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Abstract

Background and Objectives: Medicinal plants are important sources of bioactive compounds
used in pharmaceutical, food, and health industries, but the quantity and quality of their active
constituents are strongly affected by environmental conditions. Recent evidence indicates that
abiotic stress does not merely restrict plant growth; they also reprogram secondary metabolism
through physiological and molecular regulatory networks. Focusing on drought, salinity,
temperature, and radiation, this review examines the roles of redox regulation, hormonal
crosstalk, transcriptional control, and biosynthetic pathways in shaping secondary-metabolite
production. The main objective was to clarify the relationships among stress intensity,
physiological responses, metabolic reprogramming, and the final quality of medicinal
compounds.
Methodology: This study was conducted as an analytical review. Scientific literature was
retrieved from Web of Science, Scopus, and Google Scholar using combinations of English
keywords related to medicinal plants, abiotic stress, secondary metabolism, redox regulation,
hormonal signaling, and biosynthetic pathways. The review mainly focused on peer-reviewed
articles published from 2018 to 2024 that investigated relationships among abiotic stresses,
physiological and molecular responses, and secondary-metabolite production in medicinal plants.
Studies were selected when they were directly relevant to the review topic and provided
physiological, biochemical, genomic, or metabolomic evidence useful for explaining the
regulatory mechanisms of secondary metabolism. Purely descriptive studies or papers without a
direct link to the quality of bioactive compounds were excluded. The selected findings were
classified and compared according to stress type, response intensity, redox status, hormonal
interactions, transcriptional control, biosynthetic-pathway regulation, and physiological and
management implications. Evidence from different species and metabolite groups was then
integrated to identify common response patterns as well as differences related to stress type, plant
species, and response intensity. Finally, the relationships among redox signaling, hormonal
regulation, gene expression, carbon allocation, and the biosynthesis of phenolic, terpenoid, and
alkaloid compounds were synthesized into a conceptual framework linking environmental stress,
plant physiological status, metabolic reprogramming, and active-compound quality.
Results: The reviewed evidence showed that secondary metabolism in medicinal plants is a
dynamic system closely linked to plant physiological status. Drought, salinity, temperature, and
radiation alter redox balance and, through controlled increases in reactive oxygen species, activate
cellular signaling pathways and regulate the expression of key biosynthetic genes. These
responses are strengthened by interactions among hormones such as jasmonic acid, salicylic acid,
and abscisic acid and may redirect carbon flux toward the production of phenolic, terpenoid, and
alkaloid compounds. Metabolic responses to stress were clearly nonlinear: mild stress often
increased active-compound concentrations, whereas severe stress reduced metabolite-production
capacity by limiting photosynthesis, energy supply, and carbon precursors. Morphological
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adjustments, including an increased glandular trichome density, may also enhance the capacity to
produce certain medicinal compounds. Across studies, medicinal quality emerged as the result of
interactions among photosynthetic status, resource allocation, redox and hormonal networks, and
genetic capacity; therefore, similar stress intensity did not necessarily produce the same response
across species or developmental stages. An increase in individual metabolite concentration did
not necessarily translate into a higher total yield of the active compound because it could coincide
with reduced biomass. Overall, controlled stress, appropriate timing of agronomic practices, and
elicitor application were most effective when metabolic stimulation occurred without a severe
reduction in growth and biomass.

Conclusion: The effects of environmental stress on medicinal-compound production depend on
stress type and intensity, genotype, developmental stage, and photosynthetic capacity. Mild stress
can enhance secondary-metabolite accumulation through redox signaling, hormonal pathways,
and activation of biosynthetic genes, whereas severe stress can have the opposite effect by
restricting photosynthesis and carbon supply. Therefore, active-compound concentration should
be assessed alongside biomass and total metabolite yield. Determining the appropriate stress
threshold and timing can serve as a scientific basis for the targeted use of controlled stress and
elicitors to improve medicinal-plant quality.

Keywords: Biosynthetic pathways, environmental stress, redox regulation, medicinal plants,
medicinal compound quality.



