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2 o TAS} Aol £AYAQ] Pk 71X vlAlEAl gk A A77F AR ASkE L Qlok ofoukE wlAHA] A
T Od F ShEN =A 59 ulNHA] Az A7) gds] 21 °§51J— At} sER|RE o]ef FASto] ujA|HA ol 93t =
A B9 dld W ATL HEG Aol B APE wA AR F ARbies holophylle) FHEEAcer
buergerianum), 2~U5-(Pinus densiflora), =35 (Quercus varlabzlzs)oﬂ g5te] 1EE mAHA] HEYZE e Tg)
e 2AR] fdt Ao g SR 9 U 52 AR AR AM (phytotron) ol A AJZF & 300 ug m
0] oAU Aelstel 2 250 el ABHEA o} 98 0] 5 faURE S, el SR, 7
BAUEE, 2418, 9S4 T ROS, MDA, 919 FAwH0] ol Ak 241G Mafsio] A5 10] WS Aty

A A3, il eSO e BARHel 5 Beldow Vet £uEARS A9 ATAN Y 2
WA PO AReh FHURE 2 WekE UehlA Qolth FHUE ROS) Wek B nlujser. BE 45
o4 MDA @o] FEHOE Z7Iokitk 47 Ael ol FHWAA ARL Qo] g, AR 9] Sule] &2
WA Lehich AR 4 A A2 9 9915 gkl ko) ARAVE 98-S SIS, o] dhule] ke &
A HUSE el vl A ol USE SR & AT oA AU A% TR A £E
R0z 24 A% 4% Ad9 7% doleE Az

Abstract: In recent years, the frequency of warnings about particulate matter (PM) has gradually increased in Korea,
along with an increase in its intensity. Because of their vast surface area, reactivity to external particles, and
characteristics of their leaves, urban trees can act as biofilters, reducing PM pollution. However, the air pollutant PM
can cause various types of damage not only to human health but also to vegetation. Studies performed to date on
the responses of trees to PM are still insufficient. Here, we analyzed the correlation between PM adsorption and
physiological and biochemical responses of four major street tree species, namely, Abies holophylla, Acer
buergerianum, Pinus densiflora, and Quercus variabilis, under conditions of approximately 300 pug m?3 of fly ash
emissions using a phytotron. The results showed that the physiological and biochemical responses and PM adsorption
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differed depending on the tree species. In correlation analysis, it was confirmed that there were positive correlations
between physiological factors, and PM adsorption on adaxial leaf surfaces negatively impacted the physiological
characteristics. This study provides fundamental information for selecting tree species to reduce PM pollution and
develop sustainable urban forests.

Key words: biochemical characteristics, particulate matter, PM adsorption, physiological characteristics, urban trees

M B =4 9 o] W AR 717 2 okt i) 4 29l
of oJafjA 2 F FFS W=TtHWagh et al., 2006).

LAl tf7] W WA R](Particulate metter, PM)2] &7h= Ao FAHE vAAA = F Foll HellE L FE
EARIS) 7ol 2 G Ttk 95t AFE Al ol AFIAIA FEA 9 FEoll ARl FFES =rthRam
bl =AW PME Q1A 357 9 AEw Agt 9 27 et al,, 2014). 7|A| w2k WollA e 7| FH 4= 7]
AP SRl 2 A dE EichNawahda et al., 2012). @ 2Eg 20N 7P 1A U Aeddes B
| PM @2 ofrJot A oA Frtstal glow, 71 ook E3h Ao, f71e9=4, 7] ol &2 3t
& 24 A= = ek Tiwari et al,, 2012). sh EA O] mAHR|= AlEe] APl 4] wste] g %

