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A B S T R A C T   

Salvia aethiopis is an aromatic species within the Lamiaceae family, used both as a herb and as an ornamental 
plant, the yield and quality of which, when cultivated on a commercial basis, is frequently affected by weed 
infestation. Therefore, the application of herbicide is often required for the commercial production of this spe-
cies. Considering which, for the current study, a pot experiment based upon a completely randomized design, 
with three replications, was conducted to evaluate the physiological and growth response of S. aethiopis to five 
commonly used herbicides (bentazon, phenmedipham/desmedipham, metribuzin, oxyfluorfen and oxadiargyl). 
These herbicides were applied at three concentrations (0.75X, 1X and 1.25X where X is equal to the recom-
mended dose of herbicide). The data obtained from this study, demonstrated that herbicide application led to an 
increase in crop damage, minimum fluorescence (F0) and malondialdehyde content (MDA) and a concomitant 
decrease in the maximum quantum efficiency of PSІІ (FV/FM), maximum fluorescence (FM), SPAD value, relative 
water content (RWC), plant height and shoot and root dry weight as compared to the control. However, the level 
of response/tolerance was dependent upon the specific herbicide and the dose applied. Of the selected herbi-
cides, S.aethiopis has shown to display the most tolerance to bentazon. As such, these data indicate that of the 
herbicides tested, bentazon should be the preferred herbicide used for broad leafed weed control, during the 
commercial production of this species.   

1. Introduction 

The genus Salvia L. is comprised of approximately 900 species and is 
located within the Lamiaceae family (Hendawy, 2005). Salvia aethiopis 
(sage) is a biennial or perennial herb, with an erect stem, white corolla 
and which grows to 25–60 cm in height. Its leaves are simple, mostly 
basal, and ovate-elliptic to oblong in shape (Gulluce et al., 2006) and are 
widely used as a herb, in many cuisines (Hendawy, 2005). Weed infes-
tation is a common problem associated with the commercial production 
of this crop. The weed species utilize nutrients, soil moisture and space 
which can suppress plant growth and thereby reduce their yield and 
productivity (Upadhyay et al., 2012). 

Herbicides are xenobiotics that are used to control weed species, 
which vary in their mechanism of action (Lukatkin et al., 2013). Several 
classes of herbicide interfere with photosynthetic electron transport. For 
example, Photosystem ІІ (PSІІ) inhibitors such as bentazon, phenmedi-
pham/desmedipham and metribuzin which block electron flow by 
competing with plastoquinone at quinone B (QB) binding site on PSІІ. 

The enzyme protoporphyrinogen oxidase (PPO) is inhibited by a 
number of herbicides such as the oxadiazoles (e.g. oxyfluorfen and 
oxadiargyl). This enzyme catalyzes the conversion of proto-
porphyrinogen to protoporphyrin (primary substance required in chlo-
rophyll (Chl) biosynthesis) (Dayan and Zaccaro, 2012). Under the 
influence of herbicide, the level of reactive oxygen intermediates (ROIS) 
increases, resulting in oxidative stress. ROIS (single oxygen (1O2), 
hydrogen peroxide (H2O2) and superoxide (O2

–) and hydroxyl (OH–) 
radicals) can oxidize various cellular components. Therefore, herbicide 
toxicity caused by ROIS, results in cellular oxidative processes such as 
membrane lipid peroxidation, protein oxidation, enzyme inhibition and 
DNA and RNA damage which often results in cell death. It is thought that 
ROIS act as signals for stress responses in many plant species (Mittler, 
2002; Rutherford and Krieger-Liszkay, 2001). Previous studies have 
identified crop injury (Forcella et al., 2012) and malondialdehyde 
(MDA) content (Han and Wang, 2002; Lukatkin et al., 2013) to be 
increased by the foliar application of herbicides. A reduction in the 
maximum quantum efficiency of PSІІ (FV/FM) (Dayan and Zaccaro, 
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2012; Yang et al., 2012), SPAD value (Jin et al., 2012; Monjezi et al., 
2015), relative water content (RWC) (Ekmekci and Terzioglu, 2005), 
plant height (Kaushik, 2006; Vercampt et al., 2017) and dry weight 
(Grichar et al., 2009; Moore and Locke, 2012) have also been reported. 
In light of which, the aim of the current study was to elucidate the effect 
(s) of the foliar application of herbicides upon the growth and devel-
opment of the widely cultivated herb species Salvia aethiopis, as assessed 
by a variety of morphological and physiological parameters; and to 
determine any tolerance mechanisms employed by this species to 
counter the detrimental effect(s) of the selected herbicides. 

