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Mycorrhizal inoculation enhances growth and nutrition
of cotton plant
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Turkey; bDepartment of Agronomy and Agricultural Extension, Faculty of Agriculture, University of Rajshahi,
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ABSTRACT
Arbuscular Mycorrhizae Fungi (AMF) inoculations may improve growth and
nutrient uptake of cotton (Gossypium hirsutum L.) plant. Although the
importance of mycorrhizal symbioses for growth and nutrient acquisition
of cotton plant is known, less is known about mycorrhizal dependency on
P and Zn nutrition under low Zn fertile soil conditions. A greenhouse
experiment was conducted to investigate the effect of different of P and
Zn fertilizer addition on cotton plant growth as well as Zn and P uptake.
Sterilized and non-sterilized low Zn fertile Konya series soil was treated
with different levels of P and Zn. Soils were inoculated with two mycorrhi-
zae species like Funneliformis mosseae and Claroideoglomus etunicatum
after sterilization. Results showed that mycorrhizal inoculation on plant
growth and nutrient uptake has significant effect when soil was sterilized.
Cl. etunicatum mycorrhizae species has greater effect than Fu. mosseae
mycorrhizae species. Root colonization increased 23–65% due to mycor-
rhizal amendment. The shoot: root ratio increased by 13 and 22% for non-
sterile and sterile condition respectively in mycorrhiza amended soil.
Mycorrhizal dependency varies 1–55% and 3–64% for non-sterile and ster-
ile soil respectively on mycorrhizae, P and Zn amended soil. Mycorrhizal
dependency analysis showed that cotton plant in both sterile and non-
sterile soil conditions depends on mycorrhizae species, P nutrition,
however is less depend on Zn nutrition. This study concluded that the
inoculation of cotton plant with selected mycorrhizae is necessary under
both sterile and non-sterile soil conditions.
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Introduction

Cotton (Gossypium hirsutum L.) is a mycorrhizal responsive plant (Thompson, Seymour, and
Clewett 2012). Mycorrhizal symbiosis is important for early growth and nutrient acquisition of
cotton plant especially P uptake (Eskandari et al. 2017). Mycorrhizal colonization also enhances
growth and P nutrient acquisition of cotton plants (Smith and Roncadori 1986; Pattinson and
McGee 1997). Mycorrhizal inoculated cotton plant increase root colonization percentage and P
uptake (Treseder 2013). Up to 90% of cotton root length can be colonized by arbuscular mycor-
rhizal fungi (AMF). Even it has been suggested that sometimes, cotton plant P uptake is not
necessarily related to percentage of root length colonized by mycorrhizae (Smith et al. 2011).
Likewise, mycorrhizae enhance cotton plant root colonization and P uptake (Eskandari et al.
2016). However, cotton plant is significantly depends on mycorrhizal colonization under field
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conditions (McGee et al. 1997; Ortas 2012). Quantification of mycorrhizal dependency on cotton
plant under controlled environment condition is needed.

Zinc is essential for the normal growth and reproduction of cotton plants (Sadeghzadeh 2013;
Korejo et al. 2015). Mycorrhizae hyphae can contribute between 25 and 60% of Zn uptake
depending on the plant species (Kothari, Marschner, and R€omheld 1991; Xiao-Lin, George, and
Marschner 1991). Although mycorrhizae plants usually take up more Zn than non-mycorrhizae
plants (Kaur, Singh, and Kang 2014; Ortas 2012, 2015), it is not known whether plants are
mycorrhizae dependent in terms of Zn uptake. Zn deficiency is well known following the applica-
tion of P fertilizer (Mousavi 2011; Ortas, Akpinar, and Demirbas 2016).

Phoshphorus (P) and Zn have antagonistic interactions when any one of the nutrients availability
in soil is excess (Subramanian, Bharathi, and Jegan 2008; Soltangheisi et al. 2013). Mycorrhiza species
also differs irrespective to root colonization as well as P and Zn uptake of plant (Konieczny and
Kowalska 2017; Martin et al. 2012). Sterile and non-sterile soil conditions can change AMF activity
for plant growth and nutrient uptake (Farzaneh et al. 2011). Since high P application suppresses
mycorrhizae inoculation, plants are not able to obtain more Zn (Ortas, Akpinar, and Demirbas 2016).
Investigation on cotton plant Zn uptake through mycorrhizae species under elevated P and Zn supply
with sterile and non-sterile soil condition is essential. The aims of this research was (i) to quantify
mycorrhizae species on P and Zn uptake of cotton plant (ii) to determine sterilization and non-steril-
ization effect of cotton plant growth and nutrient uptake (iii) to determine root colonization and
mycorrhizal dependency of cotton plant. This study was based on the hypothesis (i) Cl. etunicatum
mycorrhizae species will be responded better than Fu. mosseae mycorrhizae species (ii) Cotton plant
mycorrhizal dependency will be depended on Zn and P nutrition.

