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 Summary
The soils of Central Anatolia contain a high clay 

content, pH and low fertility, especially zinc (Zn) and 
phosphorus (P) levels, and this region also experi-
ences less precipitation; consequently, crop produc-
tion is primarily limited due to Zn and P deficiency. 
The objective of this study was to evaluate the effects 
of inoculating selected single arbuscular mycorrhi-
zae (AM) and indigenous native mycorrhizae (INM), 
along with the application of P and Zn doses, on the 
growth and nutrient uptake of sour orange (Citrus 
aurantium L.) seedlings under sterile soil conditions. 
Our hypothesis was that citrus growth is dependent 
on AM fungi in terms of P and Zn nutrition. A  fully 
factorial experiment was set up to test the effects of 
mycorrhizal fungi, P and Zn doses, and two soils on 
the growth and nutrient uptake of sour orange under 
greenhouse conditions.

In both soils, mycorrhizal inoculation increased 
certain growth parameters of citrus seedlings, such 
as shoot height, shoot and root dry matter, and root 
infection. Generally, mycorrhizae-inoculated seed-
lings grew better than the control plants; however, 
mycorrhizal inoculation also significantly increased 
plant tissue Zn and P uptake. In the absence of my-
corrhizal inoculation, shoot and root dry matter pro-
duction were severely affected by the application of 
P and Zn, and supplying adequate amounts of P and 
Zn significantly increased plant growth parameters. 
Under low P addition, Rhizoglomus clarum-inoculat-
ed plants exhibited an increased P concentration, up 
to 83%, and an up to 54% increase of Zn concentra-
tion. Under a high P level application, the increase of 
P and Zn concentration decreased. Inoculated citrus 
seedlings had high mycorrhizae dependency, which 
was significantly affected by the soil series and P, and 
only partially by Zn application. The results indicate 
that INM inoculation is as effective as R. clarum inoc-
ulation.
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Significance of this study
What is already known on this subject?
•	 In this work we investigate the effect of indigenous 

and selected mycorrhiza on growth and mycorrhizal 
dependency of sour orange under phosphorus and 
zinc deficient soil conditions.

What are the new findings?
•	 We found that indigenous mycorrhiza inoculum 

is as effective as selected R. clarum inoculation. 
Also mycorrhiza inoculation increased nutrient 
concentration of citrus seedling.

What is the expected impact on horticulture?
•	 Mycorrhiza has a great importance for sustainable 

agriculture, which enhances the growth of citrus 
plants/sour orange, especially in the soils with P and 
Zn deficiency. The results are strongly suggesting that 
under P and Zn deficiency soil conditions, mycorrhizal 
inoculation is necessary for better plant growth.

Introduction
Zinc (Zn) and phosphorus (P) deficiency are common soil 

nutritional problems in the Central Anatolia region of Turkey 
(Ortas and Coskan, 2016). Zn deficiency significantly restricts 
the yield (Ortas, 2017) of many arable plants and Zn-sensi-

tive plant species cannot grow properly; therefore, in order 
to produce sufficient yield, farmers need to use Zn fertilizers. 
In addition, irrigated areas require high levels of P fertilizer. 
Since chemical fertilizer sources, especially Zn and P, are ex-
pensive and have a negative influence on the soil quality, it is 
reasonable to use and/or manage rhizosphere mechanisms 
such as mycorrhizae fungi. Arbuscular mycorrhizal (AM) 
symbiosis is one of the largest symbioses between plant root 
and fungi. Mycorrhizae play a key role in nutrient uptake (Or-
tas, 2012b; Ortas and Ustuner, 2014b; Wu et al., 2017a) and 
increase plant resistance against external stress factors (Wu 
et al., 2013). AMF as a biostimulant has a significant effect 
on plant health, and the nutrition and quality of horticultural 
crops (Rouphael et al., 2015). The results of Satir et al. (2016) 
showed that selected and indigenous mycorrhizae, especial-
ly spores extracted from the rhizospheres of different plant 
species, had a significant effect on citrus growth and nutrient 
uptake.

