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Introduction
Lemon balm (Melissa officinalis) that belongs to the mint family is an aromatic medicinal 

plant. Many of its therapeutic characteristics are dependent on its essential oils, which are 
rich in aldehydes and terpenic alcohols [1]. Drought, like other stress, has detrimental effects 
on plant performance. Drought has various physiological effects on plants. Drought stress 
reduced leaf potential, stomatal conductance, nitrate recovery and cell elongation. Decreasing 
in chlorophyll content of plants exposed to dehydration is caused by dehydration and oxidative 
stress, as well as by photosynthesis of pigments and degradation of chlorophyll [2]. Drought 
is a multi-dimensional stress that affects plants at different levels in space and time. So the 
physiological response to Drought is very complex and unpredictable. In fact, the signs of 
Drought are the discoloration of the leaves from green to gray. At the same time the stomachs 
are closed and photosynthesis is drastically reduced. 

Organic farming is dependent on natural soil microflora that enhances plant growth 
and yield by employing a variety of beneficial bacteria and fungi, including arbuscular fungi 
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Abstract

The aim of this study was investigating the effect of irrigation levels (irrigation after 70, 100, 130 
and 160mm evaporation from pan) and mycorrhizal fungi species (Mycorrhiza non-application, 
Rhizophagusintradices, Funneliformismosseae, G. hoei and combined application of all three species) on 
growth and physiological attributes of lemon balm over two years and based on combined analysis of 
variance with a completely randomized block design. The highest yield achieved with from irrigation 
after 100mm evaporation + application of all three species of mycorrhizal fungi. Irrigation after 100mm 
evaporation increased this trait by 33% compared to irrigation after 70mm evaporation due to increase 
in essential oil percentage under dehydration conditions, but dehydration increment a decrease in each 
two components of essential oil yield (essential oil percentage and dry matter yield) led to a significant 
decrease in essential oil yield. Dehydration led to an increase in proline content and antioxidant activity. 
In the present study, despite the diminishing effect of dehydration, somewhat the mycorrhizal use was 
able to reduce the negative effect of dehydration. In general, given to the results and considering the 
economic importance of essential oil yield, lower water deficit stress and mycorrhizal application can 
increase the lemon balm essential oil yield, but planting this plant under severe water deficit condition 
drastically can decrease essential oil yield.

Keywords: Lemon balm; Dehydration; Mycorrhizae; Essential oil yield
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and plant growth promoting bacteria [3]. According to available 
reports, 60 to 90 percent of the total fertilizer used is lost and only 
10 to 40 percent is absorbed by the plant. Studies have shown 
that microorganisms can play an important role in the integrated 
management of fertilizers to maintain soil productivity and 
fertility. Plant growth promoting bacteria and mycorrhizal fungi can 
increase fertilizer use efficiency [4]. Biofertilizers maintain the soil 
environment through nitrogen fixation, phosphorus and potassium 
solubilization or mineralization, release of growth stimulants, 
production of antibiotics and decomposition of organic matter in 
the soil, rich in macro and micro elements. Previous studies have 
shown that mycorrhizal fungi affect plants in a variety of ways, 
including accelerated growth, nutritional status, water intake, 
disease resistance and resistance to stress. The response of plants 
to root colonization by mycorrhizal fungi is largely dependent on the 
plant type and strain of the fungus and environmental conditions 
such as soil nutrient levels, light intensity and temperature. Also 
root colonization of plants by several strains of fungi has more 
positive effect than single strain application [5].