Materials and methods

Soil collection and properties

Soils (0–20 cm) were collected from low Zn fertility Konya series soil (Typic Calcixercept (SSS
1996)), in Central Anatolia, Turkey. The experimental soil physio-chemical properties were shown
in Table 1. Soil sample was sterilized by an autoclave for 2 hours at 121 �C. The soil was auto-
claved to eliminate the indigenous mycorrhizae spores. After the soil sterilization soil was rested
for 3 weeks for reestablish of rest of soil microorganisms.

Experimental design

A pot experiment was conducted under controlled greenhouse conditions. Each pot contains 2 kg
soil that inoculated with two mycorrhizae species. A 200mg N kg�1 soil [100mg kg�1 soil N-
(NH4)2SO4, 100mg kg�1 soil N-KNO3] and 10mg/kg soil Fe (Fe-EDDHA) was applied as basal
dose. The experimental design were two P levels� three Zn levels� two soil conditions� two
mycorrhizae species. The experiment was conducted in randomized complete block design
(RCBD) with four replications. Two P levels were 0 and 100mg P2O5 kg�1 soil. Three Zn levels
were 0, 5, and 10mg Zn kg�1soil. Two mycorrhizae species were Funneliformis mosseae and
Claroideoglomus etunicatum applied under sterile and non-sterile soil conditions. Five cotton
seeds (Delta Paine) were sown 2 cm deep into each pot. When the plants reached the two-leaf
stage the cotton plants were thinned to three per pot.

Mycorrhizal inoculums species

Funneliformis mosseae ((T.H. Nicolson & Gerd.) C. Walker and Schuessler (2010) (Sch€ußler and
Walker 2010)) Rothamsted isolate, UK; Claroideoglomus etunicatum ((W.N. Becker & Gerd.) C.
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Walker and Schuessler (2010) (Sch€ußler and Walker 2010)) Nutri-Link isolate were used as
mycorrhizal inoculum. Approximately 500 spores at 30mm below the cotton seed bed were
applied. Non-inoculated pots received the same amount of non-mycorrhizal inoculum material.

Plant harvest and nutrient analysis

Cotton plants were harvested when they were 56 days old. At harvest shoots were cut 0.5 cm
from surface, dried in an oven at 66 �C for 48 h and their dry weights were recorded. After drying
the leaves, they were ground to <2mm, ashed and in the ash solution. They were then and
digested for the nutrient composition of the samples P concentrations were determined by
Murph and Riley (1962) method by using spectrophotometer and Zn concentration was analyzed
by using inductively coupled plasma optical emission spectroscopy (ICP-OES).

Root morphological characteristics measurement and mycorrhizal infection

The roots were separated from the shoots. The separated roots were washed 3–4 times with deionized
water. Then, the whole root system was scanned by a root-system scanner. Root morphological
characteristics was measured using the software WinRHIZO image analysis system (WIN MAC,
Regent Instruments Inc., Quebec, Canada, http://www.regentinstruments.com/) (Arsenault et al.
1995). The scanner was set according to several plants for standardization of the scanner area. Roots
were then cut into 1 cm segments and stored in 70% ethanol at 4 �C for further analysis of mycorrhizal
infection. The small proportion of the roots were stained as described by Koske and Gemma (1989) to
examine the presence and degree of mycorrhizal infection according to Gioannetti and Mosse (1980).

Mycorrhizal dependency

Mycorrhizal dependency (MD) was determined by expressing the difference between the dry
weight of the mycorrhizal plant and the dry weight of the non-mycorrhizal plant as a percentage
of the dry weight of the mycorrhizal plant (Plenchette, Fortin, and Furlan 1983).

MD ¼ DW Mycorrhizal Plant�DW Non Mycorrhizal plant
DW Mycorrhizal Plant

� 100

Data analysis

Results were analyzed by a one-way or two-way analysis of variance (ANOVA) using Genstat
12th edn for Windows (Lawes Agricultural Trust, UK). In order to investigate the effect
of mycorrhizae, sterilization, and non-sterilization as well as P and Zn addition on mycorrhizal
colonization, plant growth parameters, P and Zn concentration of cotton plant, data were also
analyzed using the Statistical Analysis System (SAS 9.1.3). All the statistical testing was performed
based on P� 0.05 as the critical level for the significance of Turkey.

Results

Root colonization of cotton plant

Effect of Fu. mosseae and Cl. etunicatum mycorrhizae species, P and Zn application on cotton
plant mycorrhizal root infection (%) under sterile and non-sterile soil condition was shown
in Figure 1. Root colonization effect was found in non-sterile than sterile soil for the non-
mycorrhiza amendment. Cotton plant root colonization declined due to Zn application in the
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non-mycorrhiza treatment. The declination of root colonization is more pronounced when 0 P
was applied. However, 100 P treatment has less root colonization effect than 0 P for the Zn
application.

