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Growth-promoting effects of Lactarius deliciosus on Pinus taeda seedlings

Bai Fan'?, Wei Hailong', Hu Chuanjiu', He Liang', Yang Chunbo', Cheng Junwen'

(1. Zhejiang Academy of Forestry, Hangzhou 310023, Zhejiang, China;
2. College of Forestry, Northeast Forestry University, Harbin 150040, Heilongjiang, China)

Abstract: [Objective] To investigate the growth-promoting effects of ectomycorrhizal fungus-Lactarius deliciosus on Pinus
taeda seedlings. [Method] Six-month-old Pinus taeda seedlings were used as the research material, in a constant temperature and
humidity light culture environment, the seedlings were inoculated with L. deliciosus solid inoculum and an infection experiment was
conducted for a period of two months. A pot-controlled experiment was adopted to evaluate the mycorrhizal colonization rate, growth
volume, chlorophyll content of coniferous leaves, changes in antioxidant enzyme activities and malondialdehyde (MDA) content
systematically. Subsequently, the changes and enrichment of differentially expressed genes (DEGs) in the transcriptome was analyzed.
[Result] L. deliciosus establish a successful symbiotic relationship with Pinus taeda seedlings, exhibiting a strong mycorrhizal
effect with a mycorrhization rate reaching 64.29%. Compared to the non-inoculated control group (CK), inoculation with L. deliciosus
significantly enhanced seedling growth; the height and ground diameter of mycorrhizal seedlings increased by 29.18% and 20.65%,
respectively. Total chlorophyll content increased by 30.85%. Activities of the antioxidant enzymes peroxidase (POD), catalase (CAT),
and superoxide dismutase (SOD) were enhanced by 43.70%, 61.52% and 37.40%, respectively. Analysis based on transcriptome data
showed that differentially expressed genes (DEGs) were significantly enriched in the pathways of phytohormone signal transduction,
starch and sucrose metabolism, and phenylpropanoid biosynthesis. [ Conclusion] Mycorrhization significantly improved photosynthetic
capacity and oxidative stress resistance, ectomycorrhizae may promote seedling growth by modulating hormone signaling networks and
secondary metabolic pathways.
Keywords: ectomycorrhizal fungi; Lactarius deliciosus; Pinus taeda; growth-promoting effects
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231 Mp SR T

Wi 3 fion, CK ZHFACFEZH ) 4 o A
™, Clean reads ¥J{H 73519 46 176 073 145 529 114,
HFEA Clean Data Jit &8 KX T 805 T 20 HIHH2E B

A RTIEPRERIE: B IR EARTIBUE: C. D AR ME TEMRE, D Eh (@ ks A BRI A R, E AR 18
F AR B R A .
A: Ectomycorrhizae in soil; B: Cross-section of coral-like ectomycorrhizae; C, D: Show ectomycorrhizae under stereomicroscopy, black arrows indicate white hyphae
attached to the ectomycorrhizal surface; E: Paraffin section of ectomycorrhizae; F: SEM image.

1 WRFLEES NIERT RO EISME ERFZTS

Fig. 1 Different ectomycorrhizal morphology of P. taeda and Lactarius deliciosus

R 1 MEERRRERIAIERE KR

Table 1 The colonization rate of ectomycorrhiza and its effect on the growth of P. faeda

b Cofjii N Cﬁjﬁi‘iﬁn _ *ﬂ%% Plant height _— ”HM% Ground diameTer/ _
Treattment : T MK T MK
rate /% index /% Mean /cm Increase rate /% Mean /mm Increase rate /%
Al T 64.29 55.83 26.87£0.93 a 30.25 222+0.10a 31.36
FKHeFh CK 20.63+£0.91 b 1.69+0.11b

T BB NG FREFROR A B A ZE R 22 (P <0.05) , RPREMEFRFAEE, T,
Different lowercase letters within the same column indicate significant differences among treatments(P << 0.05), data are presented as mean=SD unless otherwise
stated. The same below.