The presence of arbuscular mycorrhizal fungi is important 
for ecosystem stability, plant establishment and biodiversity 
conservation. The role of mycorrhizal fungi in biodiversity and 
ecosystem function has been well illustrated, in particular by 
their role in plant diversity and production power. Aram et al. 
[6] confirmed the positive relationship between plant diversity 
and colonization of mycorrhizal fungi. Symbiotic fungi increase 
the nutrient uptake of host plants and can increase plant growth, 
quality, and resistance to environmental stress [7]. Mycorrhizal 
fungi increase the uptake of nutrients, especially phosphorus, there 
by enhancing the growth and yield of plants. Mycorrhizal fungi, like 
other fungi, do not spread their spores through the wind, but are 
transmitted from plant to plant by soil transfer. One of the important 
effects of mycorrhizal fungi is to increase crop yields, especially 
in low yield soils. Mycorrhizal fungi increase plant resistance to 
dehydration by increasing water uptake and a number of nutrients 
such as zinc and copper, improving leaf cell biogenesis, regulating 

stomatitis activity, root growth and development. Mycorrhizal fungi 
also increase plant resistance to dehydration by regulating plant 
hormonal activities. So, this study was conducted for determination 
of the effect of different levels of irrigation and different mycorrhizal 
species on growth characteristics and yield of essential oil of lemon 
balm.

Materials and Methods
In order to evaluate the effect of different mycorrhizal species on 

some morpho-physiological traits of lemon balm under drought, an 
experiment was conducted during two cropping seasons of 2016-
17 and 2017-18 at the Agricultural Station of Tabriz Islamic Azad 
University. The area is located 5km from Tabriz, with longitude 46 
degrees 17 minutes east, latitude 38 degrees north 5 minutes and 
altitude 1360 meters above sea level. According to the Domarton 
climate classification, the region has a semi-arid climate. The 
average annual temperature is 10 °C, the average annual maximum 
temperature is 16 °C, and the average annual minimum temperature 
is 2.2 °C. The average annual rainfall in this area is 272.3mm. The 
pH of the soils in the region is in the alkaline to medium range. 
Prior to the experiment to determine the physical and chemical 
properties of the soil, a depth of 0-30cm was sampled and 8 
samples were transferred to the laboratory for analysis. The results 
of soil analysis showed that the field soil had sandy loam texture, 
salinity of 1.56ds/m and acidity of 7.53 (Table 1). According to 
fertilizer recommendations, phosphorus and potassium fertilizers 
were not used in this study. The experiment was conducted as 
split plot in a randomized complete block design with three 
replications. Experimental treatments including different levels of 
drought stress as the main factor in three levels (A1: Irrigation after 
70mm evaporation from Class A pan (control), A2: Irrigation after 
100mm evaporation from Class A pan, A3: Irrigation after 130mm 
evaporation from Class A pan, and A4: Irrigation after 160mm 
evaporation from Class A pan) and different species of mycorrhiza at 
five levels as a byproduct including non-use (control), Rhizophagus 
irregularis (Glomus intradices), Funneliformis mosseae (G. mossae), 
G. hoci and mixture of all three mycorrhiza species.

Table1: Results of field soil decomposition during two crop years.

Property Clay 
percentage

Silt 
percentage

Sand 
percentage

Phosphorus 
(mg/kg-1)

Potash 
(mg/kg-1)

Nitrogen 
(%)

Organic 
carbon

The acidity 
of saturated 

mud

EC 
(ds/m) Depth(cm)

Range 44 42 14 8.6 420 0.077 70% 7.5 1.02 0-30

In order to carry out the experiment, land acquisition operations 
were conducted in March with appropriate climate conditions. On 
11 June, after leveling the ground, the plot was dimensioned 3 × 
1.5m. Each plot had 3 rows of plants. Sub plot was separated by 
a plot and 1.5m main plot. On June 16, 2016, irrigation was done 
before planting. Prior to planting, mycorrhizal species prepared 
from the Institute of Soil and Water of Iran, according to the 
experiment map, 9g per plant and in the mixed state 3g per plant 
was added in the planting place. In this study, 2-4 leaf transplants 
of lemon balm were used. The transplants were obtained from the 
Orumieh Golden Plant Institute and transferred to the main field on 
June 17, 2016, at the first year of the experiment.

