048200 up O-acetylserine(thiol)lyase family protein 1.13 0.0020
Potri.011G004700 up prephenate dehydratase family protein 1.57 0.0172
Potri.013G066500 up C2 domain-containing protein 1.02 0.0190
Potri.001G348600 down L-aspartate oxidase -1.07 0.0390
Potri.017G123300 up methionyl-tRNAformyltransferase 1.52 0.0405
Potri.003G187100 down methionine gamma-lyase -1.52 0.0001
Potri.001G005400 up protein lysine decarboxylase-like protein 1.43 0.0494
Potri.009G010800 down protein carboxy-lyase -1.25 0.0282
Potri.019G018500 down L-allo-threonine aldolase-related family protein -2.50 0.0386
Potri.001G374100 down homogentisate 1,2-dioxygenase -1.10 0.0203
Potri.002G057700 up enoyl-CoA hydratase/isomerase family protein 1.73 0.0103
Potri.001G327000 down NA -1.12 0.0044
Potri.014G 179400 down nitrate transmembrane transporter 1.5 -1.69 0.0462
Potri.003G088800 down nitrate transmembrane transporter 1.5 -3.71 0.0094
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Potri. 002G113600 Potri. 008G009500 Potri. 006G 123200 Potri. 0056213100
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| O O O
Potri. 001G374100
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Fig. 5 The interaction network of differentially expressed genes in root tips of
P. x canescens under different nitrogen forms treatments

Potri. 014G022800
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Fig. 6 Validation of significantly differentially
expressed genes under different nitrogen forms
treatments by sRNA-seq and RT-qPCR
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Characterization of Differentially Expressed Genes in Root Tips
of Poplar Under Different Nitrogen Forms

ZHOU Jing, LI Zhuo-rong, WU Jiang-ting

(State Key Laboratory of Tree Genetics and Breeding, Key Laboratory of Silviculture of the National Forestry and Grassland
Administration, Research Institute of Forestry, Chinese Academy of Forestry, Beijing, 100091, China )

Abstract: [Objective] To understand the molecular regulation mechanism of Populus x canescens root tips
in response to different nitrogen forms. [Method] High-throughput transcriptome sequencing technology
was used to screen and analyze the differentially expressed genes in poplar root tips under nitrate or am-
monium treatments. At the same time, the effects of differently expressed genes on the growth and devel-
opment process of poplar root tips were analyzed and described, which provides a scientific basis for the
subsequent development of new poplar germplasm with high nitrogen absorption and utilization. The root
tips of P. x canescens were treated with 0.5 mmol-L "nitrate (NO5") and 0.5 mmol-L™" ammonium (NH, *)
for 10 days, and transcriptome sequencing and bioinformatics analysis were performed on the root tips of
the plants. [Result] The root length under nitrate treatment was almost twice that under ammonium treat-
ment. 2207 differentially expressed genes were identified from the root tip transcriptome library of poplar
treated with two nitrogen forms. Fifty GO functional clusters and 20 KEGG pathways were obtained by
means of differential gene GO and KEGG functional clustering analysis, respectively. Furthermore, 36 dif-
ferentially expressed genes related to nitrogen metabolism pathway, biosynthesis of various amino acids
and metabolic process were screened by MapMan analysis. Analysis of the regulatory network of these dif-
ferential gene interactions showed that nitrate reductase (Potri.0056G172400) gene played an important
role in affecting root tip growth and development by responding to different nitrogen forms. [Conclusion]
Differentially expressed genes of poplar root tips under different nitrogen form treatments were obtained.
The functions of the differentially expressed genes were analyzed, which may help to understand the mo-
lecular mechanism of poplar root tip growth and development process by responding to different nitrogen
forms.

Keywords: nitrate; ammonium; poplar root tip; transcriptome; differentially expressed gene
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