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W E. A —FELETLE, T4 F4 (cadmium, Cd) #9753, RFHEALERELA
PEYR., AAGAEABREE Cd FEELEEATHOERANF, AT HAHLARBARLE
(arbuscular mycorrhizal fungi, AMF)*t 2.7t % 4 (Photinifraseri frase) Cd R ILHAE R, KR
FIR ZFRIE IR T AT 4 53R EE  (Sieverdingia tortuosa) #2/& & -F% €% (Funneliformis
mosseae) J& 4t LAt A KA Cd RAL £+, FHAI A SR A A AN AR ST T A4
ot B Ak A R E KA K P AR B RAEMB R LM m. S REW, BHERTEEERE, 4t a
Ak, E. b Cd IREAWAT B 5 F3Em T 57.2%. 44.1%F= 71.1%, 44k Cd 42X 3] 182 pg/tk.
ArARSEALMEHA42+H (Kyoto encyclopedia of genes and genomes, KEGG) X418 % #4748 &
RO, R ERE EEYw T A E G B (mitogen-activated protein kinase, MAPK) 1z 5 i 34 .
HMMHFEAS T BERERARRARSZDOEDERFHXARGREL, RAEDHRL
MSATER, BAIEN A R E BT BATE 11 (Acidobacteria) #4948t F &, miEftEH-FE
EENE T LEF LT H I (Chloroflexi) % F @ # 11 (Patescibacteria) #9A48% F & . 4&4F
AMF E3REE B (Glomerales) ¥ /& % &3/, B3t eg 23% LA £ 70%0A £, AKX MR
BT, THREFEZXRT. o-RAT BRI BEE. FRHBAINT ERABEF AR REHRE
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AR EBRF@MANFEEIIZEMX. £RAY, BEOLTERFNENRRTRAEY T 4t s
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Arbuscular mycorrhizal fungi enhanced cadmium uptake in
Photinia frase through altering root transcriptomes and
root-associated microbial communities

LIU Chen, LIN Yicheng, GUO Bin, LI Ningyu, LI Hua, FU Qinglin

Institute of Environment, Resource, Soil and Fertilizer, Zhejiang Academy of Agricultural Sciences,
Hangzhou 310021, Zhejiang, China

Abstract: As a non-essential metal, cadmium (Cd) pollution poses severe threats to plant growth,
environment, and human health. Phytoextraction using nursery stocks prior to their transplantation is a
potential useful approach for bioremediation of Cd contaminated soil. A greenhouse pot experiment was
performed to investigate the growth, Cd accumulation, profiles of transcriptome as well as
root-associated microbiomes of Photinia frase in Cd-added soil, upon inoculation of two types of
arbuscular mycorrhizal fungi (AMF) Sieverdingia tortuosa and Funneliformis mosseae . Compared with
the control, inoculation of F. mosseae increased Cd concentrations in root, stem and leaf by 57.2%,
44.1% and 71.1%, respectively, contributing to a total Cd content of 182 pg/plant. KEGG pathway
analysis revealed that hundreds of genes involved in ‘Mitogen-activated protein kinase (MAPK)
signaling pathway’, ‘plant hormone signal transduction’, ‘biosynthesis of secondary metabolites’ and
‘glycolysis/gluconeogenesis’ were enriched upon inoculation of F. mosseae. The relative abundance
of Acidobacteria was increased upon inoculation of S. tortuosa, while Chloroflexi and Patescibacteria
were increased upon inoculation of F. mosseae, and the abundance of Glomerales increased from
23.0% to above 70%. Correlation analysis indicated that ethylene-responsive transcription factor,
alpha-aminoadipic semialdehyde synthase, isoamylase and agmatine deiminase related genes were
negatively associated with the relative abundance of Glomerales operational taxonomic units (OTUs)
upon inoculation of F. mosseae. In addition, plant cysteine oxidase, heat shock protein, cinnamoyl-CoA
reductase and abscisic acid receptor related genes were positively associated with the relative abundance
of Patescibacteria OTUs upon inoculation of F. mosseae. These finding suggested that AMF can
enhance P. frase Cd uptake by modulating plant gene expression and altering the structure of the soil
microbial community. This study provides a theoretical basis for better understanding the relationship
between root-associated microbiomes and root transcriptomes of P. frase, from which a cost-effective

and environment-friendly strategy for phytoextraction of Cd in Cd-polluted soil might be developed.