In general, root colonization did not change in non-sterile soil for Fu. mosseae mycorrhizae
species amendment. In non-sterile 0 P, Fu. mosseae mycorrhizae amended soil conditions root
colonization was 35%, 60% and 55% for 0Zn, 5Zn and 10Zn respectively. Root colonization
tended to be increased with Zn application for 0 P with Fu. mosseae mycorrhizae amended in
sterile soil. Root colonization was similar between sterile and non-sterile for 100 P and Zn appli-
cation with Fu. mosseae mycorrhizae amended soil. On average, root colonization was high in Cl.
etunicatum mycorrhizae species amended soil. Root colonization was tended to be higher in non-
sterile soil under different Zn and 0 P with Cl. etunicatum mycorrhizae species amended soil. In
contrast, root colonization tended to be higher in sterile soil under several Zn and 100 P with in
Cl. etunicatum mycorrhizae species amended soil. Similarly, root colonization increased with Zn
application in 0 P with Cl. etunicatum mycorrhizae species amended sterile soil. In contrast, root
colonization decreased with Zn application for 100 P with Cl. etunicatum mycorrhizae species
amended sterile soil.

Shoot dry weight

In non-mycorrhiza and non-sterilization soil condition, shoot dry weight tended to increase with
the application of Zn and 0 P treatment (Table 2). Shoot dry weight significantly increased with
Zn application under both P deficient and efficient sterile soil conditions. In Fu. mosseae mycor-
rhizae inoculation, Zn application have effect on shoot dry weight under P deficient non-sterilized
soil conditions. Also shoot dry weight increased significantly with Zn application under both P
deficient and efficient sterile soil condition. Cl. etunicatum has higher shoot dry weight than Fu.
mosseae for both P deficient and efficient conditions for sterile and non-sterile condition. The
sterile soil has higher shoot dry weight than non-sterile soil under several P and Zn application
in Cl. etunicatum mycorrhizae species amended incubated soil.

Figure 1. Effect of Funneliformis mosseae and Claroideoglomus etunicatum mycorrhizal inoculation, P, Zn application on cotton
plant root colonization (%) under sterile and non-sterile conditions. Bar represent the standard error.

JOURNAL OF PLANT NUTRITION 2047



Root dry weight

The root dry weight increased 0.39 g for 10Zn and 0 P for non-mycorrhizal sterile soil condition
(Table 2). The root dry weight was highest (3.84 g) for 100 P and 10Zn and lowest (1.90 g) in
0P0Zn and 100P0Zn for non-mycorrhizal sterilized soil conditions.

Fu. mosseae has lower root dry weight than Cl. etunicatum mycorrhizal species in both sterile
and non-sterile condition. In Fu. mosseae mycorrhizae species, root dry weight was higher in ster-
ile than non-sterile conditions. On average, root dry weight did not differ significantly among
interaction between P and Zn in Fu. mosseae mycorrhizae amended non-sterile soil. For Cl. etuni-
catum mycorrhizae species, root dry weight increased with Zn application under both P deficient
and efficient non-sterile soil condition. But root dry weight increased remarkably with Zn appli-
cation under P efficient sterile soil conditions.

Shoot: Root ratio

The shoot: ratio did not differ with Zn application for 0 P and 100 P under non-sterile non-
mycorrhizal inoculated soil condition (Table 2). Similarly, the shoot: root ratio did not change
with Zn application for the P deficient sterile soil. In contrast, the shoot: root ratio increased
with Zn application for P efficient non-mycorrhizal inoculated sterile soil condition. On average,
Fu. mosseae has lower root dry weight than Cl. etunicatum mycorrhizal species in both sterile
and non-sterile condition. However, the shoot: root ratio increased with Zn application under
both P deficient and efficient sterile soil. In Cl. etunicatum mycorrhizal species, the shoot: root
ratio was higher in sterile than non-sterile soil.

Root morphology of cotton plant

A change in root morphological parameters due to incorporation of mycorrhizae species, P and
Zn to soils is shown in Table 3. In general, root diameter did not change remarkably among

Table 2. Effect of non-mycorrhizal, mycorrhizal species (Funneliformis mosseae and Claroideoglomus Etunicatum), P and Zn
application on cotton plant shoot dry weight, root dry weight and S/R under both non-sterile and sterile soil condition.

