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Extended abstract

Introduction

Plant growth is one of the most complex andenvironmentally sensitive physiological processes in plants.
(Al-Khayri et al., 2023). Heavy metals are among the major limiting factors for crop cultivation in many
regions worldwide, particularly in arid and semi-arid areas such as Iran (Saini and Dhania, 2020).
Cadmium (Cd) is a non-essential and highly toxic environmental pollutant that causes serious
environmental and agricultural problems. High ‘doses of cadmium are carcinogenic to humans.
(Bakhtiari et al., 2023). Biochar,is widely used as a soil conditioner because it improves soil
physicochemical properties and nutrient availability (Muhammad et al., 2020). Salvia officinalis L., a
perennial herbaceous species in the Lamiaceae family, is well known for its valuable essential oil.
Accordingly, this study was conducted to evaluate the effects of biochar on selected growth traits,
essential oil content,and nutrient uptake in Salvia officinalis L. under cadmium stress.

Materials and methods

The experiment<was conducted as a factorial study in a completely randomized design with four
replications in‘the research greenhouse of the Department of Horticultural Sciences and Landscape
Architecture, Faculty of Agriculture, Ferdowsi University of Mashhad. The treatments consisted of three
levels.of biochar (0, 1, and 2% w/w) derived from acacia wood and three levels of cadmium stress (0, 30,
and 60 mg kg 1'soil). Plants were harvested at the flowering stage, and several traits were measured.
The studied traits included growth characteristics, essential oil content, and nutrient elements including
N, P, K, Ca, Mg, Fe, Mn, Cu, B, and Cd.

Results and discussion

The results indicated that increasing cadmium stress significantly decreased plant height, stem
diameter, the number of sub-branches and leaves, fresh and dry weights of aerial parts, and root length
and volume. Cadmium stress also significantly reduced essential oil content. The interaction between
biochar application and cadmium levels showed that applying 2% w/w biochar increased plant height,
leaf area, fresh and dry weights of aerial parts, and root length under different cadmium levels. The
highest plant height (22 cm), leaf area (709.84 cm?2), fresh (36.63 g per plant) and dry (20.44 g per plant)
weights of aerial parts, root length (30.75 cm), and essential oil content (0.8% v/w) were observed in
plants treated with 2% (w/w) biochar in the absence of cadmium. Essential oil content increased in
response to biochar application. Essential oil content was approximately 12.33% higher in plants treated
with 2% (w/w) biochar than in untreated plants. Biochar application improved growth traits and
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increased nutrient concentrations, with the maximum increases observed in plants treated with 2%
(w/w) biochar.

Conclusion

Cadmium, as a toxic heavy metal, negatively affects plant growth. The results indicate that higher
cadmium levels caused severe damage to plant growth, essential oil content, and nutrient uptake. The
greatest cadmium-induced damage was observed at a soil concentration of 60 mg kg™'. Biochar
application also improved growth traits, essential oil content, and nutrient uptake, with the greatest
improvements observed in plants treated with 2% (w/w) biochar. The greatest improvements in
morphological traits, essential oil content, and nutrient concentrations were observed in plants treated
with 2% (w/w) biochar under severe cadmium stress. Biochar application reduced the harmful effects
of cadmium by decreasing its translocation from roots to aerial parts and enhancing.nutrient absorption.
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Table 1. Physico-chemical characteristics of the used soil and biochar in this experiment
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Table 2. Analysis of variance (Mean squares) of the effect of biocharon growth characteristics of S. officinalis under

different levels of cadmium stress

plail o36 ¢y39
kg Wilo b el Sy oy e
Ol @lo 3l olS gl Stem Number of ~ Numberof S»& Fresh weight of
S.0.v df  Plant height diameter branches leaves Leafarea  aerial parts
. fasw 2 58.737" 26.805™" 38.083™ 80.111" 54192.73"™ 148.812™
Biochar (B)
. poredls S5 2 5.922™ 2.023 9.25" 473.361" 17840.75™  50.181™
Cadmium stress (C)
B ‘;”’“U sl g 4 1.563" 0.036" 0.583"™ 305.111™ 1178.226" 0.794"
X
Uas
27 0.550 0.078 0.778 284.676 423.286 0.321
Error
Ol card 235 1.65 3.77 2.09 481 5.01
CV %
Table 2. Continued alol.Y Jguo
plasl o3l 39 plodl Sl 39 SS 039
N A .
T e sls ) ) adoy oy adey
Slydd @l 93051 Fresh weight of  Dry weight of 45 Jsb  «&)»>  Root fresh  Root dry
s.0.v df aerial parts aerial parts  Root lengthRoot volume  weight weight
. Sz 2 148.812™ 312.226™ 576.333™ 2008.333" 59.379™ 14.845™
Biochar (B)
. poedls 2 50.181™ 53.42™ 45,187 700.00™ 120.164™  30.041™
Cadmium stress (C)
B :’(‘:"“’“\'U G Xl 4 0.794" 1.855™ 3.521™  33.333™ 1.866" 0.467™
> 27 0.321 0.359 0.847 40.741 1.085 0.271
Error
Sl capd 5.01 211 2.90 3.64 1.74 5.09
CV %