Keywords: arbuscular mycorrhizal fungus (AMF); Photinia frase; Cd; soil remediation; RNA-Seq
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o AR SRR IR, BRI R, k=
PERIHET , ARNE T 25 1Y R A S5 IR 1 5
+IHEFE SR (cadmium, Cd) 75494 H ™ &,
P L A B AR 2 ) g 22 S T 2 i
PMRER AL E R AR Az —, B EY R,
MEf PR . @R SR, R AR
Xt T4 85 B E R A R X T
SR IR OGRS =, R AT
M i AR AR - =, R T B R A
YJe LAk B ER R, FAA BR Bl A e

B

BARZ AR A Y R E S TR B RUE
Wy, (HIHE 48 0 REEE A AR B g
FH, MK M AR (arbuscular mycorrhizal
fungi, AMF) 7] L\'5 2 FiE P R i3t A= 14
F, REEYE SRR EEAY AR
i, — 7, AMF RIRIBCAE Cd 7E37 £k
WA, fEiE Cd 723 RN A e 41
i A EPUEALEE K AT Cd B SRR A
S EN AT X HALIR A R, SR
RPN, S — T TE, AMF 2R Cd 777
FRNE AL G . IS . Wl
VPR S AR, AR AT AR R R
SERYU FERRIR BT 3 R 4 2 T A A
Cd W, IR R R R 2 YA
TR IRRG, AR ST FERIAERR
[F) e 3 1) o 4 i U A TR [R) LR AR
WIEAHRE U, H L, ik AE R AMF {2k
ZEMA AR Cd AW, P LT PR R i, X
T CdBERAEEE L,

YT AMF MIZLMARETE Cd i3 R R
o T TE W M, A SCHE ST Cd BB 551 T
HeFPARR] AMF XF£0Mff Cd BRI 2L
B 56 e sk AP BOR BT AMF JR#40
Fifi i DR SRR K P B i 5 o ey R I e R

&: 010-64807509

W AMF X S AR W A v S5 4 B2 00 5 A AT
Tl A= Wy e v 45 ) S AL e SR ALK P ] A A LS
Z; PEMIE PSR 10 R LB AMF $2 @ 2004
il Cd MiPEPLE, WoNPER R, S
Y- e G 18 2 BOR S (I E SR I A

1 M5 %
L1 ik

Y A 7 Bk % 5% (Sieverdingia tortuosa,
NMO3A, 15116001BGCAMO01) FlEE PG 3|45 42 55
(Funneliformis mosseae, HK01, 1511C001BGCAMO0064)
FH b T R AR 2 BE AR ) 8 TR S R R
fit, P EEBFERRENT EMY . & 3 M
AR, R ARRNT R, R15
AR BE . WL MRS YAE N 5825 1)
AMF H |, Bra@Efh&a 15-20 MiF.
1.2 iRt

¥ 228 g CdC1,2.5H,0 % F 3 L 2818k h
SRIGIRT 5 kg +,1%+ Cd & &4 20 000 mg/kg,
W AT 2 mm G fEVE B4 BBkt 5T
T3 CHHLR: 11.81 g/kg; MA: 0.80 g/kg;
. 0.44 g/kg; i K 0.88 g/kg, it Cd:0.16 mg/kg,
pH: 6.52) #H11RA, BATHI M Cd
JZ7410.1 mg/kg. T-3F0f FIRT>R A 120 'C KR 2 he

SEIG AR AR 2 30 cm 1 2 4EAE LTI A
o ¥RLZE (HAZ 20 cm, & 15 cm) JEFFIEA
KA 14 2 kg, H EicE—A4>300 HEYJE ek
(EA& 20 cm). Je g FEIE A K -4 1 ke,
TS 5% ERE (W) IR A KBS A K
AM W F 50 g IR 3 AL, 51 B
G AMF @R (CK), R ek e
(T1) FEERNEEVG |8 R (T2). FEHLARYY, &
23k,

MR AREE, 788 RGN % i
F5, BEFRIRE K 2228 C. REFEWIA]E AR
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FEITRBEK . KigR ik 2019 4% 3 % 2019 4F
6 H, it 3 ANH . BFREHE, REMYH
ML ZE . AU MR -, R R T
skl ot , 8L TR A S TR
PR AR AE it D LAy R Cd 5 5

1.3 WiRRERMNE

BOFTEEARKE , YA 1 om AR B, FEALECH &
A3 RRAE FH 0 A 2R - R R AR R AR
R, IE AT T R A R AR R YR
14 HEYEYEMCAIENZE

A E : BERERAYIAE S TE 105 C
THULETE 30 min 5, T 70 CFHET 24 h, &
T,

TR Cd & it 4B - B RTR LT 5 1Y)
FESREEREIS , FREX 0.25 g, JILA 5 mL BRI
MR WIE S, FHIHBR B LK ER R
40 mL. R 20 Ha BRI & S 30
SETH MR Cd 54t
1.5 tREVEERAS
1.5.1 2 RNA RIEERS3¢RANFF

AR TE R A P AR A, FH Trizol 305
& (Invitrogen) $2HUE RNA, ARALPRIALEE 3 47
AWy A KRR B 3 1 RNA BRI A
ZeHE B IR ARV A PR A B2 s I S
FE, F# FH Ilumina HiSeq X-ten I &3¢ & YEA T
B SR AAT .