7l ed=4o] 7] o2 EH A olE AAY = =H(Teke et al., 2020). 53] =A] 52 0]A|HA] =
T U= BAIA D WH-E A=2H 5-(phytoremediation) ol o3t ARBtAEY AL EASke] A2 ) A
= °]83F Aol 11 F, TA| Ao PMS BifAoR o] F457] drt o]H3F ROS F/d-2 A|Zutt DNAS
ZUE ¢ e AT 23E AL, ol F Fol AESH AbebA &4 22 Ajszol| of RS 71X = okt 7%
B ofahe o 4 QI3 B7] F HRORs PMO| 9% AlTel & wAAIRITKLee et al, 2020). Egk AlEER] o] &
AJGE 4 9lrkSabo et al, 2012). We EAAL AW APEW 2R oresho] S(Malondialdehyde, MDA)S} 72
2B PR o W WAHAS AN Seo] ZA & AL whelgav) WAECh ABAEE A5} Asds
W ol Fohth Be Aol HAICkMcDonald ot al, & Wolsly] $is) SR A PASHE AAUE 223
2007). Edfolat ot 2 o) wnle] Wefsby 7= A% ROS o] TESH S7kshA HR Al AL
£ PM Aol ATE AT Adrkleonard ot al,  AlSt] AE W B4 290 A% A% gl salE
2016). E3], o ®HI Fu &A= PMof| U3t Fa WA A 71t (Ahammed et al., 2013).

SgAlolch PME s Aol See ol et A A o) olAEA) kel eia A 25 4
Q) swle] uHFRBY o, 57 L ANEA 72 Bokd Wejo] ejato] Ae] FEuE QrkSabo et al.
W ek} ool 2re BHWaT} BuEo] of2 adle] 2012 EA| ) nMWA] AZHE Sfak HAT 4% Alhe
%47FE WH=Tl(Chen et al., 2016) % S0l n|Awx) AZF E&BIo] ohd wAHA] o

Wb, mo) nEAE AR 4 Qi AR We o vpdE Asd|ze otk YA Sejsjor g, of2)
Ao tigt Q142 F7H e, miAHA o o3t 40 Ao A Thekst Fofl it PM A7+ SEof T3k A vt
et 91 tha By ztE o] Qth(Popek et al., 2018) Y= ATk o AtollA Qo] EAdut ef] Zfolof 2
ARbA o7, TA] 2 Z|&2Q1 191A Q] Hel, At sto] 7] 2ol thet 59 Aedat whg-o] thest
g, o4, At Ik S 2xe T2 OHX*O A vehds e dustalen, 53], 9,9t 42
27 Wsto] =& FthFerrini et al,, 2014). o2t 22l& 7] 2ol ¥t ¥hg-E Aolsirtal A Qlrk(Pace
L IS 882 E3sto] AE9 AETHE V5o RE and Grote, 2020; Zhang et al., 2020). =] ¢] o= =
o —tﬁxéx—*.‘d FFS ETH(Hanslin et al,, 2017). o7 Al W =A 8 aF uAHA F& 5E v
7o ded, 53] AR = =A] 9 AR AR(E S Wt A= vt 3= o) ghtk(Bui et al, 2021; Hwang
2, Aests], Agsta, 2244, 4 WA )l A et al., 2011; Kwak et al., 2019; Park et al., 2022). Y},
= FFE T wol ZAEUATHGOmez-Arroyo et al., HlA Ao &gk S EA] =8 ol tigh AefE] 9

2018; Rai, 2016; Sicard et al, 2016). & wA o4 ABFEHA W3 We} AT oby REG Uolck E,
97) W oA e] A% oR wEEm, hdy 4O WY Y BE W] AFE Y80 it 5L
2 Qo] PM el oL ALH o wicUahall, ¥ i @A, 3429 FAE Bk 5
2015). 189, 7% 24, 1 GEA FUSEH WS AT AR P1H W] B
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e 4= AtHNorby et al., 1986). olof whe}, & Atof A=
ul AR 7 240l ZRse BN A F el
AU (4bies holophylla), S=+t3(Acer buergerianum),
A2US(Pinus densiflora), =35 (Quercus variabilis) H
B ofgsto] 7t 5 nlAHA| o tigk AelA 9 s}
o2 W3k} thE EE nAIEA] F2FsE o gk 4
HHAE wpotstarzt gk

