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Abstract: Nitrification inhibitors are commonly used to prevent nitrate leaching. However, the
use of nitrification inhibitors is not free of side-effects. Some may be absorbed by the plant and
cause phytotoxicity or even affect the food chain. Therefore, a solution that limits the absorption
of nitrification inhibitors and its accumulation by the plant may mitigate health and environmental
issues potentially associated with high levels of nitrification inhibitors. This solution may relay
in the modulation of the plant’s metabolism through the interaction with specific fungal partners.
This work tested the hypothesis that the symbiotic interaction between fungi and plant roots can
reduce the destructive effects of the nitrification inhibitor Dicyandiamide (DCD) in plants by reducing
the uptake of nitrification inhibitors. A greenhouse experiment was conducted, using a complete
randomized block design, to test the effect of symbiotic fungi (plants inoculated with Piriformospora
indica, Glomus etunicatum, and Glomus mosseae and noninoculated) on the phytotoxicity of DCD
applied at four concentrations (0, 5, 50, and 100 mg kg−1 soil). Latuca sativa, cultivar Siyahoo, was
selected for this experiment due to its economic value all over the world. The use of high DCD
concentrations (100 mg kg−1 soil) affected the leaf chlorophyll content and plant growth in a manner
that was significantly mitigated by the symbiosis of the plant with the fungal partner. These results
highlight the benefits of using symbiotic fungal inoculants as plant protectors against the phytotoxic
effects of DCD.

Keywords: nitrification inhibitor; symbiotic fungi; Dicyandiamide; Latuca sativa

1. Introduction

Nitrate is one of the most important forms of nitrogen in agricultural soils. At any
time, the soil nitrate concentration is the balance between the inputs (mainly fertilizer) and
the outputs (biological transformations, biological immobilization and transformation, and
leaching) where nitrifying microorganisms play a key role. In the soil, these organisms
convert ammonium to nitrite and then nitrite to nitrate during the nitrification process [1].
Nitrate in soils is mainly lost through leaching, which, in addition to the loss of nitrogen,
causes environmental pollution. One of the most important ways to control the amount
of nitrate in the soil and reduce its loss is to use nitrification inhibitors (NIs). In fact,
nitrification inhibitors are compounds that delay the bio-oxidation of ammonium to nitrite
without affecting the oxidation of nitrite to nitrate [2]. This is carried out by preventing
or interfering with the metabolism of bacteria that are effective in nitrite generation (such
as Nitrosomonas) [3]. Thus far, several types of nitrification inhibitors have been marketed:
2-chloro-6-(trichloromethyl)-pyridine, dicyandiamide (DCD), and 3,4-dimethylpyrazole
phosphate (DMPP) are examples of those widely used. Research shows that the use of
nitrate inhibitors can have negative effects on other soil organisms (population of fungi

Agriculture 2022, 12, 251. https://doi.org/10.3390/agriculture12020251 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12020251
https://doi.org/10.3390/agriculture12020251
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-3100-463X
https://doi.org/10.3390/agriculture12020251
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12020251?type=check_update&version=1


Agriculture 2022, 12, 251 2 of 14

and bacteria) and the plants grown in it [4]. Extensive studies have been performed on
the toxicity of NIs such as DMPP toxicity on clover [5]. Zerulla et al. [6] observed that the
application of 1.5 kg ha−1 of DCD in lettuce causes severe leaf margin burns. In addition,
the use of triazole compounds such as 1,2,4-Triazole (TZ), when applied in doses between
0.2 and 10 mg L−1, disrupts the nitrification process and can have a negative effect on other
bacteria (aerobic and methane-oxidizing heterotrophic bacteria) [7].

