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1 INTRODUCTION

Common sage (Salvia officinalis L.) is a perennial
woody sub-shrub native to the Mediterranean
region but is now cultivated in many parts of the
world mainly for use in food, pharmaceutical and

HIGHLIGHTS

e There is little information on chemical weed control of Salvia officinalis.

¢ The effects of some photosynthetic inhibitor herbicides were tested on
S. officinalis.

e Phenmedipham+desmedipham and bentazon herbicides may be
suitable for weeds control in S. officinalis.

ABSTRACT

Background: Salvia officinalis a medicinal plant which is severely
affected by weeds competition.

Objective: The objective of this study was to determine the growth and
physiological responses of S. officinalis to some light-dependent
herbicides.

Methods: A factorial experiment was conducted to determine the
effects of oxadiargyl (T), bentazon (B), oxyfluorfen (O), metribuzin (M),
phenmedipham+desmedipham (P) at 0.75 (1), 1 (2) and 1.25 (3) rates on
growth and physiological parameters of S. officinalis.

Results: All herbicides initially caused visual injury to S. officinalis.
SPAD values were decreased by all herbicide treatments except for low
rate of phenmedipham+desmedipham and oxadiargyl. The relative leaf
water content (RLWC) decreased following herbicide treatments except
in P1, P2, B1, and B2. Membrane stability index decreased by herbicide
treatments however there were no differences among control and P1, P2,
B1, B2, O1, O3, M3, T1, T2, and T3. All rates of oxyfluorfen and
oxadiargyl, P1, B1 and B2 had no marked effect on the maximum
quantum efficiency of PSIl (Fv/Fm). Plant growth was not affected by
herbicide treatments probably due to the recovery of the plants at the end
of the experiment excepting for metribuzin. Essential oil content
increased as the herbicide rate increased based on herbicide type.
Conclusions: The results showed that S. officinalis had the ability to
recover over time depending on the herbicide type and rate. Results
showed that phenmedipham+desmedipham and bentazon are suitable
and metribuzin unsuitable herbicides for weeds selective control in
S. officinalis.

perfume industries (Bettaieb et al., 2009). As a
medicinal plant, S. officinalis has an important role in
traditional medicine. The World Health Organization
has estimated that 80% of the global population
relies chiefly on traditional medicines for health care
and 51% of all drug preparations in industrialized
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countries are derived from plants (Zuin and Vilegas,
2000).

Weed infestation is one of the main limiting factors
that reduce yield, growth, and quality of medicinal
plants such as common sage (Carrubba, 2017). Weed
management in the initial growth stage is important
because weeds grow much faster than perennial crops
(Carrubba and Militello, 2013). Different non-chemical
methods including physical control (mechanical
weeding, flame control), cultural controls (stale or false
seedbed technique) and biological control may be
sufficient to provide the desired level for weed control.
Chemical control (herbicides) represent a simple, fast
and cheap method that can be used to provide weed
control (Carrubba and Militello, 2013). Herbicides while
a useful method for farmers, can have adverse effects
on the crop and environment (El-Keltawi and Croteau,
1987; Galhano et al., 2009). Indiscriminate use of non-
selective herbicides may lead to adverse effects on the
environment and various organisms at different levels
of the food chain (Baig et al., 2012). Herbicides lead to
disruption in various physiological and biochemical
process such as photosynthesis and growth and
development of plants, so that the selection of
selective herbicides with the lowest impact on the crop

and environment is important (Baig et al., 2012).

As the most important pigment, chlorophyll is an
indicator of crop health and productivity that is
affected by herbicides application (Ruttanaprasert
et al., 2012). The light energy absorbed by chlorophyll
is used in two ways: |, photochemical energy
(photosynthesis) and Il, non-photochemical energy
(excess energy is released as, heat and chlorophyll
fluorescence) (Dayan and Zaccaro, 2012). The
amount of chlorophyll fluorescence (1-2% of total
light absorption) represents the thylakoid membrane
integrity, efficiency of electron transport from
photosystem Il to photosystem | and CO: fixation
thatis affected by light-dependent herbicides, such
as the inhibitors of photosystem Il (phenmedipham
+desmedipham, metribuzin, bentazon)  and
protoporphyrinogen oxidase (oxyfluorfen, oxadiargyl)
(Maxwell and Johnson, 2000). Light-dependent
herbicides inhibit PSIl through block the flow of
electron by competing for the binding of plastoquinone,
and generating reactive oxygen species by reacting
with molecular oxygen (Dayan and Zaccaro, 2012).
Symptoms from herbicides that interfere with PS I
such as chlorosis (yellowing) and necrosis (tissue
death) slowly evolve over several days. The
chlorophyll destroys through photooxidation and
cause chlorosis, then membrane destroys through