ERTRTE

1. AP =&

H A3 AYX(dbies holophylla), Z=3(Acer
buergerianum), Z~\}5Y(Pinus densiflora), =3 5{(Quercus
variabilis)©] Y] E5 o2 vlAHA] A2l gk 4=
= 9hg 54 olobiiy] 9ja) AES ek Fiewe 1)
A aRek] ) 3 HE-S 78 AFE(Forest bed soil,
Nongkyung, Incheon, Korea)S& A< 9 L Za}AE EZEO
ol aato] ALGBIYT]. HE RBE S AEAAE W5
7] gjol Bl Wg RSk olAwA e H 7
Qb - oFfF &% 27 °C22 °CEt AEE 40~45%S
FAS = AR pIAI A A e 7t Al AR
H(Phytotron) Wl &3} S AR 24 59 A%
o] FAFSH 107§ A& AEsle] 7] H11(Seedling height)
o} Z¥ A (Root collar diameter) =% 3 ZF =39 t}Al

MAH xet mAEA Mt tieo] APL 7Y

2. OJMHX] 2|

AEe qeAFdiatn Wy v HA] 7] (SAG 410,
Topas GmbH, Germany)7} A5 %= AEAZGZEAH
(Dust growth chamber, YTK corperation, Gyeongi, Korea)
oA o]0l ZckFigure 2). wAWA] A2 Az
A AELL Lee et al.(2021)0] 7]&%H =2 ARESEAL) ZF
A 27} oF 4.5 m*(1.5 mx1.5 mx2.0 m)O2 759
el Aabelo] Aot St AR AasIlch 7t e
A 3R nA|HA] 5= 2% 7](CEL-712, Casella,
USA)E ol A8 W rlA|HA]9 =5 AAtez &
g B 2Asigich ARE A Y =4S 12 3 mAH
A2 A% HAR|(fly ash) (JIS test powder class 5,
APPIE, Kyoto, Japan)E A 2|st3ich. 2H7 79| mjA|H |
AR IR7E WU 71EQ] 24Xt Bt FE F
A|HZ|(TPM, total particulate matter) 300 pg m>©. 2 =g
FEE Askalen, A2 7]7h 2020 = wlAHA|
T WFApE efsto], 457 AEE aPsgict
(National Institute of Environmental Research, 2021). 3}
9A17H09:00~18:00)% & 457k mAIHA] =2S A5}
WA A2l we whe-e Bhelatilrt gy 9 AT
A F . o7l 2% 27 °C22 °C} ASE 40~45%S

2cm
Abies holophylla ~ Acer buergerianum  Pinus densiflora  Quercus variabilis
Seedling height (cm) Root collar diameter (mm) Leaf area (cm?
Abies holophylla 50+5¢ 14.66+0.7a 0.6+0.1¢
Acer buergerianum 86.67+6.51ab 10.74+0.56b 23.3£2.97b
Pinus densiflora 75+3b 9.87+1.1bc 3.58+0.03¢
Quercus variabilis 97.33+£7.09a 8.52+0.65¢ 43.44+12.82a

Figure 1. Seedling height, root collar diameter, leaf shape, and leaf area of experimental tree species (Abies holophylla,
Acer buergerianum, Pinus densiflora, Quercus variabilis) used in this experiments. Scale bar = 2 cm.
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A A4S SO, HeT | 2
W % oA AHRSFL Figure 33} 2otk

Py, 7T
(g.c), %&E(Tr)% LI-6400XT Fof& 34 =37
(LI-6400XT, Li-Cor, Lincoln, NE, USA)E A}&-3}o] n]A|
WA A 0F, 15, 25, 35 18]31 45 2o 09:00~12:00
W S4S A3Pskelh +FE S/HAIE sutR o= (hst
of, 7HA W AeFollA 2~4x1A ] s HE &
AAstel SA5HATE 7 wgkse S Al A B
A}45 & (Photosynthetic Photon Flux Density, PPFD)+=

A28 A1E (2023)

S FIORY FTHUTY IS4 FFS 45
2 3eF =2 7)(MC-100, Apogee instruments, Inc., Logan,
A)E ©]85Fe] pmol m? 7|Eo 2 3”5}““‘1‘% a
BUGE £1f0 Agne] 59 3 G P
9] cgstol AAech =
dHoz Fet 0.1 gof
A& 10 ml9] 80%(v/v) OFAlEC] H& F 4 °CoflA] 2571
Hi % UV/VIS spectrophotometer (Epoch microplate
Spectrophotometer Synergy-Bio Tek, Winooski, VT, USA)
]85t 6452} 663 nmo A FFEE SA5lAL, FA
9 IFE mgg! FWE 7|22 AEsklth