Row spacing of 60cm and seedling spacing of 30cm and plant 
density of 5.5 plants/m2 were considered. Irrigation was performed 
immediately after planting. In the first week after transplanting, if 
some of the transplanted crops were destroyed, replanting was 
attempted. After transplanting, irrigation was done every 2-3 days, 
and irrigation was performed every seven days until complete plant 
establishment. The first stage of weed removal took place on July 
9, 2016. Weed control was done manually. In order to provide the 
plant with nitrogen fertilizer based on soil test, urea was applied 
at 60kg/ha after transplanting and after the first weed removal 
stage, before irrigation treatments. In the first year of the study, 
the second stage of weeding was June 22, 2016. After weeding 
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the field on July 26, 2016, the field was re-fertilized. On this date 
60g were given per plot and used as a spread. After this date and 
transplants full establishment, irrigation levels were applied. Each 
irrigation period was 70, 100, 130 and 160mm evaporation from 
Class A pan. The daily cumulative evaporation rate from the pan, 
after reaching the desired value for each treatment (70, 100, 130 
and 160mm evaporation from Class A pan), showed the irrigation 
time. The amount of irrigation water for each treatment was based 
on the calculated total water requirement of the plant which was 
calculated by random sampling from three different parts of each 
plot and determining the weight percent of soil moisture about 24 
hours before irrigation. To determine the vegetation coefficient 
from two equations: ETc=Kc; ET0; and ET0 = Kpan×Ep were 
used, in which ETC and ETO are reference evapotranspiration and 
reference evapotranspiration, respectively. During each year, in the 
treatments of 70, 100, 130 and 160mm evaporation from the pan of 
evaporation 27, 18, 12 and 10 irrigation rounds, respectively.

After flowering and in all treatment combinations, 
morphological traits were evaluated by sampling the second-
row competition from each experimental plot. At this stage of the 
experiment, the measured traits include leaf chlorophyll content 
index, chlorophyll a and b content, and antioxidant enzymes 
activity. In addition to the above-mentioned traits in both years 
of experiment, such as plant height, leaf area index, essential oil 
content and yield, Flower dry weight, dry matter, prolin content 
and root colonization with mycorrhiza were evaluated. Given that 
lemon balm is a perennial plant, the experimental field was ready 
for use in the second year. After overwintering the plants in the first 
year and growth of the plants, in the second year all operations were 
performed, and irrigation levels were applied exactly as in the first 
year and all traits evaluated in the first year were also evaluated 

in the second year. Statistical analysis of data was performed with 
SAS 9.1 software and means comparison were by Duncan multiple 
range test at 5% level. Charts were drawn with the help of Excel 
software.

Result and Discussion
In this study, the main effects of irrigation and application 

of mycorrhizal fungi on plant height, leaf area, flower dry weight 
and total dry yield were significant, while the interaction between 
the two treatments was significant in essential oil percentage and 
essential oil yield (Table 2). Drought stress caused a significant 
decrease in leaf area per plant, plant height, flower dry weight and 
total dry matter yield in all of these traits, with the greatest decrease 
being in irrigation after 160mm evaporation. So that in these traits, 
irrigation after 160mm evaporation from the pan reduced 36.5, 
32.6, 39.3 and 30.3%, respectively (Table 3). Other researchers have 
also reported a decrease in growth due to dehydration. Gholizadeh 
et al. [8] in Dracocephalum showed that dehydration reduced plant 
height. Abbasi et al. [9] found a significant decrease in the height 
of Agropyron elongatum plant under dehydration. Shaw et al. 
(2008) reported that dehydration decreases cell growth due to the 
decrease in turgor pressure. Osmotic regulation can be effective in 
maintaining cell turnover for survival or maintaining plant growth 
under drought conditions. Shinozaki & Yamaguchi [10] reported 
that drought impedes cell development and consequently plant 
growth and height. Jamali [11] in Coriandrum sativum showed 
that dehydration caused a significant decrease in leaf area index. 
The researchers stated that dehydration reduced the leaf area 
by reducing the each leaf area and number of leaves. Allayi et al. 
found that dehydration significantly reduced the dry weight of 
Dracocephalum moldavica. Ghanbari & Ariafar [12] also showed 
that drought significantly reduced shoot dry weight of pepper mint.

Table 2: Composite analysis of variance of traits studied in lemon balm.