7Y \’aj\.»i‘h‘,\l.?‘o\ﬂl)]auj@j)b;)b\,;c»ufj;ﬁuw

Ol 5 S B 0 5999 308 b 31 2 oo (S il ol (29518 OLS 30 49 951 o g3l ki 31
@3}'0

Tl sl Gl s 0™ o usl Al

eskandari@pnu.ac.ir : S s Sy ol ol g o5 ol 8&ils (55,5LaS ke 05,8 Ll o s sty 5 — )

C)\J.'.‘ ‘ob&'{u} r\.u a\i.id\.\« “;;)}L:S‘jd;ajf‘&f—Y

VEO/ VY iy s VE O/ 8/YA 1l ool VEFANY/V s b

oS

o550 350 S 5 CoaS Lol it alag 5 plie (ps)l @.W » ey olS s Cf\':" ool ol G 5 il
Gob 5l A S i spaoee |y 0ty g s et S oS ains e oLt b iyl ol L e Ll i 5l cow
9l (st ((Sas S by e cnl S e guaab L | 48t p—-J;e\-‘“ (BN e 5 5555 @«1@ s
DLl et Bdn A8 o s b Gitmsm S s 5 sy JES (Gsesh Sl ESas (S50, er@ G b
el 290l OS5 kS 5 (S plie o0l 0k (S n s el (i oas

el s pmpcen L e e s el Mow (ghs 0 adllae S Soson iy ol b, 5 ol
S aals obls | Ls . L;..Jé,\ slaoslonds S 5 5l ealazd L Google Scholar , Scopus « Web of Science
Ve ol S0 wad 65505 8 Gitesn S 5 S 23S (S50, B U e e s 42
My s Js¥s 5 K55m0 Sial () s ol DLyl aS o, YoYF U YoVA 030 5 ead i sdis sl
(stbond o (K5 W5t 352y 5 90 50 b ditens blo) Jolo 2 8 slabas i gy 008 gy 1 1) 450 sacd i
Jbn s OS5 CadS b pitne Bl BB L o 5 Lot Slalllae 535 it s, 8550 s ) (Sea e b o535
(555 JAS (Gamrsh GBS (oS53, Condy el SAd (B fp el y Ciute sl as sl LS
5 LS 4 by lss e ~J3Je.>J§ awslie 5 ganaib a5 K5 sbaely 5 s b s ("“L"')L’
Fol a5 a8 g anly S 5 Srte GLSIL w815 Sas S s gl il sl S
(M OS5 Mg 5 S parad (05 ol W (Seosn p»«l@ oS53 S oloe Lals, e ds e 55 sd st
Candy i Jame (15 ols gm et 5 Sl estie 2520l B Lo Ll cal (g s as a2 LS x5S 5 sadsn 5
ol e s S sl Lixs S @0l o550 slee CodS 5 (Sl b e uaeb b (K55 s
LAz o)l st sl s 613% 5 o] 1S 2 5\ Sl s (o) 50 \-ﬁ’;in

(i el oLS 5 g Canndo g 4 dialy 5 Lsy slille L o)ls LS o 45l e stlie Sl pls sl Jlow i W
5038 Il 1y Jobe (AsIUSms (a1 5] Sl a8 s S 1531 5 nS5n) Jal e b ol 5 Les s
el 5 Sl el (S gl sl a5le ooy gy 50 (2Sen b el ol S e i 1) (gt e salS Glaps 0L
Sl by a8 culis a5 5 adsn 5 o OS5 a5 G & 15 S S Nl e 5 3 5dge Cu gl S ]
SR g 53 S35doma b pad (15 oS Jlo o il en 6 e olpe clile nl L Cdel e b i e s s 4
lad gl S5 W85 il Aol 5058550 Sl ams oo ] bied ples a5 s b 2 S slasle i 5 3]
Cardy ol Jolas Jols oosls cotS a8 oh plis Oldlae anglie as (231 1, OS5 &5 ads cud b Wilg o 58
bagS o LU‘ alie 25 Oas K ool ol oS S5 Cd by Ssass 5 eSes, A ‘@.L’ﬁ DR 2T (G Fu 55


mailto:eskandari@pnu.ac.ir
https://orcid.org/0000-0002-9482-6828

SPTS AN K SRR e e a5\,

#¥-

o530 ool S 5 Shas a3l 4 Ly el K4 il )3 iman 055 i sl SUSe ey Ciliie 02, Jol o b
a0l o 28 5 o ke 45 an3 e 0Lt dal g a0 50 GRS L jan ol (S 5 355 0 ke
s bl e i) 5 Az, wal Sl el S sl K m a5 K550 Sl b sl 558 5 o)y Oldas

