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Abstract

Background and objectives: Plants possess efficient antioxidant defense systems that
neutralize and eliminate toxic levels of reactive oxygen species (ROS). These systems include
both enzymatic and non-enzymatic components. Ascorbate peroxidase (APX) is a key enzyme
in this defense system, playing a crucial role in regulating the levels of toxic ROS in various
intracellular compartments. The expression of APX is modulated during certain developmental
stages as well as under biotic and abiotic stress conditions, highlighting the importance of APX
activity in controlling hydrogen peroxide (H20-) levels within cells.

Methodology: In this study, an enzyme extract was prepared from black mulberry (Morus
nigra L.), and its kinetic properties were evaluated in the presence of different salts. The activity
of ascorbate peroxidase (APX) was determined by measuring the oxidation of the ascorbate
substrate at a wavelength of 290 nm, using an extinction coefficient of 18.2 mM™ cm™. The
optimum temperature for enzyme activity was determined by measuring APX activity at
temperatures ranging from 25 to 80 °C in 50 mM Tris—HCI buffer (pH 7.6) at 5 °C intervals. To
evaluate thermal stability, the enzyme solution was incubated in a water bath at temperatures
between 25 and 80 °C for 30 minutes. The reaction mixture was then maintained at room
temperature for 10 minutes, after which APX activity was measured. To determine the most
appropriate response of ascorbate peroxidase to the different levels of the studied treatments,
linear and non-linear regression analyses were performed due to the limited number of
treatments.

Results: The electrophoretic profile of ascorbate peroxidase in blackberry leaf extract
revealed two isoenzymes at pH 6.5 and 8 (APX-LI and APX-LII), while one isoenzyme (APX-
F) was detected in the fruit extract at pH 6.5. The substrates ascorbate, pyrogallol, and guaiacol
increased peroxidase activity at low concentrations; however, at higher concentrations, they
exhibited inhibitory effects on enzyme activity, likely due to substrate inhibition mechanisms
that help regulate oxidative stress. Nonlinear regression analysis showed that the activities of
APX-F and APX-LII followed the Gompertz exponential model, whereas the activity of APX-
LI followed a monophasic incremental exponential function. The nonlinear regression analysis
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of the effect of sodium chloride, based on a planar exponential function with a decreasing phase,
indicated that APX-L1 is more sensitive to sodium chloride in the environment than APX-LII. In
the presence of ferrous sulfate, the slope of APX-LII activity was greater than that of APX-LI,
suggesting that APX-LII is more sensitive to ferrous sulfate. The maximum activity of APX-LII
was observed at a concentration of 0.138 mM iron chloride. In the presence of zinc sulfate,
APX-LII reached 50% of its maximum activity later than the other two enzymes, indicating that
this isoenzyme is less sensitive to zinc sulfate in the environment. The optimum temperatures
for maximum enzyme activity were 35 °C for APX-F, 30 °C for APX-LI, and 45 °C for APX-
LIl

Conclusion: High concentrations of metal ions reduce the plant’s ability to cope with
oxidative stress. Based on the results of the present study, the effects of zinc ions (zinc sulfate),
iron chloride, iron sulfate, and sodium chloride on peroxidase activity were evaluated. The
results indicated that sodium chloride at low concentrations had little effect on peroxidase
activity; however, as sodium chloride concentration increased, structural changes occurred,
leading to peroxidation. These structural alterations were associated with a significant reduction
in enzyme activity, approaching nearly zero in all three isozymes. Zinc ions inhibit peroxidase
activity by binding to the enzyme's active site, inducing unfavorable structural changes that
interfere with substrate binding and catalytic activity. Nonlinear regression analysis of the
activities of the three enzymes (APX-LI, APX-LII, and APX-F) at different temperature levels,
based on a two-piece function, showed that the slope of the increasing phase of enzyme activity
in the first part of the APX-LI model was greater than that of APX-LII and APX-F. This finding
indicates that APX-LI is more sensitive to changes in ambient temperature in blackberries.

Keywords: Ascorbate peroxidase, isoenzyme, ferrus sulfate, zinc sulfate, iron chloride.

16



Y oookes FY sl ol lars 5 2osls LS Olidy anldas

B e Fgaw T ot 95 4 ol 99T 0ga0 § 5 g 30 ol g Dby gk Kt (20 3

o . . IR #, R L R
520308 deme 5 Tosl ot wllle Fobaan L s r”‘ S s WS
ol ol o5 ol ol pard s a2l el 8 =
olal e ol o zils (g5l i 5 pole Olails —¥
saeedyan@pnu.ac.ir 1S S o)) 0l o5 ol o&tsls ity 05,8 Ll o st sy 5 — Y

olal e ws el &ty Hlsled —F

ol e o rL; SKals g Ayl ez, 8 -0

\\c‘\c/\\/\'\kﬁ;vli.'c.'.)b \\c’\c/\\/\c\:&\‘écﬁé\é.)\i' \V”'\"/\\/'I\:Qé\,u.)aé.)\:

oS

S wzed o5 S S sS o o 3 S 0 gl L Gl 5] Gt il (LS e 5 Al
J S 53 88 el ey cal 53 S w31 e UAPX) 5laSl s Sl Sl st o g5 5 o5 diliie sla) Juls
oy iy Jole Sl 03 APX ply a8 e Jee ke Gas il Gt 0 e o 5eS] b saa S C:L“
000 abtizs ;3 HO2 (glsime JuS 55 APX cllad conl saimoglis a8 55i o Jodad 2w o 5 ) b is
NGV I PV

