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Application of mycorrhiza and phosphorus improve the phosphorus
uptake, physiological characteristics and growth of coneflower
(Echinacea purpurea (L.) Monch) under drought stress
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Coneflower is one of the well-known medicinal plants that has been imported to Iran for several
years and has attracted the attention of the pharmaceutical industry and researchers. Considering
the issue of drought stress and the need to use stress modifiers, this research was conducted to
investigate the effect of mycorrhizal fungi and the application of phosphorus under drought stress
on nutrient uptake, some physiological characteristics and the growth of coneflower in pot culture.
The experiment was carried out in the research greenhouse of Yasouj University as factorial based
on a completely random design with three replications. A combination of irrigation levels
(irrigation after 10 (control), 30 and 60% soil water depletion (SWD)), inoculation (mycorrhizal
fungi and no inoculation) and phosphorus application (phosphorus amount in the soil and twice
the amount of phosphorus in the soil) were used. At 10% SWD, phosphorus consumption alone
and in combination with mycorrhiza caused an increase, respectively, 105 and 82.83% of
phosphorus in root and shoot. The application of mycorrhizal fungus alone caused an increase of
25.59% in leaf soluble proteins and 17.09% in carotenoids. At 30% SWD, the highest amount of
proline and catalase was related to the application of mycorrhizal fungus and twice the
consumption of soil phosphorus, which were 1.42 and 2.02 times compared to the treatment of
not using mycorrhiza and twice the consumption of phosphorus in the soil. Also, at 30% SWD,
mycorrhizal inoculation caused a significant increase (44.64%) in root dry weight. At 60% SWD,
inoculation with mycorrhiza significantly increased (38.68%) the amount of phenol in aerial parts.
In general, stress decreased the uptake of nutrients and increased proline content and catalase
activity, but mycorrhiza and phosphorus nutrition could mitigate the effect of stress in potted
conditions.

Copyright © 2022 Union Medicinal Plants of Iran. All rights reserved.

1. Introduction

Coneflower (Echinacea purppurea (L.) Monch) is a
herbaceous and perennial plant of the Asteraceae family,
which is used for the treatment of respiratory tract
infections due to its antioxidant and antimicrobial
activities (Luo etal., 2011), and due to the polysaccharide
and polyethylene compounds of the extract, it is effective
in treating lung infections and bronchitis (Karsch-Volk et
al., 2014). Therefore, due to its many medicinal
properties and its high adaptability to different weather
conditions, coneflower cultivation has expanded in Iran.
Phenolic compounds are the main active ingredients of
coneflower. The percentage of phenolic compounds in
the extract of coneflower plants is affected by factors

such as environmental conditions and different
nutritional systems (Jakopic et al., 2007).

Water is important for the production and growth of
plants because it plays a significant role in the absorption
of nutrients and the solubility and movement of
substances in plants (Khalafallah and Abo-Ghalia, 2008).
Water limitation is an important factor in the metabolic
activities of plants, which generally has a negative effect
on the growth and development of plant species (Bettaieb
Rebe et al., 2012). The most common factor limiting the
production of agricultural plants, especially in arid and
semi-arid regions, is drought stress, which affects the
physiological, = morphological, and  biochemical
characteristics of plants and causes stomata to close,
reduces photosynthesis and growth rate, plant height, and
the fresh and dry weight of the crops (Xu et al., 2019).
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The occurrence of severe drought stress, together with
oxidative damage caused by reactive oxygen species
(ROS), through damage to macromolecules and cell
membranes can lead to cell death (Ozkur et al., 2009).
Phosphorus is an essential and widely used element for
the optimal growth of all plants. Phosphorus is present in
the structure of nucleic acids, phospholipids and
coenzymes that activate the production of amino acids,
so it plays an important role in metabolic processes
(Antonios et al., 2016). However, in most agricultural
systems, due to the low level of phosphorus mobility in
the soil, the absorption of this element by the plant is
reduced (Smith, 2002). The limitation of absorbable soil
phosphorus restricts the growth of plants, so this element
is proposed as the main key to agriculture (Sarikhani et
al., 2014). The importance of this issue in Iranian
agricultural lands is twofold because due to the
calcareous nature of the soils in arid and semi-arid areas,
the phosphorus solubility of the soil is very low (Tasdighi
et al., 2015). In this regard, the addition of phosphorus
fertilizers to the soil environment partially neutralizes the
direct and indirect effects of drought on phosphorus
absorption and increases the efficiency of water
consumption and, as a result, tolerance to drought in the
plant (Jones et al., 2003). At the same time, the use of
chemical fertilizers has always been associated with
environmental risks, and the investigation of renewable
inputs with maximum agricultural productivity has
become widespread to deal with the consequences of
drought stress (Perry et al., 2011).

