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Abstract: The distribution and subcellular localization of toxic metal ions in plant tissues are of great significance for

plants to cope with metal stresses, which could provide valuable insights into the mechanisms underlying plant metal
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tolerance. To explore the distribution of aluminum ( Al) at the subcellular level after entering Pinus massoniana, four
aluminum concentrations of 0, 0.5, 1.0, 2.0 mmol - L™ were set up in this study. The growth status of P. massoniana
and the distribution characteristics of aluminum at the subcellular level under different Al concentrations were studied by
pot experiment. The results were as follows: (1) P. massoniana exhibited significant growth enhancement under 0.5
mmol + L' Al treatment, and the biomass, seedling height, root length, as well as the number of lateral roots were all
significantly promoted. However, higher Al concentrations ( =1 mmol « L") led to diminished growth promotion effects
and inhibited root growth and cell viability in P. massoniana root tips. (2) Translocation of Al from roots to shoots in
P. massoniana was limited. The absorbed Al was mainly deposited in the roots ( P<0.05), although the accumulation of
Al in the shoots increased along with the Al concentration increased. (3) At the subcellular level, different Al
concentrations affected the proportions of absorbed Al deposited in cell walls and vacuoles. Under both 0.5 and 1.0
mmol - L' Al treatments, the proportions of Al in both the cell walls and vacuoles of roots or shoots were all at higher
levels compared with other cell components, and there was no significant difference between the Al contents of cell walls
and vacuoles. However, at high Al concentration (2.0 mmol + L"), a majority of deposited Al was found on the cell
walls, accounting for 55% and 70% in root and shoot cells, respectively. In contrast, the Al contents in the organelles
and cytoplasm maintained low levels of Al concentration treatments, which mitigated the adverse effects of Al on cellular
functions. In summary, the presented results suggest that P. massoniana effectively adapted to Al stress through
coordinated distribution and subcellular localization mechanisms for absorbed Al. This evokes the needs of further

investigation of the adaptation mechanisms of P. massoniana to Al stress from both the cellular and molecular levels.
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Table 1  Growth of Pinus massoniana under different Al concentration treatments
-  ETWE o REME TS e i e
Al (‘,()ncentrajlon of shoot of oot Total root length Number of Shoot height Ground diameter
(mmol - L) o) (5 (em) lateral roots (em) (em)
0 0.19+£0.04a 0.05+0.01b 28.67+0.36b 34+2.07b 8.67+0.20b 0.10+0.01b
0.5 0.21+0.06a 0.07+0.05a 39.89+1.88a 52+1.84a 9.69+0.20a 0.12+0.01a
1.0 0.13+£0.04b 0.03+£0.01¢ 18.44+1.28¢ 25+1.87¢ 7.53+0.16¢ 0.09+0.01b
2.0 0.15+£0.04b 0.04+0.02bc 21.35+0.67¢ 19+0.98d 6.86+0.12d 0.08+0.01b

T FZVEAE IR AN ] REAERA (R AR R BE AL B3 22 57 (P<0.05)

Note: Different letters after the data in the same column indicate significant differences between different Al concentrations (P<0.05).
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A B.C.D 23 HARFEABWE N 0.0.5.1.0.2.0 mmol - L', #R =5 em, F,

A, B, C and D represent Al concentrations of 0, 0.5, 1.0, 2.0 mmol « L', respectively. Scale bar = 5 ¢cm. The same below.
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PR =500 wm,

Scale bar =500 pm. R =1 mm,
N al =1 .
E2 FRASKETDRANRERS Seale bar =1 mm
Fig. 2 Root hair morphology of Pinus massoniana B3 ARSBRETISERRREMOEE
under different Al concentrations Fig. 3 Live cells staining of Pinus massoniana root

tip under different Al concentrations

FrR =500 wm,
Scale bar =500 pm.
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Fig. 4 Al deposition in Pinus massoniana roots under different Al concentrations
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5 AEBRETEN REANSEIE
Fig. 5 Al contents in shoots and roots under

different Al concentrations
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Lowercase letters indicate the differences between different cell components under different Al concentrations ( P<0.05).
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Fig. 6 Al contents in cell components of shoots and roots under different Al concentrations
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Fig. 7 Proportions of cell components in shoots and roots of different Al concentrations

