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L, FEAACHEAS AL IR R BKE . R A BAE. SOD. POD ZF4RARIEATRIN, [RI X4l it Lo 403K
Fv: Fm SO0 STEAREATR, Xt Rt N S BES . o AR E DL BRI AR BT 00T, B B AL T o
AFSEERZE R E AT [ER]T D AFSNEIRAE R AR AR KT BABELN, Py Al Pos LB FFZA
AERR AN SRR TR, Po (L TEAMRA RGN, Pos LB 525 T MAD,  1- T WDGAS AR A
HREIFZAR MAD il Apase EA T FVERN . FEXGTAILEEHTIS AL, Poy M Pos REACER 22 HIRHTEMBREVE. 2) Pos
Kb ¥ 22 BIAZ AR Fv:Fo 1 Fv:Fm, Poy F1 Py ALBE FAZARLE Fyv:Fm 23 5T Pis 1 Pos ALBE R 1. Pip ALFLE (R
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w1 EHTT, BATAIA R R R SNEAR I AR R AE KR TR TR RA Z5 . 1- TR R R A K,
P R U RS T HURAZ AR 22 AR B B B S, BOR T B IR A IR I T A AR U, E T E RO AL B
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1 Regulation mechanism of different exogenous root exudates on response of Chinese fir

to low phosphorus stress
Li Yachao'?, Zhang Hui'?, Li Linxin'?, Li Ming'?, Ma Xiangqing *, Wu Pengfei'?

1. College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, 350002; 2. China Fir Engineering Technology

Research Center, National Forestry and Grassland Administration, Fuzhou, 350002

Abstract: [Objective] In order to investigate the effects of volatile organic compounds in plant roots on plant response to stress, the
regulatory mechanism of different exogenous root volatiles on Chinese fir's response to low phosphorus stress was clarified. [ Methods]
In this study, the clones of M25 Chinese fir with low phosphorus tolerance were treated with different exogenous volatiles (syringic
acid and 1-butene) at different phosphorus concentrations. The total root length, surface area, volume, diameter, SOD, POD and other
indicators of treated Chinese fir seedlings were detected. At the same time, chlorophyll and Fv: Fm in the above-ground part of the
seedlings were measured. The phosphorus content, phosphorus accumulation and phosphorus utilization efficiency of above-ground
and underground parts were analyzed, and the different proteins in different treatments were analyzed by proteomics method. [Results]

1) Different exogenous root volatiles had significant effects on the growth and development of Chinese fir roots. The total root length

EETH: EZKE AR AEES[31870614]
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of Chinese fir seedlings significantly decreased under Po; and Pgs treatments, Py, significantly promoted the increase of root surface
area, POS significantly increased MAD, 1-butene significantly affected MAD under different phosphorus concentrations. The same
phenomenon was observed for apase. In the analysis of antioxidant enzymes, it was found that PO1 and POS could significantly regulate
the activity of antioxidant enzymes. 2) Pys treatment significantly decreased Fv:Fo and Fv:Fm of Chinese fir seedlings. Exogenous 1-
butene under Py; and Py, treatments was significantly higher than that under P;s and Pys treatments. P, treatment significantly promoted
the content of chlorophyll A, chlorophyll B and total chlorophyll. 3) Compared with Py, P;s significantly promoted the phosphorus
content of the whole Chinese fir seedlings; the phosphorus accumulation under Py, treatment was significantly higher than that under
Pys treatment, and the phosphorus accumulation under Py, treatment was significantly lower than that under Py; treatment. 4) POlvs Py,
group differential proteins (22 down-regulated, 34 up-regulated) ABC transporter pathway, chitin recognition proteins, chitinase class
I and other functional regions. Posvs Pis differential proteins (112 downregulated and 145 upregulated) were concentrated in
phenylpropionic acid biosynthesis and pyruvate metabolism. Posvs Py group differential proteins were concentrated in RNA transport,
photosynthesis and other pathways to neutralise protein tyrosine kinase, cellulase and other functional regions. [Conclusion] In this
study, we found that the exogenous addition of different root volatiles had different regulatory effects on the growth and development
of Chinese fir roots. 1-Butene plays an important role in alleviating low phosphorus stress of Chinese fir seedlings by regulating root
growth and improving stress resistance. While eugenic acid regulates stress resistance of Chinese fir seedlings in response to low
phosphorus stress, dantivanic acid has a stronger response to high phosphorus treatment. Therefore, this study provided an in-depth
exploration of the growth and development regulation mechanism of Chinese fir by adding different exogenous volatiles under low P
treatment, and also provided a theoretical reference for research on the regulation mechanism of root volatiles under nutrient stress.