ns, * and ** indicate no significant difference, significant difference at 5% and 1% probability level, respectively
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Table 3. Mean comparison of the interaction effect of biochar and cadmium on some growth characteristics of S.
officinalis under different levels of cadmium stress
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Biochar Cadmium stress height Leaf area aerial parts of aerial parts  Root length
% wiw mg.kg™ soil cm cm? g.plant® cm
0 20.75° 652.04° 15.45° 32.34P 28.5°
0 30 18.75° 581.91¢ 11.66° 26.93¢ 21.25°
60 15.46¢ 492.389 9.14f 21.94f 14.12"
0 212 667.94° 18.05° 32.63° 30.252
1 30 18.75° 619.9% 12.99¢ 28.87¢ 23¢
60 16.87¢ 530.46 11.06° 22.71F 15.8¢9
0 222 709.842 20.442 36.632 30.75%
2 30 19¢ 642.15% 14.95° 30.39°¢ 26.75°
60 18.15° 604.17% 13.14¢ 26.34° 18f

ol S5l yge3T Galasl o p0 i Jleisl mhaws jo jlsiee B Sihles Jale ja sl g 2 50 Siglite By >
Different letters in each column for each factor represent a significant difference at the 5% probability level according to
Duncan test
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Table 4. The main effect of biochar and cadmium on some growth characteristics of S. officinalis

SRS U VIR
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S g 0 5.45° 5.75¢ 36.66" 16.63° 7.23¢
Biochar 1 5.85° 6.75" 41.66° 18.69° 8.26"
(Yow/w) 2 6.28% 7.50% 51.66% 22.85% 10.342
pgmodls’ 0 7.482 8.082 55.832 21.572 9.70?
Cadmium 30 5.56" 7.25P 44.16° 19.47° 8.65P
(mg kg soil) 60 4.53° 4.66° 30.00 ¢ 17.13° 7.48°
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Different letters.in each column for each factor represent a significant difference at the 5% probability level according to
Duncan test.
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Fig. 1. The effect of biochar on essential oil content of S. officinalis under different levels of cadmium stress
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Table 5. Analysis of variance (mean squares) of the effect of biochar on the concentration®@f nutritional
elements of S. officinalis under different levels of cadmium stress

Oyt 23bo Df o3 420 Oi9rs yhawd o LYy o o frdS
S0V N p K Mg Ca
, i 2 0.200” 58.723™ |1680.9957 187.174™ 1414.804™
Biochar (B)
| poresls 2 0.035" 8.888" 423344~ 656377  156.729™
Cadmium stress (C)
B”*-‘g"d‘”x’“”” 4 0.002” 0428~ 137.955  1.363" 18"
X
s
27 0.0001 . 0.038 1.005 0.406 0.555
Error
Ol i g ; 1.32 245 1.97 3.09 4.20
CV %
Table 5. Continued aoldl O Jaus
Olpiiialon ol azyo ol JILE o~ 95 » pgrodls
S.0V df Fe Mn Cu Zn B Cd
_ sz 2 3.308™ 0.003™ 0.131™ 0.031" 0.021" 0.00006™
Biochar (B)
| Pl iR 2 0.383™ 0.0001™ 0.077" 0.009™ 0.009" 0.00002™
Cadmium stress (C)
B‘° ’*C““":"”“X’le"’* 4 0.143™ 0.001™ 0.004™ 0.0002" 0.001" 0.00004™
X
s
27 0.003 0.00005 0.001 0.0002 0.00005 0.000004
Error
Oy g 3 ) 1.47 2.63 217 1.66 1.09 2.13
CV %
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w# % NS
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ns, * and ** indicate no significant difference, significant difference at 5% and 1% level, respectively.
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Table 6. The effect of biochar on the concentration of nutrients elements of S. officinalis L under different levels of
cadmium stress

ey pgmosls 039y o Uiy o o S
Biochar Cadmium N P K Mg Ca
% wiw mg.kg™? soil % e s [0Vl [
0 0.846° 16.484¢ 85.285°¢ 30.719¢ 98.830°
0 30 0.752f 499.14¢ 500.80¢ 341.29¢ 322.829
60 0.573! 370.129 480.70" 079.239 997.78"
0 0.915° 18.131° 96.652° 33.800° 101.730°
1 30 0.789¢ 15.211¢4 82.033¢ 32.965°¢ 84.471f
60 0.632" 13.116f 74.9209 25.359 82.5209
0 0.9412 19.8022 110.530% 35.1062 107.020?
2 30 0.828¢ 16.881° 85.603° 33.375° 88.146¢
60 0.7269 14.786 ¢ 78.489° 28.644° 86.513¢
Table 6. Continued aolol.f Jous
e poeodls o8l P o~ » poaedls
Biochar Cadmium Fe Mn Cu B Cd
% wiw mg.kg? soil mg.kg? dry leaf
0 1.7489 0.403¢ 1.728¢ 0.416° 0.0012¢
0 30 2.695°¢ 0.425°¢ 1.683¢ 0.375¢ 0.0057°
60 3.1572 0.4662 1.5199 0.304f 0.00752
0 1.818¢ 0.418¢ 1.833° 0.421b 0.0006¢
1 30 2.390¢ 0.417¢ 1.699¢% 0.391° 0.0034¢
60 2:809° 0.446° 1.643f 0.344¢ 0.0050°
0 1.8229 0.426° 1.9262 0.4492 0.0004¢
2 30 2.149° 0.419° 1.786° 0.422b 0.0021¢
60 2.557¢ 0.429° 1.697% 0.386° 0.0030°¢
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Different letters'in each columnifor each factor represent a significant difference at the five percent probability level according

to Duncan test.
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Fig. 2.The main effect of biochar (a) and cadmium (b) on.Zn content of S. officinalis leaves