Sources of 
Variations

Degrees 
of 

freedom

Plant 
height

Leaf 
area 

index

Flower 
dry 

weight

Dry 
matter

Essential 
oil 

percentage

Essential 
oil yield

rate of 
colonization

Chlorophyll 
Index

Chlorophyll Chlorophyll
Catalase Glutathione 

Peroxidase Ascobate Proline
a b

Year (Y) 1 24.752 0.03 0.005 49.408 0.001 0.331 114.27 7.203 0.574 0 0 0 0.061 0.037

Repeat Year 4 17.615 0.119 18.267 70.094 0.004 4.208 15,497 4.834 0.202 0.137 0.001 * 0 0.016 6.554

Irrigation 
levels (A) 3 1389.125 

**
9,765 

**
1363.298 

**
17829.149 

* 0.058 ** 212.780 
** 1020.528 ** 292.582 ** 16.175 ** 5.163 ** 0.005 ** 0.004 ** 0.122 ** 112.872 **

YA 3 9.447 0.167 109.055 30.283 0 1.58 6.948 0.845 0.478 0.061 0.001 0 0.022 6.769

Original 
Error 12 18.506 0.052 33.793 41.611 0.003 3.007 32.643 5.579 0.272 0.107 0 0 0.019 4.324

Mycorrhizae 
(B) 4 149.268 

**
0.755 

** 145.344 * 2042.610 
** 0.007 30.553 ** 670.381 ** 31.284 ** 1.510 ** 0.409 ** 0.002 * 0.002 ** 0.138 ** 21.045 *

YB 4 39.987 0.226 17.308 430.493 * 0.002 10.778 * 58.659 * 6.987 0.204 0.006 0 0 0.009 10.691

AB 12 41.448 0.15 31.123 158.926 0.010 ** 15.929 ** 102.892 ** 3.975 0.286 0.126 0 0 0.017 7.305

YAB 12 22.048 0.159 39.71 88.432 0.002 3.644 17.249 8.482 0.343 0.138 0 0 0.015 5.011

Minor error 64 22.081 0.152 40.52 133.715 0.003 4.139 20.895 6.869 0.366 0.079 0.001 0 0.019 8.047

Coefficient 
of variation 

(%)
12.99 11.49 20.43 12.98 24.46 37.63 7.57 17.7 18.95 17.08 41.16 36.82 26.16 37.93

** and* represent significant at the one and five percent probability level, respectively.
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Table 3: Comparison of mean traits affected by irrigation levels.

Mycorrhizal 
fungi Proline Ascorbate 

Peroxidase
Glutathione 
peroxidase Catalase Dry 

matter

Flower 
dry 

weight
Chlorophyllb Chlorophylla Chlorophyll 

index Leaf area Plant 
height

without 6.392 b 0.4375 b 0.04117 c 0.04829 b 75.49 c 27.33 b 1.427 b 2.779 b 12.96 b 3.117 b 32.82 d

glomus 
intradices 7,583 ab 0.5167 b 0.05758 ab 0.05592 

ab 88.73 b 31.40 a 1.638 a 3.275 a 14.42 ab 3,525 a 36.14 bc

g .mossae 6.721 b 0.5083 b 0.05012 bc 0.05717 
ab 93.07 b 31.90 a 1.717 a 3.250 a 15.56 a 3.388 a 37.84 ab

g. hoei 8,017 ab 0.5042 b 0.05754 ab 0.06200 
ab 87.24 b 31.04 a 1.696 a 3,200 a 15.47 a 3.350 a 34.92 cd

all 8.683 a 0.6458 a 0.06329 a 0.07079 a 100.8 a 34.14 a 1.757 a 3.458 a 15.61 a 3,567 a 39.22 a