Soil fertility and plant health depend on the symbiotic
relationship in the rhizosphere. An alternative solution to
improve tolerance to drought stress and reduce
dependence on chemical fertilizers is the symbiosis of
mycorrhizal fungi, which has been identified as an
integral part of organic agriculture for many crops today
(Georgy and Rey, 2023). Mycorrhiza increases the
hydraulic conductivity of water in the root and increases
the absorption of nutrients from the soil by increasing the
effective length of the root (Berude et al., 2015). The
colonization of the host plant root by mycorrhizal fungi
leads to an increase in seed yield, essential oil yield and
the content of phenolic compounds under water stress
conditions (Baczek et al., 2019; Weisany et al., 2017).
The improvement of the physiological characteristics of
plants inoculated with mycorrhiza under stress conditions
and the improvement of the plant's water needs have been
mentioned by many researchers (e.g. Kapoor et al., 2013;
Latef et al., 2016; Rafat et al., 2018). Also, an increase in
the height of the plant in lemongrass (De Assis et al.,
2020) and an increase in the dry weight of roots and
shoots in two species of Thyme Daenensi and Thymus
vulgaris under drought stress (Arpanabhi et al., 2020) have
been reported with the use of mycorrhiza. Another role
of mycorrhizal fungi is to create a synergistic relationship

with  micro-organisms that dissolve unabsorbable
phosphates for various plants, including the chicory
family, in such a way that increases phosphorus
absorption and, as a result, leads to proper growth
(Bauma et al., 2015).

Considering that there is little research on the effect of
phosphorus and mycorrhiza under drought stress
conditions on the physiological characteristics of
coneflower, this research was conducted to investigate
the interaction of drought stress, mycorrhiza fungus and
phosphorus fertilizer on nutrient uptake, some
physiological characteristics and growth of coneflower.

2. Materials and Methods

This experiment was carried out based on a completely
randomized design with three replications in the research
greenhouse of Yasouj University. The experimental
factors include irrigation (irrigation after 10 (control), 30
and 60% soil water depletion (SWD)) and mycorrhizal
fungi (inoculated and without inoculation (as a control))
and phosphorus application (phosphorus amount in the
soil and twice the amount of phosphorus in the soil).
Before the experiment began, sterilized seeds (for one
minute in 70% ethanol and also for two minutes in 2%
sodium hypochlorite solution) were placed one
centimeter deep in special trays filled with peat moss and
cared began for two months. Three seedlings were
transferred to each pot at the time of 4-5 leaves. In this
study, each test pot was prepared with a height of 25 cm
and a diameter of 20 cm. The soil used in each pot had a
ratio of 2:1 of field soil and sand and had a clay loam
texture. Before planting the seedlings, the prepared soil
was sterilized by an autoclave device and before
transferring of the seedlings to the pots, the mycorrhizal
(obtained from the Hamedan herbal medicine clinic) was
contacted with the roots and then planting was done. The
soil test showed the amount of phosphorus at 8 ppm. The
amount of phosphorus in the soil was taken as a control
and twice the amount of phosphorus in the soil was
considered as the second level of phosphorus.
Phosphorous fertilizer, from the source of triple
superphosphate, was added to the soil at the time before
transferring the seedlings to the pot.

Irrigation levels were applied by weight method. For this
purpose, one of the pots was watered to the point of
saturation and left for 24 hours until gravity water was
removed from it. The amount of available water was
considered as field capacity. Then, a 100-gram sample of
potting soil was prepared and placed in a 100°C oven
until its moisture content reached zero. The difference
between moisture at field capacity and zero moisture,
indicates the water available for the plant, and according
to that, the irrigation treatments were applied after the
plant was fully established (Nikbakht et al., 2023).
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At the beginning of flowering, three plants in each pot
were selected and completely removed from the soil
along with the roots. To prevent the chemical
composition of leaves from changing, the leaf samples
were kept at -40°C until use.

The roots and shoots phosphorus content is determined
by a calorimetric method (molybdate-vanadate yellow
color) at 420 nm wavelength with a spectrophotometer
(SHIMADZO 54A model) (Emami, 1996).

To measure leaf proline content, 1 ml of alcoholic leaf
extract (95% ethanol), 10 ml of double distilled water, 5
ml of ninhydrin and 5 ml of glacial acetic acid were added
and then the samples were placed in a boiling water bath
for 45 minutes. In the next step, 10 milliliters of benzene
were added to each sample and the absorbance of the
supernatant was read at a wavelength of 515 nm using a
spectrophotometer (SHIMADZO 54A model), and the
concentration of proline was calculated based on the
standard made with L-Proline (Paquin and Lechasseur,
1979).