In addition to having a direct effect on plant growth, symbiotic fungi can also protect
plants against abiotic stresses through distinct mechanisms, increasing crop productivity
and quality. Among these microorganisms, arbuscular and endophytic fungi able to form
symbiosis with plant roots are the best characterized. They are known to increase plant
resistance to biotic and abiotic stresses through several mechanisms, including the pro-
duction of various metabolites [8]. P. indica is an important plant endophytic fungus that
increases plant growth under normal conditions and stress under various mechanisms [9].
This microorganism strengthens the antioxidant defense system of plants, which plays an
important role in stress tolerance, and induces disease resistance in plants by increasing
the level of antioxidants to combat oxidative stress [10]. There are several reports of the
relevance of mycorrhizal symbioses for the degradation of several contaminants. For in-
stance, ryegrass inoculation with Glomus sp. reduces the impact of petroleum hydrocarbons,
especially pyrine, on plant growth [11], and the inoculation of alfalfa with G. mosseae or
G. etunicatum removed more than 98% of phenanthrene and 88% of pyrine accumulated in
the plants [12].

According to the studies, there is a possibility of accumulation and increase in nitrifi-
cation inhibitors in the soil, and, over the years, its amount increases in agricultural soils.
The toxicity of nitrate inhibitors to soil biota, and the possibility of their accumulation
in plant tissues grown in soils to which these substances are added, needs a solution, an
issue that, to our knowledge, has not been researched. Due to the economic relevance of
lettuce, and due to its high consumption as a leafy salad, and the broad use of DCD, this
study aimed to investigate the role of mycorrhizal and endophytic fungi (Glomus mosseae,
Glomus etunicatum, and P. indica) as possible tools to reduce the phytotoxicity of DCD. In
addition, high concentrations of DCD were used to better understand the effects of the
adverse accumulation of nitrification inhibitors.

2. Materials and Methods
2.1. Experimental Design

The experimental design was a factorial randomized block design including one
plant species (lettuce, Latuca sativa, cultivar Siyahoo), four fungi treatments (G. etunicatum,
G. mosseae, P. indica, and no inoculation), and four doses of DCD (0, 5, 50, and 100 mg kg−1

soil) with four replicates per treatment.

2.2. Soil Preparation and Dicyandiamide Treatment

A combined sample of a sandy loam soil (from 0 to 25 cm layer) was collected from
the surface horizon of the Mohaghegh Ardabili University Campus farm and then physico-
chemically characterized: 68% sand, 20% silt, 12% clay, 1.2% organic matter, 0.05% total
N, 7 mg kg−1 available P, 35 mg/kg available K, 0.7 mg/kg total Cd, a pH of 7.3, and
1.3 ds m−1 EC. Then, DCD powder (Sigma-Aldrich, Burlington, MA, USA) was added to
the surface of 1 kg of air-dried soil samples to provide the following concentrations: 0,
5, 50, and 100 mg kg−1 soil [13]. Soil amended with inhibitors was thoroughly mixed
to achieve a homogeneous DCD soil concentration. Nitrogen as (NH4)2SO4 (Merck,
Darmstadt, Germany) was applied in aqueous solution at a rate of 40 mg kg−1 soil [14].
An amount of 10 kg of soil, with the distinct DCD concentrations, was transferred into pots
with a diameter of 25 cm and a depth of 40 cm.
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2.3. Plant Growth Conditions

Lettuce seeds (Lactuca sativa cv. Siyahoo) were prepared from the Seed Bank Institute
of Karaj, Iran. The seeds were sown in trays containing peat moss. When the seedlings
reached the two-leaf stage, they were transferred to pots with nitrification inhibitors and
inoculated using the fungi (22/18 ◦C day/night cycle, 60–70% relative humidity, and a
photoperiod of 14 h).

2.4. Seed Inoculation with Fungi

P. indica was cultured in Petri dishes on a Hill and Käfer medium [15]. The plates were
placed in a growth chamber at 29 ± 1 ◦C in the dark for 2 weeks. To impose the fungal
treatment, one fungal plug of 10 mm in diameter was placed at a distance of 1 cm below
the roots of 10-days-old lettuce seedlings.