Key words: 1-butene; Syringic acid; Low phosphorus stress; Chinese fir
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WREMEKEEMLHFENRE LR —, UEMELSS5HEY AN EZK AT (Alexova and
Millar, 2013). 4R, 384 %0 & B0 BoAER 30% L EARMRAR P 1 3 BERR # K 7-(Fort et al., 2015).
FA TR A BRI K B PR TR 3 RUR, TERCE SRR B, IR SRR (1B 2B AR
(Viana et al., 2022), 3 K50 2 5 1 &8 A A IR IR b 10 A V) W BH [ 52 (W et al., 2013), TE.L5 )
FRA(Viana et al., 2022). #F & FA H(Liu et al., 2020)% 72 # X i E K& & S i BRI PR . 4R
1M, A it AR5 7 SRR AE IR R RSO R R HEA TR G AR P vl e i e . TEAES TR B R R
JE T SR 0 (I LA WL S B U R0, B TS BRI A i e, Rt B A B
P, Rk, S8R A R BRSO R AR AT 2 — AN BRI kR (Liu et al., 2020).

KA (Cunninghamia lanceolata) FEFRE T 77T 12 FAE L HE KRR, (HH =B A0 R 7 438X H
RS R =, X O RKIRS) TR AE R TR E . ERKIAE BN IR, A S AL AR M EE R R R
SR A kb R AR HO R GE LA (AR B AESE, 2019). FHirr, AZORIEI IR R HUERAN R 1 5
W LI b8 1) SR 2 —, BIE I B AL 4% 5 B & S5 IR SR VA A - v (W VA PE B (Wueetal., 2017,
Zou et al., 2018). RBEIIE rF 2 ACGHE T AR R /- i V)b RN BCRE s X T S L, SR 2k, 2
T2 AT AR Bt 100 458 1) B LS 2 — (B4R LS5 2021).

VIR RIERIEANAL AV Z —Fh EZRR R W, VENINBHAE S, RESTERE YA R LA A
ST A 2 BT AR A, AR AR R AR, NS N EDR R, HIEAMME RS 2 1
(1A HAE F (Huang et al.,2019). A, EATCAEHIEAN SEDAE GWE B2 WHEER, ZEY
B> B R AT LU B[R — A 524530 70 16 BB/ (M 32 B (ML (Das et al., 2013). Bk T A-SHED S5 R
HZ E A AR A, R LA S S 2 W8S . SRR R GE R E R SR, R
TEJLI (5] 2% 55 5 ATV 5 2 Ah gl B A5, AT RS SR BIRIE . WE P ARSI, IR B RE eI EE
BUMOE HAR, S EE 0 Ak T #8042 K (Fincheira et al., 2017), %F 448 A= Yy al A 4 Y i A 4 B 54
B4k, 2010). Hit, RAERDEMDFN . FhEEL B R B EE R E L.

gi b, ARWFFUR FH ARG, 0 R R A A 0 ik SAREE e  EESCR I T FRA 1-T )
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AT G, CL TR B AR R IR T EARER KT IR . WORE. AR &S5 =J7 5
FrAR R IR T BB 1-TJ A2 AW SRR AL BE AN, X8 Bh T2 — 25 38 o A2 RAEAR I AL 21
TN ZR, DIRA T MR R AR B AL BEIA B A2 AT B SRS RV FH AL, Dyt — 20 i W24
SRAZ AR Z8 R A 0 1) L2250 SRS AAZ AR N TR AR 7 J) A Rp BEAR SR BOR SR RS 24K H

2 MR 5
2. 1 YA R K24

K2 AR i F B ML AT R 5 R A2 R TREEORBE 7 0B B MK RE M25 SR R —F AR
AT (R OCEE, 2019) 3 H 98 20em. 15 18em [P & A 754+ , TEAR BEARMOR SR 2B i 2 K (B/4%0:28°C
/25°C, 16h/8h; JeFIEEE: 21 mol quanta m2-d; AHXHEE: K 42.7% %M 67.7%)NHTE A%
RRAINID R RS, Ayl o R PR S O AR A A, TE R g2 — A H 5 34T A B ( Wu et al,, 2014).