S A3l o Jshos S 5 s RIS 51 50 pyeaS
S g Ogy90 Sllad  poredliieite U s 4
080588 (33 5 e (550598000 (Ekinci et ah, 2023) !
shYasinetal., 2022) cosl Jolos ol 00058 pulass
e s pilieeS p sbapl, (sl slaclic )3 (959
3,13 B sk 25k sb e alS (18 ey nl S o0
sl Jsbolys pomadls roen (Farooq et al., 2020)
o5, e Joisegasar 5 Joko o lses Wlsi o LS
Fang) aas 8 xqb Sl i Jekw ol Jigb 4o
(etal., 2017
poeedls YL slacale o olS (28,5 18 5w
5 SUdnmd (plerdsn gl 0 Gloazy Sl
O 35 Dygeds Sl (pl &S s £, (Jsse
ogee by Gl Caled ) g dadi ey Dl ks s, 08
Xin et al., 2019; Mehdizadeh ) oS o lag 350 oLS
2 pgeedlS 31 dods Sy mlaw o els (et al., 2021
S 2Ol S Al Sn b Gy il cailes

by Slogas
0l S el 1alS cge poredlS syl Aaghy o
S g 5 0ig oS p e (o2 a5 LE sl Bl (s
PRS p Sk FroChle 5 oha alse laplu]
DS sbn! o S o K @lils 0459 0l S
Sbuisly 5l (S pad Sl g oS Sl a5z
3 S Ojgoh &S oS (oo (oloertinn 5 (Soiels
S o0 W 592 (SS9l e Dl g 0,

el (2l glaanlp Gl 5l (Sows,
Lolyd a4 Cos Glals 2Sly gl as) el ol pls
ilbee (LS slaass 5l )l o (ae ogllaal
SBLS 5o asms slsls Jule S (lyiea papools S5
Farooq et al., 2020; Rogowska et ) ,lg: adoen ,la
sals (Hassan et al., 2016) o) o «@l., 2022
Jawad Hassan et ) #4550 (Monteiro et al., 2009)
uaols el (Chen et al., 2011) Js,5 5 @l., 2020
Lo 4y Saday QLS 0 b Ll eogicenj 5w,



Sl Dgliie Jlass Gloj 0wy al> 5o g (BLS 4 ¢l
(Liuetal., 2016; Muhammad et al., 2020)

wileo] §lyizeo
Slp oS @L;o gL ‘g_;l"-.f-"‘-“ bl Loyl jo
o aS el ol.:j 4...19‘ [ﬁ—“‘-‘-lyL'-" )| )...u...u dayl) rg.ouyLa.A
ol (LS e el Ojgeay Sk )
Ol 4 laadgn 5 aiS oo fay el puill (slgie
o 5 GlaeeSI Bl elss ghls puilel Lol oS 5
S bl pezd ial38l el watee ST e JGol,
delusls Loyl )0 oS (sl 51 Lol (g1 (2185 panilSe
cshara
Jhes! yol> iags ,o > ol b (Rahimzadeh, 2022

Ghassemi-Golezani and) s

Jds @ Yzl a5 ols zalS | ulol ol sae cpgmasls 2
Gl a5 el Glsr S, 2 5l 56 slaaa]
Al s Guilol jiwgs lp @YU (Seiien cud b
oyl e el mls wlel » (Khayri et al ;22023
Gk 3l e ol uilel adgs lagn (iagi
O3l i S5 2lse sloplal Geloge 5 0y 2l
@ ol b e e Jes 4iglals bl e
e 9 (el 5 308 Fugid i siie Blge i (il
Mehdizadeh et alg) sls cos g Jgige yiwgn
el e i bl 0IB 5 g cuile 156 (2021
S ye ;3 25, lagyge,s8 o Seupa b bLS)I o
Sk odye> 9 bgeeST asls boadel 5 i

(Rogowska et al., 2022)

e jolic
aS cl oole lis aslllas cpl 5l oasl Cavods gl o)
P 4y JB el e ponesls A5 Dol
2w sl S (590 bl (59,0 polis lade
JREIREAN L I PRV SUSURNIL SPIPNE JURRNPUIN L g
@lise glaaiss o paedls i cou gldé ol
Dobrikovaetal., 2021; Dobrikovaetal., ) J5u
Ay el sai o155 (2022; Bakhtiari et al., 2023
2l polis G b pgresls asile oS l3ls oy o
Ol 955 s (ol s W3S oo 2y L (B Lass
05,5 50 0lS 0l lS s g0l oLS 50 (59,0 polic
sols ylas saate lad=s (Soleimani et al., 2020)

s dolo 0l 00giCan ) mals cplple all
Shirkhani et al., ) Lég,lS juw (o3 polie Gix
&, Shahidetal., 2017) ywgs oy j2als 42020
.M\JGA