Mycorrhizal fungi were prepared at the Department of Soil Science, University of
Tabriz (Professor Nasser Aliasgharzad). The inocula of G. mosseae and G. etunicatum fungals
were added to the soil of the pot, and 1 cm of soil was covered and then lettuce seedlings
were placed on it. The number of spores in the inoculum was 33–35 per gram and root
colonization was 78.8% [16].

2.5. SEM and Plant Growth Measurements

After 45 days of planting, the shoots of lettuce were harvested and the roots were
separated from the soil substrate. Then, some young leaves were selected for imaging using
scanning electron microscopy (SEM). The samples selected for imaging were dried in the
shade and then imaging was performed using an electron microscope in the Department of
Chemistry, Mohaghegh Ardabili University. Then, the stomata area was calculated using
the obtained photos. AutoCAD software was used to measure the stomata area.

The shoots and roots were rinsed with distilled water, wiped with tissue paper, and
weighted. The shoots and roots were separated, the shoot height and leaf number per plant
were determined, and they were finally dried at 75 ◦C for 48 h in order to determine the dry
weights (shoots and roots). Some root segments were placed in 50% ethanol to determine
the root colonization.

2.6. Root Colonization

The Phillips and Hayman [17] method was used to color the root and determine its
colonization. The roots were heated in 10% KOH solution for 5 min and then washed under
water. Root samples with 1% HCl were acidified for 1 min, immersed in 20% trypan blue
staining solution, and heated for 10 min. From the stained samples, 30 root segments (1 cm
long) per plant were cut and observed with a light microscope (Olympus BH-2) at 20×.
Root colonization was determined according to the gridline intersection method [18]. In
this technique, the percentage of root colonization per plant was determined by dividing
the total number of colonized root fragments (either with arbuscules, vesicles, or hyphae)
by the total number of root pieces examined ×100.

2.7. Total Chlorophyll and Carotenoids Contents

Measurements of chlorophyll and carotenoids were performed using Arnon’s method [19].
Chlorophyll and carotenoids were extracted from a sample of 1 g of fresh leaves in acetone
80% (v/v). Absorption was measured at 645 and 663 nm for chlorophyll and 480 and 510
for carotenoids using a spectrophotometer (UV-600). The concentration of total chlorophyll
and carotenoids was expressed as µg mL−1 fresh weight and determined using the formula:

Chlorophyll a = [15.65 (A663) − 7.340 (A645)]

Chlorophyll b = [27.05 (A645) − 11.21 (A663)]

Total chlorophyll = [20.2 (A645) + 8.02 (A663)] × V/W 1000
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Carotenoids = [7.6(A480) − 1.49(A510)] × V/W 1000

2.8. Measurement of DCD in Lettuce Leaves

DCD concentration was measured using the method of Kim et al. [20]. To do this,
first, a young leaf was selected from each plant (leaf sample should be the same in all
plants). Then, 1 g of leaves was weighed and 40 mL of deionized water was added to it
and placed on a shaker for 20 min. At the end of 20 min, the plant sample was completely
crushed using a mortar and the resulting sample was passed through Whatman filter
paper. Each of the 5 mL of the filtrate obtained from the two extractions of surface residues
above was acidified with 0.2 mL of 0.66 M H2SO4 and allowed to stand for 30 min before
centrifuging (10,000 rpm for 15 min equivalent to 11,180× g) to remove precipitated material
and optimize the pH to the HPLC conditions. The concentration of DCD in the acidified
supernatant was determined on a Waters 2695 HPLC using a cation-H guard column
(30 × 4.6 mm internal diameter; ID) with a 0.025 M H2SO4 mobile phase at a flow rate of
0.6 mL min−1 and a 210 nm ultraviolet (UV) spectrophotometric detector.