Measurement of total soluble sugars (TSS) was done as
0.1 ml of the alcoholic extract was selected, then 3
milliliters of freshly prepared anthrone was added to it
and placed in a boiling water bath for 10 minutes. The
absorbance of the samples was read at a wavelength of
625 nm using a spectrophotometer (SHIMADZO 54A
model) (Irigoen et al., 1992).

To measure catalase activity, 100 microliters of enzyme
extract were added to 3 ml of 50 mM phosphate buffer
with pH=7 containing 30 mM hydrogen peroxide, and the
decrease in absorbance was read in 60 seconds at a
wavelength of 240 nm by a spectrophotometer
(SHIMADZO 54A model) (Aebi, 1984).

Measurement of leaf soluble proteins was done as 0.2 g
of leaf tissue was homogenized in a mortar with 2 ml of
0.1 M phosphate buffer with an acidity of 6.8 and
centrifuged for 15 minutes at a speed of 13,000 rpm at 4
degrees Celsius. Then, 2.5 ml of Bradford solution was
added to 50 microliters of the supernatant and the
absorbance of the sample was read at a wavelength of 595
nm with a spectrophotometer (SHIMADZO 54A model)
(Kar and Mishra, 1976).

To measure leaf glycine betaine content, aqueous extract
was prepared from 0.5 g of leaf tissue and diluted 1:1
with 2N sulfuric acid. After cooling, 0.2 ml of potassium
iodide reagent was added to each of the samples, and the
samples were centrifuged at 10,000 rpm and 0°C for 15
minutes. Then, the supernatant solution was read at a
wavelength of 365 nm with a spectrophotometer
(SHIMADZO 54A model) (Grattan and Grieve, 1992).
Measurement of carotenoid content was done as 0.2
grams of freshly chopped leaves were ground in a mortar
with 10 ml of cold 80% acetone and 0.5 grams of calcium
carbonate powder. The resulting mixture was centrifuged
at 3000 rpm for 15 minutes. Then, using a UV-S

spectrometer (Lambda EZ210 model), the light
absorption of a carotenoid was read at a wavelength of
470 nm (Lichtenthaler, 1987).

Phenolic compounds of aerial parts are measured by
extraction of phenol from dry plant samples. Extraction
was done with 80% methanol and then staining with
Folin—Ciocalteu reagent. The absorbance of the samples
was read at a wavelength of 720 nm. Gallic acid was used
as a standard (Haji Mehdipour et al., 2009).

The plant height (average height of the main stem of 3
plants), and the dry weight of the shoots and roots of the
plants were measured at the end of the growing season.
Also, the components of chlorophyll fluorescence,
including Fm (maximum fluorescence), Fo (minimum
fluorescence) and Fm/Fv (maximum quantum efficiency)
from each test plot were measured and recorded using a
fluorometer (OS-1-) (FL) USA. Statistical analysis was
done using SAS software (ver. 9.4) and graphs were
drawn using Excel software. The LSD test was used to
compare the averages of the main effects, and in the case
of interactions being significant, the averages were
compared using the L. S. Means procedure.

3. Results and Discussion

3.1 Root and shoot phosphorus content

The interaction between mycorrhiza and phosphorus and
irrigation and phosphorus was significant at the 1%
probability level on root phosphorus content (Table 1).
The highest phosphorus content in the root was obtained
from the treatment of no mycorrhizal inoculation
(control) and twice the consumption of soil phosphorus
(11.59 mg. gt dry weight) (Figure 1). At 10% and 60%
SWD, phosphorus consumption caused an increase of
105% and 35.05% of phosphorus absorbed by the roots,
respectively, although there was no significant difference
between controlling phosphorus at 60% SWD (Figure 2).
Also, the three-way interaction of irrigation, mycorrhiza,
and phosphorus was significant at the five percent
probability level on the shoot phosphorus content (Table
1). The highest amount of shoot phosphorus at 10% SWD
was obtained from the combination of inoculation with
mycorrhiza and the double use of phosphorus in the soil
(6.71 mg. g* dry weight), which is accompanied by an
increase of 82.83% compared to the control treatment.
The highest amount of this trait was obtained for the
second irrigation level (30% SWD) from the combination
of no mycorrhizal inoculation and twice the consumption
of phosphorus (7.14 mg. g* dry weight) (Figure 3).