P Zn
Shoot dry weight (g) Root dry weight (g) S/R

Mycorrhizae
Levels Levels

Species mg P2O5 kg soil�1 Non-sterile Sterile Non-Sterile Sterile Non-Sterile Sterile

0 P 0 Zn 1.31 ± 0.02g 2.87 ± 0.05e-g 1.00 ± 0.03i 1.90 ± 0.10h-i 1.31 ± 0.05 1.56 ± 0.07
5 Zn 1.56 ± 0.20g 3.10 ± 0.05e-g 1.19 ± 0 .13i 1.83 ± 0.05h-i 1.31 ± 0.03 1.69 ± 0.02

Control 10 Zn 1.87 ± 0.35g 3.48 ± 0.08d-g 1.39 ± 0.20h-i 2.07 ± 0.03g-i 1.35 ± 0.06 1.68 ± 0.06
100 P 0 Zn 1.72 ± 0.50g 2.54 ± 0.12f-g 1.26 ± 0.31i 1.90 ± 0.03h-i 1.37 ± 0.07 1.34 ± 0.08

5 Zn 1.80 ± 0.40g 3.66 ± 0.84e-g 1.29 ± 0.28i 2.18 ± 0.31e-i 1.40 ± 0.11 1.67 ± 0.25
10 Zn 1.73 ± 0.02g 6.82 ± 1.82a-c 1.29 ± 0.08i 3.84 ± 1.14b-d 1.34 ± 0.08 1.79 ± 0.09

0 P 0 Zn 1.62 ± 0.10g 2.95 ± 1.19e-g 1.18 ± 0.02i 1.71 ± 0.54h-i 1.37 ± 0.08 1.63 ± 0.27
5 Zn 1.58 ± 0.21g 5.56 ± 0.09b-e 1.15 ± 0.08i 3.30 ± 0.09b-g 1.36 ± 0.09 1.69 ± 0.05

Fu. Mosseae 10 Zn 2.01 ± 0.39g 6.75 ± 0.85a-c 1.46 ± 0.24h-i 3.88 ± 0.43b-d 1.37 ± 0.03 1.75 ± 0.26
100 P 0 Zn 1.74 ± 0.05g 4.94 ± 0.51b-e 1.27 ± 0.05i 3.32 ± 0.08b-g 1.36 ± 0.01 1.49 ± 0.16

5 Zn 1.86 ± 0.03g 5.00 ± 1.17b-e 1.31 ± 0.02i 3.42 ± 0.01b-f 1.37 ± 0.01 1.46 ± 0.34
10 Zn 2.12 ± 0.05g 7.20 ± 1.18a-c 1.53 ± 0.04h-i 4.00 ± 0.60bc 1.39 ± 0.01 1.80 ± 0.04

0 P 0 Zn 1.68 ± 0.14g 7.94 ± 2.32ab 1.23 ± 0.09i 4.68 ± 1.18ab 1.36 ± 0.02 1.69 ± 0.10
5 Zn 1.96 ± 0.07g 5.93 ± 0.43b-d 1.39 ± 0.08h-i 3.47 ± 0.06b-e 1.41 ± 0.05 1.71 ± 0.12

Cl. etunicatum 10 Zn 2.29 ± 0.25f-g 8.01 ± 1.94ab 1.63 ± 0.20h-i 4.20 ± 0.89bc 1.41 ± 0.02 1.90 ± 0.09
100 P 0 Zn 2.34 ± 0.53f-g 5.48 ± 0.35b-e 1.66 ± 0.34h-i 3.77 ± 0.21b-d 1.41 ± 0.04 1.46 ± 0.16

5 Zn 3.09 ± 0.11e-g 6.66 ± 0.24a-c 2.14 ± 0.09f-i 4.55 ± 0.28bc 1.45 ± 0.01 1.47 ± 0.12
10 Zn 3.89 ± 0.42d-g 9.28 ± 2.40a 2.65 ± 0.31b-h 5.96 ± 0.85a 1.47 ± 0.03 1.54 ± 0.18

Means (±SE) within each treatment which are labeled with different letters are significantly different (p< 0.05, n¼ 4) by
Tukey’s test.
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elevated P, Zn, mycorrhizae species, sterile and non-sterile soil condition with few exceptions.
Interestingly, root length increased 2–3 times when both P and Zn applied to the non-mycor-
rhizal as well as non-sterilized soil. The root length reached 71.3–319.5 cm for highest Zn and P
application to non-mycorrhizal sterile soil.

No Fu. mosseae mycorrhizae species effect was found for Zn and P interaction on non-steri-
lized soil irrespective to root length. The root length significantly (p� 0.05) increased with the Zn
application under P deficient sterilize soil when amended with Fu. mosseae mycorrhizal species.
In contrast, root length did not differ significantly (p� 0.05) with the Zn application under P effi-
cient sterilize soil when amended with Fu. mosseae mycorrhizal species. The root length increased
2–3 times with Zn application on Cl. etunicatum mycorrhizal amended non-sterile P deficient
soil. In contrast, root length tended to be declined for 100 P Cl. etunicatum mycorrhizal amended
sterile soil.

On average, root surface area increased due to interactive effect of Zn and P for non-sterilized
and non-mycorrhiza soil. Root surface area was similar for 0 P with Zn application under Fu.
mosseae mycorrhizal amended non-sterile soil. Root surface area increased significantly for Zn
supply in both P deficient and efficient Fu. mosseae mycorrhizal amended soil. However, root
surface area did not differ among P, Zn, sterile and non-sterile soil condition for the Cl. etunica-
tum mycorrhizal species amended soil.