2.9. Statistical Analysis

Two-way ANOVA was performed on all experimental data using IBM SPSS version
23 software (Chicago, IL, USA). The variance was related to the main factors (symbiotic
fungi and DCD) and to the interaction between them. The differences between means were
determined using Duncan’s Multiple Range Test at 0.05 and 0.01 probability levels.

3. Results and Discussion
3.1. Effect of DCD on Root Colonization by P. indica, G. etonicatum, and G. mosseae

Most arable soils are now under severe human management, and various agricultural
and horticultural chemicals (such as pesticides, fungicides, and nitrification inhibitors) are
applied to maintain and/or increase soil productivity [21]. Soil microbiota are commonly
exposed to these chemical inputs, which have potential effects on the abundance, structure,
and functionality of each community and its interactions with the communities of other
microorganisms [22,23]. For instance, nitrification inhibitors, such as 3,4-dimethylpyrazole
phosphate (DMPP), may interact with the nitrification community and, at the same time,
reduce or suppress soil nitrogenase activity [24]. Shi et al. [25] also found that nitrification
inhibitor phosphate DMPP inhibited nitrifier-induced denitrification, which is an important
source of soil nitrous oxide. However, due to the nature of their physiology and their
involvement in decomposition and nutrient turnover, fungi may be more responsive to
soil inputs than another biota. Yet, very few studies have been performed to elucidate
the impacts of agrochemical use on soil fungal communities [22,26] and on the symbiotic
relationships between plants and fungi [27,28].

Our results clearly show that soil DCD concentration had a significant (p < 0.01) effect
on the colonization of lettuce root by P. indica, G. etonicatom, and G. mosseae (Table 1). No
significant differences were observed for the root colonization by each fungi at the same
DCD concentration, and all the fungi presented the same root colonization pattern: a
decrease in the colonization rate from 0 to 5, no big differences from 5 to 10, followed by a
sharp decrease in the colonization rate from 50 to 100 mg kg−1 DCD, which, according to
the impact that endophytic (P. indica) and mycorrhizal (G. etunicatum and G.mosseae) fungi
have on soil and plants, can anticipate changes at the level of soil and plant functionality
such as those found by Yu et al. [29] and Marschner [30].

The mechanisms through which nitrification inhibitors may reduce root colonization
are debatable, but some studies have pointed to direct and undirect effects related to the
increase in soil NH4

+ concentration associated with nitrification inhibition. It has been
observed that high soil NH4

+ concentration inhibits spore germination of arbuscular myc-
orrhizal fungi [31], while Marschner [30] found that the increase in soil NH4

+ concentration
caused mitochondrial swelling and cracking of plant root cells, which resulted in reduced
root colonization by mycorrhizal fungi. The hypotheses of the inhibitory effect of DCD
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on fungal root colonization being mediated by the toxic effect of ammonium on plant
development may be supported by the observed effect of the soil concentration of DCD on
plant root development (Table 1). Figure 1 also shows root colonization by symbiotic fungi.

Table 1. Effect of distinct DCD concentrations on root colonization by Piriformospora indica (P.i),
Glomus etunicatum (G.e), and Glomus mosseae (G.m), shoot dry weight, shoot height, leaf number, root
fresh weight, and root length of lettuce plants.

Treatment Parameters

DCD
(mg kg−1

Dry Soil)

Symbiotic
Fungi

Root
Colonization
(%)

Shoot Dry
Weight (g
plant−1)

Shoot Height
(cm)

Leaf
Number (No
plant−1)

Root Fresh
Weight (g
plant−1)

Root Length
(cm)