el gt Cd by Ay Al e S5 (AT DAl g5 b el olSy s heme Gt ) i S A

ORI 4l Gbed gl men s e se sbos @3 5 Grsn Sl e (oS53, SIS 3b Sl e i
ol o wlo j5e alge cdale ml 8l conl Blo sl e sSae 5 L;..JSC.\..»}JHM,& 93 S0 b ayas 25 &S Jle 5y ams e
sasd 1S o ) asesas eolazal gl (i Jlesl ol sl o 298 sl Sl alie JSs Sas 5 oo g o Sas |

el g9l SbLE iS5 s S el

Srsn S e aSLy s e Low | oS a,
WS oo w5 e sba 5 1) 4l cbed sk
bt o) 5l .(Shahhat et al., 2025; Yang et al., 2018)
S e A e A2y S pae ol L e 25
358 g o g oS Sl sl i )
Sl 5l e sy 8 Joli 450 e sl
oS s Lag ST 5 b on 5 g 50 s s asle
5 B 5k wlS gl 5o slalus b i
L SlS 5 ol KD o s S ) g3 el
Ll oSee ol bl dple bl oY o
S st 450 e plie &S Wleols plas 3l slatag
Sy ol S el eamy e Sz S
WS e Salen | 25 b 85 5 Jse S
.(Chezem & Clay, 2016; Erb & Kliebenstein, 2020)
Lgs sodit an) 3 S5 am psls OLS 5 W5 ‘Céb BY
o ) sl |y S s 55 C’\‘:‘ oS ol 5o oS e
SH0 53 e g iy 5l (S S e mis gl
cd sle 2l 30 5 o\ ol olS s55 s
03 Sl on g S plie (6505400 50 psgae 4 <85 1 s
2 i bl b Sl e (i ol Gl
oS Jleb s 8 5 b Ll sl Cons sy
oy o S ldw 5 (ROS)
S o S ) s Gl S slags
.(Hasanuzzaman et al.,2020; Waszxzak et al., 2018)

dodio

onage ) u-(v olsea 54 ) ,-1=~ 9 u,e.ﬁ)‘b Qu\-j
Ll bl 52 bl 55 350 Sy S 55 b il
035 s s, 51 51 gl cuenl il cans s
ele s Golesl aile (las iy e 4
SooslaS 5 g"v-‘@‘v\de_gi’et\j OV pame (3 Shas plds
sl Sl slol il cwl asl ijs/ Sl
5 e GLULS L s b OLSS
U B W P < WG| WL VR R PP EYCHE PR
5 S (AUS 6 550 sln tuiie BB 5 oIl ads &S
390 has S ol latasy Jol gl il
LB clacs ey 5925 b (Isah, 2019; Li et al., 2020)
N olmes sl gbedale pllis s ary
PRP SRS W P E oblS s s ol bl
ol Calizee QL-’M by o oo b olS 5 as
e 5Ll 55 5 (g31s S Lo o8 slalis
(Zheng et al., 2026) ans s )5 U o |,

50 ol Gus S Jolane el OV same O
SLLE s ol wls b s gy o Shae 51 gl
s S ) i coenl CAel ST sl S o)l
S5 9558 lagaly 45555 oo e (S35l o)l oS
Jsame 2§ (23l 03 SleaSemmn (28 o 4 oS
554« slarme Loyl a8 Whools ol ual ladlas S )

\.@;';AJ ‘u‘;‘.gb P Les (Se ¢ ,S....;- s ook gs"“")J"" L;\.mu‘:.;.}'



F¥Y

G L ployas el (S mlBl Gl S S s
2093 s 1) Sl S5 Slas (2S5 00 g
b d e S8 S 51 sl ()
A R W TS - P CTS I P U I8 - -CNE PR
Jst ) o cnls) s 0SS ais Jol e 5 o 53
anl i ol 05V (o) S pte oz S Slalllas s
W e gbesle b glesan 5 S5
Kpd Gl ppsls LS 5 Al o Sas 5 e (arats
o\-w'p-“ &) ol 3 s f"'b\ e Jal 2 5 0 ol
b it Comnl ollaal (20l 5 5)5 e S (S
(Takubessi et al., 2025) xS ..