In general, root volume did not differ with Zn application under P deficient condition in ster-
ile and non-sterile as well as non-mycorrhizal soil. In contrast, root volume tended to be
increased with Zn application under P efficient condition in sterile and non-sterile as well as
non-mycorrhizal soil. For Fu. mosseae mycorrhizal species, no interactive effect was found
between Zn and P irrespective to root volume under sterile and non-sterile soil condition. For Cl.
etunicatum mycorrhizal species, root volume tended to be increased with Zn application under
non-sterile P deficient soil condition.

Cotton plant P and Zn uptake

Phosphorus uptake by cotton plant tended to be increased by Zn application under both P defi-
cient and efficient non-mycorrhizal as well as non-sterilized soil (Table 4). Phosphorus uptake by
cotton plant tended to be increased with Zn for the P efficient sterilize soil. For Fu. mosseae
mycorrhizal species, Zn application did not have any effect on P uptake by cotton plant under P
deficient non-sterilized soil. However, Zn application changed significantly (p� 0.05) P uptake by
cotton plant under P efficient non-sterilized soil (Table 5). Interestingly, Zn application reduced
significantly (p� 0.05) P uptake by cotton plant under P deficient sterilized soil. In contrast, Zn
application increased significantly (p� 0.05) P uptake by cotton plant under P efficient sterilized
soil (Table 5).

Phosphorus uptake by cotton plant was highest (0.27mg kg�1) for 100P0Zn and lowest
(0.18mg kg�1) for 0P0Zn treatment under non-sterilized Cl. etunicatum mycorrhizal inoculated
soil. On average, P up take by cotton plant did not differ significantly (p� 0.05) with Zn and P
application for sterilized Cl. etunicatum mycorrhizal inoculated soil.

The maximum Zn up take by the cotton plant was 20.3mg kg�1 for 100P10Zn and minimum
was 14.8mg kg�1 for 0P0Zn with non-sterilized as well as non-mycorrhizal inoculated plant
(Table 4). Similarly, the maximum Zn uptake by the cotton plant was 21.9mg kg�1 for 100P10Zn
and minimum was 11.7mg kg�1 with non-mycorrhizal sterilized soil.

For Fu. mosseae mycorrhizal species, the sterile soil has higher Zn uptake than non-sterile soil.
The Cl. etunicatum mycorrhizae species has higher Zn uptake than Fu. mosseae mycorrhizal spe-
cies. The Zn uptake tended to be increased with Zn and P application both sterilized and non-
sterilized Cl. etunicatum mycorrhizae inoculated soil.
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Mycorrhizal dependency

The Cl. etunicatum mycorrhizal species has higher mycorrhizal dependency than Fu. mosseae
mycorrhizal species in all treatments (Table 6). For Fu. mosseae mycorrhizal species, mycorrhizal
dependency declines with the Zn application for non-sterile soil under P deficient condition. In
contrast, mycorrhizal dependence increased 15 and 16 times for Zn5 and Zn10 application
respectively, under P deficient condition. However, mycorrhizal dependence increased 9 times for
highest Zn application in non-sterile soil under P efficient condition. On the other hand,

Table 4. Effect of non-mycorrhizal, mycorrhizal species (Funneliformis mosseae and Claroideoglomus etunicatum), P and Zn
application on cotton plant Zn and P uptake under both non-sterile and sterile soil condition.

Mychorrhizae
Species

P Levels Zn Levels P uptake (mg kg�1) Zn uptake (mg kg�1)

mg P2O5 kg
�1soil Mg Zn kg�1soil Non-Sterile soil Sterile soil Non-Sterile soil Sterile soil

0 P 0 Zn 0.10 ± 0.01 gh 0.09 ± 0.01 h 14.8 ± 1.7 bc 11.7 ± 2.5 c
5 Zn 0.13 ± 0.00 dh 0.12 ± 0.02 fh 15.5 ± 1.6 bc 15.3 ± 3.4 bc

Control 10 Zn 0.16 ± 0.01 ch 0.12 ± 0.02 eh 17.4 ± 3.8 ac 16.3 ± 4.2 ac
100 P 0 Zn 0.18 ± 0.01 bh 0.19 ± 0.03 bh 15.5 ± 4.4 bc 15.7 ± 1.4 bc

5 Zn 0.19 ± 0.02 bh 0.20 ± 0.00 bh 19.0 ± 6.3 ac 17.4 ± 1.5 ac
10 Zn 0.21 ± 0.01 ag 0.21 ± 0.01 ag 20.3 ± 2.4 ac 21.9 ± 2.0 ac