Citrus plants are extremely sensitive to Zn deficiency. As 
citrus plants have coarse root systems, in order to obtain suf-
ficient nutrients and water they mainly form symbiotic asso-
ciations with AMF (Nunes et al., 2006; Ortas, 2012b); hence, 
citrus plants are obligatorily mycorrhizal dependent (Nunes 
et al., 2006; Ortas and Ustuner, 2014a, b; Ortas and Varma, 
2007). Citrus plants obtain maximum benefit from mycorrhi-
za (Al-Karaki, 2013; Li et al., 2013; Ortas, 2012b; Wu et al., 
2011), in particular, a high P, Zn uptake (Navarro and Morte, 
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2019; Ortas et al., 2016) and Mg and Fe as well. Exotic and/or 
indigenous native mycorrhizae (INM) in soil is a critical fac-
tor in citrus seedling growth in the presence of a low supply 
of P and Zn (Ortas et al., 2016).

Our previous results indicated that there was a great 
variation in mycorrhizal colonization, dependent upon soil 
and plant properties (Ortas et al., 2018). Usually, many plant 
species are mycorrhizal dependent (MD) in terms of P nu-
trition. Since citrus plants obtain mycorrhizal benefit via Zn 
nutrition, MD may also be affected by Zn nutrition. Mycorrhi-
zal dependencies are higher when citrus plants are grown in 
low-P soils than in high P nutrient levels. However, very little 
work has been conducted on the mycorrhizal dependence of 
Zn application on root colonization or the relationship be-
tween Zn nutrition and mycorrhizal dependency. It  is well 
known that citrus plants are strongly mycorrhizal depen-
dent on P nutrition, but less is known about the mycorrhizal 
dependence on Zn nutrition (Ortas, 2012a). In the present 
study we attempted to investigate the role of mycorrhizal in-
oculation on the growth of citrus seedlings in two calcareous 
Central Anatolian soils both of which had a low Zn and P con-
centration. Also indigenous mycorrhiza was compared with 
selected mycorrhizae species in terms of growth and mycor-
rhizae dependency. Thus, the tested hypothesis was that cit-
rus plant growth is dependent upon AM fungi in terms of P 
and Zn nutrition. The objective of this study was to evaluate 
the effects of inoculating selected single arbuscular mycor-
rhiza (AM) and indigenous native mycorrhizae (INM), along 
with the application of P and Zn doses, on the growth and nu-
trient uptake of sour orange (Citrus aurantium L.) seedlings.

Materials and methods

Soil properties and experimental design
Experiments were conducted under greenhouse condi-

tions using two P and Zn low fertile calcareous Central Ana-
tolia (Sultanönü and Konya) soils for a duration of 8 months. 
Certain physical and chemical properties of the soils are pre-
sented in Table 1.

Soils were sterilized for 2 h at 120°C in an autoclave, and 
citrus seedlings were grown for 8 months under greenhouse 

conditions at two levels of P (P0 = 0, P1 = 100 mg P kg-1 soil), 
three levels of Zn (Zn0 = 0, Zn1 = 5 and Zn2 = 10 mg  Zn  kg-1 
soil) in 3 kg of soil per pot. The soils were also treated with 
200 mg N kg-1 soil [100 mg kg-1 soil N-(NH4)2SO4, 100 mg kg-1 
soil N-KNO3] and 10 mg kg-1 soil Fe (Fe-EDDHA) was applied.

Rhizoglomus clarum (T.H. Nicolson & N.C. Schenck) and 
indigenous native mycorrhiza (collected from citrus orchard) 
were used as the arbuscular mycorrhizal fungi at a concen-
tration of 500 spores; mycorrhizae spores were applied 5 cm 
below the plantlets. Non-inoculated plantlets received the 
same amount of non-mycorrhizal inoculum including growth 
media and plant roots.

Seedling production
Sour orange (Citrus aurantium L.) seeds were surface 

sterilized with a sodium hypochlorite solution (2% of avail-
able chlorine) for 5 minutes, and rinsed and then soaked in 
distilled water 4  times. Seeds were sown for 6  weeks in a 
6:3:1 torfe perlite and soil growth medium under controlled 
glasshouse conditions; when the seedlings grew to a 3-leaf 
stage they were transplanted into 3-kg plastic pots.