1.5.2 MF#IELHELRE K Unigenes TRETRE

X i) P s A T, BRI sk
LA AR BT (Q<20) WIPAE, $AqE et
A clean reads.fdi FH Trinity X4 (http://trinityrnaseq.
sf.net) B 115751 (clean reads) #EfT2H%%, IF
345 Unigenes J% . {#i F Blast # {4} Unigenes
JF AN 5 AN [V R AT LN, RIS RS .
B G AETUARE M E  (non-redundant
protein sequences, NR). & K A 1K i 548 &
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(Gene ontology, GO) . BL#RIEN 53N 4 B R4
45 (Kyoto encyclopedia of genes and genomes,
KEGG). H & [F]HE H rY D REH & IS RE 2
(Evolutionary genealogy of genes: Non-supervised
orthologous groups, eggNOG) 1% [ 5 7514
P& 2 (Swiss-prot protein database, Swiss-Prot),
HT Swiss-Prot FUHEERITERE R, IR S5
IR
153 ERREEESH

ff /| FPKM (Fragments per kilobase of

transcript per million mapped reads) i1 &
Unigenes &1k, FIH] Dseq2 4371 ik 25 5
ik FE[H (different gene expression, DGEs), fii
2 Al iR R PR (false discovery rate,
FDR)<0.05 H 2z 554 (fold change, FC)=2.
X B 1Y 0 22 5 BE R BEAT GO KEGG %
3T
1.5.4 qRT-PCR 3&iE

PR E RNA I M-MLV reverse transcriptase
£ (TaKaRa) W55 580 cDNA, HTJE%E
qRT-PCR JZJif . #%EH KEGG Uitk teh 55ia
B (&R BB . TCHLBEIREL S ia A |
BEEERD . WHED). PrERY (BRie
AR AR . CEIR AR E ) MK 6
Unigenes FINZ 18S rRNA J& [F 41 HI X & &
PCR ik, AWM A CDS J¥4IFl Primer
Premier 6 /iR (F 1), R
¥ AceQ® qPCR SYBR® Green Master
(Vazyme) 7. FeDIAEXTFIA R 2724 )y
Pt
1.6 TIEMEMEETE HiSeq N FF

AMF 18S rRNA B[R] AMV4.5NF
(5-AAGCTCGTAGTTGAATTTCG-3') #1 AMDGR
(5'-CCCAACTATCCCTATTAATCAT-3"), 4
16S rRNA FE[H V3-V4 XK H 341F (5'-CCTAY
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*1 BEXERYT B

Table 1 Primers used in this study

Gene ID Gene annotation

Forward primer (5'—3")

Reverse primer (5'—3")

TRINITY DN478409 c0 g2 YSL2
TRINITY DN506339 c4 gl SAP7
TRINITY DNS508455 c¢1 g6 PHTI16
TRINITY DN517613 ¢9 g2 FRO2
TRINITY DNS520459 c1 gl XPOlA
TRINITY DNS521203 c4 gl RD2I1A
TRINITY DN531601 c2 gl MSLI1
18S rRNA gene

CATAGGCGTGGCGAAGAAGA GGTGGTCTCTCGTCCGTTTT
AAGGGATTTTGGCCCGACAC CATCCACACCCTCATCCACAA
AGGATATGCGCGAGGAATGG CGTCGTTCCACTCATCCTCC
ATAACCAGCCGCGAAGTCTC CGAGCTGGTCTCTCGCTTTA
GTACGTTCTTGGCGTCTTTGG ACAAGGTTCCGCTTCCTGAT
TATGGACGGTTCTGCTTGGG
CACCGTCTCGGAACAACTCA ACAAAATGTGCCAAGCGACC
GTGAAACTGCGAATGGCTCA AATCATCAGAGCAACGGGCA

TATCCGTCCATCCCCCAACT

GGGRBGCASCAG-3") #1 806R (5'-GGACTAC
NNGGGTATCTAAT-3"),

PIGIRZR A 25 uL, {235 5 pL Buffer (5%).
2 uL dNTPs, 2 uL DNA Al . 1IE 519145 1 uL
(10 pmol/L). 0.25 pL =R IR A EF 8.75 pL
(8 K K o SO AR 92 98 °C 2 min; 98 °C
155, 55°C30s, 72 C 30, 25 ffi¥F, ik PCR
7 EiAb S B UR AR A PR R 2w R
[lumina MiSeq M 7 5 5E B 7 .

X AILE I B | AT B O A R
A E, BAARUFH. FH QUME #&
ff (Quantitative Insights Into Microbial Ecology,
v1.8.0, http://qiime.org/) F& 97%FH ¥ 4 A0l &
PEATEEVE 4> 25 90 (operational taxonomic unit,
OTU) VHFXI4), iGEMEATER 132K
() LA 4 % 2 7R FH Greengenes 304 /% , AMF
K S PE maarj AM $088 2
1.7 #iES

W% ZEL (translocation factor, TF')=
Cuwrmn/C o Curmpdntll B HE S E & i,
C w N FR A G e it

FrA 4R x+s Fono FIFH SPSS 22.0 48
THREXT 45 Rk AT B 2 2240, IR R
Tukey ¥ %0 [F] — K 3= T & 4k 1] 22 5 0
o ERH B =< (https:/www.omicshare.