Mycorrhizal application significantly increased vegetative traits 
of lemon balm. In leaf area and total dry weight, all mycorrhizal 
species had similar additive effects, but in plant height and total 
dry yield, the highest increase was due to combined application 
of mycorrhizal species. The combined application of mycorrhizal 
species increased this two traits by 33.4% and 33.5%, respectively 
(Table 4). The greater the diversity of mycorrhizal fungi found in 
soil, the better the absorption of water and nutrients through the 
mycorrhizas, the better. In this study, it was observed that only the 
combined application of fertilizers caused a significant increase 

in the dry yield of lemon balm plants. Murthy & Narayananapa 
[13] investigated the effect of two strains of Glomus mosseae and 
G. fasciculatum on plant height of Rutagraveolens. The researchers 
observed that the strains studied differ in their effects on plant 
height. Khalili & Yousef (2014) investigated the effect of different 
levels of phosphorus fertilizer and mycorrhizal fungi application 
on growth characteristics of the medicinal plant Lepidium sativum. 
The researchers observed that mycorrhizal fungi combined with 
phosphorus fertilizer caused a greater increase in plant height of 
Lepidium sativum.

Table 4: Comparison of mean traits affected by irrigation levels.

Irrigation 
levels Proline Ascorbate 

peroxidase
Glutathione 
peroxidase Catalase Dry 

matter

Flower 
dry 

weight
Chlorophyllb Chlorophylla Chlorophyll 

index
Leaf 

surface
Plant 

height

The 
amount 
of citral

70 5.590 c 0.4533 c 0.04657 bc 0.04707 
c 113.9 a 37.92 a 2,099 a 3.823 a 17.72 a 4,033 a 44.78 a 36.06 a

100 6.293 c 0.4967 bc 0.05617 b 0.05317 
bc 103.4 b 35.25 a 1.862 b 3.750 a 17.08 a 3.637 b 37.24 b 34.22 a

130 8.127 b 0.5367 ab 0.04343 c 0.05800 
b 79.32 c 28.48 b 1.461 c 2.917 b 13.21 b 3.170 c 34.31 c 29.09 b

160 9.907 a 0.6033 a 0.06960 a 0.07710 
a 59.63 d 22.99 c 1.166 d 2.280 c 11.20 c 2.717 d 28.42 d 24.20 c

Increasing levels of phosphorus fertilizer resulted in a higher 
increase in plant height. Arango et al. [14] showed that application 
of mycorrhizal fertilizer significantly increased leaf area of pepper 
mint, but different strains of mycorrhizal fertilizer had different effect 
on total fresh weight. Glomus intraradices was the most effective 
strain in increasing this trait. In the present study, application of 
phosphorus fertilizer also caused a significant increase in the 
pepper mint leaf area, but the effect was dependent on mycorrhizal 
strain. The highest leaf area was obtained using phosphorus 
fertilizer and Glomus intraradices. A plant needs numerous growth 
factors such as fertilizer, water and nutrients for optimal growth. 
Studies have shown that mycorrhizal fertilizers increase the uptake 
of water and various nutrients such as nitrogen, phosphorus, iron, 
zinc and manganese in plants, as these microorganisms increase the 
root uptake of plants [15]. Murthy & Narayananapa [13] in a study 
on Rutagraveolens showed that application of mycorrhizal fertilizer 
significantly increased dry yield of Rutagraveolens. The researchers 
also found that the combined use of mycorrhizal fertilizers led to a 

greater increase in the dry yield of Rutagraveolens plants than in 
each alone. Kumar et al. [16] in a study done on lemon balm, found 
that the combination of mycorrhizal strains had a greater effect on 
lemon dry weight than either alone.

According to the results of the present study, the highest and 
lowest essential oil percentages were obtained with 0.36% and 
0.16% in two irrigation treatments of irrigation after 100mm 
evaporation from pan with application of all three species of 
mycorrhizal fungi and irrigation after 160mm evaporation + 
without application of mycorrhizal fungi, respectively. These results 
indicate that the treatments under study caused significant changes 
in the percentage of essential oil of lemon balm. By application of 
Funneliformis mosseae, G. hoei and all three mycorrhizal fungi, 
reducing irrigation water had not significant effect on essential 
oil percentage, but with no application of mycorrhizal fertilizer 
and application of Rhizophagus intradices it was different. In the 
absence of mycorrhizal fertilizer application and Rhizophagus 
intradices, irrigation water reduction from irrigation after 70 
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and 160mm evaporation decreased essential oil by 38.4% and 
40.9%, respectively. Therefore, the results of this study show 
that application of mycorrhizal fertilizers can reduce the negative 
effect of dehydration on essential oil percentage (Table 5). While 
Gholizadeh et al. [8] in lemon balm showed that dehydration 

reduced the essential oil percentage. Andalibi et al. [17] showed 
that in all plant organs, the percentage of essential oil decreased 
with increasing amount of available water and the lowest essential 
oil percentage was observed in treatments that were not drought 
tolerant.