Control 0 ND 14.1 de ± 1.2 29.8 defg ± 0.2 31.7 efg ± 0.2 43.4 e ± 1.7 41.5 hi ± 2.3
+ P.i 82.2 a 20.6 ab ± 2.1 37.1 a ± 0.8 38.5 a ± 0.3 55.9 ab ± 1 50.6 def ± 3.1
+ G.e 76.2 ab 15.6 cd ± 0.5 33.1 bc ± 0.4 34.5 bcd ± 0.7 51.0 bcd ± 2.4 53.2 cd ± 1.2
+ G. m 77.4 ab 13.7 de ± 1.3 30.7 de ± 1.1 33.4 cd ± 0.3 48.7 cde ± 1.5 51.5 def ± 3.2

5 0 ND 13.7 de ± 2.3 30.1 def ± 0.9 31.9 ef ± 0.4 49.5 cde ± 1.7 46.1 fgh ± 1.6
+ P.i 67.4 bc 21.8 a ± 3.4 34.3 b ± 0.2 35.7 abc ± 0.5 58.7 a ± 2.6 66.5 a ± 2.1
+ G.e 66.2 bc 17.7 bcd ± 1.5 31.5 cd ± 0.6 37.0 ab ± 0.7 55.5 ab ± 1.3 60.2 b ± 4.5
+ G. m 68.1 bc 16.7 bcd ± 2 30.0 def ± 0.7 32.9 def ± 0.8 47.5 cde ± 2.2 52.8 cde ± 1.6

50 0 ND 10.9 ef ± 1.35 28.0 g ± 0.3 29.1 gh ± 0.1 38.7 f ± 1.8 39.2 i ± 2.4
+ P.i 60.0 cd 15.7 cd ± 3.1 29.9 def ± 1.3 31.0 efgh ± 0 51.2 bcd ± 1.3 57.2 bc ± 1.6
+ G.e 52.7 e 15.3 cd ± 1.4 30.3 de ± 0.8 31.7 efg ± 0.5 51.5 bc ± 1.3 55.2 bcd ± 2.2
+ G. m 64.4 cd 11.3 ef ± 1.8 29.1 efg ± 0.6 31.9 ef ± 0.6 46.0 cde ± 2.5 47.8 efg ± 33

100 0 ND 5.7 g ± 0.71 25.2 h ± 1.1 20.5 i ± 0.2 34.0 f ± 3.1 29.5 j ± 4.1
+ P.i 43.2 ef 13.8 de ± 1.6 29.7 defg ± 0.6 29.2 gh ± 0.3 48.2 cde ± 1.2 50.5 def ± 3.7
+ G.e 45.8 e 13.7 de ± 0.8 29.5 efg ± 0.4 30.1 fgh ± 0.7 46.2 cde ± 1.3 51.0 def ± 2.3
+ G. m 32.3 ef 8.3 fg ± 1.02 28.2 fg ± 0.7 28.4 h ± 0.6 45.4 de ± 2.1 43.5 ghi ± 1.1

Inhibitor ** ** ** ** ** **
fungi ** ** ** ** ** **
In. × Fu. ** * ** ** * *

Values are the mean ± SE, n = 4. The same letter within each column indicates no significant difference among
treatments using Duncan’s Multiple Range Test. ns: not significant. * p < 0.05, ** p < 0.01.
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Figure 1. Images of root colonization by symbiotic fungi in the roots of lettuce.

3.2. Root Fresh Weight and Root Length

Our results showed that root fresh weight per plant was not significantly affected by
the fungal colonization when DCD was not present in the soil. However, in the presence of
DCD, the inhibition of root fresh weight was more evident in plants that were not colonized
by fungi, especially at high DCD concentrations (Table 1). DCD affected root length in a
similar way as root fresh weight. In general, plants inoculated with symbiotic fungi had
more developed root systems than noninoculated plants, and fungal colonization protected
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roots from DCD inhibition. In fact, if we think that the symbiotic fungi under study are
good ammonium scavengers [32], it can be argued that they may protect plant roots from
ammonium toxicity. If the inhibitory effect of DCD on root colonization by symbiotic
fungi is mediated by the ammonium toxicity at the root level, then the effect of DCD on
fungal root colonization should differ from plant to plant according to the plant tolerance
to ammonium nutrition [33].