7l EE Qe MEY B F

l-> ﬂll

1000 pmol m2s'-& [A|3FFoH, My UYH 2= 27°C, Total Chlorophyll (at+b) (mg'g!' FW) = 20.2xAgs +
AEE+= 50~60%, CO, 5%+ CO, injector system-= 8.02xAgs3
0]-&3}o] 400 umol mol'& -§-A]3}Th
Temperature/Humidity
Dust generator controlled
58 S [
g ;
) com o Controlled
! PM fumigation
asurement
Air compressor Air dryer
Monitoring Controller
Figure 2. Schematic diagram of the PM-fumigated growth chamber adopted from Lee et al.(2021).
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Figure 3. Daily mean values of particulate matter concentration (ng m), temperature, relative humidity (RH), and photosynthetic
photon flux density (PPFD) in phytotron with fly ash-fumigation system during the experimental day.
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4. MBS UIg &3
1) A4S (Reactive oxygen species; ROS)
Alexieva et al.(2001)2] & =A3to] TAJAEAFS]
ek (H00) o AAtsEIT do] Al 5 0.1
g°] 0.1% TCA (Trichloroacetic acid)E& Y- & YAE
(15,000 x g, 158)3}o] L& A5 0.5 mlof| 100 mM<]
potassium phosphate buffer (pH 7.8) 0.5 mI¢} 1 M KI 1
mlE Egskich S-S oF oA 1AXE St Bt
stod BESAIZ] 3 A5 200 plE micro well2 &71
T} 390 nmoj| A1 9] &3 =5 UV/VIS spectrophotometer

2 B9 Z9stsch

2) A& }AFsHMalondialdehyde; MDA)

Heath and Packer(1968) ZXA=}HH-S o]83lo] MDA
(Malondialdehyde) $HeF2 78313t} ¢ 0.1 g AJA5l
0.1% TCA (Trichloroacetic acid)E HY2 & HAET
(15,000xg, 155)3}lo] L2 A5 0.5 mle} 20% TCAE
]2 3}= 0.5% TBA (Thiobarbituric acid) €94 1.5 ml
= EaioT. P 05 CColA] 1587 7dlo] 1S
SEe S agom v A7 ¥ UeE A5 200 iE
Fste] UV/VIS spectrophotometer (UV-2100, Shimadzu,
Japan) 2 0|43 532, 600 nm oA FHES 245}
9t MDAS] gHeFe: ofefe] 418 olgste] Ataiaicl.

MDA (anl g'l FW) = ((A532 — A()oo) / 155,000) X 106

5. ¥ ZHO| O|MIHX| SAHY =H

2 5 S/ AR AEYY 3-5749) sl A
NE AS e s FAx7(freeze dryer)E ©]-85
Az 5 9 THo| nAHA FEER T o3k
o} 942 A9 1 mmxl mm, A P52 AL 1 mm=E
AzH" 48 At F, metal stub 9o S oS wiF

2 FYsFYT) FAPAA}E ) H(Field emission
scanning electron microscopy, FE-SEM; SU8010, Hitachi
High-Tech, Tokyo, Japan)& AM&3o] u]Alwx] #2]
7 55 9 BY) BlAEA) FRAe chate] Bl
%t} Image J image analysis softwareE ©]-83}o] 9]
100 mm2gk PM SRHAL A X519,

(platinum

o

6. SAz

E f|o]gl= IBM SPSS Statistics 26 (SPSS Inc., IBM
Company Headquarters, Chicago, IL, USA)& AR&35lo] £
Ae Fgon, A 2t BAH folig shls] 9l
4 a2 EAFEL A (One-way ANOVA analysis)2 AH&3

1

2}

B

¥
g

p 61

I
d

%e). ¥ the ANOVAS Salste] EAHOR Uet b
293} 202 101511 Tukey’s HSD test (P=0.05)< A}
83tel 2 Ak 7 xfole] fo4E WAL 7 1
of el wa) WUERS gia T A2l £
H oL Tiest® Agelo] AE 9l w7
(Cohen’s d)2] A= wAHA] A o] et =2 A
o) ysiary ws} Ajolg etobny] $1s) ALgHict
(Cohen, 1988). o
analysis) & U] MR EaHAE Wsok Az)a - asheh
W3} 7hol A 24 el 3 e HlolE =
3 +H(Mean)+ 35 H X[(Standard deviation)2 &5} c}.