lipid peroxidation and causes necrosis (Hess, 2000).
So, measurement of chlorophyll and chlorophyll
fluorescence parameters as a sensitive indicator can
be used for assessing herbicide efficacy for detecting
the herbicides damage to photosynthetic apparatus
(Ali and Honermeier, 2016; Dayan and Zaccaro, 2012;
Maxwell and Johnson, 2000).

A few studies have investigated the application of
the herbicides for weed control in medicinal plants
such as Coriandrum sativum L., Menthapiperita L.,
Menthaarvensis var. piperascens Malinv, Silybum
marianum Gaertn., fennel Foeniculum vulgare Mill.,
Salvia officinalis L, Satureja officinalis L., and Thymus
officinalis L., (Ali and Honermeier, 2016; Carrubba
and Militello, 2013; El-Keltawi and Croteau, 1987;
Qasem and Foy, 2006). Oxadiazon provided good
weed control and increased the shoot dry matter of
marjoram (Origanum syriacum) (Qasem and Foy,
2006). The effects of broadleaved and grass weed
herbicides application in Valeriana officinalis showed
that oxyfluorfen and bentazon caused severe
damage to V. officinalis, while oxadiargyl, oxadiazon,
sethoxydim, and haloxyfop-R (methyl ester) did not
injure the crop (Monjezi et al., 2015). Application of
desmedipham and phenmedipham after the four-leaf-
pair stage of calendula (Calendula officinalis L.)
controlled several weed species and avoid injury to
calendula (Forcella et al., 2012).

There is little information on the tolerance of
common sage to the application of herbicides. The
correlation between growth and essential oil
production in S. officinalis following foliar application of
pre and post-emergence herbicides under controlled
environmental conditions was investigated (El-Keltawi
and Croteau, 1987). The authors showed linuron
application at 200 and 400 ppm reduced the sage
growth and oil yield (El-Keltawi and Croteau, 1987).

For the chemical weed control, the information
regarding to tolerance and sensitivity of crop and
weed to herbicides is required, so the aim of this
study was to investigate the physiological and growth
responses of S. officinalis to the photosynthetic
inhibitor herbicides oxadiargyl, bentazon, oxyfluorfen,
metribuzin, phenmedipham+desmedipham to identify
appropriate herbicide for commercial production..

2 MATERIALS AND METHODS

2.1 Plant material and growth condition

The experiment was conducted in a greenhouse
at the Isfahan University of  Technology
(32'43”’E, 51°31”N), Iran, during May-August, 2015.
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Salvia officinalis seeds (Isfahan accession) were
purchased commercially. At first, the seeds were
sown in the outdoor sandy bed in March 2015 and the
seedlings were then transplanted at 4-6 leaf stage to
10 cm pots containing a potting mix (manure, sand
and field soil at a ratio of 1:1:2). Pots were watered
every other day. The plants were thinned to two
plants per pots before application of herbicides. The
plants were grown at a day/night cycle of 14/10 h, at
25/20 °C, and at a light intensity of 12000 LUX. Plants
were fed with NPK fertilizer (20-20-20+TE (trace
elements), 1gL™") two times to avoid any nutrient
deficiencies during the growth period.

2.2 Experimental design and herbicides
treatment

Treatments included five broadleaf herbicides
applied post-emergence at three different rates:
0.75X (1), 1X(2), and 1.25X (3) where X is the
recommended rate (Table 1). The herbicides were
produced commercially in Iran. Untreated plants
(control) were sprayed with distilled water. Five
herbicidal treatments with three rates along with a
control (16 treatments) were arranged in a factorial
arrangement based on a randomized complete block
design (RCBD) with three replications. Herbicides
were applied at the 8-10 leaf stages by pressure
sprayer (1 Lit).