Table 5: Comparison of mean traits affected by irrigation levels and mycorrhizal species.

Irrigation Levels (mm 
evaporation from pan) Mycorrhizal Species Essential Oil Yield The Rate of Colonization Essential Oil Percentage

70 without 7.050 cde 34.60 fg 0.2600 bcd

glomus intradices 9,983 ab 69.42 b 0.3050 ab

g .mossae 5.133 efgh 62.93 cd 0.1933 defg

g. hoei 6.733 71.87 b 0.2467 bcdef

all 8.733 bcd 78.63 a 0.2233 cdefg

100 without 4.717 efghi 31.37 g 0.2533 bcde

glomus intradices 6.233 defg 63.93 c 0.2517 bcdef

g .mossae 9,467 abc 62.93 cd 0.3117 ab

g. hoei 6.483 def 59.95 cde 0.2583 bcd

all 11.65 a 73.12 b 0.3633 a

130 without 3.733 ghij 32.37 g 0.2250 cdefg

glomus intradices 2.983 hij 57.08 def 0.1767 fg

g .mossae 4.033 fghij 59.77 cde 0.1983 defg

g. hoei 3.533 hij 56.27 ef 0.2150 defg

all 6.267 defg 62.67 cd 0.2900 bc

160 without 1.717 j 51.45 p 0.1600 g

glomus intradices 2.317 ij 32.85 g 0.1800 efg

g .mossae 2.683 hij 54.83 ef 0.2133 defg

g. hoei 2.267 ij 56.15 ef 0.1817 efg

all 2,400 ij 54.83 ef 0.1783 efg

There are no proven reasons for the response of secondary 
metabolites of medicinal plants to drought stress. Only two 
hypotheses have been developed about how environmental 
conditions affect secondary metabolites of these plants. The first 
hypothesis, carbon balance of nutrients, explains the amount of 
carbon used to produce secondary metabolites as the balance 
between photosynthesis and growth. It is hypothesized that when 
nutrients are available, the plant will allocate carbon for growth. 
Deficiency of nutrients limits growth more than photosynthesis 
and results in the formation of carbonate hydrates that produce 
secondary carbon metabolites. The second hypothesis, or growth-
differentiation equilibrium, states that carbon is spent on growth 
until conditions allow for cell division and expansion. With 
the onset of dehydration, growth stops, cells differentiate and 
secondary metabolite reservoirs, and the carbon plant is devoted 
to the production of effective pharmaceuticals [17]. In this study, 
application of mycorrhizal fertilizer only in irrigation treatment 
after 100mm evaporation had significant effect on essential oil 
percentage. In this irrigation treatment, application of all three 
species of mycorrhizal fungi resulted in an increase of 43.26% in 
lemon balm essential oil percentage. An increase in the percentage 
of essential oils of medicinal plants by using mycorrhizal fertilizer 

by Zolghafari et al. [17] was also reported in Ocimum basilicum. 
Zolfaghari et al. [17] showed that the effect of different strains 
of mycorrhizal fungi was different in terms of the percentage of 
essential oil of Ocimum basilicum.