As DCD may be absorbed by plant roots [34–36], one could argue about a direct
effect of DCD on plant metabolism. However, this has to be a direct effect of the DCD
itself as plants are not able to metabolize it [35] and the DCD taken up by plant roots
accumulates in the roots or travels to the upper organs and accumulates there [34]. This
brings the possibility of DCD affecting shoot metabolic activities, including photosynthesis,
and by decreasing the carbon available to exchange with the fungi [35], affecting the root
colonization by the symbiotic fungi (and the entire plant microbiota).

3.3. The Effect of DCD on Shoot Development

Without DCD, the symbiosis with P. indica stimulated, and those with G. etunicatum
and G. mosseae did not significantly affect, shoot development of lettuce plants (p < 0.05).
However, in the presence of DCD, the symbiosis with P. indica or with G. etunicatum was
more effective in preventing the inhibitory effect of DCD than that with G. mosseae. Without
the symbiotic partner, increasing the soil DCD concentration from 0 to 100 mg/kg decreased
the shoot fresh and dry weights but increased the shoot fresh weight to dry weight ratio
by about 50% (from 19.5 to 30.7), implying a much higher level of water retention in the
leaf. Combining this observation with the fact that no stomata closure was observed in
response to DCD treatment, it can be inferred that the water continuum between soil-plant
and atmosphere was not disrupted by DCD. Thus, DCD did not cause water stress to the
lettuce plants, which is consistent with the findings of Zerulla et al. [6].

Symbiotic fungi (and other biofertilizers) may promote shoot development under
stress conditions [37,38] by ameliorating plant nutrition or stress. The effect of symbiotic
fungi in improving shoot development in the presence of DCD was particularly evident for
Piriformospora indica (Figures 2 and 3). Symbiotic fungi such as P. indica and G. etunicatum
may increase the production of photosynthetic pigments or reduce their degradation by
helping the plant to overcome the stress conditions, in this case, driven by high DCD
conditions [39,40]. Growth inhibition and reduction in leaf chlorophyll (Figures 4 and 5) by
DCD have been observed for plants grown under diverse conditions [41].
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Figure 2. The mean effect of P. indica, G. etunicatum, and G. mosseae in lettuce plant fresh weight.
(The means refer to four repetitions ± SD. Different letters for each parameter indicate significant
differences assessed (p < 0.05).)

Concentrations of 50 and 100 mg kg−1 DCD increased leaf carotenoid concentration by
34% and 60%, respectively, compared to control plants (Figure 6). Carotenoids are defense
compounds with the role of antioxidants that neutralize the harmful effects of reactive
oxygen species formed in excess under stress conditions [42]. Altogether, the decrease
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in leaf chlorophyll concentration and the increase in leaf carotenoid concentration may
indicate that DCD is a cause of leaf oxidative stress.
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Figure 3. The main effect of dicyanodiamide in lettuce plant fresh weight. (The means refer to four
repetitions ± SD. Different letters for each parameter indicate significant differences assessed (p < 0.05).)
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Figure 4. The mean effect of P. indica, G. etunicatum, and G. mosseae in leaves of lettuce on total
chlorophyll content. (The means refer to four repetitions ± SD. Different letters for each parameter
indicate significant differences assessed (p < 0.05).)
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Figure 5. The main effect of dicyanodiamide in leaves of lettuce on total chlorophyll content. (The
means refer to four repetitions ± SD. Different letters for each parameter indicate significant differ-
ences assessed (p < 0.05).)