Ayzk B A|(Pearson’s correlation

Znt Y mF

1. OMEHX] &2lof e M2|X U8 Hat

47 B mAHRe e AES] FFEES
Sl W, 2UFE AlQstal e pFollA] mAH
elel ARTel Wkl dhxol wstel 7
CHFigure 4). AU72] 39, 15 2}, 25 2k, 35 AL
A B FOYg ZolE Holn thetH) B B
ES Bk 52 35 Zof| thztol| mlste] &
g ZpolE Holm & ZOF AP LR A9,
A EO] thxtol Blste] {3t Afo]E HolA] Al
2 Aol A Ay 22 AYa avrE vjAH
A ol o7t Haf wh-g-o] FAdsHA vehd AS & 4
ULk R 1225 E 35:271A] {-2J3E Apo]
O| A AAIRE, 4F=2pol| Tt Tin] FdEo] 2
S AT 4= ok dofl FAH mAHAE F &
W s 7L, F2 ARAA G549 F S5l 74
FES FTHRam et al., 2014). v]AHA] S22
4 AR 2 Aoz dE A JAThLi et al, 2017
Zhang et al., 2017). AG4F2 WA o] GHP4-FHT)
Wil AP0 FAE gaFo] uAHA] Aol avtA
o]7] wjFEolata Thekst tHwang et al., 2011). 2 A
oAl = A4 A= ti2tol vlsl A gftolA =
g FoFQl Aol & Helon, dYPpel FaTE 2

0] A9 Zhzh 3510t 4ol 1942l Apol5 B

. BHA, 20 A o E 3 2]t o]
A/ Azl vehA] kot A9l Aubrel A
9] mAHR o TRt FE
Bl th(Figure 4). Au-e] 7
& HAEA 2B Lo g 3ol BIsl FoFstrtar
HIEAcHJo et al., 2022). Zhang et al.(2022)2] Ao
w2, AU} Pinus ST Bt PMiy 9 PMs 32t
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62 BE LR 2 E T
o] ¢F 13 Ax =& Ao R Yeyton, PM =7}
© Aefe) AL e 10& CREEEELREY
o) Wsplsich ofetat 54 Makt: 59 3 SR §
o Qg ke &4, 71 ok, Eefold Wl ol
E]—‘;,\*E}(Zhang et al., 2022).

SRR, AR 22 VA agk s A3
24 AEH A0 gk AlE §Rg-E dotkr] i3 S
X]EO]‘:}(WOO et al., 2007). 7] #H 9] @42 AlEZ W
CO; o5& A5t o|& Qlsto] FoHA 7)ol wd
oAaFe %E](Guo et al, 2017). 7| BATEEL A120] 7|4
57 1S 97t 8% SFtoln, EdA T

of Aedgt Aol UThLi et al, 2017). & ﬂ?—oﬂ
R bl vi“:‘r%ol 35 Ato] ko] H 9
& Holn A5k tH(Figure 4). FU?%% 715
Lot IR R FdEC] 35 Aol &

O i ot

—EP‘

A

R

% o

>~l

]_

rJd rSL' > o\ >{E
( mﬂ

5
Aot *
10 4 o

| A

Photosynthetic rate
(umol CO, m?s1)
w

0.2 4 *

Stomatal conductance
(mol m?2s7)

01 o =B

L HArnmsn i

A28 A1E (2023)

Holnf Fof= Z o= Hol 7| A=} FHd a8
A s Ao sl vl oA FHd
e g df2theke] AbolE et A= AT
FTHEETL AU A, SRR vt AR
Bojok gutxog, =Ee Ax AEHAS T2 HIYE
% sEgac) gl 188 Pob o RS $AITHE
5,718 WL A Ao ofat v 58} o] ot
Hlo] 7|20 7 2851t Sala et al., 2010).