2. Materials and methods 

2.1. Experimental preparation and treatments 

The experiments were conducted at the research glasshouse facility 
located at the Isfahan University of Technology (32◦43׳E, 51◦31׳N), 
Iran, during 2015–2016. S. aethiopis seedlings were grown on a seedbed, 
at a temperature 18–22 ◦C at 60% humidity. The seedlings were later 
transferred to 14 × 10 cm pots (2 seedlings per pot) filled with field soil, 
manure, and silt at the two–leaf-pair stage of growth. Plants were irri-
gated every second day. This experiment was designed based upon a 
randomized factorial design, with three replicates. The physiological 
assessments were performed using two factors, the herbicide type 
(bentazon, phenmedipham/desmedipham, metribuzin, oxyfluorfen and 
oxadiargyl) and the herbicide dosage (0.75X (low), 1X (recommended) 
and 1.25X (high) where X is equal to the recommended dose of herbi-
cide). Recommended doses included: bentazon (48% SL) 1200 g a. i. 
ha–1, phenmedipham/desmedipham (27.4% EC) 822 g a. i. ha–1, met-
ribuzin (70% WP) 700 g a. i. ha–1, oxyfluorfen (24% EC) 480 g a. i. ha–1 

and oxadiargyl (30% EC) 900 g a. i. ha–1. Foliar application of herbicide 
was performed at the three- to four-leaf- pair stage of growth. Control 
plants were treated with a foliar spray application of distilled water. The 
hand-operated sprayers were calibrated by measuring the volume of 
water applied to a test area. The spraying volume used was 100cc/m2. 

2.2. Parameter measurement 

The following parameters were determined 3–10 days after herbicide 
application, except for the visual assessment, and measurement of plant 
height and dry weight. 

2.2.1. Visual assessment 
The visual symptoms of herbicide toxicity including the chlorosis and 

necrosis of foliage, were assessed at three time points namely: 10, 20 and 
30 days after herbicide treatment (DAT). Crop injury was defined ac-
cording to the scale (0–100 (%) where a reading of zero equates no 
injury and a reading of 100 equates to a dead plant) as devised by the 
European Weed Research Council (EWRC) in herbicide treated and 
control plants (Forcella et al., 2012). 

2.2.2. Chlorophyll fluorescence 
The assessment of Chl fluorescence was performed as described in 

Yousefzadeh-Najafabadi and Ehsanzadeh (2017), using the two youn-
gest, fully expanded leaves per pot. The leaves were covered with 
aluminum foil for dark adaptation for a period of 20 min, prior to the 
measurements being taken. After the period of dark adaptation, Chl 
fluorescence parameters including the maximum quantum efficiency of 
PSІІ (FV/FM), minimum fluorescence (F0) and maximum fluorescence 
(FM) were measured using a portable Chl fluorometer (Opti-Sciences, 
Inc., Hudson, NH, USA). The mean of two measurements was recorded 
for each variable, per pot. 

2.2.3. Chlorophyll density (SPAD value) 
Two fully expanded and intact leaves, per pot, were randomly 

selected and the chlorophyll content per unit leaf area (chlorophyll 

density) was measured indirectly using a portable Chlorophyll meter 
(SPAD-502- Konica Minolta). The mean of two SPAD values was used for 
each pot (Ruttanaprasert et al., 2012). 

2.2.4. Relative water content (RWC) 
Leaf water status was assayed as described by Weatherely (1950). 

Fresh leaves were excised from the plants and weighted immediately, to 
record their fresh weight (FW). Later, they were floated on distilled water 
for 4–6 h and weighted to record their turgid weight (TW). Finally, the 
leaves were dried in an oven at 70 ◦C for 48 h to determine their dry 
weight (DW). The RWC was calculated using the following formula 
(Farrant, 2000; Łukaszewska et al., 2008). 