51 Moraceae o3l sl 4 @las 5 ol 51 oo LS 5l Morus nigra NS N WP I I P S SR - PR P I PO
FeCls NaCl Cilise s Sa 5 piam 55 St Blod 4 5 008 g o 51 o)lae 810 & pot om0 5 S Lidu 53 p
dsb 53 5 Sl Sl i 2ls) (s 4 25 LAPX 51 el s S 15 i 5550 NasN 5 ZNSO4 FeSOs
APX i i 51 cdlab gy Slos et 8 a2 5Se3lil YACMIMMT s sals (o5 51 68 by YA NM £
a5l sl ol ol Lol sl a plail 0 °C Jolss s (pH 6-7) Tris-HCL 0-mM 3L 55 Y0-A- °C slas 5o
2238 6o bl sles 53 Vemin S 4y bolie (2Sly s as 4T ASC B YO SOl plas L Yo min G
aalllas 3550 slasles Ciliie ol 4 APX il o cn i ot Ban b s al L3 a8 (6 Se 31l APX el ol
s ealarad as 8 s £ 4520 5l Lol o WS4 ar s

s)las 53 5 (APX-LI APX-LIN A 5 #/0 3505 PH 53 1 wa5lon) 53 sbe o5 (S oslas 53 APX il pai baaiily
sains il B JSUE 5 I L ol sl Sl i s ns o 5l 5 PH £/0 55 (APX-F) 151550 4 sl O 5 0500
SaolS Cm 5o Sy clb s o San sl i1 s Sl b VL Gl ble 5o die b s 3laeS] ol
@6 31 58 APXLE el 5 5 e S sy doe SIAPX-LIE 5 APXF ot 2 o 85 5001 0505 g piland] i
5 als L2l 56 rhee W5l el e S ) ot 8 e S5 ST s S cans 53T il 81 Sl
5 i APX-LI cdlad ol 53 e oop) SlWgw 5155 .o APX-LI 51 iy Jams 3 APX-LE Cpulim 48 sl ol
Lt o) A AYA MM el s APX-LI sl ol Gl g 4 APXALI iy ol 51 cylS 45 ol APX-L
) 5 s 350 Cdld Sl 053 0 Ko w5l 53 5 s sl APXLIL (55 Ol 5o 53yl | cllad
e X35 gl 53 APXALE cdld ralS ot ol e 5o g5, Ol o 4 @.;B;e‘\ onl S Conlas ne
APX-LI X0 °C slos 53 APX-F cdleb aipty 55ls Lo 53 555 OWame sy m5ls ) ) VU Sl Gl 51 oS
55 ¥0°C clas APX-LII 5550 55 5 ¥+ °C sles 5o



e SlaS) ol Sl S (265,

A

bl 358 slaned) Gl i b allin 5o olS ol 2alS a4 mie 636 b YL skl g Sans

2 e 2 A 0z ol i ) o IS 5 ol SWse a0 IS (05 W sn) o5 Sl o allas il s
T A0 [P WUV L e = I W WS WP KO SO PR R O VAR 4 § RS FRPLPCA N

don wlan) a2 o S35 4wyl cdle (2L s sl Ok (isiies @S Skl (Y5

5 Shady pde S 5o ite Ll Sl 5 5l 0l 25 w3l Il sl 4 Jlal b 55 o o 035
53 APX-F 5 APX-LIL APX-LI 051 aw ol s s o 55 50T a8 n W) 1) (5lamadl (sl s JGLS
Sty APX-LI Jos ol 2 5o p‘jT el i)l cas a8 ol plas g1aS 4o @\3 PO INCVPS I P PN CESR H v C}L.u