The results indicate that with the consumption of
phosphorus, the amount of absorbable phosphorus and
phosphorus absorbed by the plant increased. It seems that
the low mobility of phosphorus is one of the most
important reasons for the reduction of phosphorus
absorption from the soil environment, especially in the
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Table 1. Analysis of variance (mean square) of the effect of Irmigation, Mycorrhiza and Phosphorus on phosphorus content, some physiological and agronomic traits of Echinacea purpurea

Root

N Shoot Soluble Soluble Glycine Caroten Shoot : . "
S0V df pho‘i;&}hor phosphors Proline sugars Catalase prot betaine id Fm Fv/Fm phezol Height  FootDW  ShootDW
Irization (T) 2 5.96™ 130 0.06™ 908 1759 126= 566 051 1597 0.001™ 12700 7i11 17.64° 229
MP"%}M 1 9317 1424 2517 101= 105 26T 645" 144" 231" 001 7233 136110 13427 0.05=
Ph‘”(g)hm 1 4466 23527 319" 2.29= 156~ 1916™ 0.02= 0.01= 10~ 0.006™ 356" 8100 115477 13.01°
IxM 2 3.68 0.41= 0.88" 134= 116 10.75% 151= 0.58= 6807 0.006= 15427 ld4= 2693 141
I.P 2 3137 0.23= 081’ 14.34= 248" 3467 1502 0402 3336™ 0.005™ 7.62= 443 5038 043
P.M 1 107" 197 018~ 215.16™ 2979 103 0.0002 050" 584~ 0.0007"  6.58~ 5137 157" 4463
I.MxP 2 0.0 3.83° 1257 3.0 1454 27.14= 3.83° 0.33= 1718 0.01 7.81® 3= 356~ 875
Errore 4 302 126 0.14 1238 83334 12007 1.08 020 494 0.002 577 28.63 548 181
CV (%) 24.06 2107 18.60 1317 1979 16.24 1148 17.83 10.06 6.69 15.03 1831 1317 2097
=% * and ns indicate significant at 1, 5 % probability levels and non-significant, respectively
face of water scarcity, but the use of mycorrhizal fungi treatments without the use of mycorrhiza + phosphorus
has increased the absorption of nutrients, especially in the soil and control treatment (Figure 4).

phosphorus (Kour et al., 2020). Mycelial branching of
mycorrhizal fungi can penetrate the soil tissue and
openings that are not accessible to the structure of the
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Fig. 1. Mean comparison of interaction of mycorrhizal and Drought stress did not have much effect on proline
phosphorus for root phosphorus accumulation in coneflower, but the application of

phosphorus and mycorrhiza was able to have a
significant effect on proline accumulation. During stress
conditions, proline can act as osmotic adjustment,
protection of cell membrane and protein structure, and
also plays the role of scavenging free radicals. Proline is
effective in increasing the water absorption capacity of
the cytoplasm of cells and defending macromolecules
such as enzymes (Deka et al., 2018). Proline acts as a
source of nitrogen in stressful conditions in the plant,

3.2 Leaf proline content

The interaction of irrigation, mycorrhiza and
phosphorus was significant at the probability level of
1% on leaf proline content (Table 1). At the irrigation
levels of 30 and 60%, the highest amount of proline was
related to the use of mycorrhizal fungi and twice the use
of phosphorus in the soil, with an increase of 1.42 and
1.41 times of proline, respectively, compared to the
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Mycorrhiza by absorbing more of these nutrients causes
an increase in the production of proline and more
resistance of the plant to drought stress. Also,
mycorrhiza has caused an increase in proline in sorghum
plants under water stress conditions (Attarzadeh et al.,
2019).

O Phosphorus in the soil - without mycorrhiza (control)

B Phosphorus in the soil - Inoculation with mycorrhiza
Phosphorus twice as much as soil - without mycorrhiza

[ Phosphorus twice as much as soil - Inoculation with mycorrhiza

B bc

Leaf proline content (uM.g-1 FW)
N
(4]

CUENE (ENE oI
S ENE N RS
10 percent 30 percent 60 percent

Irrigation levels

Fig. 4. Means comparison of interaction of irrigation,
mycorrhiza and phosphorus for leaf proline content

3.3 Total leaf soluble sugars content
The interaction of mycorrhiza and phosphorus was

significant at 1% probability level in the leaf’s total
soluble sugar content (Table 1). In the treatment without
inoculation with mycorrhiza, with the increase of
phosphorus, the amount of soluble sugars increased by
14.18%, but in the treatment of inoculation with
mycorrhiza, the use of phosphorus fertilizer led to a
significant decrease in soluble sugars (Figure 5).