2.2.5. Malondialdehyde (MDA) content 
Lipid peroxidation was determined according to Heath and Packer 

(1968). A sample of leaf tissue (0.2 g) was ground and homogenized in 2 
ml of 0.1% (v/v) trichloroacetic acid (TCA) solution. The homogenate 
was then centrifuged (Eppendorf, 5810 R) at 10 000 g, at 4 ◦C for 5 min. 
Thereafter, 0.5 ml of the resultant supernatant was added to 1 ml TBA 
(thiobarbituric acid) /TCA solution (0.5% TBA and 20% TCA) and 
incubated for 30 min at 95 ◦C. The reaction was terminated using an ice 
bath, and samples were centrifuged at 10 000 g for 15 min. The absor-
bance of the sample solutions was assayed using a UV–VIS spectropho-
tometer (U-1800, Hitachi, Japan) at wavelength 532 (A532) and 600 
(A600) nm to quantify MDA and non-specific absorption, respectively. 
Lipid peroxidation was expressed as the micromoles of thiobarbituric 
acid reactive substance, formed per gram of fresh tissue (µmol. g–1 FW) 
and quantified by the extinction coefficient 155 mM–1 cm–1(Griboff 
et al., 2014; Radwan and Fayez, 2016; Teimouri-Jervekani et al., 2018). 

MDA =
A532 − A600

155
×

(
1.5 × 10− 3l

)
Reaction Mixture

(0.2gr)Leaf Tissue  

2.2.6. Growth parameters 
The tallest leaf length per pot, was measured and recorded as plant 

height at the end of the growing season. Four weeks after treatment, the 
aerial parts of plants were excised from the soil surface and the roots 
were washed. Thereafter, they were oven-dried at 75 ◦C for 48 h and 
weighed (Bettaieb et al., 2009). 

2.3. Statistical analysis 

An analysis of variance (ANOVA) of the data, was performed using 
Statistical Analysis Software (SAS Institute Inc., version 9.4). Means 
were compared by using the last significant difference (LSD) test at the 
5% level of probability. 

3. Results 

The analysis of variance (ANOVA) showed that the herbicide treat-
ments significantly affected the visual assessment (10, 20 and 30 DAT), 
Chl fluorescence parameters (FV/FM, F0 and FM), SPAD value, RWC, MDA 
content, plant height and dry weight (shoot and root) of the treated 
plants (Table 1A and B). There was also a statistically significant dif-
ference between the herbicide treated and the control plants in visual 
assessment (10 and 30 DAT), FV/FM, minimum fluorescence (F0), RWC 
and MDA content. The type of herbicide was shown to significantly in-
fluence all parameters tested except RWC, MDA content and plant 
height. Moreover, the dose of herbicide also had a substantial effect on 
all measured parameters except visual assessment at 10 DAT. The her-
bicide (the type of herbicide) × dose interaction effects were significant 
for visual assessment (20 and 30 DAT), FV/FM, maximum fluorescence 
(FM) and dry weight (shoot and root). 
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3.1. Visual assessment 

Ten days after treatment with herbicide, the crop injury ranged be-
tween 4.56 and 23.61% in plants treated with bentazon and oxyfluorfen, 
respectively. All three doses of herbicide damaged the treated plants in 
comparison to the control, with the most damage 15.9% observed in 
plants exposed to the highest dose of herbicide (Tables 2 and 3). 

20 and 30 days after treatment, no significant damage was observed 
in the plants treated with bentazon at all doses and phenmedipham/ 
desmedipham at low dosage, relative to the control. Phenmedipham/ 
desmedipham application at the recommended dose resulted in minimal 
crop injury (5.17%) in plants relative to the control at both 20 and 30 
DAT. At both time points, metribuzin herbicide, at all doses, resulted in 
severe damage in the treated plants. The most damage (75%) was 
observed in plants exposed to the highest dose of metribuzin relative to 
the control, at 30 DAT. Oxyfluorfen affected treated plants to an equal 
extent (18% higher than the control) at two time points. The application 
of oxadiargyl, increased crop injury to 14.2% at 20 DAT and 9.7% at 30 
DAT in plants relative to control (Fig. 1A and B). 

3.2. Chlorophyll fluorescence 

Treatment with oxyfluorfen and oxadiargyl were shown not to affect 
minimum fluorescence (F0). In contrast, bentazon, phenmedipham/ 
desmedipham and metribuzin herbicides increased the F0 variable in the 
treated plants relative to the control (2.8 and 2.1-fold respectively). All 
doses tested, increased F0 significantly. The greatest effect was observed 
in plants treated with the highest dose of herbicide (2-fold higher than 
the control) (Tables 2 and 3). 