I I VWCI S Lo glos 4 pé.}’T}j?.‘ Oi‘ s O WP U L O &-‘-‘ 3 39 APX-F 5 APX-LII 3

ubT .,\JJ.\S «S9 QLQI}M ‘u.h"‘ uw}w ‘("’j"‘)j\ ‘)\.,\Ms‘j &-)\J‘)}gw’i‘ 6.).:.]5 L;LADJ‘;

gzl b be g oas ud g HoO2 Bl b Johe (S55,
Al e 3l ewdy IS s & Llgl wsle Sk
(Zandi & Schnug, 2022) .S . )
ol Sel e ol el 5l S APX
HoOz o555 53 VB w5l 8y ol 05558
Jodsten 53 1) LB ren alie pe.)ﬁ ol S e Bl )
5 ol 4 HiOp APX sas e ol cudys S
ol ot Gl s S dias <ol Sl nas
plize) sualS Juls olsieay sl SpsSal 51 s,
Ll 51 ol (Foyer & Kunert, 2024) i .
b oo b HoOs sl VUK sl b o s i
5 (ROS) 4358 Jd a8 Joke Jb s slacdle
sl Shee 5 odle &S 55 8 0 ads RNS) o355
S Ssmal 5 S s Sl S s s
O -V VL P U P JPRG JX WA TR i | WO
s el 51 gl e 4 o SIS,
My b slaws) jzs (Birben et al., 2012) 55
S o Lt 5l ol b a8 ol oo 5l i
ok o 52) (50 Lt 5 (i slosle anil s
T I ET P WY IS R SN
oS (g b s cov sl e sl Sl
S 3 o IS0y a3l (goamte Jlb ¢y 58] Lo 8

Ao dio

S msse o5 4 Glaie ol o pege Oy i
glol 4 o Lo i i) sln s cwl anlyse el
Sl S5 ol 5 (BWL S 2y S
sl O g5 o gne .(Dhanyalakshmi & Nataraja, 2018)
Lags o asbe JWbcaw; sbeSs 3l Ll e
sty S cl s b ale 5 sl sms dagiln 5]
P . P SR RV | ] RV peS
clgolen w5be) polaesl o gl b s e sbagles
0l 2B (395 S 5 Ol (B om 8

s 9x0 3 D92 50 B sl y5l a8 Wlesls plas Olallls
saSedsloe 5 wlsas (Sl@llas bl b o
s e ol Lol 4 w15 e S 5 ol Al s
sbolen Rl 3 clilbw 5 sl 4 conlis
S oolSul s K8 s
S el san anba Il saSSL y plasdl s

o.,\.uSwfu

2l s Sl Lo 4 0 oba Wl
Sy olsea SlySal s ol sl LU,
S iSen n b 5l HoO2 w520 5 s Sl saims
Jos (APX) Slaeasl, oboSul 5 5V Sales
ssba BAPX (LS s (Corpas etal., 2024) .S .
S s IS 5 (6508 20 095 S 2 J o 52 03 28
)L\MN La.:- 0% e k)‘“'b LY ‘5:\.9- ‘J.SJ\.) de9



AR

il o5t 5 Sib aile Jaome sbais Ll
S e

sl 5 bag e an was L APX el
PPCR IR PP (S HCIN [ K Sy VO
b bewss b baS o amlie oSG 5 oas asls
a5l lasiss b APX b s ,Solnl e ol 3
A ERCN [ % g A RS P
05308 5 Sl sSl e sle (S plte (s s
S S iy 5l el o) 5 sl b
VL APX el Yaane p5lie slaca s dms e
b anolie 3 a8 e celie o U2 6l 1y o] 45 wsls
SYB L 56 e a8 e sl basle Ll
iy 6 S 031l sge 5 Y ol Jds 4 APX
5o asls K4, APX L Say ol o
Sl sl 5l St adllas o S fhas slazel L6
e 53 (SIS sl 5l K (APX) Slas),
e g o 5 S oo LS Sl sl els
5 olS o) =By LBl Saes SHs 4 Ll s
SaS o1 Jbiass bS5 5 ol e $leane
S

o gty g0l
o5 ol oRails liiew Jslsl s 2asn ol
Pl sl g )Gl 5o S ) plaes S
Jab ;o) ples S 55 sl Jus 4 Morus nigra s
st 31 e (o g ealai] (eal (ool A ol
sSlas Aol 5 allas jiba pas Sas
sk ] Jesa S5 20l cdle Sl was
Ol 5L e 53 edd 4y os Sl o)las 4y
Slie Jud +/+Y MM Jgos 5 pH Y L /Y M lis
o mssed (3o 2 aiS)lge plsiea byl s s
sioen bl s S ol 8lan 5 bay besee 3 S
Cogwy A ek sl Yeoog o3 LV MIn Oue 4