7| BAEE} g, FHUEE AQJR Al 5 2F q1
Zto] H]sf| FAkEo] 75kl thFigure 4). Aol 7

1% A4 25a S99 Aol 2 nolul B4l
Traslgon), ol U vl ARAE Bk
= T—‘] 45 3, 4 Aol 2t 2 i]'olg‘ Hol
| FAkEo] sk A Ses dNhA 52

715 e g o] masdol <l 2% %EP(Abdulrahaman

O Control OPM Tweek O PM 2week
OFM 3week BFPM dweek
*
i i o

QAN N

TR

L

Transpiration rate
(mmeol H,O m?s)

| M A0

I

TR

Abies holophylia

Acer buergerianum

Pinus densiflora Quercus variabilis

Figure 4. Photosynthetic rate, stomatal conductance and transpiration rate of experimental tree species exposed to elevated particulate
matter. Significant differences between control and each treatment were indicated as ‘*’ (p<0.05), ‘**’ (p<0.01) and
¢x%%> (p<0.001) according to the paired-samples t-test. Values are meantSE (n=5).
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and Oladele, 2009). ¢} FHS] HX| &L 7]Zo] w3
AT obuzl, 9 BRef E2]FQl &4 doH SAL
42 "ojmi(Saha and Padhy, 2012).

AFE] wNHR] g oA = GEY Fol AT
4= ohar A QltH(van Heerden et al., 2007). = 519
A= 300 pg m39] wNHR] AP F RE pFoA F
A4 Tl HolH02 ThaesiothFiue 5). ARt

H|AH x| 2} 22 7] @ ol et Yk Weth 53,
AR W & A2 Ao ds2A oA | FatEln
Bl =™, P4t (sulfite) E= FoFHAHA (bisulfite) 0]
< @Aste] FAEE AA dE54AE Thaghci(Sharma and
Tripathi, 2009). E3t, 5L o] ulAHR|= 2JEAd AE
YAS g5t nHA] YAts EFo R JhA wgt
HH5lo] CO, S-S 7FAaAA dE4A S
4= QItH(Chaturvedi et al., 2013). 0]A O 2 Hol =
m]umoﬂ OJljx] AEFHAT ol JEA Fego|
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7¥sHA| = Al AR A ?3?04 *ﬂ:‘? W =4 Exte
2 QIg A& el wsiE
2013). &2 AT #
AlA A A MDAYE
B A E= MDA 9o W3t Aks AEY A oS
o122 AFg= 2= 9lrk(Shohael., 2006).

2 TS BE S50l 4 FEHOZ MDA Bol
745k Figure 6). BIAIEIA] H2] 25 AfolA MDA o
sh nlulel A 4% o4 felHoz & 57}
%Ak, BE S50l 4 10, el 719} §7] MDA
3 F71he AL BT 4 ATk 53] AuE

H,0, EeFo] B243] 2713t 45 2104 MDA 3
RIS B deluisie. vl el oit -
2= A Al W IAEEkEA(H0,), 23S} 50
), ﬁ} °]Z(OH"), s~tstetZ (OH) 52 ROS
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Figure 5. Total chlorophyll concentration from MC-100 optical meter (umol m?2) of broad leaves (Acer buergerianum and Quercus
variabilis) and Total chlorophyll (mg g') of needle leaves exposed to elevated particulate matter. Significant differences
between control and each treatment were indicated as ‘*’ (p<0.05), ‘**’ (p<0.01) and ‘***’ (p<0.001) according
to the paired-samples t-test. Values are mean+SE (n=5).
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Figure 6. Lipid peroxidation and hydrogen peroxide(H,O,) content of tree species exposed to elevated particulate matter at 2
and 4 weeks. Significant differences between control and each treatment were indicated as ‘*’ (p<0.05),
¢*% (p<0.01) and ‘***> (p<0.001) according to the paired-samples t-test. Values are mean+SE (n=5).
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