3.4. Dicyandiamide in the Leaves

Leaf analyses showed that DCD can accumulate in lettuce leaves, especially when
present at high concentrations in the root medium, and those symbiotic fungi may decrease
this accumulation (Figure 7). P. indica was more efficient in restraining leaf DCD concentra-
tions than G. etunicatum or G. mosseae, showing that at least some fungi may be relevant to
reduce the phytotoxicity of nitrification inhibitors. However, the mechanism through which
the fungi act is not clear yet [43]. Fungi may help the plant to overcome the stress caused
by high DCD concentrations, but they may also accelerate DCD degradation in the soil
or inside the plant [2,44,45]. Two independent experiments performed by Binet et al. [46]
and Aranda et al. [47] showed that mycorrhiza significantly reduced the concentration of
anthracene in plants by 20–40% compared to the control. The work by Zhou et al. [48]
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highlighted the capacity of mycorrhizal fungi to protect Medicago sativa plants against the
toxic effects of polycyclic aromatic hydrocarbon. It is possible that pollutant compounds
such as DCD adsorb to the fungal cell walls, which would decrease the free concentration
of the compounds to be absorbed by the plant [43]. Figure 8A–M show the result of HPLC,
which is given below to complete the topic and increase understanding.
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Figure 6. The main effect of dicyanodiamide in leaves of lettuce on carotenoid content. (The means
refer to four repetitions ± SD. Different letters for each parameter indicate significant differences
assessed (p < 0.05).)
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Figure 7. Effect of Piriformospora indica, Glomus mosseae, and Glomus etunicatum on the dicyandiamide
content under different concentrations of dicyandiamide nitrification inhibitor in lettuce. (The means
refer to four repetitions ± SD. Different letters for each parameter indicate significant differences
assessed (p < 0.05).)

3.5. Effect of Dicyandiamide on Stomatal Behavior

In the present study, no stomata closure was observed in response to DCD treatment
(Figure 9). Researchers have shown that the presence of substances such as salt [49], heavy
metals [50,51], phytohormones [52], and temperature changes and drought can affect the
behavior of leaf stomata and the opening and closing of guard cells. However, the effect
of nitrification inhibitors on plant leaf stomata has not been studied. In this study, the
presence of high amounts of DCD caused the leaf stomata of lettuce to close. Nitric oxide
(NO) affects various physiological functions, increasing plant tolerance to environmental
stresses including salinity, toxic metals, and high and low temperatures by affecting the
opening and closure of plant stomata [49,50,53]. Wu et al. [54] reported for the first time
that the use of nitrification inhibitors prevents the production of N2O and NO greenhouse
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gases in the soil by acting on the bacteria that perform nitrification. Therefore, it is likely
that DCD reduces NO concentration in the plant by inhibiting NO production and does
not close the stomata. According to the results of previous studies and the results of the
present experiment, reducing NO reduces plant growth.

3.6. Stomata Area in the Leaves

Analysis of the pore area of the leaf stomata showed that DCD can reduce the pore
area of the stomata in lettuce leaves, especially when present in high concentrations in the
root environment, and symbiotic fungi may increase this stomata area (Table 2). The use of
P. indica increased the pore stomata area per leaf compared to control plants. In addition,
the lowest pore stomata area was presented by plants that were treated with 100 mg kg−1

DCD and without the use of symbiotic fungi (Table 2). The concentration of 5 mg kg−1 in
all treatments with control plants was not significantly different, except for the interaction
of 5 mg kg−1 DCD with P. indica. Vahabi et al. [55] reported that P. indica reduces stomata
closure and plays an important role in increasing pore stomata size.

Table 2. Effect of Piriformospora indica, Glomus mosseae, and Glomus etunicatum on the stomata pore
area (µm2) under different concentrations of DCD in lettuce.

- + P. i. + G. e. G. m.