The highest essential oil yield was obtained after 100mm 
evaporation from pan + application of all three species of mycorrhizal 
fungi. In this treatment, essential oil yield was 11.65g/m2, while 
the lowest essential oil yield was 1.7g/m2 in irrigation treatment 
after 160mm evaporation from pan + no application of mycorrhizal 
fertilizer. According to the results, moderate dehydration not only 
had not a negative effect on essential oil yield, but also significantly 
increased this trait. So that in application of Funneliformis 
mosseae and application of all three species of mycorrhizal fungi 
by reducing irrigation water from irrigation after 70 and 100mm 
evaporation from pan, essential oil yield increased by 84.4 and 
33.4%, respectively, while in application of Rhizophagus intradices, 
essential oil yield decreased after 100mm evaporation from pan 
(Table 5). Moderate drought stress can stimulate essential oil 
yield by stimulating the production of secondary compounds. The 
results of the present study also showed that severe drought stress 
significantly reduced the essential oil content of medicinal plants. In 
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non-application of mycorrhizal fertilizer, application of Rhizophagus 
intradices, application of Funneliformis mosseae, application of G. 
hoei and application of all three species of mycorrhizal fungi, with 
reduction of irrigation water from irrigation after 70 and 160mm 
evaporation from pan, the essential oil yield decreased by 75.6%, 
76.9%, 47.7%, 66.3% and 72.5%, respectively.

In the present study, in irrigation after 70mm evaporation 
from pan, only application of Rhizophagus intradices significantly 
increased essential oil yield and increased this trait by 41.6%. In 
irrigation after 100mm evaporation from pan, two treatments 
of Funneliformis mosseae and application of all three species of 
mycorrhizal fungi increased essential oil yield by 100 and 146%, 
respectively. In irrigation treatments of irrigation after 130mm 
evaporation from pan and irrigation after 160mm evaporation 
from pan, application of mycorrhizal fertilizers had no significant 
effect on essential oil yield. The positive effect of mycorrhizal 
fungi on essential oil yield has been shown in various studies. 
Ghushchi Mahdieh et al. studied the effects of different strains of 
mycorrhizal fungi which showed that application of mycorrhizal 
fertilizers caused a significant increase in essential oil yield. In 
the present study, the percentage of colonization of lemon balm 
roots significantly affected the interaction of irrigation levels and 
mycorrhizal fungi application (Table 2). The highest percentage 
of colonization of lemon root with 78.6% was in irrigation after 
70mm evaporation from pan with application of all three species 
of mycorrhizal fungi. In this study, drought stress alone did not have 
a significant effect on root colonization percentage in the absence 
of mycorrhizal fertilizer treatment, while drought with mycorrhizal 
fungi caused a significant decrease in the colonization rate of lemon 
balm root.

In treatments of application of Rhizophagus intradices, 
application of Funneliformis mosseae, application of G. hoei and 
application of all three species of mycorrhizal fungi, with reduction 
of irrigation water from irrigation after 70mm evaporation from pan 
to irrigation after 160mm evaporation from pan, root colonization 
percentage decreased by 23.8 12.8%, 21.8% and 30.2% (Table 5). 
Nasr et al. [18] showed that colonization of maize roots and Citrus 
reticulate roots by mycorrhizal fungi was reduced by dehydration. 
The researchers attributed the decrease in carbohydrate secretion 
to the soil, alteration of root structure, and hormonal changes in 
root surface area.

These results indicate that drought stress had negative impact 
on the percentage of root colonization. Considering the fact that 
in irrigation after 160mm evaporation from the pan, there was 
no significant difference between the studied strains and control 
in root colonization percentage, it can be concluded that the 
strains under study had the potential to colonize the lemon balm 
rootstocks at low levels. In this study, in the irrigation after 160mm 
evaporation from the pan, mycorrhizal application had the least 
incremental effect. In irrigation after 70mm evaporation from pan, 
irrigation after 100mm evaporation and irrigation after 130mm 
evaporation with application of three types of mycorrhizal fertilizer, 
The percentage of root colonization was increased by 129, 135.3 

and 93.6%, respectively and these results showed that the effect 
of mycorrhizal fungi decreased with exacerbation of dehydration. 
Silva et al. [19] obtained a significant increase in the percentage 
of pepper mint colonization by using mycorrhizal fertilizer. In 
this study, the application of Escotelospora calospora caused the 
highest increase in this trait at low levels of fertilizer. Combined 
analysis of variance showed that the main effects of irrigation and 
mycorrhizal application on chlorophyll index traits, chlorophyll a 
and b were significant, but interaction of studied factors had no 
effect on chlorophyll content index of lemon balm (Table 1). Severe 
drought stress caused the highest decrease in chlorophyll index and 
chlorophyll content. Irrigation after 160mm evaporation decreased 
the chlorophyll index, chlorophyll a and b by 40.3%, 40.8% and 
44.4%, respectively (Table 4). Similar results have been reported 
by other researchers.

