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Sour Orange (Citrus Aurantium L.) Growth is Strongly Mycorrhizal
Dependent in Terms of Phosphorus (P) Nutrition Rather than Zinc
(Zn)
İbrahim Ortasa, Cagdas Akpinarb, and Ahmet Demirbasc

aDepartment of Soil Science and Plant Nutrition, Faculty of Agriculture, University of Çukurova, Adana, Turkey;
bDepartment of Organic Farming Business Management, Kadirli School of Applied Sciences, University of Osmaniye
Korkut Ata, Osmaniye, Turkey; cSivas Vocational School, University of Cumhuriyet, Sivas, Turkey

ABSTRACT
The partial sterilization of soil eliminates useful microorganisms, resulting in the
reduced growth of mycorrhizae-dependent citrus plants, which are often unre-
sponsive to the application of fertilizer. Research was conducted to test the
hypothesis that indigenous mycorrhizae (IM) inoculation is as efficient as
selected mycorrhizal inoculation under sterile and non-sterile soil conditions.
Rhizophagus clarus and indigenous mycorrhiza spores, isolated from citrus
orchards, were used as arbuscular mycorrhizae fungi under greenhouse condi-
tions with sterile and non-sterile Çanakçi series (Typic xerofluvent) soils with low
phosphorus (P) fertility. Different P (0 and 100 mg kg−1) and zinc (Zn) (0, 5 and
10mg kg−1) concentrations were used at the start of the experiments. The shoot,
root dry weight (RDW), root colonization, and P, Zn, iron (Fe), copper (Cu) and
manganese (Mn) concentrations of the shoot were determined; mycorrhizae
dependency (MD) was also calculated.

The results indicate that R. clarus and indigenous mycorrhiza in sterile
and non-sterile soil conditions considerably increased the growth of citrus
plants. Owing to existing beneficial indigenous rhizosphere microorgan-
isms, citrus plant growth without inoculation was better in non-sterile soils
than in the sterile soils. In non-sterilized soil, the plant growth parameters
of R. clarus-inoculated soils were higher than those of indigenous mycor-
rhiza-inoculated soils. Mycorrhizae infection increased certain citrus plant
growth parameters, such as root infection, biomass and nutrient uptake
(P, Zn, Fe, Mn and Cu). In sterile soil, the addition of up to 5 mg kg−1 soil
Zn and the inoculation of R. clarus significantly increased plant growth;
inoculation with indigenous mycorrhiza produced more dry weight upon
the addition of up to 100 mg kg−1 phosphorus pentoxide (P2O5). Under
sterile soil conditions, without considering fertilizer addition, MD was
found to be higher than that of non-sterile soils. In general, the contribu-
tion of the indigenous soil spores is significant. However, indigenous soil
mycorrhizae may need to be managed for better efficiency in increasing
plant growth and nutrient uptake. The major finding was that the inocu-
lation of citrus seedlings with mycorrhiza is necessary under both ster-
ilized and non-sterilized soil conditions.
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Introduction

Citrus plants are soil- and environment-selective plants; in addition, citrus plants may also be mycorrhizae
species selective (Ortas and Ustuner 2014a). Mycorrhizal infection is a common association between plant
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roots andmicroorganisms and is responsible for increasing plant nutrient uptake. Verbruggen and Kiers
(2010) reported that the root systems of most agronomic crops are colonized by diverse assemblages of
arbuscular mycorrhiza fungi (AMF), varying in the functional benefits provided to the hosts.
Subsequently, it has been repeatedly reported that citrus plants require mycorrhiza infection to ensure
maximum growth. The results of Ortas and Ustuner (2014b) showed that AMF inoculation could
increase plant growth parameters, such as plant height, stem diameter, leaf area, shoot dry weight
(SDW) and root dry weight (RDW). The most well-known benefits of mycorrhizae to plants are
increasing the uptake of phosphorus (P) (Zubek et al. 2015; Ortas 2012a; Ortas et al. 2002a), zinc (Zn)
(Ortas et al. 2002b), copper (Cu) and, to a lesser degree, ammonium-nitrogen (N) from soils with low
fertilization (Smith and Read 2008).

Several greenhouse experiments have shown that citrus trees are obligatorily dependent on
mycorrhizal colonization (Graham and Eissenstat 1994; Vinayak and Bagyaraj 1990). This depen-
dency is apparently closely related to the morphology of the root system and to the mode of P
acquisition from low-P soils (Graham and Syvertsen 1985). So far, mycorrhiza dependency has
been mostly related to P nutrition, with less evidence on mycorrhizae dependency (MD) related to
Zn nutrition. Ortas (2012c) reported that citrus plants are highly dependent on arbuscular
mycorrhizae (AM) for the uptake of its P and Zn requirements. Kothari, Marschner, and
Romheld (1991) and Li, George, and Marschner (1991) reported that mycorrhiza hyphae can
contribute between 25 and 60% of Zn uptake depending on the plant species. Although mycorrhiza
plants usually take up more Zn than noninfected plants, it is not known whether plants are
mycorrhiza dependent in terms of Zn uptake.

In some orchards of the eastern Mediterranean coast of Turkey, Zn deficiency is common and is
characterized by deficiency symptoms (Cakmak et al. 1995; Ortas et al. 2002b). Zn deficiency is well
known following the application of P fertilizer. Since high P application suppresses mycorrhiza
inoculation, plants are not able to obtain more Zn.