0 P 0 Zn 0.21 ± 0.04 ag 0.24 ± 0.05 ae 20.1 ± 6.6 ac 20.9 ± 3.6 ac
5 Zn 0.20 ± 0.04 ag 0.23 ± 0.03 af 20.1 ± 1.6 ac 22.3 ± 3.9 ac

Fu. mosseae 10 Zn 0.21 ± 0.01 ag 0.21 ± 0.04 ag 21.5 ± 2.4 ac 22.7 ± 4.1 ba
100 P 0 Zn 0.21 ± 0.01 ag 0.21 ± 0.02 ag 21.2 ± 2.1 ac 22.3 ± 0.8 ac

5 Zn 0.27 ± 0.13 ac 0.29 ± 0.07 ab 21.3 ± 2.1 ac 23.4 ± 3.2 ba
10 Zn 0.23 ± 0.04 af 0.31 ± 0.05 a 23.0 ± 4.9 ba 24.0 ± 3.3 ba

0 P 0 Zn 0.18 ± 0.06 bh 0.22 ± 0.00 af 20.9 ± 2.2 ac 21.8 ± 2.4 ac
5 Zn 0.19 ± 0.01 bh 0.21 ± 0.02 ag 23.0 ± 2.0 ba 24.6 ± 0.7 ba

Cl. etunicatum 10 Zn 0.20 ± 0.02 bh 0.24 ± 0.01 af 26.9 ± 4.0 a 25.1 ± 3.6 ba
100 P 0 Zn 0.22 ± 0.01 af 0.22 ± 0.02 af 20.2 ± 1.0 ac 22.9 ± 3.9 ba

5 Zn 0.24 ± 0.03 af 0.23 ± 0.02 af 24.9 ± 3.7 ba 23.6 ± 5.3 ba
10 Zn 0.27 ± 0.04 ac 0.24 ± 0.02 ad 23.8 ± 2.9 ba 25.0 ± 2.0 ba

Means (±SE) within each treatment which are labeled with different letters are significantly different (p< 0.05, n¼ 4) by
Tukey’s test.

Table 5. Significance levels for the main effect and interaction means for root measurements, shoot dry weight, P and Zn con-
tent with mycorrhizae, P and Zn treatments under sterilized and non-sterile soil conditions. Statistical analyses for sterile and
non-sterile soils data were separately done. Mycorrhizal inoculums (two inoculum and control), P and Zn doses applications
are the main factors.

Soils Sources
Shoot Dry
weight

Root Dry
Weight

Root
Colonization

P content
of leaf

Zn content
of leaf

Root
diameter

Root
length

Root
surface

Root
volume

Mycorrhizae
species (M)

��� ��� ��� ��� ��� n.s. �� �� �

Phosphorus (P) �� ��� n.s. ��� � n.s. � �� ��
Sterile M�P n.s. n.s. n.s. � � n.s. ��� ��� ���

Zinc (Zn) n.s. n.s. � �� ��� ��� ��� ��� ���
M�Zn n.s. n.s. � n.s. n.s. n.s. n.s. n.s. n.s.
P�Zn � � �� n.s. n.s. n.s. n.s. n.s. n.s.
M�P�Zn �� ��� � n.s. n.s. n.s. �� � �
Mycorrhizae

species (M)
n.s. ��� ��� ��� n.s. �� � � ���

Phosphorus (P) n.s. � ��� � n.s. � �� �� ���
Non-Sterile M�P � n.s. � n.s. n.s. ��� ��� ��� ���

Zinc (Zn) ��� �� �� ��� ��� ��� ��� ��� ���
M�Zn n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. �
P�Zn n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
M�P�Zn n.s. n.s. n.s. n.s. n.s. �� n.s. � n.s.

Where n.s., �, �� and ��� represent probability of >0.05, �0.01 and �0.001, respectively. Values were means of
three replicates.
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mycorrhizal dependency reduced 48% to 5% for 0–10 Zn applications in sterile soil under P effi-
cient condition. For Cl. etunicatum mycorrhizal species, mycorrhizal dependency decreased with
Zn application for both sterile and non-sterile soil under P deficient condition. But mycorrhizal
dependence increased with Zn application for sterile soil and decreased with Zn application for
non-sterile soil under P efficient conditions.