2.3 SPAD values

Chlorophyll density was estimated by using the
chlorophyll meter SPAD-502 Plus on three fully
expanded leaves per pots and reported as a SPAD
value. Chlorophyll densities and SPAD values were
closely correlated and corresponded to the amount of
chlorophyll present in the sample leaf (Ruttanaprasert
et al., 2012).

2.4 Chlorophyll fluorescence

Chlorophyll fluorescence was measured on three
fully expanded leaves per pots after a dark acclimation
period of 30 min using a portable chl fluorometer

Table 1 - Herbicides and rates used in the experiment

(Opti-Sciences, Inc.,Hudson, NH, USA). Maximum
fluorescence (Fm), minimum fluorescence (Fo) and
Fv/Fm (maximal efficiency of photosystem IlI) were
recorded that the difference between maximum
fluorescence and minimum fluorescence is Fv, or
variable fluorescence.(Kopsell et al., 2011).

2.5 Relative leaf water content (RLWC)

Relative leaf water content (RLWC) was measured
when leaf injury symptoms became visible as
described by Askari and Ehsanzadeh (2015). Leaf
fresh matter (FM) was measured quickly then floated
in distilled water for 12 h in dark and then measured
the leaves as turgor matter (TM). Leaf dry matter
(DM) was measured after drying (at 70 °C for 48 h.
RLWC) and was calculated using the formula:

(FM — DM)

RLWCY% = ————
%= TM =DM

X100

FM = Fresh matter; TM = Turgor matter; DM = Dry
matter.

2.6 Membrane stability index (MSI)

Membrane stability index (MSI) was also
measured as described by Siaram et al (2005). Leaf
tissue (0.1 g) was floated on 10 mL distilled water at
two temperatures, at 40 °C for 30 min in a water bath
and measured the EC then 100°C for 10 min
respectively. Finally, the electrical conductivity of the
samples was measured with an EC meter (Model
Cyberscan, Singapore) MSI was calculated using the
following formula:

ECy-c

MSI=1—( >X100

100 °C

ECu40 °c = Electrical conductivity at 40 °C; EC1o0 °c =
Electrical conductivity 100 °C.

2.7 Visual symptoms (V.S)

After herbicides application, phytotoxic symptoms
(cessation of growth, chlorosis, necrosis of tips and
edges of leaves and death of the whole plant) were

Proportion of labeled use rate

Herbicide Trade name Chemical class Chemical formula Treatmept
abbreviation 1x(2)
0.75x(1) N 1.25x%(3)
(g a.i. ha)

Phenmedipham R
+Desmedipham Betanal compact Phenylcarbamate Ca2H32N4Os P 616.5 822 (3L ha', 27.4% EC) 1027.5
Bentazon Basagran Benzothiadiazole C1oH12N203S B 720.0 960 (2 L ha, 48% SL) 1200.0
Oxyfluorfen Goal Diphenyl ether C15H11CIF3NOs (o} 360.0 480 (2 L ha', 24% EC) 600.0
Metribuzin Sencor Triazinone CsH14N4OS M 525.0 700 (kg ha™, 70% WP) 875.0
Oxadiargy! Top star Oxadiazole C15H14CI2N203 T 675.0 900 (3L ha™, 30% EC) 1125.0
untreated(control) distill water C
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assessed according to the scale proposed by the
EWRC (Sofiatti et al., 2012) 10, 20 and 30 days after
treatment (DAT). Visual ratings were done using a
0-100% scale, zero means no visible damage to the
plant and a score of 100 means plant death (Dear
et al., 2006).

2.8 Plant growth and biomass

At the end of the experiment (30 DAT), plant height
was recorded and plants were harvested and dried
under shade (without direct sunlight) at 35-40 °C for
1-2 weeks, then shoot and root dry matter were
measured.

2.9 Essential oil content

Essential oil content was measured by Clevenger
methods (1928) using Clevenger's apparatus
(Clevenger, 1928). Nine folded of the dry weight of
leaves, distilled water was added, distillation process
continued for 3 h at 100 °C. The essential oil phase
was separated and kept in darkness at -20°C
(Govahi et al., 2015). Essential oil content percentage
was calculated by the following formula:

Essentialoilweight

Essentialoil% = ( ) X 100

Dryweightleaves

2.10 Statistical analysis

Data were subjected to analysis of variance
(ANOVA), using SAS statistical software (version 9.1)
and means were compared using the least significant
difference (LSD) at a probability level of 0.05.