Both the FV/FM and FM parameters were shown to decrease as the 

dose of herbicides increased, to varying extents, compared to the con-
trol. Treatment with metribuzin (86.25%) and oxadiargyl (10%), 
resulted in the greatest and smallest decrease in FV/FM, while the foliar 
application of metribuzin (49.38%) and bentazon (0.78%) resulted in 
the greatest and smallest decrease in the FM parameter (Fig. 2). Oxy-
fluorfen used at both low and recommended doses and oxadiargyl at any 
dose, did not seem to affect the FV/FM parameter. High dosage with 
metribuzin led to a minimal FV/FM (0.11) in treated plants (Fig. 2A). The 
maximum FM reading (354) was observed in plants treated with a low 
dose of phenmedipham/desmedipham. High dosage with metribuzin 
resulted in minimum FM (151) in the treated plants. Bentazon herbicide 
did not influence the FM at any of the doses tested (Fig. 2B). 

3.3. Chlorophyll density (SPAD value) 

The SPAD value relative to the control plants, was affected in plants 
treated with phenmedipham/desmedipham (16.59%) and metribuzin 
(35.05%) (Table 2). The lower doses of herbicides did not affect the 
SPAD value. Treatment with both the recommended and high doses of 
herbicides, reduced the SCMR 14.51% and 24.04%, respectively, rela-
tive to the control (Table 3). 

3.4. Relative water content (RWC) 

Bentazon and metribuzin did not affect the RWC, whilst treatment 
with phenmedipham/desmedipham led to the maximal reduction 
(3.4%) in RWC, compared to the control. Treatment with the highest 
herbicide dose substantially reduced the RWC (4.87% more than the 
control) (Tables 2 and 3). 

Table 1 
Analysis of variance for the effect of herbicide treatment on A) visual assessment, maximal quantum efficiency of PSІІ (FV/FM), minimum fluorescence (F0), maximum 
fluorescence (FM), B) SPAD value, relative water content (RWC), MDA content, plant height, shoot dry weight and root dry weight in Salvia aethiopis.  

A 

S.O. V DF Visual Assessment (Injury%) FV/FM F0 FM   

10DAT 20 DAT 30DAT    

Treatment 15 183.15** 665.24** 1234.00** 0.135** 5713.63** 9464.61** 
Control vs Treatment 1 137.37** 0.25n.s 127.93** 0.084** 5602.88** 1241.63n.s 

Herbicide 4 510.83** 1865.94** 3733.42** 0.381** 18,248.18** 26,634.27** 
Dose 2 29.11n.s 337.67** 454.27** 0.113** 1702.36** 9224.14** 
Herbicide × Dose 8 8.38n.s 146.44** 231.22** 0.012** 288.77n.s 1553.89* 
Error 32 11.99 8.73 9.04 0.003 244.78 540.57 

B 

S.O. V DF SPAD RWC MDA Plant Height Shoot Dry Weight Root Dry Weight 

Treatment 15 77.95 ** 26.32* 0.79** 6.74* 0.286** 1.85** 
Control vs Treatment 1 5.44n.s 76.81* 1.91** 0.43n.s 0.003n.s 0.40n.s 

Herbicide 4 **157.79 27.07n.s 0.50n.s 6.43n.s 0.659** 1.08** 
Dose 2 **200.97 90.02** 2.55** 11.88* 0.276** 2.29** 
Herbicide × Dose 8 11.09 n.s 12.17n.s 0.23n.s 4.17n.s 0.062** 1.11** 
Error 32 5.13 12.14 0.22 2.84 0.010 0. 21  

* Treatment effect significant at P ≤ 0.05; ns, not significant. 
** Treatment effect significant at P ≤ 0.01. 

Table 2 
Mean comparison for the effect of herbicide upon the visual assessment (10 DAT), minimum fluorescence (F0) and SPAD value, relative water content (RWC), MDA 
content and plant height in Salvia aethiopis.  