Discussion

Effect of mycorrhizae species on cotton plant

Cl. etunicatum species responds to cotton plant better than Fu. mosseae species. Under P efficient
condition, the root dry weight increased 7.41 and 39.29% for Fu. mosseae and Cl. etunicatum
mycorrhizae species respectively. This study revealed that Fu. mosseae inoculated cotton plant has
higher growth performance than non-inoculated one (Table 2). Likewise, a study found that Fu.
mosseae inoculated cotton plant growth parameter and root colonization were higher than non-
inoculated plant. They found that shoot dry weight, root dry weight, and AM root colonization
were 3.93 g, 1.155 g, and 74.76% for Fu. mosseae mycorrhizae inoculated plant as well as 1.44 g,
0.28 g, and 30.56% for non-mycorrhizal inoculated plant respectively. They speculated that there
was no indigenous microbe to compete with the inoculated strain in pot culture (Ortas 2003,
2012), so the effect of inoculation was more obvious and higher reproduction of AM fungi in
soil-based inoculums, which sprouted rapidly from extracellular and intracellular hyphae, which
absorb more nutrients even far away from the roots surface and enhance growth and biomass of
plant (Badda et al. 2015). Our speculation is that Fu. mosseae inoculated cotton plant was able to
develop faster and explore the nutrients from AMF species amended soil at an earlier stage.
Likewise, Cl. etunicatum mycorrhizae species inoculums dependency on cotton plant was com-
paratively higher than Fu. mosseae. Because, Cl. etunicatum is a new families and new generation
that alleviates soil stress. This might be the reason to increase Cl. etunicatum mycorrhizae species
inoculums dependency of cotton plant than Fu. mosseae mycorrhizae species. Therefore, cotton
plant growth response increases significantly upon the inoculation of Fu. mosseae and Cl. etunica-
tum mycorrhizae species compared with non-mycorrhizal amendment.

Effect of sterilization and non-sterilization on cotton plant

Cotton plant growth response was higher in sterile than non-sterile soil. Shoot dry weight, root
dry weight, and shoot: root ratio were more in sterile than non-sterile with and without mycor-
rhizal amended inoculated soil (Table 2). Other study found that maize plant growth, P uptake,
and arbuscular mycorrhiza colonization of root system were significantly higher in sterilized soil
compared to non-sterilized soil (Zhang et al. 2011). Further, mycorrhizal dependency was higher
in sterile than non-sterile condition with some exception (Table 6). Other study also found that
mycorrhizal dependency was higher in sterile soil conditions than that of non-sterile soils (Ortas,
Akpinar, and Demirbas 2016). The results may be attributed to the increased nutrients release or
enhanced nutrients availability as a consequence of decomposition of soil biota (Bacteria, fungi,
algae, and mosses) killed by the process of soil sterilization (Cerligione, Liberta, and Anderson
1988), elimination of plant pathogens and microbial competitors for inorganic nutrients (Hetrick,
Wilson, Kitt, and Schwab 1988). The plant grown in non-sterilized soil did not response effi-
ciently to introduced arbuscular mycorrhiza inoculants may be due to the presence of consider-
able qualities of indigenous endophyte in soil that did not allow easily to colonize by introduced
AMF (Hazarika, Das, and Dubey 1999), which revealed also indigenous endophyte playing an
important role in non-sterilized soil. Likewise, bioavailability of chlorinated compounds was
unaffected by sterilization. The sterilization process significantly affected the fate of polycyclic
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aromatic hydrocarbons and increased bioavailability of these compounds to earthworms with
bioaccumulation factors several times higher in the sterile soils compared to non-sterile soils
(�Sm�ıdov�a, Kim, and Hofman 2017).

Cotton plant P uptake was similar between sterile and non-sterile soil (Table 6). The inter-
action among mycorrhizae, P, and sterile soil condition were not significant irrespective to P
uptake by cotton plant (Table 5). Likewise, the interaction among mycorrhizae, P, and non-sterile
soil condition were not significant irrespective to P uptake by cotton plant (Table 2). The differ-
ence in cotton plant P uptake between sterile and non-sterile soil was similar for both inoculated
and non-inoculated plants. Application of P on mycorrhizae inoculated soil had less effect for
cotton plant P uptake in both sterilized and non-sterilized soil. However, P application signifi-
cantly increased cotton plant shoot P concentration in non-mycorrhizae amended soil. But no
variation occurs irrespective to shoot P concentration in between sterile and non-sterile soil.

Mycorrhizae enhances cotton plant P and Zn uptake

Cotton plant P uptake was higher in mycorrhiza-inoculated plant than non-mycorrhiza inocu-
lated plant (Table 4). Other studies found that mycorrhizae-inoculated plants have nearly twice
the P uptake from the non-inoculated plants (Chen et al. 2003; Ortas et al. 2002). Also Eskandari
et al. 2016 indicated that the colonization percentage was positively correlated with P uptake of
cotton plants. This could be due to the reason that mycorrhizae enhanced P acquisition by the
cotton plant. As a result, differences in P acquisition were most likely related to a combination of
differences in absorbing the surface area and uptake rates. Since the soil P sorption capacity is
high, most of the P supply might have been absorbed, so that highly mycorrhizae dependent cot-
ton plant without mycorrhizae infection were not able to take up much amount of P from
the soil.