5 Ad ek sle V000 Lo cele 0 s 4 YL

Y oookes FY sl ol lars 5 2osls LS Olidy anldas

ool b 3l S bl 4 ROS s
RY oW BVO PR W

R YW R P
selaes) 25 ams s J(Hasanuzzaman et al., 2020)
PP CH [ PY W0
D3 Jsk 5l il Ll s e 5 laglans) !
wies ol 3 aS e mn  Jle lag S 5 15,8 s
SYBIS (SOD) 56 pemss S pse &0 olion a5
3.5 okl (GDH) 5USys, o5k 5 APX (CAT)
038 Jlb Sk ez sl al o e Jolss
Jsse ol (Xuetal, 2013) wse a8 cadsle o
wle Gos e Joho las Shae b oal mhe 5 b
SBLS Lo el 5 sasy bl ol 2
YU sbeble 55 ROS (K5 o 5l s L .
S ol 4 e sl e s BB by
shls oblS sa e Sl Gl sbbdSsesm )
Cobe 035 s sl YA S VO ] QP S
Gl glial Jols &S st o 5enS) b slans S s~
058 Jb a8 s 58 5 oS el e
00 S o Jas Johe gaos il b iy 5y pew
o g iy Jole 5l s 03 APX oy a8 s
s ad s &S 350 o hidw e 5 ) s
» HO2 Gl J 8 55 APX e conl
05 ol S5 LoSams cwl e s b
bl bl cel (Al Gl sbadae ;s APX
LS gy at; s astr el Bl 4 Ol
2 ogrelaeS) i S plsea 5 HO2 saiSoils
Costa et al., ) asl axasls 5 oS bl Sl
t\.é: 23 Gosme LiE Jdsa APX IS, ba (2010
a Jams il Gl s e s LS Slas] s
O] CIN LGN FRUK SV IRV SURN ﬁﬂ T IRCOW b
BE) \AJ},\,W )\ 9 oJJS @..a- \) (HZOZ) u)})M v\».a-us‘j



eSS 5 ol Sl St 25

For o el ol as a8 enladl e w
Cdl bl oy ok S 5 s N i
b 0dedS 9l 4y (gl SOl e Rl o skilaly

BIv% 1&&%351 Lila 55 APX olee bl
M e ey Sl g, L APX ol
ss> iSly bylse (Elavarthi & Martin, 2010)
2 APX Jolos (Olge Jslma) o3l S5 J sl
cbos 53\ MiN S 4 (PH 8.0) /A M laws 3L,
2 5T e e 535530 b L2l e 3 4,551 YO'C
4 a5 L APX mﬂ el colg Lo F min 5l e
g dob o5 s SlsSal G GBS ol
Y/AMMM? sl oo 5l S e L s YA-NM
CA 4 Sy s Sl o s 8 6 Sl
A a5

(1-A/B) X 100 = (/) ,\

B ol sailasl oo @.}T el A S Sl s
chle glaea I1Cs .cwl suijlasl jezm o ol
e sl ol s plent Gyl 6’*\3 oo lae
Al e L0 b 5l e

A o osbien i3l Sl o Slagn
sbes s Sl s APX ol o5k by
NasN 5 ZnSO4 FeSO, FeCls NaCl ssle e
0 5L 5o by s ol s Jleel cacdile as Ll
os bl a4 pH 7.5 55 Tris-HCL Y56 Lo
Gl 2 s N MM s /0 /) ead A s sl
5 4SSl Ul gles s 4ads Ve Min e 4 b s
s APX-LI  APX-F el culg e
D a3 S o Seslul s8lus [ sba APX-LII
Ao cdbe Ve Glssa o5 S s os bl

e omm Sl s ol Do e s i)
23 ssles i Fohe 4 APX 51 ml mhae
oo S5 a5 3l ol g3 oS 4 ar g bl

oz el g ps oslae plaea SYL Glas J o
S5 58 APX 5l el LSelul m san sle
S Sl Gl cs 8l el 3)se sl
Az edlawl Bradford sy, 51 a5 s
Izl 5,88l 2, el .(Bradford, 1976)
5 Sheml B 55 s 5 4 G250 Sh ol wle S
chle 5y 090 MM £se Jsb 3 bisse G 513
2 SO [ ES0 [ SO { BN VS50 B VRN
Ol s S amloe 0 8 0 S b 5 dnlne
e Carad iy p cBle L OO MM Ly )5 e
s

SlsSel myl cdl e APX b
Nakano s, 5l eslizl i (EC 111 .11 .1) jlawsi,
Nakano & ) ¢s 8 )15 s Ss3lul 5,5 (VAAV) KozZi 4
e K ol & e ol sl (Kozi, 1987
AN MM Sl Sl S s oS aSly blsa
MM cBle L H02 pH V/A L Y 5o Sy ly ol
ssbten psS Jabs s e ojlae SN pL 5 -
b 85 eolinal 355 e sy Sl s s it
il Gl 4 a5 L APX 5l cdle ol )
e b YANM 2o Jsb 5o Sl sSal Gl g g
2 g Seslul y/AeMIMM?T s oo 5l 6LS
.(Kumar, 2022)

Sled et Sl ol ol e s Lo ol
YO-A-'C sles 5o APX i w51 el sl 4
O'C Jolss L (pH 6-7) Tris-HCL 0-mM 3L s
& p—.’.}'T sl (0l olul pboo) sl as pll
45 A-C YO C gl 5o ol ples L Yemin G
Ul les 5o Ve Min Goe 4 bols (2Sly am 5 i
sl sl 3l APX clé culg Lo s £ sl
o Sl ol 1SS A s b mbsl as S
gomin G UMY YY+ ol oyl ol o os ans
FOC 5 F. XO X YO les jo ang Ll o 55 4ass