3 RESULTS AND DISCUSSION
3.1 Chlorophyll content (SPAD value)

An analysis of variance showed that herbicidal
treatments had a significant effect on SPAD value but
there were no differences between the control and the
average of treatments (Table 2). Herbicides and
herbicide rate had a significant effect on SPAD
value but the interaction was not significant (Table 2).
There were no differences between rate reduction of
phenmedipham+desmedipham (P1) and oxadiargyl
(T1) but other herbicides significantly reduced the
SPAD value compared to the control (Table 3).

Table 2 - Main results of ANOVA on chlorophyll content (SPAD value), chlorophyll fluorescence parameters (Fv/Fm, Fo,
Fm), relative leaf water content (RLWC), membrane stability index (MSI), visual symptoms (at 10 days after treatment
(DAT), 20DAT and 30DAT), Shoot dry matter (SDM), Root dry matter (RDM) and Height of S. officinalis treated with
different herbicides. df — degrees of freedom; s.o.v-source of variation

Mean Square

V.S10D V.S.20DA V.S.30DA . Essential
SOV Of  SpaD  FuFm Fo Fm R'(j,\/{)\;c 'Eﬂ/f)' AT T T (gSEO'\t’L) (gR‘E’O'\t’L) kzig?t oil
(%) (%) (%) (%)
Rep 2 2557* 00016™ 279.38™  82252° 3040 19.46™ 0.89°  18.13™  4.18° 0028™ 0290° 913° 094"
Treatment 15 41.42* 0.0700% 3622.32* 8078.24* 46.77** 346.60* 196.92** 1671.86" 1769.24* 0.534™ 0.330* 65.17*  1.67*
?g:{:q'eﬁ 1 7.37" 0.0480* 2677.68*  241.51™ 124.04* 267.39" 427" 20551* 177.50* 0.440" 0.188" 922"  1.67*
Herbicide 4 75.80" 02020 8176.51* 2271591 7445 536.09** 599.50** 2521.04** 4839.10* 0.660™ 0.630* 192.46**  5.14*
Dose 2 50.12** 0.0560** 2487.21**  499.87™ 67.78* 139.09" 88.02** 338.57** 819.95% 0.628™ 0459 1227  0.45*
Herbicide*Dose 8  5.45% 0.0072 1454.72** 3644.29*  7.38™ 287.70* 20.86*  166.19** 622.22* 0.100™ 0.078" 14.14"  0.43*
Error 30 692 00097  407.81  1501.34 1256  99.04  7.39 6.78 1538 0260 0.150  14.65 0.12
CV(%) - 885 1478 2142 12.74 4.35 1320  33.34 22 2053 2151 309  17.97  23.88

ns, *, ** differences non-significant (P>0.05), significant (0.01<P<0.05) or highly significant (P<0.01), respectively.

Table 3 - Means comparison of chlorophyll content (SPAD value), and chlorophyll fluorescence parameters (Fo, Fm),
Shoot dry matter (SDM), Root dry matter (RDM) and Height of S. officinalis affected by herbicidal treatments: (P)
Phenmedipham+Desmedipham, (B) Bentazone, (O) Oxyfluorfen, (M) Metribuzin, (T) Oxadiargyl (Top star), (C) Control,

(1) low rate, (2) recommended rate and (3) high rate

Treatment SPAD Fo Fm V.S.10DAT (%) V.S.20DAT (%) V.S.30DAT (%)
P1 32.88 abc 87 efg 373.17 a 1.3 gh 1.1hi 10e
P2 28.53 cd 120.83 bed 329.33 abc 2.3 fgh 1.6 ghi 1.6 de
P3 26.53 de 157.50 a 361.33 ab 3.0e-h 3.0 fgh 2.6 de
B1 31.45 bc 88.00 d-g 316.50 a-d 55d-g 5.6 ef 4.0 de
B2 30.81 bed 105.17 de 325.00 abc 4.0 e-h 4.0 e-h 2.3 de
B3 29.05 cd 140.17 abc 370.00 a 6.0 def 6.0e 3.0de
o1 30.88 bcd 55.17 g 277.83 cd 4.3 e-h 5.0 ef 3.8 de
02 30.21 bed 64.67 g 280.83 cd 10.0 cd 10.0d 5.6 de
03 29.95cd 71.33fg 291.17 cd 106 ¢ 12.0d 8.1d
M1 26.65 de 116.50 cde 253.17 cd 18.3b 26.6¢c 316¢c
M2 24.21 ef 153.17 ab 270.50 cd 20.0b 38.3b 416Db
M3 22.05f 99.50 def 160.33 e 30.0a 61.6a 93.3a
T1 34.58 ab 65.00 g 332.17 abc 3.3 e-h 3.5e-h 3.5de
T2 29.63 cd 64.17 g 312.67 a-d 4.6 efg 4.5 efg 4.1de
T3 31.25bc 65.33 g 312.67 a-d 7.0 cde 6.16 e 5.8 de
C 37.01a 54.67 g 297.00 bed 0.0h 0.0i 0.0e
LSD* 4.38 33.67 64.61 4.53 2.9 6.53