Type of Herbicide 10 DAT (Injury%) F0 SPAD RWC (%) MDA (µmol. g–1 FW) Plant Height (cm) 

Distilled Water (Control) 0.00f 60.67d 31.283a 90.73a 1.90d 13.50a 

Bentazon 4.56e 167.53a 29.383ab 91.59a 2.60bc 10.56c 

Phenmedipham/Desmedipham 9.11d 126.39bc 26.089c 87.60b 2.87a 12.19ab 

Metribuzin 16.39bc 129.50b 20.317d 89.80ab 3.05a 9.94c 

Oxyfluorfen 23.61a 69.17d 30.511a 87.76b 3.23a 10.80bc 

Oxadiargyl 18.06b 60.14d 29.606a 87.90b 2.85ab 11.29b 

LSD 3.32 15.02 2.32 3.35 0.45 1.62 

The means within a column sharing the same letters are not significantly different according to LSD test at P ≤ 0.05. 
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3.5. Malondialdehyde (MDA) content 

Treatment with all the selected herbicides was observed to increase 
the MDA content. Treatment with oxyfluorfen, increased the MDA up to 
1.7-fold compared with the control (Table 2). The MDA accumulation 
ranged from 38.42% at the low herbicide dosage, to 78.42% at the high 
dose compared with the control plants (Table 3). 

3.6. Growth parameters 

3.6.1. Plant height 
Phenmedipham/desmedipham application did not affect plant 

height, although treatment with metribuzin led to the maximum 
reduction (26.4%) in plant height relative to the control (Table 2). The 
degree of height reduction observed in the low, recommended, and high 
doses of herbicide, were 14.96, 15.04 and 26.44%, respectively, in 
comparison with the control (Table 3). 

3.6.2. Dry weight 
Treatment with herbicide, was shown to affect the plant dry weight 

(Fig. 3). Treatment with metribuzin (100%) and oxadiargyl (40.12%) 
showed the greatest and least effect on shoot dry weight, relative to the 
control. The application of phenmedipham/desmedipham, at the rec-
ommended dose and oxadiargyl at both the low and recommended 
dosages did not influence shoot dry weight. Treatment at all doses of 
metribuzin reduced shoot dry weight so drastically that the aerial parts 
of treated plants were killed at the highest dose. Herbicide treatment 
with phenmedipham/desmedipham and oxyfluorfen affected shoot dry 
weight to an equal extent (58.1 and 59.1% higher than the control, 
respectively) (Fig. 3A). 

The reduction in root dry weight caused by herbicide treatment, 
ranged from 54.4% with bentazon to 69.6% with metribuzin when 
compared to the control plants. The use of phenmedipham/desmedip-
ham at the recommended dose did not adversely affect root dry weight. 
The minimum root dry weight was observed after treatment with met-
ribuzin at the high dose (1.14 g). The application of bentazon at the low 
dose and metribuzin and oxadiargyl at both the low and recommended 

Table 3 
Mean comparison for the effect of herbicide dose on visual assessment (10 DAT), minimum fluorescence (F0), SPAD value, relative water content (RWC), MDA content 
and plant height in Salvia aethiopis.  

Dose of Herbicide (g a. i. ha–1) 10 DAT (Injury%) F0 SPAD RWC (%) MDA (µmol. g–1 FW) Plant Height (cm) 

Distilled Water (Control) 0.00d 60.67d 31.28a 90.73a 1.90d 13.50a 

0.75X (Low) 13.33bc 100.50bc 31.04ab 91.17a 2.63bc 11.48b 

1X (Recommended) 13.77ab 109.42ab 26.74c 89.31ab 2.74b 11.48bc 

1.25X (High) 15.93a 121.72a 23.76d 86.31c 3.39a 9.93d 

LSD 2.58 11.64 1.68 2.59 0.35 1.25 

The means within a column sharing the same letters are not significantly different according to LSD test at P ≤ 0.05. 

Fig. 1. Visual assessment in Salvia aethiopis after herbicide application at three dosages. A) 20 DAT, B) 30 DAT. The means sharing the same letters are not 
significantly different according to LSD test at P ≤ 0.05. 
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dosages, resulted in the least decrease in root dry weight in comparison 
to the control plants. Treatment with oxyfluorfen decreased the root dry 
weight from 54.7% in low dose to 68.8% in high dose (Fig. 3B). 

4. Discussion 

Herbicide application leads to suppression of seed germination, the 
induction of chlorosis and necrosis in foliage, the reduction of plant 
growth and also affects physiological functions (Ali and Honermeier, 
2016; Lukatkin et al., 2013). ROIS-induced changes in plant biochem-
istry can be considered as a stress-response to suppress these effects. 
Herbicides that have been tested for their induction of oxidative stress, 
include metribuzin (Galavi et al., 2006), oxyfluorfen (Norsworthy et al., 
2007), bentazon (Dayan and Zaccaro, 2012; Han and Wang, 2002), 
phenmedipham (Ali and Honermeier, 2016) and oxadiargyl (Monjezi 
et al., 2015; Nethra and Jagannath, 2011). 