dalps 4 ol Jdow— lsy 5o SO Al o)l
Sl Sadpbe 5 55 (plomdton (S5
Soson ly pasls LS Lo s e bz b b
2 @i Comola sk Ghie A8 e il el
Sl 3188 g S e s mis S oo
5 S9d) Curdy i Ol 058 Sl R DAL 5 e
Gledl 4 WS e e Gaos b S
(B sl e L @.‘jj\e PRPEX TS LSLMJJ-’SW.«E'J
5 chle wwolg s s wlal e @S JSIT 5 sy 5
5 M) Cardy b blis) oo ) pasls OLSH s Shae
O3ls D13 e LS 5o 55 0 ) 03155 AS g e o 53
«Cdplie chle (nl 3 ol S8y kit sk
2 a8 sl gl o ise 0ole JSs Sas 2l b 4
ol ol bas b LSy LIl ety W
o Slp ool peoly L) dE Gos
b 4l el slil 4wy 5 Jas e ol
gt 3 osliad B Syl & Ll ol s 5 i
el By gl 358 5 wadas ool wand 1S a
ool ol ssiasls plas ) IS 55 a5 680 les
w25l (IS asis (i Shsl gl bl
2 e ol ol ClS 5 e s Gl s
S a2 LS b Jle e S

\’aj\.»i‘ﬁ‘&‘Q\ﬂ\}uj@j)‘abb\fga\;ﬁ;ﬁuw

Al (GBS Cod ga)ls OWS 5 S Rl )l
dely b ol o]y & el sl gLl el sl
e

Szl 5 alS e 5 oS! Jlb glas S
450 el a5l 5 i Sl gl Bl Lol
IS plyisas a5 s ROS sz 28 Ll 3l s
bosaisns s ssbonded o Lol ol
el 3Ll b T a5 s e o Jls 55 A8 K o
e S 1 WS Sl s b sland)
v fuly ool (Mittler. 2017; Noctor et al., 2018)
el 5 Sl ) (Ko sanls sl &Sp—h;: Py
ol 33 5 S Lemass (ulg o 5 3L B &f«»j
s o w1y Jbcas; OlS s Wy &\33 )
o550 olse » i 5ol s ((Huang et al., 2017)
s el plie S 228 (rl Bl el g ol
Ao o (g St 58 Capmd 5 (A5 Sde g DAl LS o S
N S s pleses 5 el (S sl a5 a5

S plie 5 s, (95 G b ay
S goh 29010 OS5 a5 Gla e a5 Cul o3l L
adgl e plie LSy S o Jos Jis a5l
Lol s (2los ladilale 5 1S53, 40t (55 5l Cwns
.Pichersky & Lewinsohn, 2011; Rai et al., , 2017)
Sl 51 S L 55 ge sla sy e ses Lidy (Jl il
(s alie 0y § S atin i K sl i )
le3 51 58 ate (S i gt et S o ) stend) 25
o5 Sl gl dls ends o blijl 5o s s
a3l (S 5 S5 kit S D
O e ssba o5 ol g CwiS e s @.\»’ﬂ
$L,8 el amglie aalps S, ool ol sass
Slas 1y as 5 Jﬂa\ﬁ PRI SV VS SR CE
(Selmar & Kleinwacher, 2013) ¢l o5 S

S5 K e IS el 5T s e SIS
Db g e 290l CudS s olsea el e



BEPTS NP e e a5\,

FYY

Environmental Stress
(Drought, Salinity, Temperature, Light)

3

Stress Perception
(ROS ¢ Ca?* signaling)
4
Hormonal Crosstalk
(JA « SA + ABA)

1

Transcriptional Regulation
(MYB ¢ bHLH « WRKY)

4

Biosynthetic Pathway Reprogramming
(Phenolics * Terpenoids * Alkaloids)

& =

~—

SX? <« Anyway — SX?2
2

Medicinal Compound "epsazonaiNs—>" |

‘ (Accumulation ¢ Antioxidant « Defense) |

&

Medicinal Compound Quality
(Accumulation » Antioxidant « Defense)

e GBS & Rl 5o (00l OLLS s 45U e pilie i a2 LS aste Cszuly - IS

Figure 1. Integrated conceptual framework of environmental stress-induced regulation of secondary metabolism
in medicinal plants
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Table 1. Quantitative comparison of the effects of abiotic stresses type and intensity, growth stage, and metabolic
responses in some medicinal plants