ARG AR AL B BT 2 MEBEACTE, 2 AN T FRAM 1-TIHIREAKT: @R T FFRA1.0mM-L-
! KH,POs, 200mg/L Syringic acid Pys)~ fKBFACERI L-FEZEL(0 mM- L' KH,POs, 1.0 mM-L'KCIL, Pos) 5
BEACFE RN 1-T 4 (1.0 mM L' KHyPO4, 2mlU/ZE 1-butylene, Pyp) KB N M 1-T 4% (0 mM-L!
KH>PO4, 1.0 mM-L'KCl, 2ml/7% 1-butylene, Po) s A E A INFE R 4)(1.0 mM-L! KHoPO4, Py). K% AL
HANTS I )0 mM- L' KHoPOy4, 1.0 mM-L-'KCI, Po). il G i B 7R LG ki R 2, NI AL 2R
F KCLAMSHIES T, il 2 SEER A 3R] 2y ook Hofh oo 2= 1 7 3K, AR 2 R 1) 1/3Hoagland A 78425 77
BTN (Wu et al.,2011), FRREFESEE 200 ml EFRME, —K—ikK. HTEARGEE R TR ER
0.034+0.007mg kg-1, ARBENRE. ALK EAE T UEET 20 BIRINAMIEAR R PE R T &R i
SRR, b, HENF - T EORESEE A A IR A L RS, HE), TERA - TR ESE A SR
(Laictal ,2018; ZFMARSE, 2021). ALPERCKE LASEIRIZ LLONR G A E TR, SEFRW—RIGHE: LR
HHGEFEAZ A i AR B AL BE K = AR RIE R HIBT [8]: 7 K(Lai et al., 2018), ACERR ]2 2021 4F 9 H 1-7
H, BT 6 MEF.

D PRAIE AT 2 2 2 R0 AR B R AR A T )RR i R R B8 T TE AR SRR A EHEAE S IR
WitE, B 6 NEE A, BWAL, FA=AELE, A QIS ARG AK R E i =T, R
IKARAG By e K 53 e 15, T IRFR T AR IR BRI, FFE-80 CHEfFE: I3 — e A FR 25 71 f5 A 4liK
RE PR T, LK BT, 3T TR SRS kil o

2. 2 £ BN AR R EKIGAE

B 44t A AL 33H51X (STD1600 Epson, USA) #4744, I WinRHizo (version4.0B, USA)
RAZSHTRAE IR RARK . BRTA S-FEAREAR . AFEE FIAZ AL 1 1)t R R 555
F 108°C FAFE, SOCHTZEEE, JHxfth Lot FEamaE, MU T 2100,

2.3 R S B ROUANBE KN E

[1] 6P 5 AR AT f it 100 B i, FREGS 5 FF 5% 0.002g, KA HaSO4-HCIO4 V1 &%
(E ZbrifE; GB/T1.1-1993), {#H Inductively Coupled Plasma Optical Emission Spectrometer(ICP-OES)Optima
8000(FH R /R BMNARA R A ml 477, b, E)IER S E(gke): FHAXTEENEZH B
Hhy R4 AN AR ) 2R A R AN, BEER R =T E mg/(THE mg*if = & & mg/ke): xR
=T mg*Bf R &8 me/kg(RICHEE, 2020); FREL 0.20g 6 5 F R F 20 DU PE(NBT) J5 v I 5 e 4 A
VIS ALER(SOD) G M (T IR AHEE, 2017); K FH & QAR b ikl 2 i S AL VI B (POD) i M (T IR AH S, 2017).
RIABRACE L2212 B 350 52 9 - (MDAD & & (MBI 2021); 28 Mclachlan 55 77 2500 AR A R L
TR (Apase) TETE(FREL, 2021).
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2. 4 b E ekl E

AEF I 9:00-11:00, 1 OS-30P %A (LI-Cor, SEENKEE . K/NBF S HIAZ A Fr BEATH 4R
RIS HIATINE

2.5 mAH AR

B EAFEEUS IR FEME B AE T MBI R VK A, REGE R, SR & 78 20 whEE E 6 AR, n
NG G EAE R, B0, B ETERIMAN OB/ PR, %5 A NI R aUtE, ARRER.
1 PR AE S IR, R R BRSO 52, 1 SR b P R 2R IR S

SDS-PAGE: #i#a8 HWKENE 45H, IAEmBIE 0EF, KK Loading buffer. SDS; K /0K il
YR E AR GRE B RE, BE R R AR 4% B 9L _ERE 20uL 1xLoading buffer 35f A1 W4 i 28 4K 1 IR 4 9 — 46 25 5
IR E dye HIKBIRKHS: ARECH 5 25 Sl ge, SR 5 Bt 28 255 T Il

JREGRG A : ISR, A 20% TCA JEiRER U0, B0 5 mins J& FHABR RS UTIE. BT
DUSEJE NN 200 mmol/L (1) TEAB M A FTHEUTIE, I\ FRER FIBEHEA TR 7. N N iR o Bl A L 2%
WFEA S mmol/L, 56°Cit )5 30 mins. AU 2Pt A Fe 2k 20 11 mmol/L, =i @ EHFE 15 mins.