Al alS paeslS Coos Cudle (35 0L 51 SO
2 poeedlS S5I05b 1 s el a5 cadl asy, Job
Olgl aty, a5 sl jl ogd e gume plalS W,
S I8 Sogll oyme 845 axiws oL 5l send
b o e a0 opl s 15 o 13 ageeslS
g o (Soleimani eal 32020) s ,.5 o 5,8 i
sp:o‘J#)b)‘ulfwafoL;M)M)wlfﬁfpb
o9k poesls (S TGad TRl b aty ), Sis 9 5 09
5O Adgyiad o e rals clly il gl s
OhlSen s s p2m g psredls 5l L2625 4 25Ty
Soy » 095 adllas ,o 55 (Al-Khayri et al., 2023)
o s ol elS cwl sl 5155 o5l lalS
G5 sl b she ol g aty) cotn o ablais o Jolo
e peedls Koo B,k sl (Tian et al., 2017) oS o
5l e g ond Jobo o)lpnd ok (257 5 o9y395 RleS @
«(Soleimani et al., 2020) 55,5 o b Jsko Jsb o,
&35 6l ssbd Wl oo (59000 ¥ Oliee 4 )l
MLAA M O g ﬁg.um)Lf L)“‘*) Cod |) (ﬁJ‘?W’)’c cl.:f
Jud.n B )L>9_...: )_u.u..u @‘)LY ).i)L.J cd.o—‘ Cowddy C)L..J
S Sl3l8 4y 03g)T SlaSE o Jlgn (SoS Lol
5 yim «LiU et al., 2016) ) Ken 5 g lowg yiies
Tian) o, 5 ;L5 4 (Bashiretal., 2018 ) I, Ken
L olls ob, sgqe ol ool )55 (et al., 2017
loalasl 4 pgresls JUnl Lals ames ;o Lo gu 5l solizal
o5, Olies 151970 SlogsslS iz Gl 5 s
a5y Rl ires ol oo Fgid Glime 5 (5 mgtd
S90398 SO 50 piS b Wil oo )l 4y (23STg 50 olS
O g 9 Sl Sl Joanl e il g olS
- iiSTg ey opl b (Bashir et al., 2018) ol las
chble 4 g 4 e 0p)l5 4 pblS sul; gla



S rSzsS Bl g yiaS (gigl Dlriws poreols (i cow
5 rolie gox g i Oliee Ll ;8 (nl &5 Wed oo 0y
Monteiro et ) sas oo )8 b cov lblS o1, & ,as
paedlS s Do Giali8l b ol iegs o .@ll, 2009
Oil38 pgaasls g 335 cpal ol Byan o5 yolie clile
Gl e e e il a5 Jo o wlanils gzes LB
SISl (gl gixe
GlotiSly )0 11550 npe polie Koo 5l 5iSie 5 ol
ol Sl Lial3El sy e 5 4y il e Lk iluS]
Sz oS olbo i cdled iol38I L adal) o yole
Gl 5o olS o Shee g 0l Lad> 5 guilanST 25 b ablis
clale 5 psedls 1. (Marschner, 2011) sl Lyl
il ge Dl o) g5 @ i (50 (15 550 5 (0]
el LB,y (S 5o (g (isu el Clile &S (g 5bay
e s Bl (50 g a8l Bl s (S p0
wde sl (Monteiro etal., 2009) el aislas g ls
Slgi oo lsn G & o] JUil g aty) by 5550 50
o e BT L alilie gz oLS olis slapenilSs |
chale @ anly ol jo pawesls cdale il pgeslS
ol Geiod @l b oS asl oo jlad loy D 5 pgedls
S50l paesls Jlade yol> rasiiipe ol lesren
S pyelS clale ials3l b Sy o BLFRS 1 4o olis
S92 LS lyp ax 5l aeeols clls gosre Wiy,
3y oad Qi ady, vy Gyl (o) Ll it oo
" Pl ols Sdbsl 5 My e
5 g9 9 e w59, ke (Bakbtiari et al., 2023) o5 5
o 56 SENPLlS Sl n Srac 05 6550 yoble
av Gelis sk D 9 SuBb 90 el Ojgen
Fo 3 bl dsle jolie ool gdioe i (S8)b
crl @ Ol ols 4z ST.cel RNAg DNA dagysy
s 33 paie ol 5l B ke 51 Lol el Sl yolic
@bl 0 (Soislen s i 5l plals wils
L (Sdsibio slapanilSe 5 conyil sunie (slopivcms
Sgaze b pgreals (Marschner, 2011) o wialss ol
Slade ol S 1S 92 9 e w59y JWSIL Qa0
Jl>g0 (Dubey et al., 2018) sas zals |, yolie oyl
5 Sk 5 25 ol (sl eis 435 gt g o
oS sln 1) pemly 9 sad (O39S wiile alae polie
S9d obS yo yolie cpl cbale ll e 5 WS ol 3