In the condition of water stress, the water potential of
the soil decreases. As a result, the plant turns to osmotic
adjustment to continue the absorption process due to the
accumulation of osmotic compounds such as soluble
carbohydrates. The symbiosis of mycorrhiza with plants
is based on the exchange of carbohydrates and nutrients
between the plant and the fungus, and the phosphorus
element will also be effective in breaking down
carbohydrates and synthesizing polysaccharides such as
starch (Ebrahimi et al., 2022). Also, plant hormones
such as cytokinin and gibberellin increase in inoculated
plants. The increase of these hormone levels due to the
effect on the transport of ions affecting the opening of
the stomata is the factor in increasing the rate of
photosynthesis and the carbohydrate content of plants
(Arve et al., 2011). It has been reported that the amount
of fructose, a-glucose, B-glucose, and sucrose as well as
the total sugar content in pepper plants symbiotic with
Glomus intraradices was significantly higher than in
non-mycorrhizal plants (Demir, 2004).

O Phosphorus in the soil ®Phosphorus twice as much as soil

35 - 5 a

30 -
25 A
20 A
15 A
10 A
5 4
0

Leaf Total soluble sugars
(mg.g-1 FW)

without mycorrhiza Inoculation with

(control) ~mycorrhiza
Mycorrhiza

Fig. 5. Means comparison of interaction of mycorrhiza and
phosphorus for leaf toral soluble sugars

3.4 Catalase enzyme activity

The interaction of irrigation, mycorrhiza and
phosphorus at the level of 1% had a significant effect on
catalase activity (Table 1). The highest activity of
catalase at the irrigation level of 10 and 30% SWD,
respectively, corresponds to no mycorrhiza inoculation
+ no phosphorus consumption (55.58 mmol/g/min) and
mycorrhiza inoculation treatment + twice the
consumption of phosphorus in the soil (57.08 mmol/g
grams per minute). No statistical difference was
observed between the treatments at 60% SWD (Figure
6).

In stress conditions, photorespiration increases and
leads to the production of ROSs in the plant due to
the limitation of CO, absorption and stabilization
and the increase of Rubisco activity. The activity
of antioxidant enzymes such as catalase increases
to remove these molecules. The increase in catalase
activity to scavenge and clean the active oxygen
species produced due to water stress is known as a
resistance mechanism in plants, and the lower this
increase is in plants under stress, it indicates the
higher resistance of the plant to stress (Habibi,
2010). In line with this research, Mirzaei et al.,
(2021)  reported  that  symbiosis  with
Piriformospora indica fungus activated the
antioxidant system of garden thyme. In such a way
the highest activity of catalase enzyme was
obtained in the leaves of plants inoculated with
fungus at 30% field capacity, which was a
significant difference between non-inoculated
plants. Therefore, it can be concluded that
arbuscular mycorrhizal fungi modify the risks
caused by stress on plant growth in terms of
improving the antioxidant defense system.
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OPhosphorus in the soil - without mycorrhiza (control)
mPhosphorus in the soil - Inoculation with mycorrhiza
@Phosphorus twice as much as soil - without mycorrhiza
®EPhosphorus twice as much as soil - Inoculation with mycorrhiza

70 - a
60 { 2 b
50 :: W]
40 4 |-

30
20

o R

C

Catalase (m M.g1.min)

10 percent 60 percent

Irrigation levels

Fig. 6. Means comparison of interaction of irrigation,
mycorrhiza and phosphorus for catalase enzyme activity

3.5 The leaf soluble proteins content

The main effects of mycorrhiza and phosphorus were
significant at the 1% probability level for leaf soluble
proteins (Table 1). Application of mycorrhizal fungus
and phosphorus fertilizer has increased the content of
leaf soluble proteins by 25.59 (Figure 7) and 19.51
(Figure 8) compared to the control treatments.
Dehydration stress destroys the structure of proteins and
amino acids by producing oxygen-free radicals. Also,
oxygen free radicals have a high affinity with protein
and cause their oxidation, and this, in turn, reduces the
amount of leaf soluble protein (Parida and Das, 2005),
but in this research, the effect of stress was not
significant. Mycorrhizal fungi in their host plants
increase the absorption of nutrients, especially
phosphorus, and increase the amount of proteins against
environmental stress. Selvaraj and Chellappan, (2006)
showed that Prosopis juliflora plants symbiotic with
Glomus fasciculatum had more protein in their leaves
than the control. The results of the study of Maleki Narg
et al., (2013) on sweet corn plants also show a positive
and significant effect of phosphorus treatment on the
amount of leaf soluble proteins, which is in line with the
results of this experiment.
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~ 0
o o
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o o
1 1

o o
1 1

(1 gr.m gr-1 FW)