Mycorrhizal colonization (%)
Seedlings were harvested when they were 8 months old. 

After harvest, plant roots were separated and washed sever-
al times with de-ionized water; excess water was removed 
by drying on tissue paper. Sub samples of roots were stained 
as described by Koske and Gemma (1989), and mycorrhizal 
colonization was determined by the method of Giovannetti 
and Mosse (1980).

After drying the seedling leaves, they were ground, ashed 
and the P concentrations of the ash solution were deter-
mined by the Murphy and Riley (1962) method, and Zn con-
centration was determined using a spectrophotometer and 
atomic absorption spectrophotometer.

Mycorrhizal dependency (MD) was determined by ex-
pressing the difference between the dry weight of the mycor-
rhizal plant (MP) and the dry weight (DW) of the non-mycor-
rhizal plant (NMP) as a percentage of the dry weight of the 
mycorrhizal plant (Plenchette et al., 1983).

Table 1.  Selected physical, chemical and biological properties of soils.

Properties Unit Sultanönü Konya
Clay

%

50.6 44.6
Loam 30.6 40.4
Sand 18.8 15.0
CaCO3 15 32
Organic matter 0.7 1.2
Salt (soluble) 0.08 0.06
B (1) mg B kg-1 soil 1.2 23.7
pH H2O 8.04 8.01
CEC (4) Cmolc kg-1 38 26
P2O5 (2) kg ha-1 40.37 30.28
Zn (3)

mg-1 kg

0.19 0.15
Fe (3) 2.64 2.03
Mn (3) 2.13 4.68
Cu (3) 0.95 0.42
Indigenous mycorrhizae Spores number 10 g-1 dry soil 57 39

(1) CaCO2/Mannitol; (2) 0.5 N NaHCO3 extractable; (3) DTPA extractable; (4) CEC: Cation Exchange Capacity. 
Values are the averages of three samples.
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Results and discussion

Root colonization
Under both soil conditions, mycorrhizal inoculation sig-

nificantly increased the percentage (%) root colonization 
(Table 2). In general, R. clarum-inoculated plants exhibited 
higher root colonization than those inoculated with INM. For 
the Sultanönü soil, in control plants the root colonization 
ranged between 0 to 1%; however, for the R. clarum-inocu-
lated plants the root colonization ranged from 40 to 63% and 
for INM-inoculated plants the root colonization ranged from 
40 to 46.7%. In the Konya soil, without mycorrhizal inocula-
tion, the root colonization ranged from 0 to 2%; however, for 
the R. clarum inoculation, the root colonization ranged from 
51 to 69% and for INM-inoculated plants, the root coloniza-
tion ranged from 26.7 to 30%. 

As can be seen in Table 2, for both soils, re-inoculation of 
an INM-inoculated plant root resulted in higher colonization. 
In these experiments, indigenous mycorrhizae were cultured 
using a trap culture and re-used, which is very important for 
the effectiveness of indigenous mycorrhizae. Previously Wu 
et al. (2017b) reported that since soil have native mycorrhi-
zal fungi they mostly colonized the citrus roots. In addition, 
it  is important to manage the indigenous inoculum of each 
plant rhizosphere mycorrhiza. In our previous work (Ortas, 
2008, 2012b; Ortas and Ustuner, 2014a, b), we found that if 
indigenous mycorrhiza multiply correctly they are as effi-
cient as exotic mycorrhizae species. Since citrus plants are 
highly dependent on mycorrhizal colonization, using even a 
small inoculum can cause a good response. For both soils and 
inoculations, increasing the P addition slightly reduced root 
colonization and it is well known that increasing the P fertil-
izer level reduces colonization (Wu et al., 2006). Nunes et al. 
(2006) reported that citrus roots exhibit a high response to 
mycorrhizal colonization even under high soil P conditions.