&: 010-64807509

com/tools/) HITEEERIENGESE OTU 1Y
AR, IR hl AL

2 BEREAW

2.1 M AMF MM AE KR Cd WYk
B =2 Ml

LM AT S FA AMF JE 5 R4 A0 B
HA KR HIBREEREGRIEEN 35.3%,
JEVG L ERE RPN 44.3%, BE T
(£ 2)o SXTRUHLL, M AMF J5 X5 200 A7 iR
SRR R, (HE 0 TR
K,

il 3 A, Cd A ST 20 A R AR
25 M Cd WEA N 3.55, 2.41 £ 1.35 mg/kg
(£ 3). WM AMF WRJE, 20rafxt Cd
WO RN, A R R AL BRAOAR | 25
M- Cd #4390 4.68, 2.92 Fl 1.70 mg/kg,
Fe CK 31T 32.0%. 21.6%7F1 26.5%, JEE 4 3)-
ERELIM . ZE . 0 Cd W5 R 5.58.
3.46 1 2.31 mg/kg, M CK ¥ T 57.2%.
44.1%F1 T1.1%. BRI, EEVG S REE M E
WSO FHUE A BR 2 . Cd Wil &4
T, X RRLL AR bR Cd SR 11 pg/kk,
R ZBCN 1.36, BABHZL A IR Ry Cd 32
JE [ EAEH BB A AMF J5, £0M-f e bk
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Fz2 E#HAMF JAOMHARMEREEFNEY = RE N

Table 2 Effects of AMF on colonization rates and dry mass of Photinifraseri frase

Treatment ~ AMF colonization rate (g) Root dry mass (g)  Stem dry mass (g) Leaf dry mass (g) Total mass (g)
CK 26.70+4.04 b 12.40+0.29 a 14.70+£0.15 b 17.70+1.14 a 44.70+1.54 a
T1 35.30+4.51 ab 13.10+0.84 ab 16.90+1.47 ab 17.10+£2.67 a 47.00+4.24 a
T2 44.30+10.40 a 14.00+£0.67 a 17.70+0.41 a 18.90+2.18 a 50.60+2.69 a

Note: The data is expressed by mean value+standard deviation. Different letters (a, b) within a column indicated significant

differences between treatments (P<0.05).

R 3 EM AMF WO A Cd WRUETENE

Table 3  Effects of AMF on Cd absorption of Photinifraseri frase

Treatment Cd concentration in root  Cd concentration in Cd concentration in Total Cd content TF’
(mg/kg) stem (mg/kg) leaf (mg/kg) (ng/plant)

CK 3.55+0.20 ¢ 2.41+0.07 b 1.35+£0.07 b 103+6.83 ¢ 1.36+0.24 a

Tl 4.68+0.26 b 2.92+0.41 ab 1.70+0.19 ab 138+7.09 b 1.28+0.13 a

T2 5.58+0.41 a 3.46+0.17 a 2.31+0.41 a 182+2.95a 1.36+£0.22 a

Note: The data is expressed by mean valuetstandard deviation. Different letters (a, b, ¢) within a column indicated significant

differences between treatments (P<0.05).

Cd &R0914 138 F1 182 pg/kk, AHEHLXT g
T 34.7%H1 76.9% o H1LTE <= 5 R 4% 5 A1 2 74 <}
EREOIL AR RE N 1.28
1.36, 5 CK LEEZER

2.2 #EM AMF XM AEERERIEKFE
kAL
2.2.1 MFFILAL4E Unigenes FIEKER

Jr e N HLE R L U8 5 S B AP S reads £
1E 36 334 234-40 793 762, & B ¥ reads 19
92.93%-93.78% i 1:) Trinity 21%¢ )5 ] Unigenes
FEA K 312 501 376 bp, “FHHKJEE Ny 542 bp,
Nso 47 728 bp, BiHH 412 5 v] LA &2 )5 220 Bt
BRI A AR AH 25 B Unigenes 3 576 484 /)~
# Unigenes 55 NR., GO. KEGG. eggNOG .
Swiss-Prot FLANEHE FEEA T EEX RS, 4351 FEx 3
234592, 101958, 146 514, 214 485 #1235 236 4~
AL . FRAFF FE Y Unigenes 3 275 031 4>,
e OB R 4 BB R 3L 38 716 1,
HTERERI 14.1%.
222 EFEARESVREEZHEESHR

VIR T Ay, L0 e 2 29 461 4
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ﬁ?j’f%%f%% i1 Unigeneso i# i) DESeq2 7tr)a
(E 1), A Gy 2K 7% A5 40 38 5 X BEAE L
(CK_TI)/\ﬁ 132 A ZFIEN, Hf 68 4~ L
FEH, 64 ANTFER; RG-S REAE 5%