Z R A & (Taylor et al., 2000) ; 24 15 4 iy BE
(R 230 I, 42 08 B F DL G 3 3 & 0 8 X %
AEAE N R SR A TR P, DA 37 40 e P 3 B <2
%)@ B 1) 3 F (Taylor et al., 2000; Wu et al.,
2013) , [RIL, AEL ) P 200 6 RE RO 00 %) % i R A
JRE TR E A EEAEN ., Gao 55 (2014) TRAAK
B R ER ) A A A B0, & IR 20 A T A0 e BE | L
YR, 43 530 5 e 709% F1 209% 2245, 16 A (3
A% ,2017) L2 (XITTHF,2020) o i B 45
R R FEEEIAFWRE T A EESAT
4 i BE A L P, A B T 40% ~ 70% FI 15% ~
40% 305 [l N 5 i BR A BT B8R 32 40 A T AN
morin %@%IETJ\XQQJ:?%,,E\:EIU\%?EH@%W%
BRIE W 9 6 & & W 8 8 88 0 & 45 R (Ahn,
2002;Riaz et al., 2019) . AH% T 41 g BE AL
0 6 55 A0 200 gk PN D00 R AN 1 R =, Pl A
JH60 25 0 40 S5 1 T R X 40 R AT A R R B AR
IE T HINRER IEH 25

4 ik

Ty FE A AT e S 9 R PR N 09 23 T 3 N 65 B

i, BEA S EAMA N AR DL B DIRUT AR AR i 40 i
KPS FR A0 D 25 200 A A 20 i BE R P, XA
) 25 ok R 40 65 Y9 P ) A R A AR OK
- PRI ZE I A DI RE . DA B SR O JE S
240 6 7K - iR — 205 B T SR A X R B A5 1 3 1 ATL ]
FEAL T IR LA

SE .

AHN §J, 2002. Aluminium-induced growth inhibition is
associated with impaired efflux and influx of H* across the
plasma membrane in root apices of squash ( Cucurbita pepo)
[J]. ] Exp Bot, 53(376): 1959-1966

BAO SD, 2000. Soil agrochemical analysis [ M ]. 3rd ed.
Beijing: China Agricultural Publishing House: 239 -
240. [#1+H, 2000. FHERAIIHT[M]. 55 3 K. dE5T.
O AT . 239-240. ]

BLOOM PR, WEAVER RM, MCBRIDE MB, 1978. The
spectrophotometric and  fluorometric ~ determination  of
aluminum with 8-hydroxyquinoline and butyl acetate
extraction[ J ]. Soil Sci Soc Am J, 42(5) ; 713-716.

CHEN SS, QI XY, FENG J, et al., 2022. Biochemistry and
transcriptome analyses reveal key genes and pathways
involved in high-aluminum stress response and tolerance in
hydrangea sepals [ J ]. Plant Physiol Biochem, 185



34 FEATZR4E . AN [) BRI B2 AL BT B FE M PN B8 1 73 BC 4R fiE 529

268-278.

CHEN YM, TSAO TM, LIU CC, et al., 2011. Aluminium and
nutrients induce changes in the profiles of phenolic substances
in tea plants ( Camellia sinensis CV TTES, No. 12 (TTE))
[J].J Sci Food Agric, 91(6): 1111-1117.

CIAMPOROVA M, 2002. Morphological and structural responses
of plant roots to aluminium at organ, tissue, and cellular
levels [ J]. Biol Plant, 45; 161-171.

DAI YP, 2017. Study on the characteristics of aluminum
enrichment in ferns and its influencing factors [ D ].
Shanghai; East China Normal University. [ 1 W
2017. WA 0 AR IE SO R R AF5E [ D). L.
IR R ]

FENG YM, LUO GR, QU M, et al., 2022. Effects of boron on
aluminum adsorption and desorption of cell wall components
of pea root tips[ J]. Plant Nutr Fert Sci, 28(10) . 1893 -
1900. [3EH], Bz, ik, 45, 2022. WX HEEARR
N MLREZH S X SR BN A I AR s [ ] R E IR S R
#z, 28(10) ; 1893-1900. ]

GAO HJ, ZHAO Q, ZHANG XC, et al., 2014. Localization of
fluoride and aluminum in subcellular fractions of tea leaves
and roots[ J]. J Agric Food Chem, 62(10) ; 2313-2319.