Medicinal ~ Stresstype  Developmental Target metabolite or Quantitative change Change in Analytical
plant and stage / medicinal trait compared with control growth or interpretation
intensity examined organ yield
Ocimum Salinity: 0, Vegetative Total phenolic acids and Increased from 2460.7 Growth and The response
basilicum 40, 80, and stage; leaves flavonoids mg.100g™* DW in the control to antioxidant was non-linear:
130 mM 2995.4 mg.100g™* DW at 80 capacity moderate
NaCl mM NaCl, but decreased to declined under salinity
965.97 mg.100g™2 DW at 130 the highest stimulated the
mM NaCl salinity level accumulation of
some
metabolites,
whereas severe
salinity reduced
metabolic
capacity
Salvia Salinity: 0, Reproductive Essential oil yield and Essential oil yield increased Dry biomass Moderate
officinalis 25, 50, 75, stage; fruits composition from 0.39% in the control to decreased by salinity
and 100 0.62% and 0.60% at 50 and 75 approximately stimulated
mM NaCl mM NacCl, respectively, but 65% at 100 essential oil
declined to 0.21% at 100 mM mM NaCl production,
NaCl; manool reached 56.71% whereas severe
at 100 mM NaCl salinity reduced
both biomass
and oil yield
and markedly
altered oil
composition
Withania Soail- 110-169 days 12- At the end of the experiment, Net A relative
somnifera moisture after sowing; Deoxywithastramonolide 12-deoxywithastramonolide photosynthesis increase or
deficit: roots and withanolide reached 0.751 and 0.714 mgg™  decreased by =~ maintenance of
moderate DW under moderate and severe 52.6% under metabolite
and severe stress, respectively; total yields severe stress; concentration
stress of 12-deoxywithastramonolide leaf area did not
and withanolide declined to declined by up  compensate for
77% and 93% of the control to34.4%and  thereductionin
under moderate stress and to chlorophyll total metabolite
65% and 78% under severe content by yield;
stress 60% concentration
and yield
should therefore
be evaluated
separately
Thymus Irrigation Vegetative and Essential oil percentage The highest essential oil Leaf and Ahigher
daenensis  withholding  early flowering and thymol content percentage, 4.7%, was recorded flower dry essential oil
during the stages; leaves when irrigation was withheld weight percentage did
vegetative and flowers from the beginning of decreased not necessarily
stage or flowering; thymol accounted for from0.31¢g indicate greater
from the approximately 64-73% of the under normal total oil yield;
beginning oil, whereas most compositional irrigation to biomass
of changes were not statistically 0.15 g when reduction and
flowering significant irrigation was the limited
withheld from statistical
the beginning response of
of flowering most oil
constituents
constrain
interpretation of
drought as
uniformly

beneficial




BEPTS NP e e a5\,

70

0 ( Drought J [ Salinity ] ’
EIIV;I tal

Heat J ‘ HighlightlUVJ

stresses C
v

I L)

Stress perception

.

Water / membrane /
energy |mbalance

Contextual modulators

L e
] (modulate the entire

network)

posmve

Stress intensity

9 Early Signa[s { amplification loop J E
‘_—_> -d
(Central hub) : i

Antioxidant t
feedback / l l
ROS v

4§ )
9 ! Developmental
Horm.ona| homeostasis ABA A E Siaga
signaling & 1 ——p 3 |
crosstalk +/- crosstalk &=l
T l (synergy / antagonism) T | oA i
i
o v ¥ ¢ v v \ Genotype
Signal Protein kinases / MAPKs / CDPKs .
|
transduction & v D (|
transcriptional (T e e P P P T P D D : '
regulation : [ MYB ] [ WRKY ] [ bHLH ] [ myc ] : o ’: Photosynthetic
“““““““““““““ | ————————— I capacity
v i
(5) g e
Phenylpropanoid pathway MVA / MEP pathways Alkaloid pathways '
Biosynthetic i M :
reprogramming & l l l ! Qutcome depends on E
metabolite ! signal intensity, ]
outputs L Phenolics & Terpenoids & ; i duration,and |
‘ flavonoids essential oils flelosh . integration H

i 53 Sl sl 5 K solr sl Sl sl e L ROS-Ca?* a8t (2808 5 a2 LS (o sgie Je =Y S

Uk.wdh“"“

5w sl sled e i sm moael 0k 5 i)

Figure 2. Integrated conceptual model of the interaction between the ROS—Ca** network and ABA, JA, and SA
pathways in transcriptional regulation and reprogramming of secondary metabolite biosynthesis under
environmental stresses
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Figure 3. Comparison of regulatory constraints, metabolic costs, and stress sensitivity in phenylpropanoid,
terpenoid, and alkaloid pathways of medicinal plants
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Table 2. Proposed indicators and measurable biomarkers for monitoring metabolic quality and determining
intervention timing in medicinal plant production