* Fishers Least Significant Difference (LSD).
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Visual symptoms recorded 10 DAT also confirmed
these results (Table 3). With increasing herbicide
rates, SPAD values decreased, for example with
phenmedipham+desmedipham the SPAD value was
decreased from 32.88 to 26.53 (Table 3). A lower
SPAD value indicated that the herbicides interfered
with photosynthesis, which was expected as the
mechanism of action of the applied herbicides is
inhibition of photosystem Il. In control plants of mung
bean (Phaseolus aureus Roxb) chloroplasts were
normal and the grana and thylakoids were intact but
in metsulfuron-treated plants, chloroplasts were
disorganized and swollen (with a large number of
starch grains), and the chlorophyll concentration
decreased (Kaushik, 2006). Seven DAT herbicide
application reduced SPAD values in Brassica species
(B. napus and B.rapa), but they had recovered
28 DAT (Jin et al., 2010). In contrast to our results,

Kopsell et al (2011) reported that different sweet corn
genotypes displayed different sensitivity to post-
emergence herbicides but herbicides had no effect on
photosynthesis (Kopsell et al., 2011).

3.2 Chlorophyll fluorescence

An analysis of variance showed that herbicidal
treatments had a significant effect on maximal
efficiency of PSIl (Fv/Fm) and there were significant
differences between the control and the average of
treatments (Table 2). Herbicides and rates had
significant effects on the maximum efficiency of PSII
(Fv/Fm) but the interaction was not significant
(Table 2). Herbicidal treatments caused significant
stress in S. officinalis due to decline in maximum
fluorescence (Fm) and an increase in minimum
fluorescence (F0) which reflected a decrease in
maximal efficiency of PSII (Fv/Fm) (Figure 1).

Phenmedipham +Desmedipham
0.9
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In all figure (0) is Control. Means are compared at the P < 0.05 for significant difference according to the LSD test.

Figure 1 - Effect of five herbicides: Phenmedipham+Desmedipham, Bentazon, Oxyfluorfen, Metribuzin and Oxydiargyl
(Top star) on Maximal efficiency of PSII (Fv/Fm) with three rates: (0.75) Low rate, (1) Recommended rate, (1.25) High rate.
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Chlorophyll  fluorescence measurement also
revealed differences between control and herbicides
but these reductions were minor. However, Fv/Fm
was not affected by P1, B1, B2, O1, 02, O3, T1, T2
and T3 treatments (Figure 1). Therefore, these
herbicides could be applied safely to S. officinalis. All
herbicides had higher Fv/Fm values at low rates
compared to higher rates (Figure 1). Minimum
chlorophyll fluorescence observed in metribuzin
suppressed photosynthesis and caused the most
severe effects on S. officinalis (Figure 1). Oxyfluorfen
and oxadiargyl (Top Star) had the lowest effects
on Fv/Fm values and there were no differences
with the control (Figure 1). The results indicated that
S. officinalis had the potential to tolerate these
photosynthesis inhibitor herbicides up to 75% of the
recommended rates.