GU XR, JIA H, WANG XH, et al., 2023. Differential
aluminum tolerance and absorption characteristics in Pinus
massoniana seedlings colonized with ectomycorrhizal fungi of
Lactarius deliciosus and Pisolithus tinctorius[ J]. J For Res,
34, 1523-1533.

GU XR, NI YL, JIANG YN, et al., 2018. Effects of Laccaria
bicolor on growth, uptake and distribution of nutrients and
aluminum of Pinus massoniana seedlings under acid
aluminum exposure[ J]. Sci Silv Sin, 54(2): 170-178. [ %
A%, I, VIS, 45, 2018. 06 I X R 1
FRIEE N BN A SR R R AT S
[J]. MolkBl:, 54(2) : 170-178.]

GUO P, LI Q, QI YP, et al., 2017a. Sulfur-mediated-
alleviation of aluminum-toxicity in citrus grandis seedlings
[J]. Int J Mol Sci, 18(12): 2570.

GUO P, QI YP, CAI YT, et al., 2018. Aluminum effects on
photosynthesis, reactive oxygen species and methylglyoxal
detoxification in two Citrus species differing in aluminum
tolerance[ J]. Tree Physiol, 38(10) ; 1548-1565.

GUO P, QI YP, YANG LT, et al., 2017b. Root adaptive
responses to aluminum-treatment revealed by RNA-Seq in
two citrus species with different aluminum-tolerance [ J ].
Front Plant Sci, 8. 330.

HOU M, HU CJ, XIONG L, et al., 2013. Tissue accumulation
and subcellular distribution of vanadium in Brassica juncea
and Brassica chinensis| J]. Microchem J, 110. 575-578.

HUANG LY, 2017. Mechanisms of aluminum uptake and
tolerance in Camellia oleifera Abel.[ D]. Changsha; Central
South University of Forestry and Technology. [ ¥ TN I,
2017. AR 5RO R R LB S [ D] K
W ARl AR, ]

INOSTROZA-BLANCHETEAU C, RENGEL Z, ALBERDI M,
et al., 2012. Molecular and physiological strategies to

increase aluminum resistance in plants[ J]. Mol Biol Rep,
39(3) : 2069-2079.

JAISWAL SK, NAAMALA J, DAKORA FD, 2018. Nature and
mechanisms  of aluminium toxicity, tolerance and
amelioration in symbiotic legumes and rhizobia [ J]. Biol
Fertil Soils, 54(3) : 309-318.

JI YW, 2016. Study on physiological response mechanism of
Pinus massoniana  Lamb. to aluminum stress [ D ].
Chongging; Southwest University. [ Z0 W %, 2016. TR
BRI0 A BRI SEALAI [ D). EEER: PUR R ]

JIANG DX, WU HH, CAI H, et al., 2022. Silicon confers
aluminium tolerance in rice via cell wall modification in the
root transition zone [ J ]. Plant Cell Environ, 45(6):
1765-1778.

KIDD PS, LLUGANY M, POSCHENRIEDER C, et al.,
2001. The role of root exudates in aluminium resistance and
silicon-induced amelioration of aluminium toxicity in three
varieties of maize (Zea mays L.) [J]. ] Exp Bot, 52(359) .
1339-1352.

KLUG B, KIRCHNER T, HORST W, 2015. Differences in
aluminium accumulation and resistance between genotypes of
the genus Fagopyrum[J]. Agronomy, 5(3) : 418-434.

KOCHIAN LV, PINEROS MA, LIU J, et al., 2015. Plant
adaptation to acid soils; the molecular basis for crop
aluminum resistance [ J ]. Annu Rev Plant Biol, 66;
571-598.

KOPITTKE PM, GIANONCELLI A, KOUROUSIAS G, et al.,
2017. Alleviation of Al toxicity by Si is associated with the
formation of Al-Si complexes in root tissues of sorghum
[J]. Front Plant Sci, 8: 2189.