In the current study, at the beginning of the growing season (10 
DAT), treatment with all the selected herbicides resulted in crop injury 
which varied in extent depending upon the dosage, and herbicide in 
question (Table 2). The observed symptoms of herbicide toxicity (e.g., 
chlorosis and necrosis) in the treated plants appeared fastest and most 
intensely in those treated with PPO inhibitors (oxyfluorfen and oxa-
diargyl). In this study the herbicides were sprayed on the plants (foliar 
application) and since PPO inhibitors are mainly absorbed from leaves, 
their degree of damage to the treated plants in comparison to those 
treated with PSІІ inhibitors was not unexpected. 

By 20 days after treatment, most of the treated plants had recovered, 
except those treated with metribozin in which the extent of crop injury 
gradually increased until the end of the growing season. In a previous 
study, Ali and Honermeier (2016) indicated that phenmedipham 

application was safe for use on artichoke plants (Cynara cardunculus L.). 
These authors stated that herbicide stress started between 1 day and 7 
days post the application of the herbicide and that the observed affects 
increased until 2 weeks after treatment. After which time, the plants 
gradually improved. At the end of the growing season (30 DAT), ben-
tazon treated sage plants at all doses and phenmedipham/desmedipham 
treated plants, with a low dose, were observed to be healthy. However, 
the aerial parts of plants treated with metribuzin were almost 
completely necrotic. Similar to the current study, Bauer et al. (1995) 
reported that bentazon application at 420, 840 and 1860 g.ha–1 caused 
no major injury on pinto bean (Phaseolus vulgaris). Significant 
improvement (almost 50% relative to 10 DAT), was observed in plants 
treated with oxadiargyl. Oxyfluorfen-treated plants also improved, 
although this improvement was less than those treated with oxadiargyl. 

The changes caused by stress (e.g., herbicide) in the fluorescence 
properties of chlorophyll, is a plant stress response that removes excess 
energy from the photosystem and thereby controls light damage 
(Yakovleva and Titlyanov, 2001). In our study, all the herbicides tested, 
induced a decreasing trend in FV/FM. Reduction in this parameter also 
coincided with an increase in F0 and a concomitant decrease in FM 
(Table 2 and Fig. 2). Moreover, the reduction in FV/FM appeared to be 
associated with a decrease in variable fluorescence (FV=FM-F0) due to 
the increasing F0 and decreasing FM (Ekmekci and Terzioglu, 2005). 
Similarly, Ralph (2000) reported that treatment of Holophila ovalis with 
atrazine (at 1mgl–1), reduced FV/FM (50%) after the first hour of expo-
sure to the herbicide. Chl fluorescence has been shown to be most 
affected by herbicides that directly interact with photosynthesis, such as 
PSІІ inhibitors (Dayan and Zaccaro, 2012). These herbicides block 
electron transport from quinone a (QA) to quinone b (QB), in electron 
transport chain of PSІІ. Hence, the electron current enters a return path 

Fig. 2. Chlorophyll fluorescence in Salvia aethiopis after herbicide application at three dosages. A) Maximum quantum efficiency of PSІІ (FV/FM), B) maximum 
fluorescence (FM). The means sharing the same letters are not significantly different according to LSD test at P ≤ 0.05. 
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termed the charge recombination pathway. This route involves a series 
of back reactions and is accompanied by the emission of light. This light 
energy (delayed fluorescence) protects PSІІ from photo damage, which 
thereby inhibits PSІІ activity, and destroys D1 protein (Adameska et al., 
1992; Rutherford and Krieger-Liszkay, 2001). Nevertheless, a lower 
impact of the PPO inhibitors (oxyfluorfen and oxadiargyl) on the FV/FM 
and F0 parameters than the PSІІ inhibitors was expected in our study, 
because of their indirect effect (Dayan and Zaccaro, 2012) on photo-
synthetic electron flow. Increase in F0, is indicative of structural disor-
ders in PSІІ, and the reduction of light absorption by Chl antenna 
(Yousefzadeh-Najafabadi and Ehsanzadeh, 2017). Previously, Ralph 
(2000) reported that F0 increased with increasing atrazine dosage in 
Holophila ovalis. The observed reduction in the FM parameter was as 
expected, although bentazon did not affect this parameter. In addition, 
Ekmekci and Terzioglu (2005) showed that the use of 15, 30 and 60 
µmol paraquat decreased FM in wheat. 