*2 BAEMEER. MENEL MDA SENFE
Table 2 Effect of chlorophyll, antioxidant enzyme and MDA content of each treatment

b3 RS fit% 14 Enzyme content /( U-g ) MDA &
Treatment Chlorophyll MDA
content /( mg-g ') POD CAT SOD content /(nmol-g ")
B T 1.773+0.12a 426.708+16.17 a 265.843+16.58 a 113.156+16.54 a 9.321+0.46a
KHFP CK 1.355+0.13 b 296.272+14.81 b 163.087+9.33 b 82.357+7.62 b 10.329+0.92 a
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Table 3 Coniferous transcriptome sequencing data of the
control group and treatment group

=y
FEA SARE T4 Ol Oul% GCGE &
Sample Total reads  Cleanreads =" =30°7°

content /%

CK-1 50523982 50299408 98.88 96.34 47.63

CK-2 41805712 41556802 98.58 95.43 48.32
CK-3 46897158 46672010 98.87 96.32 48.17
T-1 45995298 45773820 98.87 96.30 47.73
T-2 42139640 41919282 98.76 95.95 47.91

T-3 49092300 48894240 98.88 96.33 47.87

232 FERIREHER KR

%of ¥ B 2 Y Unigene JF & GO #l KEGG T
Rer KRR, s R 23 7 B4 S CK
[FASE B I 222 S R0 L IR PR D) REARFALE

H K A & (Gene ontology, GO) & 4= [f] #
AR ER KB R RS, EH

cellular process

metabolic process 4

response to stimulus 4

biological regulation
developmental process 1
multicellular organismal process 4
localization 4

reproductive process 4

ion between o 1
immune system process
homeostatic process
growth 4

detoxification 4

rhythmic process 4
locomotion 4

ion between organi
pigmentation 4

viral process 4

cellular anatomical entity 4

biological process involved in interspecies i

involved in i

protein—-containing complex 4
catalytic activity 4

binding 4

transcription regulator activity 4
transporter activity 4

ATP-dependent activity 4

molecular transducer activity 4
molecular function regulator activity 4
molecular adaptor activity 4
structural molecule activity 4
antioxidant activity

cytoskeletal motor activity 4
translation regulator activity 4
molecular carrier activity 4

protein folding chaperone 4

electron transfer activity 4

small molecule sensor activity 4
nutrient reservoir activity 4
protein—-containing complex destabilizing activity 4
molecular tag activity 4

I}E%% B Functional term

FH&EWFh. 4581 (K2 Bor, 410330 %
Unigene #% D072 GO Fds FE vk = K38 H (A&
VIt AR, T UIRE. M) R 39 AN IRESK
Hrb. fEAYSREIST, i fe. R,
HE R BRI B A K KB RS Unigene 1 22 22 &
L5 M. ARPZH Sy T T, 20 MO AR R SE AR R HY
EEERNE. S TUREmN EBEERELE ST
e AL TEPE R K2R

KEGG i A VE B 4 Unigene £ 5 () 4E Wi %
R AT KIGERS: Mt FE. FAEEE S AL EE,
WALE B, RIFAMENL RS L% 0Hr,
LA 13 875 % Unigene J7 51 8 % D iE B 2 331 5%
At (B3 o TR, £E 5% S,
R RG . BAKALE AR 32 Ao A
WS, SRR FUREBR AU AN 3 55 D0 s AR
R OCIE K -, R E K& Unigene 1E %
MG B RV, ZRE KM T KIERTZ
FhAE AR AR IE AL T i BE TR R A
233 KIERAY) T RN £ 22 SRR L

oAb FZH RN CK ) Ar f  JE R 3k AT 25 R A
T R (F4 BoR, 5CKMLE, #EiE
TV 10 T AR KK 0 v (RS 6 P L 0 3k 1) 754 A 22

olecular_function

Pl [—

2500 5000 7500 10000
FFHE Gene count

&2 NIEMEEFRE GO HIBRES

Fig.2 GO database classification chart of the P. taeda transcriptome
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Fig. 3 KEGG classification chart of the P. taeda transcriptome
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Fig. 5 GO enrichment analysis of differentially expressed genes in the treatment group and control group
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510 ROS FEBRMLE, b U8 40 5 10 B 35 P I %
ik MDA & &, 528 AR b [F 38 5 s R 4 B
71 BE RR e AT MR G P R A
POD. CAT. SOD i& VR ZHE T, Hor 1 5l 2
B N 3E % (GO H BP) w2 e LK B A1 R IA
IR TR e A A P i 1) A1 S T A P AL
YA, 5 RS RIERR ROS. X 5% P
TEE PR AP R E N ENE. BRI
&, AR ) MDA & 5 X R A LG B 35 AR
A, 0 R R AR O ) RS2 A I B A RO
KEGG ' MAPK 15 5B # &4 ") , mAL
F5E A 28 S o TR R B 36 3o 33 B AR A i R 9 1 ik
R PrigitE, R ESE S (GO H MF)
S B G I B S . X AP (1S MDA S EA
A5 1) [ B AR R RE I K. AR LA ST T R T
iy —— WE REHRPUM S By, SO 1 2 4 o8
Bk,

g BRTIR, R s FLaE W L KB RA 4
AR, AR RS ' A PUEAGER S .
— B HN T R, R T 2
TR AR A RA T BB R AR AR KRS
PUE IR AW TN R AR B e B K,