Bentazon caused a 80% reduction in chlorophyll
fluorescence in cucumber (Cucumis sativus) within
3 hours after application and then stabilized at
50% and plants recovered within 15h (Dayan
and Zaccaro, 2012). In contrast, other herbicides
such as pendimethalin and S-metolachlor had no
effect on Lactuca sativa fluorescence parameters
(Hussain et al., 2010). Pyridate herbicide decreased
chlorophyll fluorescence up to 2 DAT, but the plants
then recovered (Ali and Honermeier, 2016). The
plant light use efficiency reduced by herbicidal
treatments (metsulfuron-methyl, fluroxypyr and iso-
propyl glyphosate with three concentrations) when
the maximal efficiency of PSII (Fv/Fm) decreased, but
this reduction was constant down more and more

3.3 RLWC and MSI

An analysis of variance showed that herbicidal
treatments had a significant effect on relative leaf
water content (RLWC) and there were significant
differences between the control and the average
of treatments (Table 2). Herbicides and rates had
significant effects on RLWC but the interaction was
non-significant (Table 2). Also, analysis of variance
showed that herbicidal treatments had a significant
effect on membrane stability index (MSI) (Table 2).
However, there were no differences between control
and the average of treatments, while the interaction
between herbicides and rates was significant
(Table 2). Herbicide treatments P1, P2, B1, and B2
did not significantly affect RLWC in contrast to
other treatments. The trend of RLWC was reduced
by increasing the herbicide rates. The lowest RLWC
(76.56 to 79.57) were observed with metribuzin
(Figure 2).

Treatments including M1, M2, 02, P3 and
B3, damaged membrane function in S. officinalis
(Figure 3). RLWC and MSI were decreased in
S. officinalis due to herbicide treatments that showed
herbicide toxicity, by creating free radicals (data
not shown) leading to increased permeability and
membrane instability. Because of the critical role of
cell membranes in metabolism regulation, the effects
of different stresses on membrane stability index
could be a suitable index for investigating the levels of
membrane damage and the presence of oxidative
stress (Esfandiari et al., 2011). Membrane electrolyte
permeability induced by xenobiotic stresses leads

over time (Yang et al., 2012). to stability reduction (Garg and Kaur, 2013;
OLowrate oRecommendedrate sHigh rate m Control
90 4 A
AB
ABC —
g ss{" ac
E B-F
£ 2l
c-G C.G
§ 80 - D-G Es
3 Sl
3 ©
2 751
3
[z}
14
70 -
65
P B o] M T c
Herbicide Treatments
Figure 2 - Effect of herbicide treatments on Relative leaf water content. (P) Phenmedipham+Desmedipham,
(B) Bentazone, (O) Oxyfluorfen, (M) Metribuzin, (T) Oxadiargyl (Top star), (C) is Control, Low rate (0.75),
Recommended rate (1) and High rate (1.25).
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Figure 3 - Effect of herbicide treatments on MSI. (P) Phenmedipham+Desmedipham, (B) Bentazone, (O) Oxyfluorfen,
(M) Metribuzin, (T) Oxadiargyl (Top star), (C) is Control, Low rate (0.75), Recommended rate (1) and High rate (1.25).

M

Singh etal., 2017). Herbicide stress due to
imbalanced water and metabolite solution (e.g. amino
acid) enhancement results in RLWC reduction (Ali
et al., 2007). In another study, pendimethalin and
S-metolachlor herbicides have no effect on RLWC in
Lactuca sativa (Hussain et al., 2010).

3.4 Visual symptoms

Analysis of variance showed that herbicidal
treatments had a significant effect on visual 20 and
30 DAT but not at 10 DAT (Table 2). The visual
symptoms comprised of brown and spots on the
leaves that would start from leaf margin and
move towards the inside. These injury symptoms
based on herbicide and rates increased until 10 DAT,
after which some treatments showed signs of
recovery until 30 DAT. The visual symptoms at all
rates of phenmedipham+desmedipham, bentazon,
and oxadiargyl increased up to 10 DAT and then
decreased but for oxyfluorfen, the visual symptoms
increased up to 20 DAT and then decreased
(Table 3). Visual symptoms at all rates of metribuzin
increased up to 30 DAT and caused the most
damage to S. officinalis (Table 3).

Herbicide treatments that were visually not different
from their control were, P1, P2, P3, B2, O1 and T1, at
10 DAT; P1, P2 and P3, at 20 DAT; and, P1, P2,
P3,B1, B2, B3, O1, 03, T1, T2 and T3, at
30 DAT (Table 3). Metribuzin caused the highest
(31.6 to 93.3%); while phenmedipham+desmedipham
(1to0 2.6%), bentazon (2.3t04%), and oxadiargyl
(3.5 t0 5.8%), caused the lowest injury at all rates after
30 DAT (Table 3) where plant growth was comparable
to that of the untreated (control).