In the current study, treatment with oxyfluorfen, oxadiargyl and 
bentazon was observed not to decrease the SPAD value (Table 2). Since 
the action of PPO inhibitors involves the unregulated accumulation of 
protoporphyrin (primary substance for Chl synthesis) in the cytoplasm, 
it is likely that the Chl content is not affected by oxyfluorfen and oxa-
diargyl (Dayan and Zaccaro, 2012). In fact, the overproduction of ROIS 
destroyed Chl pigments in the treated plants. In an earlier investigation, 
Jin et al. (2010) stated that propyl benzoate (ZJ0273) application 
decreased SPAD values 7 days after treatment in Brassica (B. rapa and 
B. napus). 

The relative leaf water content (RWC) is widely recognized as a good 
indicator to express the water status of a plant. Treatment with herbi-
cide, affected the RWC adversely, although bentazone was not observed 

to decrease this parameter in the treated plants (Table 2). Ali et al. 
(2007), reported that indole acetic acid led to the reduction of RWC in 
Cicer arietinum, by increasing the imbalance between water and meta-
bolic solutions (e.g., amino acid). Under the influence of herbicide, ROIS 
are known to accumulate in plant cells. Hence, lipid peroxidation is 
activated, which leads to membrane damage. Consequently, membrane 
integrity disappears and malondialdehyde accumulates in cells (Dayan 
and Zaccaro, 2012; Lukatkin et al., 2013; Teimouri-Jervekani et al., 
2018). Thus, MDA content is a useful indicator for examining membrane 
damage. Our data indicate that in sage plants, the use of the selected 
herbicides resulted in the accumulation of MDA, especially at high 
herbicide doses (Tables 2 and 3). These data suggest that the application 
of the herbicides induced oxidative stress in the treated plants. Previ-
ously, Radwan and Fayes (2016) reported that the enhancement of MDA 
content was dependent upon glyphosate dose in peanut leaves treated 
with this herbicide. 

Under stress conditions (e.g., herbicide application) the production 
of secondary metabolites is known to increase in plants (Ali and Hon-
ermeier, 2016) compared with the primary metabolites to inhibit stress 
effects. A low photosynthetic yield leads to reduced growth, due to the 
unavailability of required resources. In the current study, herbicide 
application was shown to decrease growth parameters (plant height and 
dry weight), (Table 2 and Fig. 3). Similarly, Vercampt et al. (2017) re-
ported that metazachlor application reduced plant height in Brassica 
napus (L.) at 2 weeks after treatment. 

Our data demonstrated that phenmedipham/desmedipham did not 
decrease plant height (Table 2). Oxadiargyl and bentazon affected both 
the shoot dry weight (40.12%) and the root dry weight (54.4%), 
respectively, but to a lesser extent than that observed using the other 

Fig. 3. Dry weight of Salvia aethiopis after herbicide application at three dosages. (A) Shoot dry weight, (B) root dry weight. The means sharing the same letters are 
not significantly different according to LSD test at P ≤ 0.05. 
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herbicides (Fig. 3). Abdelhamid and El-metwally (2008) reported that in 
soybean, oxadiargyl used at doses higher than the recommended dose, 
led to a decrease in dry weight. 

5. Conclusions 

The present study showed that all of the herbicides tested, induced 
oxidative stress in S. aethiopis. The response of the test plants to foliar 
application of the selected herbicides, was dependent upon the type and 
dose of herbicide used. The observed range of herbicide damage to the 
test plants was as follows: metribuzin > oxyfluorfen > oxadiargyl >
phenmedipham/desmedipham> bentazon. Responses/tolerance to the 
tested dosages of herbicides was also observed to differ. The low and 
recommended dose caused a similar degree of injury to the plants, but 
less than the highest dose. In addition, over the course of the growing 
season the test plants were recorded to recover from the herbicide 
damage, with the exception of those treated with metribuzin. To 
conclude, amongst the herbicides tested, bentazon was observed to 
cause the least damage to S. aethiopis. Therefore, based upon the data 
presented, we suggest that of the herbicides tested bentazon be used for 
the control of broad-leafed weed species for the commercial production 
of Salvia aethiopis. 
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