In the present study, for both soils, increasing the P addi-
tion had no significant effect on root colonization. However, 
in the Sultanönü soil, increasing the rate of Zn addition led to 
a statistically significantly effect on root colonization, indi-
cating that soil ecological parameters have an effect on root 
colonization.

Plant growth parameters
In both Sultanönü and Konya soils, mycorrhizal inocula-

tion, the rate of P and Zn addition significantly increased the 
growth of citrus seedlings. The height of the citrus seedlings 
was greatly affected by mycorrhizal treatment (Tables 3 and 
4) and the shoot height was significantly affected by both 
R. clarum and INM inoculation. Similarly, the work of Li et al. 
(2013) revealed that AM colonization significantly increased 
plant height.

In both soils, without considering mycorrhizal inocula-
tion, shoot dry weight (SDW) was severely affected by P and 
Zn deficiency, and increasing the supply of P and Zn signifi-
cantly enhanced plant growth. With mycorrhizal inocula-
tion, shoot and root dry matter production were markedly 
increased. For both soils, increasing the rate of P and Zn ap-
plication led to a significantly increased seedling SDW. My-
corrhizal species exerted different effects on plant growth; 
beneficial effects were higher with the R. clarum inoculation 
than with INM inoculation.

In the Sultanönü soil, compared with control plants, my-
corrhizal colonization statistically significantly (P < 0.0001) 
increased the shoot dry weight (SDW) (Tables 3 and 4). 
R. clarum-inoculated seedlings had a higher SDW than found 
in the INM inoculation.

For the Konya soil, seedling SDW was less than seedlings 
grown in the Sultanönü soil. In addition, increasing the rate 
of P and Zn addition also statistically significantly increased 
seedling SDW (Tables 3 and 4). R.  clarum-inoculated seed-
lings produced higher SDW than INM inoculation. In addi-
tion, upon inoculating with indigenous mycorrhizae seedling 
growth was increased several fold.

In the Konya soil, when seedlings were inoculated with 
INM, Zn0P0-treated seedlings produced 0.70  g pot-1 SDW; 
however, with the Zn0P1 treatment, the seedlings produced 
2.26 g pot-1 SDW. In both non-inoculated soils, the applica-

Table  2.    Effect of R. clarum and indigenous mycorrhizal 
inoculation. P (mg kg-1 P2O5) and Zn (mg kg-1) application on 
sour orange seedlings root colonization (%).

Mycorrhizae Treatment Sultanönü Konya
Control Zn0P0 1.00 ±1.73e 0.00 ±0.00d

Zn1P0 0.00 ±0.00e 0.00 ±0.00d
Zn2P0 1.00 ±1.73e 1.00 ±1.73d
Zn0P1 0.00 ±0.00e 0.00 ±0.00d
Zn1P1 1.00 ±1.73e 2.00 ±1.73d
Zn2P1 1.00 ±1.73e 1.00 ±1.73d

R. clarum Zn0P0 60.00 ±10.00ab 65.00 ±5.00a
Zn1P0 63.33 ±5.77a 69.33 ±8.08a
Zn2P0 58.00 ±3.46a-c 58.33 ±9.71ab
Zn0P1 51.33 ±2.31b-d 43.33 ±15.28bc
Zn1P1 40.00 ±10.00d 55.33 ±5.03ab
Zn2P1 43.33 ±5.77d 51.67 ±7.64ab

Indigenous Zn0P0 40.00 ±10.00d 30.00 ±17.32c
mycorrhizae Zn1P0 46.67 ±5.77cd 30.00 ±20.00c

Zn2P0 43.33 ±11.55d 26.67 ±15.28c
Zn0P1 43.33 ±5.77d 26.67 ±20.82c
Zn1P1 40.00 ±10.00d 30.00 ±17.32c
Zn2P1 40.00 ±10.00d 30.00 ±10.00c

Mean (three replicates) is SE (Standard error).
Columns with different letters are significantly different (P<0.05)  
according to LSD test.
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tion of P significantly increased seedling growth; in addition, 
increasing the rate of Zn addition increased seedling growth. 
In general, there is a negative interaction between P and Zn 
fertilizer application. In the present study, for all inoculated 
and non-inoculated seedlings, as soils are very poor in both 
nutrients, it seems that citrus seedlings demand more fertil-
izer application, especially P fertilization.