FE N AT PR AR 1G5 AR A 3E A= 4 JBh A 04 1 43 1 L
i) B4 B Al
4 £ ®

KBRS %) B A AR T AR TR R AL & S Y
B B AR 254 DL Z SOIR e BN, HRRE 9 AR
HI o 0 AT S A o0 1, HUR B AR
Ak, RS RHES 2 AR R HEAREHE P (1)
AR 50— 8P k% PR, WHE
¥ 4% T 32 Wk 2 T & Boletus edulis A1 35 4 201 i
Rhizopogen luteous T LA i 35 £ /=1 {8 Ho A 1) 1 AR T2
R ERBOG R LM SR G 8. A —3
WESKE,  FERPAA P s AT 3 R T KR AR 8 v I AR
AT R, AR EAK . Fe iR,
PRI AR T W 3 28O T KBRS I B B PR 3R T 1

SE3CHK:

[1] Smith S E, Read D J. Mycorrhizal symbiosis[M]. 3rd ed. London:
Academic Press,2008:192-268.

[2] Stuart E K, Plett K L. Digging deeper: in search of the mechanisms
of carbon and nitrogen exchange in ectomycorrhizal symbioses[J].

Frontiers in Plant Science,2020,10:1658.



46 3%

A2 S A s AN e O

139

(5]

[10]

EE, TN AMEEMRA SR K AR TR
Iy BRIRZ IR [9]. P UM R 22 2 A (AR B2 AR),2013,37(2):
97-102.
Wang Y, Ding G J. Effects of ectomycorrhizal on growth,
physiological characteristics and nutrition in Pinus massoniana
seedlings[J]. Journal of Nanjing Forestry University (Natural
Sciences Edition),2013,37(2):97-102.
MRz b, xl A , BRI, 55 AMVERR R G D2 55k
MR H SE AT BT RS0 (1], e MOl RHOR 223k
2023,43(5):36-48.
Chen J M, Liu CY, Chen C, et al. Effects of Pisolithus tinctorius
colonization on the drought tolerance of Quercus acutissima
seedlings[J]. Journal of Central South University of Forestry &
Technology,2023,43(5):36-48.
Chen S L, Hawighorst P, Sun J, et al. Salt tolerance in Populus:
significance of stress signaling networks, mycorrhization, and soil
amendments for cellular and whole-plant nutrition[J]. Environmental
and Experimental Botany,2014,107:113-124.
A AN AR TR TR R T A R 2 BTG
L [0]. WrveARlE RN ,2010(5):1059-1061.
Huo W. Advance in the enhancement of plant heavy metal
resistance of ECM fungi[J]. Journal of Zhejiang Agricultural
Sciences,2010(5):1059-1061.
YR R, RIS, &5 SRR S SR AT TC R A%
PET BIME R G AR [J]. £ P 23 ,2009,16(1):31-36.
Fu S C, Tan Q, Chen M J, et al. Mycorrhizal synthesis involving
Boletus edulis and Pinus massoniana[J]. Acta Edulis Fungi,
2009,16(1):31-36.

22 IR, TR AMERR G RO P SN
PR AREAS [J]. B3R .2020,39(5):955-962.
Huang L L, Wang Y L, Yu F Q. Exogenous competitive
myecorrhizal fungi and their mycorrhiza morphology during
ectomycorrhiza synthesis of some Lactarius and Tuber species
on pine and oak seedlings[J]. Mycosystema,2020,39(5):955-962.
REtn . DRI TR 2 R LR R A B T (D)
BEPH : B R 2023:21-35.
Yuan G Y. Research on the diversity of ectomycorrhizal fungi of
Pinus massoniana and their mycorrhizal synthesis[D]. Guiyang:
Guizhou University,2023:21-35.
TR, R, TIUOR , 2.6 Fh b A AR IO K B
P BB AR A RORE [J]. H R MOl B K 2 4 ,2024,44(12):
123-130.
Wang D H, Wang Y R, Jiang H H, et al. Growth-promoting effects
of six ectomycorrhizal fungi on Larix olgensis seedlings[J].
Journal of Central South University of Forestry & Technology,

2024,44(12):123-130.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

it Robert H I, %= | 45 . N L& ha FLEE AR S Ak Bz
Jerig TR A WE R >T465% [1]. BRI ,2021,28(3):
129-134.