WA - PRSI 0T IR B R A RS A A VRS, ) NanoElute #8 s 80AH R G0k AT 4y
B, KB SO R0 B EHEN Capillary 575 T B4R 5 #E Tims TOF Pro JJiEi#E47 4>
Mro fEFHZERT, {6 Maxquant (v1.6.15.0, K2 — 205 iS40 .

2.6 AEWE BE5 T

EAER GO FHREME RN 3 AR AV, Ay, 5 IhRe. AR (Fisher’s
exact test) XJ % FRIAH HEAT GO(Gene Ontology) & W E T (LEERFEHNESR), P value <
0.05 BHA AT ZET . KEGG (Kyoto Encyclopedia of Genes and Genomes) #(#& /& H 1% FR A E A KIE
e BT M PRA SRR SS (Fisher’s exacttest) X &R RIAFEAMTIEK E EREESN (LLEE
FIMEANE T, Pvalue <0.05 #iA R BT . Plam F04E FEH T 0 22 R R A B A DRSS 8 =
ERAB L o T A RRE AL 30 7 2 0 FH TR 36 72 S R 1R I LA 8 R O 5t P I 30 B2 R 1k, P value
<0.05 BN N BEN.

2.7 BHRG

=AEMEEH TR ARSI =MW EENENEME SR EARES T4 0. KH
T fa % (T-test) /£ 2 2 7KF 0.05 F1 0.001 XF AN [F] AbFR2H 2 8] ) 2 5 64T 70« SPSS 19.0(IBM, 3 [E)FH T34
T80T, LR heatmapper (http://www.heatmapper.ca/)i#E4T 2 .

3HER
3. 1 ARSMERRE XM ARRR LK KT KR W

ANRVSMNEAR RIE RIS ARIR RAEK R HHA R ERMER ). M TRBEGIE, Py Al Pos AHE T
KRR R MK T B2 TR, WA RISMER RE KRR INZ [ 3E8A BE2 5. 00, XFHT Pos, Poy
BERE T EARRARMBMIIN. HET TER, SN - TEARINE S ERES TERRARER, B
AR R E R B EREAC, AR R BB . MET Pis, Pos MR EIRE T MAD, 1-
T AS RN B P A0 38 R A2 AR MAD B REMEZ A, FIREILRAE Apase R . TEXTHE AL
IR KRB, MEET P, Po REMEBHIKBEALE T SOD F1 POD [#i% 1, Pos AbFEE POD W1, {HXT SOD
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B PEBCAH 53 50
R 1 NASMNEERM T EAERAREKZFRIR

Table 1 Root growth and development of Chinese fir seedlings under different exogenous volatiles

RAEBK
hbaE B Total TRl IRFEER WAER R PEREIR NS ez B st

# Root Root Root Acid . . Superoxide
Treatmen root surface  volume(cm®  diameter(m  phosphatase(U- Per?lmd.a s_f(U dismutase(U-g"
t length(cm ) ST g 'min™) Lonin-l
area(cm®) ) m) g *min™") ‘min™")
836.012A  222.662A
Pis 4.580Aa 0.923Aa 75.496Aa 81.654Aa 219.975Aa
a a
967.793A  243.087A
Py 5.402Ba 0.900Ba 78.322Aa 76.486Aa 202.401Ab
a a
723.229A  213.337A
Pos 4.855Aa 0.857Aa 84.661Ab 125.413Aa 244.296Aa
b a
747.571A  257.645B
Py 6.268Bb 0.823Ba 79.568Aa 129.845Ab 243.183Ab

b a

REZEFRRTER—BRIRERITI I, NEFRRRTER—INEER YRR KR, SRRSO AL EE
Z52, FH TR (T-test) (p < 0.05)FETHIESHT.

Note: Uppercase letters indicate comparison at the same phosphorus concentration, lowercase letters indicate comparison at the same exogenous volatile
concentration level, and different letters indicate significant differences between treatments. T-test (p < 0.05) was used for data analysis.