For both soil conditions, not considering inoculation, 
increasing the addition of P and Zn also statistically signifi-
cantly increased root dry weight (RDW) (Table 3). RDW was 
also significantly affected by mycorrhizal inoculation. In the 
Sultanönü soil, R. clarum- and INM-inoculated seedlings pro-
duced higher RDW than the same treatments using Konya 
soil. Compared with the Konya soil, indigenous mycorrhizae 
spores in the Sultanönü soil may be the reason for increased 
root growth.

Nutrient uptake
Mycorrhizal inoculation enabled the seedling tissue P 

and Zn concentration to increase nearly two-fold when com-
pared with the non-inoculated plants (Table  5). In accor-
dance with growth data, mycorrhizae inoculation enhanced 
plant P and Zn concentrations, especially under a low rate of 
P and Zn application. 

Zn uptake is very important under Zn deficient semi-ar-
id soil conditions and in Central Anatolia, the addition of Zn 
fertilizer enables increased plant growth. As Zn fertilizer is 
expensive, it  is necessary to use rhizospheric mechanisms, 
such as mycorrhizae. Similar results were also reported in 
the same calcareous soils by Ortas (2012a). In our long-term 
studies, it is clear that mycorrhizal inoculation facilitates the 
increased uptake of P and Zn by citrus plants when exposed 
to less fertile soil conditions.

Greater effects of mycorrhizal inoculation on P concen-
tration were observed at a higher rate of P application, and 
the magnitude of these effects varied in relation to the control 
depending on the type of inoculation, i.e., R. clarum or INM. 
Usually, without regarding the inoculation type, the P1-treat-
ed seedlings exhibited a higher tissue P concentration than 
P0-treated seedlings. Observed benefits in colonized plant-
lets have often been reported for a high P uptake (Elbon and 

Whalen, 2015). In addition, Al-Karaki (2013) reported that 
citrus growth was insignificantly affected upon the applica-
tion of a high P fertilizer. It is well known that mycorrhizae 
are P efficient in P-deficient soils (Smith and Read, 2008).

As can be seen in Table  5, seedlings grown in the Sul-
tanönü soil have a higher tissue P concentration than seed-
lings grown in the Konya soil. Since soils are less fertile in 
terms of P, there may be a need to add more P fertilizer for 
maximum growth and nutrient balance uptake. The results 
indicate that AMF improves P efficiency, in particular, at low 
soil P concentration.

For both soils, mycorrhizal inoculation increased the tis-
sue Zn concentration. For Sultanönü and Konya soils increas-
ing the rate of Zn addition led to a statistically (P < 0.0001) 
increased Zn concentration. Since both soils have an initial 
Zn concentration less than the critical level, increasing the 
Zn fertilizer addition naturally increased the seedling tissue 
Zn concentration. The works of Wu and Zou (2009), Navarro 
and Morte (2019), Ortas (2012b), Ortas and Ustuner (2014b) 
indicate that mycorrhizal inoculation significantly enhanced 
citrus Zn uptake.

Compared with the Sultanönü soil, seedlings grown in 
the Konya soil had less Zn concentration. Since the Konya soil 
has a high boron concentration, Zn uptake may have been 
affected, resulting in limited plant growth. The interaction 
between the development of naturally occurring mycorrhi-
zal and nutrient uptake requires further elucidation. Since 
indigenous mycorrhiza inoculation significantly increased P 
and Zn concentration of plants grown in Sultanönü soil, it is 
important to manage indigenous spores under low-input ag-
riculture systems.

P and Zn increase upon the application of AMF
The contribution to nutrient increase via mycorrhizae in-

oculation was also calculated. For both soils, the percentage 
P increase in R.  clarum-inoculated seedlings is higher than 
INM-inoculated seedlings. In the Konya soil, the P concentra-
tion in the shoot of the citrus seedlings in the P0 treatment, 
when inoculated with R. clarum, increased by 83% and in the 
P1 treatment by 55 %, compared with non-inoculation (Ta-
ble 6).