A (CK T2) 5 332 4R j<, o
186 > FIHFEIN, 146 S FiESE ; BEPG |45 4

%%I@E?ﬂ%ﬁ%ﬂ?%%&fi*ﬁtb (T1_T2)
A5 450 2RI, Hrp 242 A4 BEIEA,
208 T HFER .
X2 F IR PEFT GO & & M. HIE A
P BRE A A0 5 X BAH L (K] 2A), FEHEA T
20 P A g 2L 4R F 4 1> GO & H,
2 RBILF FEIHE T AMMWPEH 5 (GO:
0044425, GO: 0016021, GO: 0031224, GO:
0016020). 7+ FHhREZE AL & 4 14 1~ GO % H,
ZRREIENFE TR FHATEE (GO:
0003824) FIAfLIAJREEIENE (GO: 0016491),
YRR RILELE 24 GO £ H, FEAE
FRAEHALTE (GO:0044699) FIEALIE
A (GO: 0055114), &P |45 3 5 4b 3 5 %}
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A CK TI
0 | .
Down 64
25 No difference : :
2 20} "Upos \ |
= | ]
= I5r | |
= :
<10t | '
[ | .
5t ! P
_______ b, gl
0 C I 1 1
—4 -2 0 2 4
log, (FC)

1 M AHmERERXLE
Figure 1

Down 208
No difference
= Up 242

(3]
wn
T

log,, (FDR)

log, (FC)

LU RN BB, B RN TR, B @ R TC 2 S A
Volcano plot of differentially expressed genes (DEGs) in T1 (A) and T2 (B) compared to CK (red

and yellow dots indicate the up-regulated and the down-regulated DEGs, respectively. Blue dots represent

genes with no significant difference).

WU (Bl 2B), TEHEZ T 20 i 71 HhREZR
BIIEEE 114 GO %8, REEMEFRILAE
K JE TG E (GO 0003824) . 45415
(GO : 0036094) . ‘& 1k i& J5i B 7% 1 (GO :
0016491), APl BN E %L 91~ GO & H,
FHEHE TRSLRE (GO: 0008152, GO:
0044710), Bk (GO: 0016310), Biftifid
i (GO: 0006793).
223 RHBHREEMLEESHN

k=R ZEFENS SRR, &
EOMEER (K4 WoR, B EEELEY
X REAHLE, 2o 318 AN FEE S 51 22 MU
B LA B R Ml E SR A
Q27 ). WEEEMERESSAE (15 ). A U
(23 1) . RRlhERE (81 1) WAERE =P E
YIE R (491 MY EF I (mitogen-activated
protein kinase, MAPK) {5 5if % (11 1), Y
MEESHS (131). BREEE 9 1),
R E TR O . HaEmR . 22
TRAEBRACH (8 ). RFLBEACE (8 ). A+
B AR AR BRI (5 ). TSR b5 Bk P45

&: 010-64807509

SEFRE X R L, AR AR I O B A 25 R
2.2.4 qRT-PCR HiF

R T B R SR AL P A R nT R, BERE
6 MR H AT qRT-PCR A& (& 3), x4t
HHEEIEEZEN (&M . TohL
BERR L stk . B EEED . WMBEn) M
PR AL RN G (BRab I A AL e L F e
RAREAM) Z5RKY, MAEENERE
KK -3 5 5 St 25 SR AR — 5 (R=0.793,
P<0.001), 156817 S 2H DU g 45 RS2 vl S 11 o
2.3 M AMF XL AR E A B
Y& LEHLH R F2 M

A TR B v A A L (K 4A) FTLLE
W, ITAEREART A EE S BT 7 AN, o
B J=AE L E ] (Proteobacteria) . 4k 25 14 [
(Chloroflexi) . BRFT ] (Acidobacteria). ik # ]
(Actinobacteria) . HEH A ] (Patescibacteria) .
HIFFHT] (Bacteroidetes)f/EEER ] (Firmicutes),
HAP AL BT B TR A 50%0 b, B 4
XPLH . SXTRRAH LG, HHIE A by Bk 55 AL R IR
FFIRTTE AR 2 B2 S 5 38, s B AY 9.8% |
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CK_TI
2t ID Descrption
GO: 0055114 Oxidation-reduction process
GO: 0044710 Singal-organixm metabolic process
GO: 0044425 Membrane part
GO: 0016021 Integral component of membrane
GO: 0031224 Intrinsic component of membrane
1+ z GO: 0016020 Membrane
GO: 0016491 Oxidoreductase activity
GO: 0048037 Cofactor binding
: GO: 0020037 Heme binding
@ TN T oK GO: 0046906 Tetrapyrrole binding
| - GO: 0050662 Coenzyme binding
0r i GO: 0003824 Catalytic activity
' : GO: 0022857 Transmembrane transporter activity
GO: 0016887 ATPase activity
GO: 0008324 Cation transmembrane transporter activity
GO: 0022804 Active transmembrane transporter acitvity
GO: 0022891 Substrate-specific transmembrane transporter
-Ir GO: 0046872 Metal ion binding
10 05 0.0 0.5 10 GO: 0043169 Cation binding
z-score GO: 0005215 Transporter activity
Molecular function Biological process Cellular component

~log,, (O value)