Sl G 3 Yo L Yemin o350 a ol s 4SSl



AR

Y =Y, x (YO 4 )exp(—kxx)

m

¥ ,glv s Yo oY Slade sSlas Yinax o] 55 45
X i ke (Sl K Jae Ll e K 5 oo
Ll Jde i o abai s

Sbi 02 @bl (b Sl Bl Sl Jas -0
238 L (5] cdles) b e Dlade 48 550 o eolinl
S o3l b ealg Ko ke LB s b ol
Eo gl 5o Yr“ Y olade 5o il oo il B
Kooy Mlas Hlude S 4 Y S gl Jy s
st o=l ok 4 5 Y ey il 8l el sl e
) el ke Je ol UKl

Y = Yiax X (1 — e7%)

00 ol LS el Y i Slus Yinax ool o &S
Gl owt K5 Y spie K3 ool 4 Y Xl
e Je

Sbo oo bl il S el gl s -f
238 b (a5l ) b ke Jlaie o 550 e eolied
Sy a3l b sl Sl L1 b ol
Eo o Il 5o \Jjw Y oolde D5 el e St
Soop Bl i S oa Y &S Sl Jy e e
o ol w4 5 Y Sk o ialS cd sl e

Sl Ssle Ja ol S5
Y = Pleatue+ (Y, — Pleatue) x exp(—k x X)

ol B LS el Y jlds Jslas Pleatue o) s &8

i Slas Yimax 980 Sus5 o) 4 Y X lads o
el Jao a8 iz k5 Y

53 Jde ol ralS 5B &i—clz...n s Jae =V

Y oookes FY sl ol lars 5 2osls LS Olidy anldas

s3lizul 5590 e S el e eola Sy b
Dl Ao Sl Gadios ol o
sl Jal o 5 Jas cal 5)spss amss Jas )
L (@.}T Cllad) pos Az mb e lade &S 55l
ole b oolg S Jlde ) s Lol cwsdS
gy dm s db o Gl Jae Cilae bl b oSS o
Sl cwd Sole Jas cpl IS 0,8 s 555 Jo 5
Y =By +B; X +B,X?
Az Jas cul 2 Bs 5 B1 Bo ol s oS
D)l Sole Jae o) Aol 1glaSS 5 Jos -
Y1 = intercept; + slope;*X
YatX, = slope;*Xo + intercepty
Y2 = YatXg + slope*(X-Xo)

Y = |F(X<Xo, Y1, Y2)

y);JJ\AW:szblj.@aj\u’pjc‘aQTJJAS
Ui > 4k Xo 5 (Break point) is o~ 4k o b
aden D1 s A Holie oy goue Hluie Slus L Joe
el e alan 55D Hlade 5 Coe
(r'.k..ata Wle lass) lass aw Jows =Y
ifx < xg
Y1 = intercept; + slope;*X
YatX, = intercept; + slopei*Xo
ifxg < x4
Y2 = YatXo + slopex*(X — Xo)
YatX; = YatXo + slopez*(X1-Xo)
Y3 = YatX; + slopes*(X — Xi)
Y = |F(X<Xo, Y1, |F(X<X1, Yo, Ys))

s slope2 , slopel Jaw 51 o @ ol Lo &S
X0 5 (Break point) s > abi 53 B b 55 55 Jus
slopel , intercept ,slie .cwd Y Joo i> > abi
] hin e 55 SIOPE2 Hlade 5 Cote Adeen
ool Jal o s Jas ol 5 eesS M, Jae =¥
Lol e | (ol cdl) ol e lie 45 558
il ) 5SS eale b ool K Llae Lzl 1 s



eSS 5 ol Sl St 25

Gledas 1) gldersr b Szl (ol ply bl
A58l 5 53 Proc NLIN 51 ks 5,50 Gadios o axS
oo S sdae 35l sl (Y-8 asd) SAS
SlysSel (St 58, o ke a2
dolos b o sl S5 vpm 5 S 58 sl
5 (OSu) bl g chile pH asle il
sat oalizal (o 5 oal O (i 219 LSS