PN WD oo
o
1

o
1

Leaf soluble protein content

o

without mycorrhiza Inoculation with
(control) mycorrhiza

Mycorrhiza

Fig. 7. Means comparison of mycorrhizal levels for leaf
soluble proteins
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Fig. 8. Means comparison of phosphorus levels for leaf soluble
proteins

3.6 Leaf glycine betaine content:

Variance analysis shows a significant interaction of
irrigation, mycorrhiza and phosphorus at the 5%
probability level for glycine betaine content (Table 1).
No significant difference was observed between the
treatments at 10 and 30% SWD levels. At the level of
60% SWD, the highest amount of glycine betaine was
related to the combination of inoculation with
mycorrhiza and twice the consumption of phosphorus
(with an average of 11.02 pg/mg leaf dry weight). The
lowest amount was also observed in the treatment with
double  phosphorus  consumption and  without
mycorrhizal inoculation (Figure 9).

Plants have different defense mechanisms to
survive under environmental stress conditions. The
accumulation of compounds with low molecular
weight and highly soluble, which are non-toxic in
high concentrations, is one of these mechanisms.
Glycine betaine appears in plants with stress crises
and is considered an effective osmotic regulation
solution in plants and has a high correlation with
the growth of plants in dry environments (Hanson
et al., 2007). Soleymani (2015) showed that the
interaction between irrigation and mycorrhizal
species on glycine betaine was significant. The
highest amounts of glycine betaine were observed
in irrigation treatments at 50 and 60% of crop
capacity.

3.7 Leaf carotenoid content:

The main effect of mycorrhiza was significant at the 5%
probability level for carotenoid content (Table 1).
Inoculation with mycorrhiza increased the carotenoid
content by 17.09% (Figure 10).

The function of carotenoids is energy collection and
photoprotection. So, these pigments are responsible for
extinguishing singlet oxygen and preventing lipid
peroxidation and finally, oxidative stress (Koyro, 2006).
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OPhosphorus in the soil - without mycorrhiza (control)
®Phosphorus in the soil - Inoculation with mycorrhiza
mPhosphorus twice as much as soil - without mycorrhiza

@Phosphorus twice as much as soil - Inoculation with mycorrhiza
a

Leaf glycine betaine content
(Hg mg! DW)
(=2}

10 percent 30 percent 60 percent

Irrigation levels

Fig. 9. Means comparison of interaction of irrigation levels,
mycorrhiza and phosphorus for leaf glycine betaine

Kheiri et al., (2013) stated that the effect of different
species of mycorrhizal fungi on carotenoid on evergreen
plants was significant, and the highest amount was
observed in plants inoculated with Glomus mosseae and
G. geosporum species, which increased by 77.5% and
77.5%, respectively, compared to the control. It caused
84.4% and G. etanicatum showed a 62% increase
compared to the control. However, research by Rafat et
al., (2018) showed in coneflower that the highest content
of carotenoids (6.602 mg. g*') was obtained with the
treatment of 25% of the recommended dose of
phosphorus fertilizer combined with G. intraradices in
irrigation after 110 mm of pan evaporation. It seems that
mycorrhiza has a significant effect on the biosynthesis
pathways of secondary metabolites in the plant by
creating bioavailability of nutrients and improving plant
mineral nutrition, and plays a role in improving plant
growth and increasing photosynthetic pigments.
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Leaf carotenoid content (1 gr.m
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. ‘
I
B
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T
without mycorrhiza Inoculation with
(control) mycorrhiza

Mycorrhiza
Fig. 10. Means comparison of mycorrhizal levels for leaf
carotenoid content

3.8 Chlorophyll fluorescence parameters:

The interaction of irrigation, mycorrhiza and
phosphorus on Fm and Fv/Fm was significant (Table 1).
In general, stress had no noticeable effect on Fm and
Fv/Fm. At the irrigation level of 10% SWD, there was
no statistical difference between the treatments, but at
the stress of 30% SWD, the application of mycorrhiza
and/or phosphorus reduced this index. At stress 605
SWD, only mycorrhiza had a significant decrease in Fm
(Figure 11). Application of phosphorus and mycorrhiza

2.

at the level of 10% SWD caused a sharp decrease in
Fv/Fm. However, no difference between the treatments
was observed in the other two stress levels. (Figure 12).
In line with the current research, Mearajipour et al.,
(2012) found that drought stress does not cause
significant changes in the minimal fluorescence of
safflower. The findings of Roshanzamir (2011) on basil
plants showed that drought stress had a significant effect
on quantum yield efficiency (Fv/Fm) so that at control
levels, 80 and 60 percent of the field capacity were equal
to 0.85, 0.74 and 0.64, respectively. Fv/Fm is widely
used to represent the effects of disruption of
photochemical centers, as a decrease in this trait can be
the result of photoreduction processes and photodamage
to photosystem Il reaction centers, both of which reduce
the maximum quantum efficiency of photosystem II.
(Alizadeh, 2013). Drought stress has caused a decrease
in photosynthetic pigments, one of the causes of which
is an increase in the fluorescence of pigments, which
results in a decrease in the amount of photosynthesis.
Karbaschi, (2013) showed that the maximum
fluorescence and quantum efficiency of photosystem Il
belonged to the treatment of mycorrhiza with
phosphorus, which reduced the effect of stress on
pigments and improved their efficiency.