Effects of metribuzin at all rates were irreversible
and the crop did not recover. On the other hand,
S. officinalis recovered from oxadiargyl, bentazon
and oxyfluorfen injury by 30 DAT. Using the EWRC
herbicide visual symptom score, scores under four
suggest that the herbicide is selective because
plants were able to recover from damage. Therefore,
phenmedipham+desmedipham and bentazon
could be classified as selective herbicides. Visual
symptoms of protoporphyrinogen oxidase herbicides
(oxadiargyl and oxyflourfen) were leaf cupping,
crinkling, bronzing, and necrosis of the foliage that
occur because of membrane peroxidation (Dayan
and Zaccaro, 2012).

Similar to our results, Monjezi et al (2015)
confirmed that bentazon caused only slight injury to
valerian (Valeriana officinalis) that increased initially
up to 20 DAT, and then decreased from 30 DAT.
They also reported that oxyfluorfen injury increased
up to 30 DAT, whereas in our study oxadiargy! injury
increased up to 10 DAT (3.3 to 7%), and then was
followed by recovery (Table 3). Oxadiargyl damage
on potato increased up to 3 weeks after treatment
(WAT), after which plants started to recover
(Alebrahim et al., 2012). (Grichar et al., 2009) also
reported that flufenacet tank mixed with metribuzin
resulted in at least 72% reduction in sesame
(sesamum indicum) stand in Texas (U.S.A).

Metribuzin damage on potato was increased over
time under pre-emergence application, but at post-
emergence application, potato recovered partially
after 3 weeks, although the injury was not negligible
(Alebrahim et al., 2012). In agreement with our
results, Ali and Honermeier (2016) reported that
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phenmedipham application was safe on Cynara
cardunculus where injury symptoms increased
until 14 DAT, followed by plant recovery. Pyridate,
quizalofop-p and phenmedipham application had the
greatest toxic effect on Cynara cardunculus, but no
differences in yield were found (Ali and Honermeier,
2016). The difference in results found between our
study and others, may be due to the different species,
stage of plant growth, and herbicide rates used.

3.5 Plant growth and biomass

Analysis of variance showed that herbicide
treatments had no significant effect on shoot dry
mass (SDM) but they had a significant effect on root
dry mass (RDM) and height (Table 2). There were no
differences between control and the average of
treatments for SDM, RDM, and height (Table 4).
However, herbicides had no effect on SDM but they
had a significant effect on RDM and height. Herbicide
rate and the interaction between herbicides and rate
had no significant effect on SDM, RDM, and height
(Table 4). Herbicide treatments had no effect on
shoot dry matter except for metribuzin (Table 4).
Metribuzin resulted in at least a 49% reduction in
SDM, 57% reduction in RDM and 51% reduction in
height (Table 4). Herbicide treatments P1, B1, B2,
B3, and O1 had no effect on root dry matter (Table 4).

Table 4 - Means comparison of chlorophyll content
Shoot dry matter (SDM), Root dry matter (RDM) and
Height of S. officinalis affected by herbicidal treatments:
(P) Phenmedipham+Desmedipham, (B) Bentazone, (O)
Oxyfluorfen, (M) Metribuzin, (T) Oxadiargyl (Top star), (C)
Control, (1) low rate, (2) recommended rate and (3) high
rate

Treatment SDM RDM Height Esgential
(g pot™) (g pot™) (cm) oil (%)
P1 2.41 bed 1.70 abc 24.81 a-d 1.78 ¢
P2 2.58 a-d 1.01 def 27.16 a 2.19 abc
P3 2.29 bed 0.94 ef 26.00 a-d 2.01bc
B1 3.01 abc 1.79 ab 20.58 cd 2.02 abc
B2 2.55 bed 1.60 a-e 22.11 ad 2.18 abc
B3 2.32 bed 1.64 a-d 21.41 a-d 1.10 de
O1 2.67 abc 149 a-e 27.08 ab 1.67 cd
02 2.40 bed 112 cf 21.00 a-d 243 ab
03 2.07cd 1.12 cf 20.28 cde 259a
M1 1.99 cd 1.07 cf 14.16 efg 0.56 ef
M2 1.73d 1.04 c-f 13.28fg 0.49 f
M3 1.94 cd 0.79f 12.85¢g 0.81 ef
T1 2.62 abc 1.17 b-f 19.66 def 0.34f
T2 2.41 bed 1.17 b-f 20.73 bed 0.80 ef
T3 2.03 cd 1.043 c-f 23.00 a-d 0.89 ef
C 3.42 abc 1.84a 26.66 abc 1.62 cd
LSD* 0.86 0.66 6.38 0.58

* Fishers Least Significant Difference (LSD).