Table 3.  Significance of P-values (probability) from analysis of variance for different plant parameters.

Sources DF Plant height Shoot DW Root DW Infection (%) P (%) Zn
Sultanönü
Mycorrhizae 2 0.0005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Zinc 2 <0.0001 0.0020 0.0035 0.0049 0.0013 <0.0001
Mycorrhizae × Zinc 4 0.0506 0.4238 0.2587 0.0073 0.2399 0.2382
Phosphorus 1 0.0166 0.0525 0.0546 0.7761 0.0106 0.1909
Mycorrhizae × Phosphorus 2 0.1085 0.8846 0.6957 0.7935 0.7343 0.6956
Zinc × Phosphorus 2 0.0025 0.8256 0.9489 0.4519 0.1356 0.0085
Mycor. × Zinc × Phosphorus 4 0.1151 0.5169 0.7322 0.7958 0.9611 0.0941
Konya
Mycorrhizae 2 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Zinc 2 <0.0001 <0.0001 <0.0001 0.2396 <0.0001 <0.0001
Mycorrhizae × Zinc 4 0.8591 0.0008 0.0017 0.3366 0.1367 0.0741
Phosphorus 1 0.0038 0.0001 <0.0001 0.5570 0.0480 0.5127
Mycorrhizae × Phosphorus 2 0.8983 0.2113 0.0241 0.7893 0.2506 0.4047
Zinc × Phosphorus 2 0.0068 0.0217 0.0142 0.6665 0.0452 0.0003
Mycor. × Zinc × Phosphorus 4 0.0132 0.5192 0.0115 0.8380 0.5575 0.3981
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In the same soil, indigenous my-
corrhizal inoculation and P0 treat-
ment led to an increase of 78% and 
in the P1 treatment the increase 
was 43%; the Sultanönü soil ex-
hibits a similar trend. Mycorrhizal 
inoculation significantly improved 
the P concentration of the seed-
lings. In the highest P application, 
the shoot P concentration was com-
paratively lower. The results were 
compared with Li et al. (1991a) 
and they found that under a low P 
level application, the mycorrhizal 
inoculation contribution was 76% 
of the total P uptake of white clo-
ver plants and 79% for the high P 
level application; they also indicat-
ed that nearly all the P uptake was 
delivered by the mycorrhizae hy-
phae. In addition, using asparagus 
plants, Xu et al. (2014) found that 
mycorrhizal inoculation increased 
P concentration by 70% and an in-
creased P application reduced the 
increase in P concentration. The 
results show that when input of P 
fertilizer level increased, the effect 
of P fertilizer on P concentration is 
decreased.

The seedling Zn concentration 
increase was calculated and in the 
Sultanönü soil, the citrus seedlings 
shoot Zn concentration in the P0 
treatment when inoculated with 
R. clarum increased by 54% and in 
the P1 treatment by 43% compared 
with non-inoculation. In  the same 
soil, with an indigenous mycorrhi-
zal inoculation, in the P0 treatment, 
the increase was 57% and in the P1 
treatment it was 41% compared 
with non-inoculated seedlings. The 
contribution of mycorrhizal col-
onization to the increase in Zn is 
usually higher under P0 treatments 
than P1 treatments (Table 6). Pre-
viously, Kothari et al. (1991) and 
Li et al. (1991b), using rhizo boxes, 
calculated the contribution of my-
corrhizal hyphae to the Zn content 
of clover to be 50% and 25% for 
maize plants; these results concur 
with data calculated in Table 6.

Mycorrhizal dependency
Mycorrhizal dependency was 

calculated for both soils and it was 
found that increasing the addition 
of P significantly reduced MD, espe-
cially in the Sultanönü soil.