s

b w5l cdls APX ol atogy PH s skt

B Y GLpH s Ha02 5 ol sSal 6l iy s 51 oslizl
SU[OHT] 5 [H] 6Yb gbadle ae o, Soslnl V-
el s S w3l pad e 4z SJUS B
Slasas el sl gl cdlas Als gy sems ) oS
S8l a5 53 (APX-L) sl &5 S s5lae 53 APX
9> sgms eamanls Ylasl A 5 £/0 ssux pH o
(APX-LIT APX-LI) jlapes); ol Sl 51w 5T55)
(APX-F) sbuw &g me oslae 55 APX ls 50 .l
samaplas a8 ams e las 1 #/0 sgas pH ;0 48 S
ol oS s el APX Sl 5l 5l S ssms
olas pH Gl sl 53 APX-F 5 APX-L slags 5]
it sk (2 me 55 51 b Ol e Ky, 450
JS2) a8 o0 s ST an b G5 5L 5 anad
b sl cdle o pH (2l 31 L &S s cn O
53 /YA 5 APX-L ), +/-VF Cpa L pH £/V
by 4 Gdeey Ol e s A e lag Il APX-F
APX-L 3 —+/+% . L (LS 55 » 3 #/V) cusls
a8 e g a8 sl e o S5 o=/
Joo o w3l 5o el Ve spus pH s S6)5b
Job o 03 3l el a3l ot () Jpa) 58
APX- | blssl 55 Jow P93 e 5 oS el 5 Jue
it ol sazasplis ol 5 55 APX-L 5l zay F

Yy

(5] cdld) b ke e S 550 e wolinal a2
ole §ooslg G Jlaie (sl s b ol cadS
S5 ole b oolg 5l Lasie Jlaie K B a8 s
2 s X laie 53 i b o1 5l ey 5 029 ol waiiS
4 Y &S Gl s eas Jopi oYL o b bl Y i
Y lade 5o el s oss 0 Sonp Nilas i S
D) el Ol Jae ) ISk e RS TN 4

Y= IF( X<Xo, Yo)
Y = Pleatue+ (Y, — Pleatue) xexp(—k x (X — X;)))

sl Bl LS el Y luas Jslas Pleatue (o s &S

G abal Xo g 0 K5 ol w Y X e s
el Jae a8 ot K5 Y Slade Slas YVinax ¢ govie
a3l s o S5 sbdae 35l sl

¢ L. ,5 (procedure Non-Linear) Proc nlin
o5 &S ol sthe iy, 51 (SAS, 2009) 53!
Khaliliagdam et ) sz oslaw.) GraphPadPrism ) ;3!
5 ((Khaliliagdam & Talebzade, 2022 al., 2024
o el adsl olis 05 8 ool JL 2 b s, )
o ps ols S e, UGl ol ol
)}w@ r\:u\ u;t.éj (5 A.J)‘ jb\.a.a Ju.su 9 éj.wu.d 0d)
4 Proc NLIN sy cosy byl 55550 0 o e &S
SAS (Statistical Analysis  l3le 5 55 45, S
Osee S5 sbdae 33l sl aS 5,05 s Lzl System)
<z Proc  NLIN S s
syl 5l S s cwl Procedure Non-Linear
O&A\ 49, u;\ gl o P guve Woals A OAL>J.&-
Sheslazed U1, s 2 cbdus b ml,l e
o8 b IS leane bt
Siodkn ly, Wlg o b cbdas S

PP oo laal



Yy

&

U.mg'1 protein

0 5

Y oookes FY sl ol lars 5 2osls LS Olidy anldas

S 4 S sl S5 5500 55 Jame PH 4 APX 5

X0 X1 10 15
pH

o 5 050 5 S Sl 5y Sl Sl il e i pH b -y IS
Figure 1. Effects of pH on ascorbate peroxidase enzyme (APX) activity of Morus nigra fruits (F) or leaves (L)

SRR UWRCIIC I PRI SRS RV { JUSCH FRYCO [PURL] IO |V ROV PG WP FUS PRRPI PN VR3] JURON S R e
pH (s 5k
Table 1. Fitting coefficients of of two- and three-segment piecewise models describing changes in ascorbate

peroxidase (APX) activity of Morus nigra fruits (F) or leaves (L) at different pH levels

Factor Xo2 Xo1 bs+SE botSE b1+SE intercept:=SE R?
APX-F - 6.5 - -6.61+0.5 4.92+0.3 -0.13+0.01 0.86
APX-L 8 6.5 -13.93+1.1 -3.86+0.2 7.65+0.6 -19.7+£1.2 0.94

Xo1 and Xoy: first and second break points, by, by, and bs: coefficients of model, intercept: Y while X is zero, R? :determination coefficients, and SE:

standard error.
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Figure 2. Changes in ascorbate peroxidase enzyme (APX) activity of Morus nigra fruits (F) or leaves (LI and LI11)

at different ascorbate levels
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Table 2. Fitting coefficients of two-segment piecewise models to changes in ascorbate peroxidase enzyme activity
of Morus nigra fruits (F) or leaves (LI and LII) under constant H20: and different concentrations of ascorbate

Factor Xo b2tSE bi+SE intercept=SE R?
APX-F 0.5 -0.06140.003 0.098+0.01 0.0042+0.003 0.97
APX-LI 0.5 -0.027+0.002 0.056+0.003 0.0027+0.002 0.97