Wang D, Robert H I, He X L, et al. Morphological observation of
synthesized ectomycorrhizae betweeen Lactarius deliciosus and
three Pinus species and molecular identification of contaminating
species[J]. Acta Edulis Fungi,2021,28(3):129-134.
KRB M SR SR E - N 28
L RRNE 1986(3):26-28.

AR AT D).

Zhang X Z. Determination of chlorophyll content in plants-
acetone-ethanol mixture method[J]. Liaoning Agricultural
Science,1986(3):26-28.

GAER AR WS A AN IR Uy B BB I8 BE
RNA I ECE [, A E RS ,2021,40(11):82-86.

An J X, Wu S H, Zeng L J, et al. Comparison of different
methods to extract total RNA from Saccharomyces cerevisiae[J].
China Brewing,2021,40(11):82-86.

BRHERK , BRFERT, MMROL , 45 . R0 T 2555 5 s 2 0 W 1]

677 E 2025(3):9-17.

QiuY Q, Chen J Y, Yang L L, et al. Transcriptome analysis of
Chrysanthemum morifolium under drought stress[J]. Northern
Horticulture,2025(3):9-17.

T, XUREE BT R E AR
BRI A RIS [J]. B
YuY X, Liu C R, Tang W Z. Exploring the effect of chlorophyll

VHEA AR T S R &
AR 2023,44(4):545-555.

content on plant growth by proteomic technology[J]. Journal of
Chinese Mass Spectrometry Society,2023,44(4):545-555.
WRER | BRB , ZEX0T, 45 . e o AN [ AQ S i 00 A BRI
eSSBS IR 9] PO ARl R 222 4R ,2024,42(5):1049-
1056,1084.
Chen M, Chen L, Li S J, et al. Effects of drought stress on
physiological characteristics and stomatal morphology of different
cassava seedlings[J]. Journal of Sichuan Agricultural University,
2024,42(5):1049-1056,1084.
PR, Tk | . TR SRR AT B RS
TEPERIFZIA [J]. PEALAR AR 24 ,2015,30(2):33-37,58.
Li CY, Wang J X, Xue S. Effect of drought and rewatering on the
activity of protect enzymes in the leaves of Platycladus orientalis
seedlings[J]. Journal of Northwest Forestry University,2015,30(2):
33-37,58.

SRIEITN , WBSRE, XK, &5 L A BRI A B A A

RERG TN [0]. AT 2 ,2025(5):39-47.
Pei X L, Han C, Liu H F, et al. Physiological and biochemical
responses of jujube under different salt stress and comprehensive
evaluation[J]. Northern Horticulture,2025(5):39-47.

(F4% 152 )



152 M, A JTELTE S B ORI A3 2R G R 55 RS DXCHORT e 1 R I RN T AT ELE
Sinica,2022,42(16):6534-6542. Sui C H, Lu H F. An emergy analysis of the tourism ecosystem
[26] B, LT, XIRIE, & . JLFE K H AR RIIX of Danxia mountain world natural heritage[J]. Ecology and
B A5 2B RGNS I EVEAS [1]. A7 23k ,2022,42(6): Environmental Sciences,2019,28(7):1297-1306.
2063-2073. [29] B4, BdE, ¥4bT & ASRGMRS 5 A KEAL AL T
Liao Y C, Shi X W, Liu J Y, et al. Ecosystem service values 1 B FLBR AN R 2R - DLRGITIs i i S 4 [J]. R B REAE 2025,
assessment before and after earthquake in Jiuzhaigou national 46(11):7298-7315.
nature reserve[J]. Acta Ecologica Sinica,2022,42(6):2063-2073. Liao X, Yang X, Guo S P, et al. Interactions and driving factors of
[27] FEFAE , BRNT , ARERVE | 25 . FIZE M S LA 1 T 5 B ARast ecosystem services and human well-being: a case study of Chengdu-
PRI AE S R G SCAE IR 45 AL S B YRS - L ES L S [0, Chongging urban agglomeration[J]. Environmental Science,
HU BT 7T ,2025,44(11):3147-3164. 2025,46(11):7298-7315.
Sui C H, Luo Q Y, Zou Y J, et al. Evaluating the social value [30] United Nations Development Programme. Human Development
of cultural ecosystem services in a world natural heritage site: Report 2014 sustaining human progress: reducing vulnerabilities
perspectives of different stakeholders at Danxiashan[J]. Geographical and building resilience[EB/OL]. [2026-03-06]. https://hdr.undp.
Research,2025,44(11):3147-3164. org/content/human-development-report-2014.
[28] PFE#AE , Bl o5 . PR Lt S AR R AR S R e AR A