3. 2 NRSHER RIERYIN ARG T rHI R0

AFRISMER R IER IR G Habr BH B ELWCR 2). Lo A RBEKELHIE 2 A FR R K
Y ANIEES M AZ AR Fo Al Fv #R& A W EMERZ . AHEET Pis, Pos A0PR 2 3 FE{RAZ AR Fv:Fo A1 Fv:Fm,
{EXFEEY Py Poy XAZ K Fv:Fo A & PERZI o Py A1 Py B R AIANE 1- T/ N A2 K41 Fv:Fm
WEET Pis fl Pos b HE R Y. AHECT Pyys Pip OFRLEZRIWIHLEER AL MR B MRS &,
X 2 RESNEER Y T ARG EI A ERELERL

Table 1 Photosynthetic indices of Chinese fir seedlings under different exogenous volatiles
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HER A MR B HEHERR Total

Ak
Fo Fv Fv-Fo Fv-Fm Chlorophyll ~ Chlorophyll  chlorophyll(mg-g
Treatment
A (mg-g™) B (mg-g™) D)
0.135
Pis 0.028Aa 3.810Aa 0.793Aa 1.057Aa 4.694Aa 5.753Aa
Aa
0.122
Py 0.032Aa 3.089Aa 0.753Aa 0.687Ba 3.369Ba 4.057Ba
Aa
0.030 0.109
Pys 2.696Ab  0.697Ab 1.101Aa 5.296Aa 6.399Aa
Aa Aa
0.030 0.125
Py 3.181Aa 0.770Ba 0.961Aa 4.420Aa 5.381Aa

KETFRFERER—BEREETXTH, N FRFRER—INRERYRE KT, FR7TRERGEN LSS
£5%, KA TR (T-test) (p < 0.05)FE/THIEN .

Note: Uppercase letters indicate comparison at the same phosphorus concentration, lowercase letters indicate comparison at the same exogenous volatile
concentration level, and different letters indicate significant differences between treatments. T-test (p < 0.05) was used for data analysis.

3. 3 ANFRISHEMR R IR 1 ARBER KR

Te A8 RN [F) R B A PR IE S R [FAR R R AMNER IS AR R R S . MR ERE. MR
%Uﬁﬁxﬁziinﬂﬁt%ﬁﬁ?mg\ iR R A E A XA A RCREA BEERE(E 3). XTEE Py, Pis E‘z%{;@
HBREARNEHBRSE: P P ERBRERBENEE ST Pis, Po H FEENHBRERELSE

KT Puio
R 3 AASNEERYINTZABERSE. B BN EMBER B RN

Table 3 Effects of different exogenous volatiles on phosphorus content, phosphorus accumulation and phosphorus utilization
efficiency of Chinese fir
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HWRES  HLER)

BREX  BAUR  AHBR
WRRS L ER 4 HTES  WENH j
o BEE AR AP pamE pERE  cnmE ¢ o PLECK

Phosphor  Phosphoru %% Total Phosphor  Phosphor Phosphor

g  Phosphor  Phosphor Phosphor us us us
Tre UScontent us us us s plant utilization  utilization  utilizatio
at- in content content accumulat accumulati phosphor efficienc efficienc n
men undergro in above- in whole ion in on in us in y in y efficienc
t und ground lant(g-k undergro above- accumulat undersro above- in wholey
parts/(g-k  parts(g’k P 1 g und ground ion(g) s
1 1 gl und ground plant(kg:
g g") parts(g) part(g) - -1
part(kg-g  part(kg-g g’
) )

P1S 0.583Aa 1511 Aa  2.165Aa 1.194 Aa 4.553 Aa 5.772Aa 1.739 Aa 0.673Aa  0.756 Aa

Pu 0.610Aa 1.295 Aa 1.905Ba 1.344 Aa 5.348 Aa 7.253Ba 1.673 Aa 0.793 Aa 0.853 Aa

Pos 0.700Aa 1403 Aa  2.104Aa 1.393 Aa 4.791 Aa 6.185Aa 1.498 Aa 0.748 Aa  0.841 Aa

Po1 0.548Aa 1434 Aa  1.982Aa 1.220 Aa 4.891 Aa 5.570Bb 1.867 Aa 0.721Aa  0.848 Aa

H: REFRERNER—BKEBATNE, NS FRRFER —INEIER YW BT I, NE R R
BEEZR, XH TR (T-test) (p < 0.05)FHTEIE 7.

Note: Uppercase letters indicate comparison at the same phosphorus concentration, lowercase letters indicate comparison at the same exogenous volatile
concentration level, and different letters indicate significant differences between treatments. T-test (p < 0.05) was used for data analysis.