As seen in Table 7, R. clarum-in-
oculated seedlings grown in the 
Sultanönü soil in the P0 treat-
ment, with an increasing Zn rate, 
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Table 5.  Effect of R. clarum and indigenous mycorrhizal inoculation. P (mg kg-1 P2O5) and Zn (mg kg-1) application on sour 
orange seedlings shoots P and Zn concentration.

Mycorrhizae species Treatment
Sultanönü Konya

P
(mg kg-1)

Zn
(mg kg-1)

P
(mg kg-1)

Zn
(mg kg-1)

Control Zn0P0 0.11 ±0.02g 15.07 ±1.22e 0.03 ±0.01h 12.58 ±0.94i
Zn1P0 0.12 ±0.01g 17.31 ±0.30ee 0.04 ±0.02h 15.33 ±3.06hi
Zn2P0 0.13 ±0.01g 17.50 ±3.50e 0.04 ±0.00h 18.97 ±1.68e-i
Zn0P1 0.16 ±0.02f 16.44 ±1.39e 0.10 ±0.03g 12.56 ±2.57i
Zn1P1 0.18 ±0.03f 24.07 ±3.11de 0.11 ±0.06fg 15.67 ±1.53g-i
Zn2P1 0.19 ±0.01ef 29.84 ±7.91cd 0.12 ±0.01fg 17.74 ±2.53f-i

R. clarum Zn0P0 0.23 ±0.01de 32.53 ±2.40b-d 0.22 ±0.01b 20.77 ±1.33e-i
Zn1P0 0.25 ±0.01b-d 34.73 ±2.40a-c 0.21 ±0.00b 22.62 ±3.70e-h
Zn2P0 0.25 ±0.01b-d 41.80 ±1.73ab 0.21 ±0.00b 32.63 ±5.97a-c
Zn0P1 0.28 ±0.04a-c 39.03 ±3.65ab 0.22 ±0.01b 21.67 ±1.46e-h
Zn1P1 0.29 ±0.01a 41.43 ±2.23ab 0.26 ±0.01a 25.27 ±6.24c-f
Zn2P1 0.28 ±0.02ab 42.60 ±6.55a 0.26 ±0.02a 33.87 ±13.24ab

Indigenous mycorrhizae Zn0P0 0.22 ±0.02de 26.80 ±5.09cd 0.15 ±0.01ef 15.02 ±3.26g-i
Zn1P0 0.23 ±0.01de 41.87 ±3.26ab 0.16 ±0.01de 23.67 ±2.08d-g
Zn2P0 0.22 ±0.03de 43.80 ±7.97a 0.17 ±0.04c-e 26.67 ±1.60b-e
Zn0P1 0.24 ±0.01cd 34.94 ±5.28a-c 0.19 ±0.01b-d 23.83 ±3.75d-g
Zn1P1 0.25 ±0.02a-d 40.00 ±9.85ab 0.20 ±0.02cb 30.77 ±1.08a-d
Zn2P1 0.26 ±0.03a-d 42.50 ±6.12a 0.20 ±0.02b-d 35.03 ±3.16a

Mean (three replicates) is SE (Standard error).
Columns with different letters are significantly different (P<0.05) according to LSD test.

Table  6.    Effect of R.  clarum and indigenous mycorrhizal inoculation. P (mg  kg-1 P2O5) and Zn (mg  kg-1) application on 
concentration increase (%) of P and Zn in sour orange seedlings.

Mycorrhizae species P and Zn supply
(mg kg-1 soil)