Hassan et al. [20] investigated the effect of irrigation levels 
on chlorophyll content index of Rosmarinus officinalis leaves 
and reported that dehydration at 60% of field capacity reduced 
chlorophyll content of Rosmarinus officinalis by 23.5%. decreases. 
Studies have shown that among the stressors of water scarcity, the 
greatest decrease in chlorophyll content of crop leaves is due to 
production of active forms of oxygen in thylakoids [21]. According 
to the results of this study, mycorrhizal fertilizer treatments often 
caused a similar and significant increase in chlorophyll index and 
chlorophyll content. Mycorrhizal fertilizer application treatments 
increased chlorophyll index, chlorophyll a and b by 20.4%, 24.4% 
and 23.1%, respectively (Table 3). Heidari et al. [22] examined 
the effect of different bacterial strains on Ociumum basilicm and 
observed a significant difference between bacterial strains in terms 
of chlorophyll index. The researchers found the highest increase in 
chlorophyll index using Pseudomonades sp. (2015) also observed 
the positive effect of G. intradices on the chlorophyll content of 
Ocimum gratissimum. Tamizinian et al. also showed that the use of 
mycorrhizal biofertilizer significantly increased the chlorophyll b 
content of their medicinal plant, Coleus aromaticus.

Proline content, catalase activity, glutathione peroxidase and 
ascorbate peroxidase were affected by the main effects of irrigation 
levels and fertilizer application in the present study (Table 2). 
The results of this study showed that irrigation treatment after 
160mm evaporation from pan caused the highest increase in these 
traits and increased proline content, catalase activity, glutathione 
peroxidase and ascorbate peroxidase by 31.2, 42.6, 49% and 28.3%, 
respectively (Table 4). Proline is an amino acid compound that plays 
a role in the osmotic regulation of cells. Cellular regulation helps 
maintain the cell’s motility and makes cells more open for longer. 
Drought stress increases the amount of this compound (Mann et 
al., 2011). ABA is one of the hormones that strongly affect proline 
production. But studies have shown that environmental factors 
such as the bacteria around the roots of plants affect the amount 
of proline in plants, and especially in conditions of dehydration 
it increases the amount of proline (Stathavi and Tavik, 2007). An 
increase in the proline content of medicinal plants has also been 
reported in studies by other researchers. Shafiqi & Pazuki (2014) 
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in their study of the medicinal plant Trigonellafoenum-graceum 
found that dehydration caused a 98% increase in leaf proline 
content. In current study, the activity of other antioxidants also 
increased under the influence of dehydration. In this study, in most 
traits of proline content, catalase activity, glutathione peroxidase 
and ascorbate peroxidase, and all mycorrhizal species application 
increased significantly and increased these traits by 26.3, 41.7, 53.9 
and 43.4% (Table 3). Naeemi et al. [23] investigated the effect of 
mycorrhizal application on Silybum marianum and observed that 
application of G. mossae and G. intradices significantly increased the 
content of catalase and glutathione peroxidase in this plant. The 
researchers attributed the decline to improved plant water uptake 
[24-35].

Conclusion
According to the results, although irrigation treatment had a 

positive effect on essential oil yield after 100mm evaporation from 
pan [36-40], but in total drought stress levels caused a decrease 
in general yield and lemon balm yield and, with intensification of 
dehydration, decreased severity. So that drought stress reduced up 
to 84% of the yield of lemon balm. However, the results showed that 
the application of mycorrhizal fungi, and particularly the combined 
application of the species, could somewhat reduce the negative 
effect of drought stress on the studied traits. The highest increase 
was in irrigation treatment after 100mm evaporation from the pan 
[41-42].
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