aly, 3l 2lae olge obmle ;o sege (B pgeslS a5 Col
g yolie el Jll mle g ojls alS slaplail 4
Rogowska et ) 00,5 o (293 slaasgl jo lagyT (6 ,0.5,b
-0 p3eedlS (YU zohaw jo 39,8 Laels @l 2022
s pals olS any; olly mels cle 4 ilgs
Sl cdled 1als g Sl s Qe pall (S oS
cos HblE S 0 e, rels anb Sl al
el 1als 5l 26 Col (Sen pogadlS i
9 S S g, Ol sl jmals 31 ,s o500
23l olS bawgs Qi el Jdea o Grae ials
Olls al aslsl 5o dyb shPandey et al., 2019)
Gl Gkl adey s 58 paaesls alex I (S
robie s ol Jsb5 (955548 0 5 (23 Slge 5 ol i
Gy A3 50 g b g gy SgaeS 4 ymie (lSE
51 (Shanying etak, 2017) sgi o oy (aolS § (5 ym
e 55 e b Cesl (185l 99 pseadls 4T ol
yobe plo Gl 4 ol cnl asS (oo 2o 4t 5l Q3
45 355 o8 e w8 oS il S0 (851 93 (5902
REC JPURRN VR S APOUURNT S R FRCOORICH [t
Mg T slad & 54,9 L pgesls (Marschner, 2011)
Lo 5005 (ool 1y Jobo (5ié eS|k (300l 5
9 peedS i Gl was oo a8 13, agg (L]
Ghorietal.,) awb oo (2al5 Slsa slapll 4 ol !
(2019
Slge 92y peyle pgredls (VL slacdile o
Slge (B 3geaS o Cenl S oLS (S jo Sums
PH 4 G s o5 jolie clél oolitul Colils o9 5 ,9,5
Sy L cale 5 S Jslre (S 2SI Calun
Sl (S S a5 Il gshe )
o abl, s e 4 (Monteiro et al., 2009)
i S el 00z Yl Brae o5 polis g pgesls
59y ool oy & Spas o5 jolie o> pgeasls
LU sl (pl )o GlalS 5 conl o5 53500 5 592 e
] oo 3929 3] Ldgs diples axlge polic pl 0guaS
S8l pseeols 4 ol Jeazti Glie 5 ol g5 4 At
i Sl s Lyl 5 p3eeslS e o SLS
sy GRS b il53 ol lsn sloplasl 43 G pas oS
Ol pasS o ge poredls Koo B,k 5l (Hu et al., 2021)
4 6975 4 od kS Sy gy e o Slusle



EL R LE
Ll oS (paeslS jaie S Cod pols s o
Glfp.))ﬁol..jscﬁbl.m Q‘J.ujjfa_la‘u‘dﬁl.mjkﬁ
2ol Lol yad a5 0l ] eogicuns ;g 0, LialS 4 oeie
oLS wi) Lasms (Soll oliee sial3dl gy il (glgione
ado) p2 9 Job Ll 5l ade; ol (el crge (ASen o
yolie Qi el 4 e a5 WS G ada; F (s s
9 (penlS 9 2o el 0B (39 ) B e (2l
Dol Gl L 3szacnll il g 5 53 (o) B raseS
Sl pgradls 5 51K ool Gl Glie wegradls i
5 poeedlS @i alS b g (9953 2L (5 )lo e
21y powedlS ool e &l il (glgime iyl
s u,u.lblf (}ff""f" OL...\f J.m) 9 @‘Aﬁ foL..C g_AA>
2,0 1) ouds eolaswl cdalé o sYL o jlean 31 i
23,5 oaslin pgreols wad s cou LS 05 ()
S s o lran @YU ol ks sanl covsay b

-0 B0 olS il (50 g 0y Sgupy e el s

il

Al-Khayri, J.M., “Banadka, A., "Rashmi, R,
Nagella, P., Alessa, F.M., Almaghasla, M.I.,
2023. Cadmium toxicity in medicinal plants:
An overview: of the ‘tolerance| strategies,
biotechnological <and omics approaches to
alleviate ~metal. stress.. Frontiers in Plant
Science. 13, 5301.
https://doi.org/10:3389/fpls.2022.1047410

Bakhtiari, M., <Raeisi Sadati, F., Raeisi Sadati,
S.Y., 2023. Foliar application of silicon,
selenium, and zinc nanoparticles can modulate
lead and cadmium toxicity in sage (Salvia
officinalis L.) plants by optimizing growth and
biochemical status. Environmental Science and
Pollution Research. 30, 54223-54233.
https://doi.org/10.1007/s11356-023-25959-w

Bashir, S., zhu, J., Fu, Q., Hu, H., 2018.
Cadmium mobility, uptake and anti-oxidative
response of water spinach (Ipomoea aquatic)
under rice straw biochar, zeolite and rock
phosphate as amendments. Chemosphere. 194,
579-587.
https://doi.org/10.1016/j.chemosphere.2017.11
162

(Mehdizadeh et al., 2020; Prapagdee et al., 2014)

Mg on)l5 Jle plpie 4 09l SB s ol jolie

S (JS (35955 Wlg oo e A1 0lge g g 5l ol

a5 ,0 g (Major et al., 2010) ool izl 1, S 5o

g 98 5 ol 50 2lie olie 5l (gl i

Mehdizadeh et al., 2020; Prapagdee ) sas 23811,
@ oyl g0 51 (6l a5 Slofplis Sllas (et al., 2014
Ol 4 e wilgioe oby (Sl sl ils o
JUATISUSMCHRSICON AT R [t R SN EPPSRVE ¢
g 0,8 e, (Yao €t al, 2013) wen olaé
Jodo Lt o5 898 e piadly ()59 s clale (Al o
55 957 hginnd 5 33t cabio L e 4y s 1, o

(Mehdizadeh et al., 2020) sls s > g0

&l
Bu, X., Xue, J., Wu, Y., Ma, W., 2020. Effect of
biochar on seed germination and seedling
growth of Robinia pseudoacacia L. In karst
calcareous soils. Communications in Soil
Science and Plant Analysis. 51, 352-363.
https://doi.org/10.1080/00103624.2019.17094
84
Chen, X., Wang, J., Shi, Y., Zhao, M.Q., Chi,
G.Y., 2011. Effects of cadmium on growth and
photosynthetic activities in pakchoi and
mustard. Botanical Studies. 52, 41-46.