Concentration increase (%)
Sultanönü Konya

P Zn P Zn
R. clarum Zn0 P0 52 54 85 39

Zn1 50 50 82 32
Zn2 50 58 83 42

Mean 51 54 83 38
Zn0 P1 42 58 55 42
Zn1 38 42 57 38
Zn2 32 30 54 48

Mean 37 43 55 43
Indigenous mycorrhizae Zn0 P0 50 51 77 21

Zn1 45 59 77 35
Zn2 48 60 79 29

Mean 48 57 78 29
Zn0 P1 33 53 47 47
Zn1 29 40 43 49
Zn2 25 30 39 49

Mean 29 41 43 49
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increased the MD by 94, 91 and 90% for Zn0, Zn1 and Zn2 
treatments, respectively. Upon the addition of 100 mg  kg-1 
P2O5, the MD decreased by 56, 44 and 43% respectively. For 
the INM inoculation, without the application of P and with 
an increasing Zn rate, the MD increase was 83, 79 and 78% 
for Zn0, Zn1 and Zn2 treatments, respectively. With the 100 
mg kg-1 P2O5 addition, the MD was decreased by 22, 16 and 
15% respectively. Xu et al. (2014) indicated that mycorrhi-
zal dependency significantly decreased with increasing soil 
P concentration in mycorrhizal-inoculated asparagus plants.

It seems that upon the addition of low P fertilizer mycor-
rhizal dependency is more affected by the addition of P fertil-
izer than Zn fertilizer; this finding is parallel to our previous 
findings. In  several of our previous works on citrus plants, 
the MD mostly depended upon P requirement and less for Zn 
(Ortas and Akpinar, 2006; Ortas et al., 2016).

In our previous experiments we found that although my-
corrhizal inoculation increased plant Zn uptake, the plants 
were found to be much more mycorrhizal dependent on P 
nutrition (Ortas, 2012a; Ortas and Akpinar, 2006).

In the Konya soil, increasing the addition of P slightly re-
duced MD. In  general, upon the addition of high P, the MD 
was reduced; however, for the Konya soil the applied P lev-
el may not be limiting mycorrhizal development and plant 
growth parameters. In the Konya soil, increasing the rate of 
P and Zn addition slightly reduced MD. In the P0 treatment, 
with R. clarum inoculation, the MD was 84, 80 and 71% for 
Zn0, Zn1 and Zn2 treatments, respectively. With the addition 
of 100 mg  kg-1 P2O5, the MD was 72, 69 and 67%. For INM 
inoculation, without P application, the MD was 70, 61 and 
47% for the Zn0, Zn1 and Zn2 treatments, respectively. With 
the addition of 100 mg kg-1 P2O5, the MD was 64, 63 and 61%, 
respectively.

It seems that in the P0 treated soil, increasing the Zn fer-
tilizer rate decreased MD, however, upon the addition of P 
treatment, the MD did not change upon the application of 
Zn fertilizer. The results obtained in Table 6 show that citrus 
seedlings are highly mycorrhizal dependent under low P and 
Zn supply, and therefore inoculation of mycorrhizae in soil 

with P and Zn deficiency is a critical factor in crop production 
and P and Zn uptake. So far, all the experiments conducted 
have shown that the benefits of mycorrhizal fungi varied ac-
cording to fungal isolates and plant species. In the present 
study it seems that MD also depend on soil types. Also the 
contribution of INM on dependency is very divers in term of 
soil types.

Conclusion
Based on our results, it can be concluded that the inoc-

ulation of exotic R.  clarum and INM with the addition of P 
and Zn fertilizer significantly increased the growth of citrus 
seedlings; hence the management of indigenous mycorrhi-
zae may be an important mycorrhizal source for better plant 
growth. Indigenous mycorrhizae spore management is very 
important, especially for long-term agricultural productivity 
and soil quality.

Increasing the addition of P and Zn fertilizer significantly 
increased the seedling growth; in addition, mycorrhizal in-
oculation increased the yield many fold. Mycorrhizal inocu-
lated plants under the P0 treatment exhibited an up to 83% 
increase of P concentration and upon increasing the P level 
the contribution decreased. Under low P application, with 
mycorrhizal inoculation, increasing the Zn level application 
resulted in an increased plant Zn concentration.

The results obtained indicate that sour orange is a high-
ly MD plant and mycorrhizae play an essential role in the P 
and Zn nutrition of plants in P- and Zn-deficient soils. In the 
Konya soil, in the P0 treated soil, the MD reduction was sig-
nificantly affected by increasing the addition of Zn; however, 
in P1 treated soils, the MD was only slightly affected. The re-
sults partially support our hypothesis; however, this hypoth-
esis needs to be retested for indigenous mycorrhizae.
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