3. 4 ARESMNEMR R - Y AL B T & 18bR R M

Poi SLBRIS, A2 ARG L A B bn Z [ AR BB AR W& 1A o, MGRTHAR SIRT B EAR . 2fk P Al
MR sty PSITEAERITEYE Fv/Fo Je MDA &4 825 o et i EAAEY & 5 EAniil R
ARFE AR, RAEVESRAVRR B4 EE DMK b S & 5 E i R E 5 ekl
MR B2 O, T ERER IR 5 A eBie b AR B35 ARG [N BB S TTHEAE A3 1t
Fv/FO 5 BR800 35 OG5 Bl FH 2803 A 2 bk R 20003 16 38 TEAH K

Pos ALBE, ARG EILASE B TR Z MR LR W E 1B Jron, RSN AL PSR KIGHE
PR Fy/Fmy S Aot PSIHEERITEYE Fv/FO BLRAR AR Apase S35 DA, MR BURIRAA AL 5 1R A28k
HIFHRCR 2 O OGRSt AR BEA P AR B35 A o0, IRA TS & 5 IR A B R0 &
F VRN, PO PSIHEAERETE Fv/FO SRR Apase i E &3 LM 5C, SR & POD Mg .35 1
IS
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A) At 1.0 B) . 1.0
TRL . TRL :
RSA| RSA

RV | RV *
RO % i RD
AB i AB
uB 0.5 uB 0.5
RST RST
APC - APc
APA * * APA
APUE % * ok ] APUE P
uPC * 0 uPc 0
UPA . % uPA
UPUE ] UPUE  [#x & %
WAPUE * * PO | WAPUE.
FuiFm | FyFm 4 *
(R * E = | -0.5 [RER0 * -0.5
Apase I Apusc | # o
SOD SOD
PO * | PO * ]
MDA % ] 10 MDA 1.0
TS E R PL L Yg‘;zo“ §o§\i§2‘§?‘%~‘i £ & S il LFSLRLS & Yg‘;zo“’sz%ogi“;ﬁo‘i}i 5\;@*%‘@ iy o
Po Pus

1 Po; Fl Pog AbTR 25 Fiahm AAH S 2347
Figurel Py, and Ps treatment of the correlation analysis of the indicators
VE:*: p<0.05, *: p<0.01, AB: i F# 24 E (Aboveground biomass). APA:H: 4B EIH & (Aboveground
phosphorus accumulation). APC: i #4387 & (Aboveground phosphorus content). APUE: &> BRI R
(Aboveground phosphorus utilization efficiency). ARD: 3 E.4% (Average root diameter). Fv/Fm: H-&MEN RS 116
2B K & (Maximum quantum yield of Photosystem Il photochemistry). POD: &% b8 (Peroxidase). PUEWP:
£ HRBER F 22 (Phosphorus utilization efficiency of whole plant)RSR: 15 L (Root-shootratio). SOD:ABE LYk
(Superoxide dismutase). TRL: /S131& (Total rootlength). TRSA: BRFEF (Total root surface area). TRV: SERAFR
(Total root volume). UB: i F#844E4E (Underground biomass). UPA:Hh T %848 2FH & (Underground phosphorus
accumulation). UPC:}h T #843B& & (Underground phosphorus content)UPUE:#t T 485 F) F 2 2 (Underground

phosphorus utilization efficiency).

Note: *: p<0.05, **: p<0.01, AB:Aboveground biomass, APA: Aboveground phosphorus accumulation, APC: Aboveground phosphorus content, APUE:
Aboveground phosphorus utilization efficiency, ARD: Average root diameter, Fv/Fm: Maximum quantum yield of Photosystem II photochemistry, POD:
Peroxidase, PUEWP: Phosphorus utilization efficiency of whole plant, RSR: Root-shoot ratio, SOD: Superoxide dismutase, TRL: Total root length, TRSA: Total
root surface area, TRV: Total root volume, UB: Underground biomass, UPA:Underground phosphorus accumulation, UPC: Underground phosphorus content,
UPUE: Underground phosphorus utilization efficiency.