LI JA, 2021. Alleviation and regulation of exogenous organic
acids on aluminum toxicity of Pinus massoniana [ D ].
Chongging: Southwest University. [ 22087, 2021. FREZEF
S5 T AN LIRS B FEAMARE F R VE I SR pL
[D]. HJK: PHRRE ]

LI ZY, LU WL, QIAN W, et al., 2022. Biological
characteristics and response to aluminum stress of root border
cells in Cunninghamia lanceolata and their response to
aluminum stress[ J]. Sci Silv Sin, 58(7): 73-81. [ Z=H}
BH, BliSCES, BRRE, 55, 2022. F2 AR LS 20 H A= 12 FF
P S R E AR BE[ T ] MRolk Bl 58(7) : 73-81.]

LIU W], XU FJ, LV T, et al., 2018. Spatial responses of
antioxidative system to aluminum stress in roots of wheat
(Triticum aestivum L.) plants[J]. Sci Total Environ, 627.
462-469.

LIU YJ, 2020. Physiological and biochemical changes in
response to aluminum treatment and aluminum accumulation
in the Camellia japonica [ D ]. Chengdu; Sichuan
Agricultural University. [ XIJCIF, 2020. L1255 45 A A 38
A=A R A SR R AU SE[ D] AR 1)1 ARl
P

LIU YM, 2018. The characteristics and rhizosphere effects in
alleviating Al-toxicity of Pinus massoniana root exudation in
acid-aluminum environment [ D ]. Chongqging: Southwest
University. [ X[, 2018. FREG AR B BINR 2R 73 WP
FerE b G R aE O PRON [ D] K PRI R ]



530 |1 I G/

44 ¥

LU MY, 2014. Cell biological mechanisms of aluminum induced
on root apex of different aluminum-tolerant fast-growing
eucalyptus clones[ D]. Nanning: Guangxi University. [ fifi i
YL, 2014, G5 T A [ 4 B A e TT T 2R RO AR S 40
A RIS D] BT )R

MUKHOPADYAY M, BANTAWA P, DAS A, et al.,
2012. Changes of growth, photosynthesis and alteration of
leaf antioxidative defence system of tea [ Camellia sinensis
(L.) O. Kuntze ] seedlings under aluminum stress [ J].
Biometals, 25(6) ; 1141-1154.

RIAZ M, YAN L, WU XW, et al., 2019. Boron supply
maintains efficient antioxidant system, cell wall components
and reduces aluminum concentration in roots of trifoliate
orange[ J]. Plant Physiol Biochem, 137 93-101.

SCHMITT M, WATANABE T, JANSEN S, 2016. The effects of
aluminium on plant growth in a temperate and deciduous
aluminium accumulating species [ J ]. AoB Plants,
8 plw065.

SU YY, 2021. The physiological response mechanism of
acetylcholine regulatingcadmium stress in tobacco ( Nicotiana
benthamiana ) [ D ]. Xianyang: Northwest A & F
University. [ Fhas2%, 2021, 2B AR08 15 400 5 45 oy 2
BLEAEFRBLRI [ D], B PUAL R 7. ]

SUN CL, LU LL, YU Y, et al., 2016. Decreasing methylation
of pectin caused by nitric oxide leads to higher aluminium
binding in cell walls and greater aluminium sensitivity of
wheat roots[ J]. J Exp Bot, 67(3) : 979-989.

SUN LL, ZHANG MS, LIU XM, et al., 2020. Aluminium is
essential for root growth and development of tea plants
( Camellia sinensis ) [ J]. ] Integr Plant Biol, 62(7):
984-997.

TAYLOR GJ, MCDONALD-STEPHENS JL., HUNTER DB, et
al., 2000. Direct measurement of aluminum uptake and
distribution in single cells of Chara corallina [ J]. Plant
Physiol, 123(3) : 987-996.

WANG P, ZHOU SJ, LI A, et al., 2022. Influence of
aluminum at low pH on the rhizosphere processes of Masson
pine ( Pinus massoniana Lamb) [J]. Plant Growth Regul,
97(3) : 499-510.

WANG SL, WANG P, WANG CY, 2010. Changes in
rhizosphere pH and exudation of organic acids of masson pine
( Pinus massoniana ) seedlings under aluminum stress
[J].J Ecol Rural Environ, 26(1): 87-91. [ /KK, £
-, AR, 2010. FRHA T SR A LRI HIB AR
brpH B2 [T]. R 5 R HIEZHH, 26(1):
87-91.]