APX-LII 0.5 -0.10340.005 0.122+0.01 0.0047+0.003 0.98

Xo1 and Xoy: first and second break points, by, b,, and bs: coefficients of model, intercept: Y while X is zero, R? :determination coefficients, and SE:

standard error.
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Figure 3. Changes in ascorbate peroxidase enzyme (APX) activity of Morus nigra fruits (F) and leaves (LI and
LI1) under different H,O; levels
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Table 3. Fitting coefficients of Gompertz growth and one phase exponential association on models to changes in
ascorbate peroxidase enzyme (APX) activity of Morus nigra fruits (F) or leaves (LI and LI1) under different
H2O: concentrations

Factor (Gompertz exponential model) R? k Yo Ym 1/k
APX-F 0.99 43.75 0.002 0.051 0.02
APX-LII 0.98 48.39 0.004 0.062 0.0022
Factor .
R? Halftime k Ym 1/k

(one phase exponential association model)

APX-LI 0.99 0.015 45.32 0.03 0.02

Xo1 and Xog: first and second break points, Yo initial mount of Y in start point of model, k: slope of model, Ym: maximum value of Y, 1/k: x value in

break point (lagtime), halftime: the time it takes for Y to drop by 50%, and R2.
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Figure 4. Changes in ascorbate peroxidase enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at
different levels of guaiacol
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Table 4. Fitting coefficients of second polynomial to changes in APX enzyme activity in different concentrations

of guaiacol
Factor Turning point R? b.+SE b1+SE bo+SE
APX-F 2.3 0.98 -0.0034+0.0004 0.016+0.003 0.0009+0.0001
APX-LI 2.25 0.99 -0.0025+0.0003 0.011+0.002 0.00244-0.0003
APX-LII 24 0.95 -0.0039+0.0005 0.019+0.004 0.0028+0.0003

Explanation. F: frouit, LI:first Isoenzyme of leaves, LII: seconf Isoenzyme of leaves, bo: intercept, b1, b2 and bs: coefficients of model

R2: Determination coefficients and se: standard error
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Figure 5. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at different levels of
pyrogallel
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Table 5. Fitting coefficients of second polynomial and Two-segmented model to the changes of APX activity in
different concentrations of pyrogallol

Factor (segmented

b2tSE X0 b1+SE interceptSE R?
model)
APX-F -0.02+0.002 1.2 0.026+0.003 0.0084+0.0004 0.99
APX-LI -0.018+0.002 11 0.023+0.002 0.0017+0.0002 0.99
Factor (second . .
Turning point bs b2 b1 bo R?2

polynomial model)

APX-LII 1.1 -0.003+£0.0003  -0.025+0.002  0.072+0.006 0.0014+0.0002 0.98

Explanation. F: frouit, LI:first Isoenzyme, LII: seconf I1zoenzyme, In segmented model X,: The break point, b; and b, slop of model befor and after of
break point, intercept: Y while X is zero, In second polynomial model by: intercept, by, b, and bs: coefficients of model and R% Determination

coefficients and se: standard error.
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Figure 6. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at different levels of
ascorbate
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Table 6. Fit coefficients of second polynomial to changes in APX enzyme activity in different concentrations of
ascorbate exposed to 50 mM sodium chloride and constant concentration of H202

Factor R? b£SE bi£SE bo£SE Turning point

APX-F 0.99 -0.065+0.003 0.0750.004 0.0006+0.00004 0.57
APX-LI 0.95 -0.0424+0.002 0.043+0.003 0.0007+0.00005 0.51
APX-LII 0.98 -0.088+0.004 0.092+0.006 0.00014-0.00002 0.52

Explanation. F: frouit, LI: first Isoenzyme, LII: seconf Isoenzyme, by: intercept, bs, b, and b : coefficients of model and R?: Determination coefficient

and se: standard error
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Figure 7. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI11) at different levels of
sodium chloride
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Table 7. The fitting coefficients of pleatue followed by one phase exponential decay model to the changes of APX
enzyme activity in different concentrations of sodium chloride at a constant concentration of H.O2 and ascorbate

Factor 1/k span halftime Pleatue Yo X0 R?

APX-F 24.75 93.74 17.15 0.04 13.39 107.1 33.16 0.98
APX-LI 21.27 93.04 14.56 0.047 8.67 101.7 25.98 0.99
APX-LII 24.54 93.19 17.01 0.04 21.81 115 36.11 0.97

Explanation. F: frouit, LI: first Isoenzyme, LII: seconf Isoenzyme, Xo: Break point, Y. initial mount of Y in start point of model, k: slope of model,

1/k: x value in break point (lagtime), halftime: the time it takes for Y to drop by 50%, pleatue:minimum value of Y at equilibrium, span: Ymax-

pleatue and R% Determination coefficient.
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Figure 8. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at different iron
sulfate levels
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Table 8. Fitting coefficients of second polynomial and segmented model to the changes of APX activity in
different concentrations of iron sulfate and constant concentration of ascorbate 0.17 mM