3. 5 NESMER R M IBYRAL AR E R KW

351 EREHMNEE

RN AT AMIEAE R DX AR A AL TR B0 A E PRARAL AT 5% B BB b B A MR % R D A AR AR
FIHAT R EALEI . (EXR IR B R ASA AR FAT R 142 R, R G 20050 2 P A i
SHWE 24). Hit, EEAEEREAEM. Poavs Py B 56 1~22 N, 34 4N ) ZEREH, Posvs
Pis Z X RILAA 257 (112 A N, 145 A B2 R E AR FEBIKELE R, Posvs Py HA 201 (115
AR, 86 N Li)yEREAAE 2B).
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A) B)
£ 400
H
5
& o B
M = £ W i
= B = 2 ]
Ee ar. H 5 o200 e
E* i 145
B Wi
"JQ £ 115 112
= E 86
z L
- 32
]
0
PuvsPy PrsvsPis PravsPu
P P [ Pie Sy

e Treatment

Pl 2 2 2 2 rh RO b i 22 N 22 e B I B R
Fig. 2 Relative standard deviation and differential protein number in proteomics

352 ZREHDREE LS XS Povs Py AR EH T GO ThEEERDHrKIL(E 3 A), BEERE
FIAE R RN A(26) A0 AL N (23)55 77 THI - 3BT Poyvs Py 4125 5 B2 AT KEGG ThRE & £ M R IL(E 4A),
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Fig. 5 Subcellular localization analysis of differential proteins under different treatments
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HUIE S Al S ¥ (Falik etal., 2006) . fIRBEAEEL N, MRAP T HBRAMN 1-T M0 W8 RA BERL. BT,
AHF TS AN R SMIFAR R AE R DA I T I ARBEAT I T, IRAIRTEA FIMR RS R YRR B 8 AR KK
BRI, DRI SR R i 2 R A 0 e 3 AR AR AT SRS

4. 1 NRSHEER MR I ARG E KA KA T DR B AR SR KM

FHEE T Pis A1 Py ALFE, Pog AT Poy S 2 FRAMSBE PN N AZ ARG EAR RIS E, HPF AR SR R4%
RYIINZ B HEE REERER 1o HET Pos, Po WFEMEE THEARKREIAMIEM, YRR g
AR b b iy, B R WA &t 5 B 22 48 N (Liao et al., 2003; Zhou etal., 2017). [Hitt, AN 1-T 4%
(RS N B T 2 IR 0 ¥ N B AR R AZ A 4 5 X B P TR A o ) R R AR AR 1- T4 R A2 AR R LIRS T
FIRE R, BEAWESTE/NGE 1o PFSMNEIE Y B I R R A KA RERE, SNE 1-T
I A N A2 X AR R R i B IR E R, PR iR R IARAMARA, BRI TR REAR, $m 7R Ui ge
7.

POD. SOD %EHiE BRI A —Fhbu A, MY R A )R AR A= W i 38 1) 5 BT 46 5 41 (Cocozza et
al., 2022; Tewari etal., 2021). FANEXTFZ AR R SOD Fl POD ZEhi S AL BB AT RGBS KB, Poy AbHL . E 2
i3t SOD M1 POD &1 (R 1), MMifEH A HF A s I35 A LI POD #1 SOD MEHKAEREZER, Po
AbFE £ S POD BiE T, KILIAHE POD 2 R R N, H#% SOD Mgtk = REQRE
Wo EARBIHHTEINGUR, WA T ReIMNERINE KV R ZRRBE LA S, PrEM AR ARIEWE W
RO DRI, ATRLRIWT 1T 06 IO N o8 et mAZ AR gh T M Buadi v, R LA S0 BR 42 i (R 8 IR B8 77,
M T &R EA SR

Pos A0 FAZ K[ Fv:Fo fl Fv:Fv 8 22 FFAK, [FIF Poi AEE T FviFv {H 3 5T Pos(FR 2). AHXTEL
T Py, Pip MR ERE THEE R Ay 4R B A SRNSTEGE 2). Fik, @ xsMNEE R Y
PRI, AN T AR A L 3k = AL EE T S e S ERT, PRARIRBEALBE N 4 s &1/, T 1-T
BB B T A e AR, $em KB T4 A 1ER .