B CK_T2

ID Descrption
GO: 0044281 Small molecule metabolic process
GO: 1616310 Phosphorylation
GO: 0008152 Metabolic process
GO: 0044710 Single-organism metabolic process
GO: 0006496 Phosphate-containing compound metabolic
GO: 0006793 Phosphorus metabolic process
GO: 0055114 Oxidation-reduction
GO: 0080090 Regulation of primary metabolic process
GO: 0031323 Regulation of cellular metabolic process
GO: 0043168 Anion binding
GO: 0016773 Phosphotransferase activity, alcohol group
GO: 0016301 Kinase activity

A . i GO: 0003824 Catalytic activity

& T : GO: 0005524 Atp binding
' GO: 0016491 Oxidoreductase activity
GO: 0036094 Small molecule binding
GO: 0016772 Transferase activity, transferring phosphorus
=1 GO: 0004672 Protein kinase activity

“log,, (© value)
T

0.00 0.25 0.50 0.75 GO: 0030554 Adenyl nucleotide binding
z-score GO: 0032559 Adenyl ribonucleotide binding
Molecular function  ° Biological process * Cellular component

2 AMAHEREING GO ER
Figure 2 Top 20 functional enrichment groups of three gene ontology (GO) categories in T1 (A) and T2 (B)
compared to CK.
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T4 CK T EREEMKEGG BEEMHEENT (P<0.05)
Table 4 Analysis of KEGG pathways in T2 treatment compared to CK (P<0.05)

Category KO DEGs P value QO value
Biosynthesis of amino acids KO01230 27 <0.001 <0.001
Glycolysis/Gluconeogenesis KO00010 15 <0.001 <0.001
Carbon metabolism KO01200 23 <0.001 <0.001
Metabolic pathways KO01100 81 <0.001 <0.001
Biosynthesis of secondary metabolites KOO01110 49 <0.001 <0.001
Pentose phosphate pathway KO000030 9 <0.001 <0.001
Galactose metabolism KO00052 8 <0.001 <0.001
Taurine and hypotaurine metabolism KO00430 5 <0.001 <0.001
One carbon pool by folate KO00670 6 <0.001 0.002
Fructose and mannose metabolism KO00051 9 <0.001 0.003
Glycine, serine and threonine metabolism K000260 8 0.002 0.013
RNA degradation K003018 9 0.011 0.076
MAPK signaling pathway-plant KO04016 11 0.014 0.085
Biosynthesis of unsaturated fatty acids KO01040 4 0.017 0.095
Carbon fixation in photosynthetic organisms KO00710 5 0.022 0.120
Plant hormone signal transduction K004075 13 0.026 0.126
Sulfur metabolism K000920 4 0.028 0.126
Arginine and proline metabolism K0O00330 5 0.029 0.126
Cyanoamino acid metabolism KO00460 4 0.029 0.126
Selenocompound metabolism KO00450 3 0.037 0.150
Protein processing in endoplasmic reticulum KO04141 15 0.044 0.167
Glyoxylate and dicarboxylate metabolism KO0O00630 5 0.045 0.167
12 EIR-Seq THE 14.3%. P HEREE, RTE]
9l I CHaRTPCR iy 20.9% 1 TF % 40.6% , BB 417 171000 py
ol 2.86% FTF % 4.36%.
e | W AMF BEEZHIALRE (1 4B) ATLI th,
£ 7 ﬂ%m | witimederm aMP =20 R FHRuSH
0 UH—ILI |_|L|I—I H|_r (Glomerales) . ZRBRFER H (Paraglomerales) . Jii
=8 CK_TI CK T2 % % H  (Archaeosporales) Ml £ i1 4 % H
cbb‘@ ﬁ%@‘z\ @n,@t?o&g, \@\ @@@@%ﬁz\ é»,ﬁ@ @@\@\ (Diversisporales), XUL‘,E!@':P , ﬁ*cf*%%ia P AMF
P ESELE D é\{é’éa“_\g;\_\g@é‘*é‘? 1) 67.7%, didaxiiis. $ERE AR T 2RER
AMESEENIE S ARSIV ARV UEVUE N EEVUEN)

TR AOHAERE, S T BRI F ORI
3 EE PCR BILER 24 MEMHEENSERREERXR

A
Figure 3 Validation of RNA-Seq data by real-time ST
quantitative PCR. JEE VY S48 e A0 B 5 0 REAR TG, AU
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AR 22 S AL R A IRV S5 AL A OG TRINITY_DN499387 cl_gl (4 i % s [
PEOMTGs R, — B RILAMELS AMF 7)), W R<R AR TR EY S R
B E L REME (B 5, £ 5). BMEP L TRINITY _DN529506 c0 gl (a-Zd5:C
WG, Z25“HM¥% MAPK 5@ 0 MAM). TRINITY_DN529252 cl_gl (RiEh

A toop B oor
§ 80t [:|0ther :\c.‘ 80 +
5 [ Firmicutes =
[ r Q
'é 60 F L] ﬁacrerc_)btdetes- 3 60 [ Diversisporales
2 L] UREHEEIGRT I E [ Archaeosporales
G [ Actinobacteria =
o [ Paraglomerales
Z 40t [ dcidobacteria 240t [ Glomerales
= [ Chioroflexi =
= [ Proteobacteria z
£ 207 2 20r
=
0 CK T1 T2 0 CK Tl T2
Treat Treat

4 OMAWMREMER (A) 1 AMF (B) BRHEMMEMNEE
Figure 4 The relative abundance of bacterial (A) and AMF (B) community in rhizosphere of P. frase.