Cutillas, A.B., Carrasco, A., Martinez-Gutierrez,
R., Tomas, V., Tudela, J., 2017. Salvia
officinalis L. essential oils from Spain:
determination of composition, antioxidant
capacity, antienzymatic, and antimicrobial

bioactivities. Chemistry and Biodiversity.
14(8) ,61700102. https://doi.org/10.
1002/cbdv.201700102

Diaconu, D., Diaconu, R., Navrotescu, T., 2012.
Estimation of heavy metals in medicinal plants
and their infusions. Ovidius University Annals
of Chemistry. 23, 115-120. https://doi.org/10.
2478/v10310-012-0019-0


https://doi.org/10.3389/fpls.2022.1047410
https://doi.org/10.1007/s11356-023-25959-w
https://doi.org/10.1016/j.chemosphere.2017.11.162
https://doi.org/10.1016/j.chemosphere.2017.11.162
https://doi.org/10.1080/00103624.2019.1709484
https://doi.org/10.1080/00103624.2019.1709484
https://doi.org/10.%201002/cbdv.201700102
https://doi.org/10.%201002/cbdv.201700102
https://doi.org/10.%202478/v10310-012-0019-0
https://doi.org/10.%202478/v10310-012-0019-0

Dobrikova, A., Apostolova, E., Adamakis, I.D.S.,
Han¢, A., Sperdouli, 1., Moustakas, M., 2022.
Combined impact of excess zinc and cadmium
on elemental uptake, leaf anatomy and
pigments, antioxidant capacity, and function of
photosynthetic apparatus in clary sage (Salvia
sclarea L.). Plants. 11, 2407.
https://doi.org/10.3390/plants11182407

Dobrikova, A.G., Apostolova, E.L., Hané, A.,
Yotsova, E., Borisova, P., Sperdouli, I.,
Adamakis, 1.D.S., Moustakas, M., 2021.
Cadmium toxicity in Salvia sclarea L.. An
integrative response of element uptake,
oxidative stress markers, leaf structure and
photosynthesis. Ecotoxicology and
Environmental Safety. 209, 111851.
https://doi.org/10.1016/j.ecoenv.2020.111851
Dubey, S., Shri, M., Gupta, A., Rani, V.,
Chakrabarty, D., 2018. Toxicity and
detoxification of heavy metals during plant
growth and metabolism. Environmental
Chemistry Letters. 16, 1169-1192.
https://doi.org/10.1007/s10311-018-0744-8

Ekinci, M., Yildirim, E., Agar, G., Yuksel, E.A.,
Aydin, M., Ors, S., Kul, R. 2023
Determination of cadmium and drought stress
effects on some plant phytohormone contents
and hormone gene expressions in bean
(Phaseolus vulgaris L). Turkish. Journal, of
Agriculture and Forestry, 47, .402-411.
https://doi.org/10.55730.1300-011X.3096

Emami, A., 1996. Plant Decomposition Methods.
Soil and WaterResearch Institute Publications,
Tehran[In Persian].

Fang, Z., Lou, L, Tai, Z.;Wang, Y., Yang, L.,
Hu, Z., Cai, Q:, 2047.Comparative study of Cd
uptake and tolerance of two Italian ryegrass
(Lalium multiflorum) cultivars. Peer Joutrnal,
5, e3621. https://doi.org./10.7717.peerj.3621

Farooq, A., Nadeem, M., Abbas, G., Shabbir, A.,
Khalid, M.S., Javeed, H.M.R., Saeed, M.F.,
Akram, A., Younis, A., Akhtar, G., 2020.
Cadmium partitioning, physiological and
oxidative stress responses in marigold
(Calendula calypso) grown on contaminated

soil:  Implications for phytoremediation.
Bulletin of Environmental Contamination and
Toxicology. 105, 270-276.

https://doi.org/10.1007/s00128-020-02934-6
Ghassemi-Golezani, K., Rahimzadeh, S., 2022.
The biochar-based nanocomposites influence
the quantity, quality and antioxidant activity of
essential oil in dill seeds under salt stress.

Scientific Reports. 12, 21903.
https://doi.org/10.1038/s41598-022-26578-0

Gh Ghori, N.H., Ghori, T., Hayat, M.Q., Imadi,
S.R., Gul, A, Altay, V., Ozturk, M., 2019.
Heavy metal stress and responses in plants.
International Journal of Environmental Science
and Technology. 16, 1807-1828.
https://doi.org/10.1007/s13762-019-02215-8

Harizia, A., Benguerai,A., Elouissi, A., 2021.
Chemical composition and biological activity
of Salvia officinalis L. essential oil against
Aphis fabae Scopoli (Hemiptera: Aphididae).
Plant Disease. 128, 1547-1556.
https://doi.org/10.10074841348-021-00525-z