WANG XH, 2020. Fine root morphology, hormone synthesis and
secretion characteristics of ectomycorrhizal Pinus massoniana
seedlings under acid aluminum stress [ D ]. Chongqing:
Southwest University. [ /Nl 2020. #H R D BN Sh
TERRVERR A T A AR A 51 R G LS 3 WAL
[D]. HER: YRR

WANG YX, LI KF, DING GJ, et al., 2020. Effects of

aluminum on growth and nutrient element absorption of

mycorrhizal Pinus massoniana seedlings[ J]. J For Environ,
40(2): 119-125. [VEIE 55, ZERIF, T 5ok, %,
2020. FEXT S R AL TR 1 A 4 B 57 T8 3 W 5
[J]. FRARS IR, 40(2) : 119-125.]

WEIGEL HJ, JAGER HJ, 1980. Subcellular distribution and
chemical form of cadmium in bean plants[ J]. Plant Physiol
65(3) . 480-482.

WU Z, MCGROUTHER K, CHEN D, et al., 2013. Subcellular
distribution of metals within Brassica chinensis L. in response
to elevated lead and chromium stress [ J]. J Agric Food
Chem, 61(20) . 4715-4722.

XIAO HJ, WANG ZY, 2006. Advance on study of aluminum
toxicity and plant nutrition in acid soils [ J]. SW Chin J
Agric Sci, 19(6): 1180 — 1188. [ 4 /& %4, T IF 48,
2006. MM SAEY) E IO TEHERE D], Pam ROk
274, 19(6) ; 1180-1188.]

XIAO ZX, LIANG YC, 2022. Silicon prevents aluminum from
entering root tip by promoting formation of root border cells
in rice[ J]. Plant Physiol Biochem, 175 12-22.

YAO HY, LIU YM, ZHANG SN, et al., 2018. Effects of
exogenous citric acid on physiological characteristics of Pinus
massoniana under aluminum stress[ J|. Sci Silv Sin, 54(7) .
155-164. [ WRALT, XA, 5KEAH, 25, 2018. SMIRFTE
R I0 T By AN E B R R [T ], MOl B
54(7): 155-164.]

YAO HY, ZHANG SN, ZHOU WY, et al., 2020. The effects of
exogenous malic acid in relieving aluminum toxicity in Pinus
massonianal J]. Int J Phytorem, 22(6) : 669-678.

ZHANG HH, JIANG Z, QIN R, et al., 2014. Accumulation
and cellular toxicity of aluminum in seedling of Pinus
massoniana[ J]. BMC Plant Biol, 14. 264.

ZHANG SN, LIU YM, LIU YM, et al., 2016. Impacts of
aluminum stress on the

growth and  physiological

characteristics of Pinus massoniana seedlings[ J]. Acta Bot
Boreal-Occident Sin, 36(10) : 2022-2029. [ 5K&&4R, X1
B, XIER, 55, 2016, D REANAE AR S A4 BRARE X 4R
S ERE [T ], PEAEAEY)AA, 36(10) : 2022-2029. ]

ZHANG X, LONG Y, HUANG JJ, et al., 2019. Molecular
mechanisms for coping with Al toxicity in plants[J]. Int J
Mol Sci, 20(7) . 1551.

7ZHAO TL, XIE GN, ZHANG XX, et al., 2013. Process and
mechanism of plants in overcoming acid soil aluminum stress
[J]. Chin J Appl Ecol, 24(10); 3003-3011. [#&XKJE, fiflt
T, IRIBEEE, 4%, 2013, RMETHE AR NI AR A A A
SHURILT]. BHAZ R, 24(10) : 3003-3011.]

ZHOU ZX, 2001. Pinus massoniana in China [ M ]. Beijing:
China Forestry Press: 14—17. [ JAE{E, 2001, A= 5 AR
[M]. dbs . PERROL 14-17.]

ZHU GX, XIAO HY, GUO QJ, et al., 2017. Subcellular
distribution and chemical forms of heavy metals in three
types of compositae plants from lead-zinc tailings area

[J]. Huanjing Kexue, 38(7) : 3054-3060.

(RE%E BETW)