T O T

Diversisporales
Glomerales . -0.91
Paraglomerales
Alphaproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Chloroflexi
Acidobacteria
Actinobacteria
Bacteroidetes
Firmicutes
Patescibacteria

5 CK 2RBERESENESEESHE. AMF 89 OTU XN *FR B EMX, P<0.05;
RO FE A, P<0.01;5 BRI 22 5L 5 SR MU REVR AR T B AR e, 2D @SR IEASG,
WOACRGTUNEIE, BT i RN R R Eh = 2

Figure 5 Correlation analysis between enriched DEGs involved in various KEGG pathways and enriched
bacterial and AMF OTU species in T2 treatment compared to CK. *: P<0.05; **: P<0.01; Different colors

represent correlation between genes and relative abundance of taxa. The red and blue represent positive and
negative correlation, respectively. The color from dark to light indicate correlation index from high to low.
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Table 5 Analysis of DEGs in T2 treatment compared to CK (FDR<0.05)

DEGs

Category

Log, (FC) Swissprot annotation

TRINITY_DN529506_c0_gl

TRINITY_DN529252 cl gl

TRINITY DN518786 cl gl

TRINITY DN522364 c4 gl

TRINITY_DN527055 ¢c0_gl

TRINITY DN532132 ¢3 gl

TRINITY_DN510795 cl gl

TRINITY_DN532160_c0_g3

TRINITY DN523548 c0 gl
TRINITY DN499387 cl gl

TRINITY_DN515591 c0_gl
TRINITY DN520437 c2 gl

TRINITY_DN523541 c2_g3
TRINITY_DN514292 c1_g4

TRINITY_DN533615 ¢2 gl

TRINITY DN512523 ¢l gl

TRINITY_DN521511 _cl_g2

TRINITY DN506336 c3 gl

TRINITY_DN498302 c0_g2
TRINITY_DN490005_c0_gl

Metabolic pathways/Biosynthesis of
secondary metabolites

Metabolic pathways/Biosynthesis of
secondary metabolites

Metabolic pathways

Metabolic pathways/Carbon metabolism

Biosynthesis of amino acids/Carbon
metabolism/Glycine, serine and threonine
metabolism

Biosynthesis of amino acids/ Carbon
metabolism/Glyoxylate and dicarboxylate
metabolism

Arginine and proline metabolism
Metabolic pathways/Biosynthesis of
secondary metabolites

Plant hormone signal transduction

MAPK signaling pathway-plant

Metabolic pathways

Metabolic pathways/Taurine and hypotaurine
metabolism

Protein processing in endoplasmic reticulum
MAPK signaling pathway/Plant hormone
signal transduction

Metabolic pathways/ aurine and hypotaurine
metabolism

Metabolic pathways/Biosynthesis of
secondary metabolites

Metabolic pathways/Biosynthesis of
secondary metabolites

Protein processing in endoplasmic reticulum

Protein processing in endoplasmic reticulum

Protein processing in endoplasmic reticulum

-1.09

-1.10

-3.42

-0.59

-1.36

—0.76

-1.18

—0.99

-1.19
-1.04

—0.80
1.94

2.34
1.48

1.62

1.30

1.44

1.32
2.07

Alpha-aminoadipic semialdehyde
synthase
Isoamylase 3, chloroplastic

Alpha-trehalose-phosphate synthase
Methylmalonate-semialdehyde
dehydrogenase [acylating],
mitochondrial
D-3-phosphoglycerate
dehydrogenase 2, chloroplastic

Aconitate hydratase 1

Agmatine deiminase

4-coumarate-CoA ligase-like 7

Transcription factor TGA7
Ethylene-responsive transcription
factor 1B

Ureidoglycolate hydrolase

Plant cysteine oxidase 1

Heat shock protein 90-1
Abscisic acid receptor PYL4

Plant cysteine oxidase 2

Glycerol-3-phosphate
acyltransferase 8
Cinnamoyl-CoA reductase 2

Probable mediator of RNA
polymerase Il transcription subunit
37c

Heat shock 70 kDa protein 3

15.4 kDa class V heat shock protein

fit}) 1 TRINITY DN532160 c0 g3 (4-7F 5.iR-CoA
SESERERE 7)., 55 R R AU R IR
TRINITY DN532132 ¢3 gl (KT Jicli 2 i),