3.9 Total phenolic content of aerial parts:

The results (Table 1) showed that the interaction of
irrigation and mycorrhiza was significant at 1% for the
phenolic content of the aerial parts. Although drought
had no noticeable effect, there was no difference
between inoculation and non-inoculation of mycorrhiza
at 10% and 30% SWD, but at 60% SWD, inoculation
with mycorrhiza significantly increased the amount of
total phenols in aerial parts by 38.68% (Figure 13).

[IPhosphorus in the soil - without mycorrhiza (control)
= Phosphorus in the soil - Inoculation with mycorrhiza
m®Pho sphorus twice as much as soil - without mycorrhiza

300 @ Phosphorus twice as much as soil - Inoculation with mycorrhiza
a a
250 a e ab

200

150

Fm

100

50

10 percent 30 percent

Trrigation levels
Fig. 11. Means comparison of interaction of irrigation,
mycorrhiza and phosphorus for Fm

In the conditions of drought stress, due to the weakening
of the plant's immune system, phenolic compounds
along with other defensive enzymes increase in
resistance against microorganisms. Among the
antioxidant mechanisms of plants under drought stress
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is increasing the levels of phenolic compounds, because
such compounds act as scavengers of reactive oxygen
species and as a result stabilize cell membranes and
prevent lipid peroxidation (Lopez-Raez et al., 2010).

OPhosphorus in the soil - without mycorrhiza (control)
B Phosphorus in the soil - Inoculation with my corrhiza

yPhosphorus tice as ruch as soil - without mycorrhiza

mPhosphorus twice as much as soil - Inoculation with mycorrhiza

0.9 1
0.8 1
0.7 A
0.6
0.5 1
0.4 1
0.3 4
0.2
0.1 A

Fv/Fm

T T
10 percent 30 percent 60 percent
Irrigation levels

Fig. 12. Means comparison of interaction of irrigation,
mycorrhiza and phosphorus for Fv/Fm

In a study on Agropyron elongatum, Shirali et al., (2020)
stated that the phenol content of plants inoculated with
the mycorrhizal species Funneliformis mosseae and
Rhizophagus intraradices showed an increase of 134
and 153%, respectively, compared to the control
treatment.

3.10 Plant height

The interaction of mycorrhiza and phosphorus for plant
height was significant at the probability level of 1%
(Table 1). If without mycorrhizal inoculation, twice the
phosphorus consumption of the soil caused a significant
increase in height. However, mycorrhiza inoculation
reduced the effectiveness of phosphorus fertilizer.
However, the maximum height of the plant was obtained
from the inoculation with mycorrhiza + phosphorus in
the soil by 33.44 cm (Figure 14).

Owithout mycorrhiza {control) m Inoculation with mycorrhiza
25 7

a

10

Tatal phenolic compounds
(mgr. gr DM)

10 percent 30 percent 60 percent
Irrigation levels

Fig. 13. Means comparison of interaction of irrigation
and mycorrhiza for total phenolic compounds

Water limitation reduces the division and expansion of
cells and thus reduces the growth of organs and the
height of the plant. Therefore, one of the negative effects
of drought stress is the decrease in plant height due to
the decrease in available moisture and the ability to
absorb elements and reduce growth. In the study by

Gholam et al., (2015), the inoculation of mycorrhizal
seeds in fennel increased the height of the plant by three
percent compared to the control treatment.

They stated that mycorrhizal symbiosis with plant roots
under water stress conditions increased photosynthesis
and this caused more growth and improved plant height.
In the study of Rezaei Chianeh et al., (2015) also, the
use of mycorrhiza, the use of Azotobacter + Phosphate-
Barvar 2 alone and in combination with mycorrhiza
significantly increased the height of plants. It seems that
the reason for this is the beneficial effect of this
mycorrhiza in absorbing water and nutrients needed by
the plant through root production and root development
and increasing the amount of nitrogen fixed in the soil
for plant use, which has caused an increase in height.
Motahari et al., (2012) reported that phosphorus, as one
of the three nutrients required by the plant, caused a
significant increase in the height of the marigold
medicinal plant, in such a way that by regulating plant
hormones, it played an important role in cell division
and the production of photosynthetic substances and led
to the improvement of the conditions. It has provided
plant growth and more height.