Hassan, W., Bano, R.;.Bashir; S., Aslam, Z.,
2016. Cadmium, toxicity and soil biological
index under potato (Solanum tuberosum L.)
cultivation.. Soil “Research. 54, 460-468.
httpsi/fdoi.org/10:1071.SR14360

Hu, X, Li, T., Xu, W., Chai, Y. 2021.
Distribution of cadmium in subcellular fraction
and.expression difference of its transport genes
among three cultivars of pepper. Ecotoxicology
and” Environmental Safety. 216, 112182
Attps:4{doiorg/10.1016/j.ecoenv.2021.112182

Jawad Hassan, M., Ali Raza, M., Ur Rehman, S.,

Ansar, M., Gitari, H., Khan, I., 2020. Effect of
cadmium toxicity on growth, oxidative
damage, antioxidant defense system and
cadmium accumulation in two sorghum
cultivars.  Plants  (Basel). 9, 1575.
https://doi.org/10.3390/plants9111575

Koubaa, F.G., Chadbane, M., Turki, M., 2021.
Anti-oxidant and hepatoprotective effects of
Salvia officinalis essential oil against
vanadium-induced oxidative stress and
histological changes in the rat liver.
Environmental  Science and  Pollution
Research. 28, 11001-11015.
https://doi.org/10.1007/s11356-023-28716-1

Kumar, S., Sharma, A., 2019. Cadmium toxicity:
effects on human reproduction and fertility.
Reviews on Environmental Health. 34, 327-
338. https://doi.org/10.1515/reveh-2019-0016

Lindsay, W.L., Norvell, W. , 1987. Development
of a DTPA soil test for zinc, iron, manganese,
and copper. Soil Science Society of America
Journal. 42, 421-428.
https://doi.org/10.2136/ss5aj1978.0361599500
4200030009x

Liu, A., Tian, D., Xiang, Y., Mo, H., 2016.
Biochar improved growth of an important
medicinal plant (Salvia miltiorrhiza Bunge)


https://doi.org/10.3390/plants11182407
https://doi.org/10.1016/j.ecoenv.2020.111851
https://doi.org/10.1007/s10311-018-0741-8
https://doi.org/10.55730.1300-011X.3096
https://doi.org./10.7717.peerj.3621
https://doi.org/10.1007/s00128-020-02934-6
https://doi.org/10.1038/s41598-022-26578-0
https://doi.org/10.1007/s13762-019-02215-8
https://doi.org/10.1007/s41348-021-00525-z
https://doi.org/10.1071.SR14360
https://doi.org/10.1016/j.ecoenv.2021.112182
https://doi.org/10.3390/plants9111575
https://doi.org/10.1007/s11356-023-28716-1
https://doi.org/10.1515/reveh-2019-0016
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x

and inhibited its cadmium uptake. Plant
Biology and Soil Health Journal. 3, 1-6.

Major, J., Rondon, M., Molina, D., Riha, S.J.,
Lehmann, J., 2010. Maize yield and nutrition
during 4 years after biochar application to a
Colombian savanna oxisol. Plant and Soil. 333,
117-128.

Marschner, H., 2011. Marschner's Mineral
Nutrition of Higher Plants. Academic press.

Mehdizadeh, L., Moghaddam, M., Lakzian, A.,
2020. Amelioration of soil properties, growth
and leaf mineral elements of summer savory
under salt stress and biochar application in
alkaline soil. Scientia Horticulturae, 267,
109319-109330.

Mehdizadeh, L., Farsaraei, S., Moghaddam, M.,
2021. Biochar application modified growth and
physiological parameters of Ocimum ciliatum
L. and reduced human risk assessment under
cadmium stress. Journal of Hazardous
Materials. 409, 124954,
https://doi.org/10.1016/j.jhazmat.2020.124954

Monteiro, M.S., Santos, C., Soares, A.M.V.M.,
Mann, R.M. , 2009. Assessment of biomarkers
of cadmium stress in lettuce. Ecotoxicology
and Environmental Safety. 72, 811-818:
https://doi.org/10.1016.j. ecoenv.2008.08.002

Muhammad, N., Nafees, M., Khan,M.H., Ge, L.,
Lisak, G., 2020. Effect of. hiochar “on
bioaccumulation “and human health risks of
potentially toxic elements in wheat (Triticum
aestivum L.) . cultivated on lindustrially
contaminated “soil. Environmental Pollution.
260, 113887. https://doi.org/10.1016.].
envpol.2019.113887

Ng, C.W.W4Wang, Y.C., Ni, J.J., So, P.S., 2022.
Effects.of phesphorus-modified biochar as a
soil ‘amendment on the growth and quality of
Pseudostellaria  heterophylla. Scientific
Reports. 12, 7268.
https://daliorg/10.1038/s41598-022-11170-3

Pandey, J.," Verma, R.K., Singh, S., 20109.
Suitability =~ of  aromatic  plants  for
phytoremediation of heavy metal contaminated
areas: A review. International Journal of
Phytoremediation. 21, 405-418.
https://doi.org/10.1080/15226514.2018.15405
46

Pariyar, P., Kumari, K., Jain, M.K., Jadhao, P.S.,
2020. Evaluation of change in biochar
properties derived from different feedstock and
pyrolysis temperature for environmental and
agricultural application. Science of The Total

Environment. 713, 136433.
https://doi.org/10.1016.j.

scitotenv.2019.136433

Prapagdee, S., Piyatiratitivorakul, S., Petsom, A.,
Tawinteung, N., 2014. Application of biochar
for enhancing cadmium and  zinc
phytostabilization in Vigna radiata L.
cultivation. Water, Air and Soil Pollution. 225,
2233.