4. 2 RRESMEIER WK I ARG E KK R B ARIR S AR SRtk i W E R L

FHXTEE T PosvsPis AL B [ 1) 275 DN ZEREH, PovsPy ZIAIKMEADZERER, RA 56 MERE
H, HHEFAE ABC Hizi@ i (B 2B. 4A). PosvsPis B 275 NESEH, FEEPAERF RSB
H(13)H(E 2B, 4B), HHE BAEREAT I0NMNEREQBTEETH, 3AMEREQRE FF,
BH AR T A5 BR VA I PR TR AR B R AZ AR 2 2R W ) 03 0 A )6 1 #E%F Domain 3EAT 73 BTt 3
T B4R £ FAD 45 & W (K 4E), FAD 45 & W b 2 | b i& 5B W £ E 4 K
(https://www.ncbi.nlm.nih. gov/Structure/cdd/PF00667), B AN T B & VAR N 5 38 2 = IR A0 B N AZ AR By iy
MIBTAEATE Tt o RN BT SN 0 o AR -5 E Tl P 2 T PR R O 3R, FRATTXT B Py AT Po 2 ] 2
FASEAE, TR, PovsPo Z 1A 615 AN EREE, Z5E 0 EEE RN A S8R (27)8
(B 2B), IF H KBS AL T VIR A, R ANE 1- T4 A In A2 B AR mk A0 FE A2 ARHR 2 b 2R Bl W
4, FFHAE Domain fREHELFEF (A 2D), HWAMEZANTAIINAEX . FR X Pos Ml P 2 ]
MR AR AT X b, R ZE R O R BRI (R 2A) RO 8 v B T T i 4 o AR
FEAER, Zad R E T 4R A K BE /) (Lempiaeinen and Shore, 2009), XK BHAMNE T A& ER KIS X A2 K %))
B AR PR AE A B B R

WA E AP B A AR, ATKIL T — MBS, PosvsPis WABRZEREHRE S
ARG ACHEER (B 4B), TMAE PosvsPo 21 KILIXFHIEHL (HEE 2A), 1E PorvsPo IR IME % 2
s AP RN HACEIERE b (T 2B), 1E PoyvsPy I A A KX MG L (K 4AD, BILIRATATEL
HEWT, AR T FE R AZL AR RSB EIY) B R R 2R A T S i A FE, AR 1-T 0 I AT LS G A
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AOFE R BERAE A R, AN 52 F BB ) 5EM o Xt 5 3RATT A T AR B 45 AW &

T IUERA TR, FRATXS PrvsPy T PovsPy BHRHEAT /0T I,  FEBA R IZR TR BeAR i id i 4 2
EEE; FIRXS PisvsPy 1 PovsPy 24 AT 04 B, A R IR T e AR i B ol 038 = 4R 2, R Ek
TR AR, R FAR ISR 2 ANIR 1= T 45 AT A e 1) & B 4% . IR X Lk POS AT PO1, W] LLK
b/

ANFFE R A BEA AR AN e e A, B HA A R sema B . 2K Z R 24 i@ B (Phenylalanine
ammonia-lyase: PAL) ZRALACHBE A “ITPEE”, PAL & IE e s A, 7RIS PEAL
B S AL R 4-F R -k e-5-F (MIO) (Poppe, 2001; Strometal., 2012). 7ERE#H, PAL
HHTRER SRR F R, F5E R PAL MF BRI MUERH E S O REH N, XK PAL WAL EAG AR
{HIT A KT AE(Zhang and Liu, 2015). PAL 7E PoivsPo B B KFRIAE Z FEH—35 £, SRIMAE PorvsPys
PyyvsPy RIS ARAS I BIX AN 22 SR A AFAE, RICIRATTHED PAL 76 1-T M AR B A 18 Hh R 4555 EEEH
(B 4)o [FEBTLE Pos vsPo R BLE A e K Z R At PAL, ZRMEEESH 25 528, 1EXT PosvsPiss
PisvsPy IR E I PAL fENZEREA NN E 4). PAL 452 S A 1951 & 24 i (Gho et al.,,
2020; Zhang and Liu, 2015; Al-Shwaiman et al.,, 2022; He et al., 2022), A5 &K I PAL 2 FIL
I R, (H 52T AR 1- T MR T R B, AN R PRIV IR PAL M ZE fEAZ AR B I 3E

5 5

LR EPTR, IE WAL AR NANFAR R IR IR TT,  $E AR 2R A0S A2 A i N AT B 3 (Y B
B Lo AEFHTEH, WATRIUA FIR RIE RV ISR I 2 AR R A KR | S R A 2 74k
1-TIGAE TR AR A S P VeSS 7 IO A2 R S B SRR B a0 B B S, BAR T A Ry oL fIG g
PR ARPULE, (BT RN e DAL B AT S 5m RIS, AN R HR 285 R ORI Tl £ i o2 5 i L B2
ANIES, 1T 0 R S e P Bh A AR B . PRI, AT ST AR AL B R TR AN R AR IR A AL AR
ARKBREHEBATIRAR R, AN R R KRS IR0z M8 T M52 i HLER T FU3R (e 225 5

£ PN
P
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