Control 78.6 b ± 3.4 86.3 a ± 5.3 79.3 b ± 2.6 78.8 b ± 3.6
DCD 5 mg kg−1 78.7 b ± 5.6 86.1 a ± 4.6 79 b ± 3.1 79.2 b ± 2.6
DCD 50 mg kg−1 75.1 c ± 2.4 75.4 c ± 3.6 74.8 c ± 2 75.3 c ± 3.2
DCD 100 mg kg−1 64.3 f ± 4.1 71.3 d ± 2.6 68.6 e ± 1.2 67.1 e ± 2.5

DCD: Dicyandiamide, + P. i: Piriformospora indica, + G. e: G. etunicatum, and G. m: G. mossea. Values are mean ± SE,
n = 5. The same letter within each column indicates no significant difference among treatments using Duncan’s
Multiple Range Test.
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content in Lettuce leaves. (A) Standard chart of the dicyandiamide, (B) 5 mg kg −1 of dicyandiamide,
(C) Piriformospora indica + 5 mg kg −1 of dicyandiamide, (D) Glomus etunicatum + 5 mg kg−1, (E) Glo-
mus mosseae + 5 mg kg −1 of dicyandiamide, (F) 50 mg kg −1 of dicyandiamide, (G) Piriformospora
indica + 50 mg kg −1 of dicyandiamide, (H) Glomus etunicatum + 50 mg kg −1 of dicyandiamide,
(I) Glomus mosseae + 50 mg kg −1 of dicyandiamide, (J) 100 mg kg −1 of dicyandiamide, (K) Piriformo-
spora indica + 100 mg kg −1 of dicyandiamide, (L) Glomus etunicatum + 100 mg kg −1 of dicyandiamide,
and (M) Glomus mosseae + 100 mg kg −1 of dicyandiamide.

3.7. Effect of Dicyandiamide on Appearance of Leaves

The use of concentrations of 50 and 100 mg kg−1 DCD caused margin burning of
the lower leaves (primary leaves) of lettuce (Figure 10). These symptoms appeared in 100
and 50 mg kg−1 DCD treatments 14 and 21 days after transplanting, respectively. Thus,
at 50 mg kg−1 DCD, leaf margin burn was not observed in lettuce plants inoculated with
P. indica and G. etunicatum. In plants inoculated with G. mosseae after 18 days of seedling
cultivation, leaf burn also appeared in the presence of a DCD inhibitory concentration of
50 mg kg−1. This burn was much lesser than that of noninoculated plants with symbiotic
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fungi at a concentration of 50 mg kg−1 DCD. The use of DCD inhibitors at a concentration
of 100 mg kg−1 caused burn marks on the leaves of all lettuce plants, but this burn in
plants inoculated with P. indica, G. etunicatum, and G. mosseae was much lesser than that
of noninoculated plants. In a study by Pal et al. [56], it was observed that 6.3% of DCD
used in the meadow is absorbed by the plant roots within 37 days. They also stated that the
plant could not metabolize the DCD inhibitor absorbed by the roots or leaves. The main
reason for the harmful effects of DCD compared to other nitrification inhibitors is its use
in higher concentrations, which causes side-effects on plant yield [4]. Recent research on
the toxicity of DCD on plants has also shown the harmful effects of DCD on plant yield [6].
Leaf chlorosis has also been reported in plants such as clover [57] and lettuce [6]. Research
has shown that DCD is absorbed by plants and that the plant cannot metabolize it. As a
result, finding a way to prevent the absorption of DCD is an important issue in agriculture
and the environment.
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4. Conclusions

Our results showed that symbiotic fungi can, to some extent, prevent the accumulation
of DCD nitrification inhibitor in the plant. In addition, the effects of DCD on the plant
are very thought-provoking. Decreased root length, root colonization, and stomata area
were among the significant effects of DCD at high concentrations (50 and 100 mg kg−1).
However, the most important parameter that was the main purpose of this study was the
concentration of DCD in the leaf and the effect that symbiotic fungi had on its reduction.
According to the results, all fungi had some effect on reducing the absorption of DCD,
and the greatest effect was related to the P. indica. This issue needs further research, and
controlling the accumulation of nitrification inhibitors using organic methods can be the
biggest challenge in agriculture.
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