IR Z 5 MY RS9 5H S 7 TRINITY
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TRINITY DN521511 cl g2 CEMCE R AL 2),
Z 5«“H YW EMEER”K TRINITY
DN523541 ¢2 g3 (MK wEA), SH5“RAMN
=45 B TRINITY _DN533615 ¢2 gl (A
REMERIEG A A JERF) A1 TRINITY_DN514292_
cl_gd (“WivRBRZAA), SEE M A 4
EHEFIEMX.
3 Gtk

TGS 325 J At 6 Ak e B
X FAHYI R BOR UL, 2 5 i M A b3
KEEESE, IMFERBRRHL [ &0 R
b E SR R & T TR E T
TR AR W A AR R . 2T
HIRERS B0 1.28-1.36, k16 B L0474 32 52
JeHs Cd & 7E M F AR, & BAE Oy — A e &
Y. SHEME Cd B R, 2ot a
AR B, FARKREAE 70 cm DLE
WIS BT RIS, AT LK 2 B 4 A ok .
ZIM G RRART R Cd 5 AR 40%0A |, &
WAL B R A AR A4S, 7ERB AR AT IE 21
WRME, YRR,

AN E SR T, B2 Fl AMF XA [Rl 4
P Ve BRI AR, Liu S5 % B3
PR BRIEFE  (Glomus versiforme) J5 1] LA
P& %% Sorghum bicolor H3 il - 3 v R P i 2
WIS, I R S R A, DA TR I e
MR . MY Cd W 25 mg/kg M
50 mg/kg B AT DIGE HE 25X Cd M, (H7E
100 mg/kg D2 38 1 7 A FH AN e 25 1 Y
Cd W, REHPOsME. AW, Bf AMF
FRE, Yitm TARE L Cd A RE, i@
PET LM AR Cd RIS B BRAF Y
4h, AMF BIFERIBUR S AMF Rl gt
Jiang % LA T AR B BR B B ORI AR N AR % A
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(Rhizophagus intraradices) X224 Lonicera japonica
Cd Wy 52, 45 53R B T 2 BRI AR 3
X Cd M, TS AR P AEARRIE S
JEE 4 <} e i A R SRR DL T < o R
B o DML A Al 5 B 04 S|4 e 0 i 3t
AR E T Cd 5 LB E .

H Hi i A 56 21 4l 56 R 40 P 4]
P, ZEABFE AU I 2 LAY
PR EE VG SRS, 200 22 AR
rHA BEEER, P RHEY MAPK {5518
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MAPK 7545 F AR A ) F A W P38 B AR )5 5 1%
SFHREREMEN, @ =R YRR LR
WS IR -, DATIT IS IO S0 N I if B R IR, 4
GBS MBS YA U A OCSE R Al
PR, WEKER. . RKHR . KR
WRIEIR , Y AERKEBTNEEFES ST, @
VR ECR AT LS AR ) Cd A Y3
WY, Xian SFPIHEE 45 A0 BOR R Cd i 7
B R BOR Poa pratensis it TS 54K &K,
O ISR R v R £ 5 R O A ik
R 5 o 7 S, W BEME 15 Cd i 52 AH G 1Y)
200 Y 7 4 L FSEARRE E PE  00 APRR R D SR PR g
Bo Mehh, BEVG SRR AL PET AR AME T A
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B2 M VE A R LA 2 WO, (R 2r A A Y A
Ko ArARFREERY, FIH AMF o] L2t
TR IDE H BRACE . HEYIR 1 MARK 5555
AR, Wb Cd SHEY AR

AWFERY, BEPY S R AT B TR
IBE RN AR (ABC #i28E M AF. &8
HAB e e i 8K 1 YSL2 Flk#% 12 8 11 PTR16),
XS R R RS2 Cd bk
PEERAEHRT, Rk e P EE 7Y 34 R A W]
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TEAER R s i R A AR, A
KEMPTER . AR RB RN, EEG )
ERRALI D, BIERISZIK PYL4 R
Ko TR AZ AR PYL 2 it 7 PR A oK F R 15 5 i
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sk A+ (Ethylene-responsive factor, ERF) .
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B8 3 PR AT 1l 5 DR A 4 T A 5 e i AR
H ) RS R R R0 ARBFS R, HeRhEE T
SE R NI T L0414 2 > MYB 13 4> ERF
HZRiL, [, Y Cd WIAAI Salix matsudana
R Z ) ERF Rk dz 2, A8 TiReEEY
Xt Cd it sz Ry, geah, EIEER A B
KEEN (gt bt AR AL . 22 R/ A
PR I WEIR G . 22 2 1R % W AL FE R Tl A PR o
HE) RV ERELI P ERRE, X
DRE X SEEE U0 T2 Cd RTEL A g 48
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Cd 3B 2377 A 2o 0 35 P 4E 5 B ) 14
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ik, — PRI RETE Tk 2B P51, K4
ST IR B R, 55 —Fh Al BB 7E THE W)
JIE R F ) SR I AR S LR R 2F EAEY) . &8
VIR 2 0 2 e o ) T S5 220 A i 6 38 P40 BB
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i 1Rkt

PHGE LR AMF [0 2352 i - 338 A AR ]
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