Rajkovich, S., Enders, A., Hanley, K., Hyland,
C., Zimmerman, A., Lehmann, J., 2011. Corn
growth and nitrogen nutrition after additions of
biochars with varying properties to a temperate
soil. Biology and Fertility of Soils. 48, 271-284.

Rogowska, A., Paczkowski, €., Szakiel, A.,
2022. Modulation of. steroid and triterpenoid
metabolismein Calendula officinalis plants and
hairy root ‘cultures exposed to cadmium stress.
International Journal of Molecular Science. 23,
5640 httpsuider.org/10. 3390.ijms23105640

Saini, S., Dhania, G., 2020. Cadmium as an
environmental pollutant: ecotoxicological
effects, health hazards, and bioremediation
approaches for its detoxification from
contaminated sites. In: Bharagava, R., Saxena,
G. (eds.). Bioremediation of Industrial Waste
for Environmental Safety. Springer, Singapore.
pp.357-387. https://doi.org/10.1007/978-981-
13-3426-9_15

Shahid, M., Dumat, C., Khalid, S., Schreck, E.,
Xiong, T., Niazi, N.K., 2017. Foliar heavy
metal uptake, toxicity and detoxification in
plants: A comparison of foliar and root metal
uptake. Journal of Hazardous Materials. 325,
36-58. https://doi.org/10.1016.].
jhazmat.2016.11.063

Shanying, H.E., Xiaoe, Y.A.N.G., Zhenli, H.E.,
Baligar, V.C., 2017. Morphological and
physiological responses of plants to cadmium
toxicity: a review. Pedosphere. 27, 421-438.
https://doi.org/10.1016/S1002-
0160(17)60339-4

Shirkhani, Z., Chehregani Rad, A., Gholami, M.
, 2020. Effects of cadmium on perianth and
anther formation in Datura stramonium L.
Brazilian Journal of Botany. 43, 239-246.
https://doi.org/10.1007/s40415-020-00595-7

Soleimani, S.H., Bernard, F., Amini, M.,
Khavari-nezhad, R.A., 2020. Cadmium
accumulation and alkaloid production of
Narcissus tazetta plants grown under in vitro
condition with cadmium stress. Plant


https://doi.org/10.1016/j.jhazmat.2020.124954
https://doi.org/10.1016.j.%20ecoenv.2008.08.002
https://doi.org/10.1016.j.%20envpol.2019.113887
https://doi.org/10.1016.j.%20envpol.2019.113887
https://doi.org/10.1038/s41598-022-11170-3
https://doi.org/10.1080/15226514.2018.1540546
https://doi.org/10.1080/15226514.2018.1540546
https://doi.org/10.1016.j.%20scitotenv.2019.136433
https://doi.org/10.1016.j.%20scitotenv.2019.136433
https://doi.org/10.%203390.ijms23105640
https://doi.org/10.1007/978-981-13-3426-9_15
https://doi.org/10.1007/978-981-13-3426-9_15
https://doi.org/10.1016.j.%20jhazmat.2016.11.063
https://doi.org/10.1016.j.%20jhazmat.2016.11.063
https://doi.org/10.1016/S1002-0160(17)60339-4
https://doi.org/10.1016/S1002-0160(17)60339-4
https://doi.org/10.1007/s40415-020-00595-7

Physiology Reports. 25, 51-57.
https://doi.org/10.1007/s40502-019-00476-6

Tian, D., Liu, A., Xiang, Y., 2017. Effects of
biochar on plant growth and cadmium uptake:
Case Studies on Asian lotus (Nelumbo
nucifera) and Chinese sage (Salvia
miltiorrhiza) In:  Huang, W.J. (ed)),
Engineering  Applications of  Biochar.
IntechOpen Publisher. pp. 49-69.
https://doi.org/10.5772/intechopen.68251

Xi Xin, J., Zhao, X.H., Tan, Q.L., Sun, X.C,,
Zhao, Y.Y., Hu, C.X., 2019. Effects of
cadmium  exposure on the  growth,
photosynthesis, and antioxidant defense system
in two radish (Raphanus sativus L.) cultivars.

Photosynthetica, 57, 963-973.

https://doi.org/10.32615/ps.2019.076

Yao, Y., Gao, B., Chen, J.J,, Yang, L.Y., 2013.
Engineered biochar reclaiming phosphate from
aqueous solutions: mechanisms and potential
application as a slow-release fertilizer.
Environmental Science and Technology, 47,
8700-8708.

Yasin, N.A., Shah, A.A., Ahmad, A., Shahzadi,
l., 2022. Cross talk between brassinosteroids
and cytokinins in relation to plant growth and
developments. In: Khan, M.T.A., Yusuf, M.,
Qazi, F., Ahmad, A. (eds.), Brassinosteroids
Signalling. Springer, Singapore. Pp. 171-178.
https://doi.org/10.100%/978-981-16-5743-6_10


https://doi.org/10.1007/s40502-019-00476-6
https://doi.org/10.5772/intechopen.68251
https://doi.org/10.32615/ps.2019.076
https://doi.org/10.1007/978-981-16-5743-6_10