Factor .

b2+SE Xo£SE b1+SE intercept=SE R?
(semented model)
APX-F -0.022+0.002 0.45 0.041+0.005 0.0012+0.0003 0.98
Factor . .
. Turning point+SE b2#£SE b1£SE bo+SE R?2
(second polynomialmodel)

APX-LI 0.516+0.07 -0.04 0.041+0.005 0.0007+0.00005 0.99
APX-LII 0.57+0.05 -0.059 0.067+0.006 0.0009+0.0001 0.98

Explanation. F: frouit, LI: first Isoenzyme, LII: seconf Isoenzyme, In segmented model X,: The break point, b; and b, slop of model befor and after of
break point, intercept: Y while X is zero, In second polynomial model by: intercept, b;, b, and bs : coefficients of model and R?: Determination
coefficient and se: standard error.
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Figure 9. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at different iron
chloride levels
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Table 9. The fitting coefficients of the one phase exponential decay model and pleatue followed by one phase
exponential decay model to the changes of APX enzyme activity in different concentrations of iron chloride in
constant concentration of H2O; and ascorbate

Factor .
. R? span Pleatue tau halftime k Yo
(one phase exponential decay model)
APX-F 0.99 1317 -26 0.31 0.21 3.22 105.7
APX-LI 0.99 98.19 1.27 0.078 0.054 12.67 99.47
Factor
(pleatue followed by one phase tau span Yo halftime k Pleatue Xo R?
exponential decay model)
APX-LII 0.24 121.1 103.7 0.16 4.1 -17.47 0.138 0.99

Explanation. F: frouit, LI: first Isoenzyme, LII: seconf Isoenzyme, Yo: initial mount of Y in start point of model, k: slope of model, tau: x value in
break point(lagtime), halftime: the time it takes for Y to drop by 50%, pleatue:minimum value of Y at equilibrium, span: Ymax-pleatue and R?:
Determination coefficient.
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Figure 10. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (L1 and L11) at different levels of
zinc sulfate
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Table 10. Fitting coefficients of the one phase exponential decay model to the changes in APX enzyme activity in
different concentrations of zinc sulfate at a constant concentration of H20. and ascorbate

Factor span tau halftime k Pleatue Yo R?2
APX-F 78.16 0.155 0.107 6.45 38.27 102.1 0.99
APX-LI 91.72 0.083 0.058 11.93 6.1 99.94 0.99
APX-LII 76.6 0.4 0.287 2.47 25.57 101.6 0.24

Explanation. F: frouit, LI: first Isoenzyme, LII: seconf Isoenzyme, Y: initial mount of Y in start point of model, k: slope of model, Ym and Ymax:

maximum value of Y,tau: x value in break point (lagtime), halftime: the time it takes for Y to drop by 50%, pleatue: minimum value of Y at

equilibrium, span: Ymax-pleatue and R?: Determination coefficient.
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Figure 11. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LII) at different sodium
nitrite levels

s e el [ lasy Ol Sl w5l et Olew 4 2o 56 S Sl e 551 el 2 -\ Usas

Ol Sl 5 H202 culs clile s o

Table 11. Fitting coefficients of the one phase exponential decay model to changes in the activity of ascorbate
peroxidase enzyme in different concentrations of sodium nitrite at a constant concentration of H.02 and

ascorbate
Factor span tau halftime k Pleatue Yo R?2
APX-F 102.3 0.089 0.061 11.23 -1.27 101.1 0.99
APX-LI 100.1 0.041 0.028 24.27 -0.15 99.92 0.99
APX-LII 101.1 0.135 0.093 7.37 1.26 102.3 0.99

Explanation. F: frouit, LI: first substrate, LII: seconf substrate Yo: initial mount of Y in start point of model, k: slope of model, Ym and Ymax:

maximum value of Y, tau: x value in break point (lagtime), halftime: the time it takes for Y to drop by 50%, pleatue:minimum value of Y at

equilibrium, span: Ymax-pleatue and R?: Determination coefficient.
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Figure 12. Changes in APX enzyme activity of Morus nigra fruits (F) and leaves (LI and LI1) at
different temperature levels
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Table 12. Fitting coefficients of the Two- segmented model (a: width from the origin of the model and b:
regression slope) to changes in APX enzyme activity at different temperature levels

Factor Xo bo+SE b1+SE interceptSE R?
APX-F 35 -2.76x0.3 3.4+0.4 23.72+3.5 0.98
APX-LI 30 -3.3+£0.35 4.87+0.51 -3.48+0.02 0.94
APX-LII 45 -4.43+0.41 2.73+£0.32 28.9614.1 0.99

Explanation. F: frouit ,LI:first Isoenzyme, LII: second Isoenzyme In segmented model Xo: The break point, b; and b, slop of model befor and after of

break point, intercept: Y while X is zero and R% Determination coefficient and se: standard error
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