3.11 Roots and shoots dry weight
The interactions of phosphorus and mycorrhiza and

phosphorus and irrigation at the level of 1% and the
interaction of mycorrhiza and irrigation at the level of
5% were significant in root dry weight.

Also, the interaction of irrigation, mycorrhiza and
phosphorus was significant at the 5% probability level
of shooting dry weight (Table 1).

OPhosphorus in the soil mPhosphorus twice as much as soil

a

Plant height (cm)
[
G
1

. : . .
without mycorrhiza Inoculation with mycorrhiza
(control)

Mycorrhiza

Fig. 14. Means comparison of interaction of mycorrhiza and
phosphorus for plant height

In general, drought significantly increased the dry
weight of the roots. Only at the level of 30% SWD,
mycorrhizal inoculation caused a significant increase of
44.64% in root dry weight (Figure 14). Also, at the
levels of 10 and 60% SWD, the application of twice the
amount of phosphorus in the soil was associated with a
decrease of 21.24 and 38.30% of root dry weight,
respectively (Figure 15).
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Fig. 15. Means comparison of interaction of mycorrhiza and
irrigation for root dry weight
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Fig. 16. Means comparison of interaction of irrigation and
phosphorus for root dry weight
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Fig. 17. Means comparison of interaction of mycorrhiza
and phosphorus for root dry weight
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Fig. 18. Means comparison of interaction of irrigation and
mycorrhiza for shoot dry weight

The mean comparison of the interaction of phosphorus
and mycorrhiza showed that in the treatment of
inoculation with mycorrhiza, the application of twice the
amount of phosphorus in the soil caused a significant
decrease of 37.43% of the root dry weight (Figure 16).
In addition, the mean comparison for the shoot dry
weight indicated that the highest amount of this
attributed in the second irrigation level (30% SWD) was
related to the treatment combination of no inoculation
with mycorrhiza and phosphorus in the soil with the
amount of 11.59 grams. There was no statistical
difference between the treatments at 10% and 60%
SWD (Figure 18).

Rasam et al., (2012) investigated Hyssopus officinalis
and reported that the application of mild stress compared
to the control was associated with a significant increase
in the dry weight of the shoot and root, as it is consistent
with the results of this research at the treatment level of
30% SWD. However, researchers attributed the
decrease in root and shoot growth under conditions of
extreme moisture stress to the decrease in root symbiotic
relationship and the decrease in absorption of mineral
elements (Tadayyon and Soltanian, 2016). In this
experiment, under severe stress (60% SWD),
mycorrhizal inoculation treatment had no significant
effect on the dry weight of roots and shoots. One of the
most important effects of mycorrhizal fungi is
improving the agricultural characteristics of plants,
especially in soils with low fertility. In this regard,
Nooshkam, (2015) related the improvement in the
growth and development of plants under the application
of mycorrhizal fungi with the availability of absorption
of nutrients by improving root development and
increasing the contact surface with the soil, dissolving
phosphate and nutrients from soil organic compounds
through acid production of phosphatase and ultimately
reducing root disease (elimination of specific pathogens
with a special mechanism and increasing plant
resistance). Sharifi et al., (2011) found that the average
dry weight of aerial parts in mycorrhizal plants
increased from 0.57 g to 0.85 g in green basil and from
0.48 g t0 0.91 g in purple basil.

Nooshkam (2015) showed that in the treatment
containing a mixture of fungi and bacteria, the addition
of chemical fertilizer decreased the dry weight of
Satureja sp. In this study, the double interaction of
mycorrhiza and phosphorus showed a significant
decrease in root dry weight. Contrary to the current
results, Karbaschi (2013) found that the highest dry
weight in the fertilizer treatment was due to the level of
mycorrhiza with phosphorus in increasing the dry
weight of the plant.
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5. Conclusion

Although drought stress can affect the uptake of
nutrients and biochemical characteristics in coneflower
plants, the extent of this effectiveness varies in different
traits. In this study, the positive role of mycorrhizae and
phosphorus nutrition in water-stressed conditions was
proved by increasing the phosphorus content of roots
and shoots. The use of mycorrhizal fungi and
phosphorus improves the negative consequences of
dehydration by increasing osmolytes such as proline and
soluble sugars. It also increased the activity of the
catalase enzyme and increased the content of soluble
proteins and glycine betaine. The set of these traits,
together with the improvement of carotenoid content,
led to the improvement of the phenolic compounds of
aerial parts and the dry weight of roots and aerial parts
under stressful conditions.
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