Monitoring level

Measurable biomarkers

What the
biomarkers indicate

Warning sign or critical
interpretation

Management
implication

Plant water status

Photosynthetic
performance

Redox status and

oxidative damage

Antioxidant
response

Hormonal and
signaling status

Transcriptional
regulation

Structural
capacity

Metabolic quality

Functional
quality

Final agronomic
outcome

Soil water content, relative
water content, leaf water
potential, stomatal
conductance, canopy
temperature
Net photosynthetic rate,
Fv/Fm, effective PSII
quantum yield, SPAD value,
chlorophyll content

H20z, superoxide, MDA,
electrolyte leakage, protein
carbonylation

SOD, CAT, APX, GR
activities; ascorbate,
glutathione, GSH/GSSG
ratio; total antioxidant
capacity
ABA, JA, SA
concentrations; expression of
stress-responsive signaling
genes; Caz"-dependent
kinase activity
Expression of PAL, CHS,
terpene synthases, TDC,
STR, MYB, WRKY, bHLH,
and MYC genes

Glandular trichome density,
secretory cavity number,
secretory tissue development,
organ surface area
Target metabolite
concentration, total
phenolics, total flavonoids,
essential oil percentage,
alkaloid concentration,
metabolite profile
Antioxidant, antimicrobial,
or other relevant bioactivity
assays

Harvestable biomass,
essential oil yield, root or
shoot yield, total active-
compound yield per plant or
unit area

Actual intensity of
water stress perceived
by the plant

Capacity to supply

carbon, ATP, and

reducing power for
secondary metabolism

Balance between
controlled redox
signaling and
oxidative injury
Capacity to buffer
stress-induced ROS
and maintain redox
homeostasis

Activation and
integration of stress-
signaling pathways

Activation of
pathway-specific
transcriptional
programs

Capacity for
metabolite synthesis,
secretion, and storage

Chemical quality and
composition of the
harvested material

Biological
effectiveness of the
harvested extract or
compound mixture

Net practical benefit
of the treatment

Persistent decline in relative
water content and stomatal
conductance, accompanied by
increased canopy temperature

Sustained reduction in Fv/Fm,
PSlI efficiency,
photosynthesis, or chlorophyll
indicates that resource
limitation is becoming
dominant
Simultaneous accumulation of
ROS, MDA, and electrolyte
leakage indicates transition from
signaling to cellular damage
Weak antioxidant induction
despite increasing ROS, or
decline in GSH/GSSG ratio,
suggests insufficient
protective capacity
Excessive ABA with
prolonged stomatal closure, or
unbalanced hormonal
responses, may indicate high
metabolic cost
Gene induction without
metabolite accumulation may
indicate downstream,
precursor, transport, or storage
limitation
Increased trichome density
associated with reduced leaf
area may not increase total
secretory capacity
Increased concentration with
reduced biomass may
represent a concentration
effect rather than increased
production

Higher total metabolite
concentration without
improved biological activity
may reflect unfavorable
compositional shifts
Lower total active-compound
yield despite increased
concentration indicates an
agronomically unsuccessful
treatment

Reduce stress intensity,
resume irrigation, or
initiate a recovery
period

Avoid further stress or
elicitor application;
allow physiological

recovery

Terminate or reduce
the treatment

Avoid increasing stress
intensity and consider
recovery or protective

treatment

Modify treatment
timing or dose; avoid
combining strong
stress with high elicitor
doses
Do not infer improved
quality from gene
expression alone;
assess metabolites and
biomass
Interpret structural
density together with
organ size and biomass

Calculate total active-
compound yield and
evaluate compositional
quality

Evaluate activity
together with chemical
profiling

Reject, shorten, or
reduce the intensity of
the treatment

Fv/Fm: maximum quantum efficiency of photosystem I, PSII: photosystem II, SPAD: Soil Plant Analysis Development index, an estimate of relative leaf chlorophyll
content, ATP: adenosine triphosphate, H,O,: hydrogen peroxide, MDA: malondialdehyde, ROS: reactive oxygen species, SOD: superoxide dismutase, CAT: catalase,
APX: ascorbate peroxidase, GR: glutathione reductase, GSH: reduced glutathione, GSSG: oxidized glutathione, GSH/GSSG: ratio of reduced to oxidized glutathione,
ABA: abscisic acid, JA: jasmonic acid, SA: salicylic acid, Ca2*: calcium ion, PAL: phenylalanine ammonia-lyase, CHS: chalcone synthase, TDC: tryptophan
decarboxylase, STR: strictosidine synthase, MYB: MYB transcription factor family, WRKY: WRKY transcription factor family, bHLH: basic helix-loop-helix
transcription factors, and MYC: MYC transcription factor family.
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