Although S. officinalis plants were damaged by
herbicide treatment at the early growth stage
assessment, the shoot dry matter was not affected by
herbicides at later growth stages since plants had
started to recover (Table 4). S. officinalis treated
with phenmedipham+desmedipham, and metribuzin,

at recommended rates, produced highest (2.58 g)
and lowest (1.73 g) shoot biomass, respectively.
Nevertheless, most of the herbicidal treatment had
no adverse effect on crop biomass. However, the
efficacy of these herbicides on weeds in field
conditions need to be investigated.

Plant growth is the result of the biochemical and
physiological process and herbicides interfere with
these process causing growth reduction (Follak and
Hurle, 2003). Bentazon (1440 g a.i. ha™') was found
to be an appropriate treatment for the control of
broadleaf weeds in linseed (Linum usitatissimum),
mainly because it maintained the yield at satisfactory
levels (Karimmojeni et al., 2013). Leaf yield of
Cynara cardunculus was affected by postemergence
herbicides, and the type of herbicides used (Ali and
Honermeier, 2016). In Australia, the persistence of
sulfonylurea herbicide application in cereal crops
affected crop dry matter production in the following
growth season (Oldach et al., 2008).

Among the treatments, metribuzin resulted in the
lowest height of S. officinalis relative to control
treatments (Table 4) due to hormesis effect and plant
recovery. It was reported that some herbicides,
especially at low rate, can stimulate plant growth
(Davies et al., 2003; Nelson et al., 2002). After
S. officinalis recovery, plants may have low
concentration of herbicide that released a hormetic
effect.

3.6 Essential oil content

Analysis of variance showed essential oil content
of S. officinalis was significantly affected by herbicidal
treatments and their doses (Table 2). The highest
essential oil content (5.28%) was observed at a
higher dose of oxyfluorfen and the lowest (0.43%)
was observed in lower dose of oxadiargyl (Table 4).
With some exceptions, essential oil content generally
increased as herbicide rate increase. Indeed,
moderate stress induced by herbicide application at
recommended doses increases essential oil content
more than severe stress induced by higher rates of
herbicides. High essential oil content under water
stress could be due to high production of
terpenes, because of low allocation of carbon to the
growth (Govahi et al., 2015). Presumably, herbicides
application in our experiment as an inhibitor of
photosynthesis via disturbance in electron transport
chain can produce toxic molecules, causing high
essential oil content as a defense system in
S. officinalis. Ali et al (2016) reported herbicides as
xenobiotic stress affected phenolic compounds of
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artichoke (Cynara Cardunculus) and Quizalofop-p
application increased flavonoid content in artichoke
leaves. Many researchers have highlighted that plants
under environmental stress had high secondary
metabolites content (Askari and Ehsanzadeh, 2015;
Bettaieb et al., 2009; Govahi et al., 2015).

4 CONCLUSIONS

In this study, herbicides damage was related
to herbicide type and rate. Herbicides reduced
chlorophyll content and chlorophyll fluorescence.
Chlorophyll fluorescence parameters showed that
herbicides reduced maximum fluorescence (Fm) and
increased minimum fluorescence (FO) that lead to a
reduction in the maximal efficiency of PSIl (Fv/Fm).
RLWC and MSI decreased when plants were exposed
to herbicides especially metribuzin. Generally, visual
symptoms of damage increased until 10 DAT and
then began to decrease. The plant growth data
revealed that S. officinalis is tolerant to the majority of
herbicide treatments when exposed to a short
period of herbicidal stress and it was able to recover
between 20 and 30 DAT. Overall, phenmedipham+
desmedipham and bentazon can be used as suitable
herbicides for selective weed control in S. officinalis
but metribuzin is an unsuitable herbicide for selective
weed control in this crop.
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