1A [3]. A ST EAR ,2019,28(7):1297-1306.

[ ASCHIE: WERTS ]

DOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOBOOOOOOBOOOBOOOOOOOOOOOOOOOOOOOOBOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOE

[19]

[20]

(21]

[22]

[23]

[24]

(E#EF 139 R)

W BRIEAR , IRIEIE &5 KRS E AR S AR
YR [J]. TEBHAE K 54k ,2001,32(4):247-249.
Meng J, Chen W F, Xu Z J, et al. Study on photosynthetic rate
and chlorophyll content[J]. Journal of Shenyang Agricultural
University,2001,32(4):247-249.

R AR B 0 D R AR TR PR AR BN 2 AL
WEFC [D]. BERH : SIS ,2021:8-16.

Li M. Physiological and molecular mechanism of ectomycorrhizal
fungi enhancing drought resistance of Pinus massoniana
seedlings[D]. Guiyang: Guizhou University,2021:8-16.

EF5 . B S H 72 B MhGolS2 1 MhGATLI1 4 5 4 fif B £ W
AR R ER B B AL B (D] 20 R R
2024:10-21.

Wang X. Glycosyltransferases MhGolS2 and MhGATL1 mediate
the mechanism by which cell wall polysaccharide synthesis
improve saline-alkali resistance in apple[D]. Lanzhou: Gansu
Agricultural University,2024:10-21.

Noor I, Sohail H, Sun J X, et al. Heavy metal and metalloid toxicity
in horticultural plants: tolerance mechanism and remediation
strategies[J]. Chemosphere,2022,303:135196.

Wang X, Wei H, Wang K T, et al. MYB transcription factors: acting
as molecular switches to regulate different signaling pathways to
modulate plant responses to drought stress[J]. Industrial Crops and
Products,2025,226:120676.

R, AR, EARAS, 5 IR REACEIE AR 20 SO0 R A R
NI TR R (9], A ERE OR T ,2023,43(2):23-30.

Xie F, Hao L, Wang Z J, et al. Advances in understanding how

[25]

[26]

[27]

[28]

[29]

branches of the phenylpropanoid pathway respond to biotic stress[J].
China Plant Protection,2023,43(2):23-30.

T4 KR PRI FERGT AR 70 TR HLE] [D]. 165 -
JEHUARAL R 2 ,2020:15-29.

Feng J. The molecular regulatory mechanism of salicylic acid-
primed strawberry resistance against Podosphaera aphanis[D].
Beijing: Beijing Forestry University,2020:15-29.

HouJ X, Liu X Z, Zhang J R, et al. Combined application of biochar
and partial root-zone drying irrigation improves water relations and
water use efficiency of cotton plants under salt stress[J]. Agricultural
Water Management,2023,290:108584.

Nidhi, Igbal N, Khan N A. Synergistic effects of phytohormones
and membrane transporters in plant salt stress mitigation[J]. Plant
Physiology and Biochemistry,2025,221:109685.

HRE , BRI . BARE: (M. AGat Bl RRAE 2007:16-17.

Liu R J, Chen Y L. Mycorrhizology[M]. Beijing: Science Press,
2007:16-17.

Tk, GENER, AT AF AR AN AR AR SR A A
P R8SE B AR B e A MU B R B2 IR (0], P bR R 22 2R (H
SRBFER ),2014,38(5):57-61.

Zhang Y, Zeng L Q, Ye J R, et al. Effects of ectomycorrhizal
fungi inoculation on growth and rhizosphere microorganisms
of Pinus elliottii seedlings[J]. Journal of Nanjing Forestry
University (Natural Sciences Edition),2014,38(5):57-61.

[ ASCHRE: WS ]