Mycorrhizae inoculums significantly increased tissue Zn concentration to a greater extent than
in the non-inoculated cotton plant in both sterile and non-sterile soils (Table 4). The interaction
among sterile soil, Zn, and mycorrhizae as well as interaction between them were not significant
(Table 5). Similarly, interaction among non-sterile soil, Zn, and mycorrhizae as well as interaction
between them were not significant. Likewise, the interaction among sterile and non-sterile soil,
mycorrhizae, P, and Zn were not significant. This indicates that Zn nutrition have less mycor-
rhizal inoculation effect on cotton plant. Mycorrhizal inoculation has less effect on Zn concentra-
tion in various crop plant tissues under deficient P and Zn soil conditions. The Zn and P
deficiency in soils have influences on AM fungus-mediated Zn content in different plant tissues
(Lehmann et al. 2014).

Table 6. Effect of mycorrhizal species (Funneliformis mosseae and Claroideoglomus etunicatum), P and Zn application on
cotton plants mycorrhizal dependence (%) under sterile and non-sterile soil condition.

Mycorrhizae Species P and Zn Supply mg kg�1 soil

Mycorrhizal Dependence (%)

Non-sterile soil Sterile soil

P0 Zn0 19 3
Zn5 1 44

Fu. mosseae Zn10 7 49
P100 Zn0 2 48

Zn5 3 27
Zn10 18 5

P0 Zn0 22 64
Zn5 20 48

Cl. etunicatum Zn10 18 57
P100 Zn0 27 54

Zn5 42 45
Zn10 55 27
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Mycorrhizal dependency

One of the important implications of mycorrhizae inoculation on plant growth and nutrient up take
is mycorrhizal dependency. Mycorrhizal inoculation and P efficient non-sterile increases mycorrhizal
dependency of cotton plant with the increased level of Zn application (Table 6). We tested the
hypothesis that the cotton plant responds to mycorrhizal inoculation in terms of mycorrhizal depend-
ency. Mycorrhizal inoculation increased plant growth parameters and significantly increased mycor-
rhizal dependency. The shoot dry weight increased 28% for mycorrhizae amendment. Similarly,
mycorrhizal dependency increased by 16% from one mycorrhizal species to another.

Mycorrhizal dependency is lower than root colonization for the mycorrhizal amendment in
low P non-sterile soil. However, this scenario is changed for the high P sterilized soil (Figure 1;
Table 6). Mycorrhizal dependency was 19% and root colonization was 30% for non-sterile soil as
well as mycorrhizal dependency 3% and root colonization 10% for sterile soil for the Fu. mosseae
species. Mycorrhizal dependency 2% and root colonization 50% for non-sterile soil as well as
mycorrhizal dependency 48% and root colonization 50% for the high P Fu. mosseae species
amended sterile soil. Thus, mycorrhizal dependency was inversely related to root morphological
characteristics (Tawaraya 2003). Our root morphological values showed that the existence of
strong mycorrhizal dependency of cotton plant. Root morphological characteristics like root vol-
ume, root surface area, and root length affect the mycorrhizal dependency value for mycorrhizal
sterilized soil. Our findings showed that root morphological characteristics like root length, root
surface area, and root volume were significantly (p� 0.05) higher in mycorrhizal inoculated
amended treatment than non-mycorrhizal treatment (Table 4). The higher number of root mor-
phological characteristics due to mycorrhizal inoculation amendment might have attributed to the
mycorrhizal dependency of cotton plant. Likewise, mycorrhizal dependency can vary greatly
because of differential growth response of specific mycorrhizal inoculums (Van der Heijden et al.
1998). Thus, relationship between root morphological characters and mycorrhizal colonization,
which in turn attribute to mycorrhizal dependency (Damodaran, Udaiyan, and Roh 2012).

Since soil is Zn and P deficient, plant responses to mycorrhizae is significant especially under
sterile soil conditions. Also, mycorrhizal dependency is much higher for P0 application than that
of P100 kg application. Also, mycorrhizal inoculation given high response to Zn application as
well. Mycorrhizal response to Zn is not exactly as high as P response. Also in our previous MD
works we have the similar results (Ortas 2003, 2012, 2015). Our findings showed that mycorrhizal
dependency affected by mycorrhizal species, P and partially Zn level application.

Conclusion

This study demonstrated that selected mycorrhizae species is needed to enable better cotton plant
growth in both sterile and non-sterile soil condition. Cl. etunicatum mycorrhizae species has
higher root colonization, cotton plant growth, Zn, and P uptake, mycorrhizal dependency than
Fu. mosseae mycorrhizae species. Similarly, cotton plant shoot and root dry weight was always
higher in sterile than non-sterile soil. This study also confirmed that mycorrhizal inoculated cot-
ton plants had significantly higher P and Zn concentrations in regard to P or Zn levels. Cotton
plant mycorrhizal dependency were affected by mycorrhizal species, P, and partially Zn level
application. Overall, this study reveals that AM fungal inoculation is one of the major biological
components in the soil needed to be considered to alleviate micronutrient deficiencies. This prac-
tice can be exploited in field condition for commercial production of cotton.
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