In many citrus-producing orchards, nutrient-deficiency symptoms and stunting were
observed following the fumigation of soils and the stunting was related to the elimination of
indigenous mycorrhizae (IM) (Nemec et al. 1981). It seems that the IM of citrus orchards
exhibit a rich mycorrhizal diversity, which may make a considerable contribution to plant
growth and nutrient uptake (Ortas and Ustuner 2014b). Nemec et al. (1981) reported that
citrus orchard soils contain communities of AM fungi rather than a single species, and several
or all of these species might colonize citrus roots at the same time. Ortas and Ustuner (2014b)
showed that IM inoculation exerts a higher growth response by citrus plants than single spore
inoculation. Soil sterilization decreases the viability of indigenous native mycorrhiza spores; as
a consequence, non-inoculated plants are stunted and do not respond to the addition of P and
Zn (Ortas et al. 2002a).

Virus-free citrus seedling production is performed under controlled conditions using a
partially sterilized growth medium containing high amounts of fertilizer. Since heavy chemical
use reduces mycorrhiza development under field conditions, mycorrhiza-dependent citrus
plants do not grow well. In addition, there is a serious adaptation problem after transplanta-
tion of the seedlings from the greenhouse to field conditions. As many Mediterranean soils
contain less P and Zn, it is important to investigate the effect of P and Zn concentration on
plant growth and nutrient uptake with and without mycorrhizal inoculation. It is therefore
logical to test the effect of indigenous and selected mycorrhiza inoculation on citrus plants
grown in sterile and non-sterile soils.

This study was based on the hypothesis that the inoculation of indigenous mycorrhiza is as
efficient as selective mycorrhiza under different applications of P and Zn fertilizer. The objective of
the study was to evaluate the effects of indigenous and selected R. clarus mycorrhiza inoculation,
with different rates of P and Zn application, on sour orange seedlings and the nutrient uptake under
sterile and non-sterile soil conditions.
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Materials and methods

A Çanakçi soil series (Typic Xerofluvents) from the Çukurova Basin, Turkey, was collected to a soil
depth of 0–20 cm. Soils were sieved through a 2-mm sieve for physical, chemical and biological
analyses. The soil texture was clay loam, pH 7.53, low organic carbon content (0.93 g kg−1), low salt
content (0.05%) and Olsen sodium bicarbonate (NaHCO3)-extractable P is 7.10 kg ha−1 soil. Some
soil properties are listed in Table 1. Before the experiment was set up, half of the soil was partially
sterilized for 2 h at 120°C in an autoclave. After sterilization, the growth medium soil was left to rest
for 18 days prior to use.

The experiment was set up as a completely randomized factorial experiment with four replicates.
Three levels of Zn (Zn0, Zn1 and Zn2), 0, 5 and 10 mg kg−1 soil, as zinc sulfate (ZnSO4), and three
levels of phosphorus (P0, P1 and P2), 0, 10 and 100 mg P kg−1 soil, as calcium dihydrogen phosphate
(Ca(H2PO4)2), were applied. The soil was treated with 200 mg N kg−1 soil ammonium nitrate
(NH4NO3).

Inoculum source

The experimental treatments consisted of one selected species of AMF: Rhizophagus clarus
(Sieverding et al. 2014) and IM (different mycorrhizal species spores that exist in field soil).
Indigenous spores were isolated from the Çanakci soil series by washing. After that, the collected
multiple species spores were multiplied by a trap culture. The inoculum was previously multiplied in
the greenhouse using Sudan grass [Sorghum bicolor (L.) Moench] as the host plant and grown in a
mixture of andesitic tuff + soil + peat (6 + 3 + 1, V:V:V).

Production of seedlings

Sour orange (Citrus aurantium L.) seeds Tuzcu-31–31 were surface disinfected for 2 min in a 5.25%
sodium hypochlorite solution and then rinsed several times with deionized water. Before sowing the
seeds, perlite was also washed with 0.01 M hydrochloric acid (HCl) and rinsed twice with ionized
water. Seeds were sown and grown for 40 days in perlite trays; when the seedlings grew to a 3–4-leaf
stage they were transplanted into 3 kg black plastic bags.

Table 1. Selected physical, chemical and biological properties of Çanakçı soil series.

Properties Unit

Clay g kg−1 461 ±0
Silt g kg−1 438 ±0
Sand g kg−1 101 ±0
Soil organic carbon g kg−1 soil 0.93 ±0.10
Inorganic carbon g kg−1 soil 2.1 ±0.15
Total nitrogen g kg−1 soil 0.9 ±0.01
CEC a Cmol+ kg−1 20.50 ±2.00
pH 7.53 ±0.66
Salt % 0.05 ±0.00
P2O5 kg ha−1 7.10 ±0.90
K2O kg ha−1 153 ±2.83
Fe mg kg−1 3,52 ±0,60
Mn mg kg−1 2.14 ±0.21
Zn mg kg−1 0.51 ±0.03
Cu mg kg−1 1.35 ±0.03
Number of AMF spores 10 g−1 soil 23 ±11

Values are the averages of three samples ± standard deviation,
CEC: Cation Exchange Capacity.
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R. clarus and IM-inoculated seedlings received 1000 spores per seedlings (approximately 50 mm
below the seedling root) at the transplanting stages. Control plants were transplanted into soil
without an inoculum and received a similar quantity of mycorrhiza-free media.

Plant growth conditions

The plants were grown in a greenhouse at 27–28°C and at a relative humidity of 70–80%, with a 16 h
day and 8 h dark photoperiod. Distilled water was added to maintain the moisture at 80% of field
capacity. During the 10-month growing period, seedlings were regularly phonologically observed for
nutrient deficiency and any other issues.

Root colonization

At harvest, the roots were separated from the soil by washing with running tap water and then with
distilled water. Prior to drying the roots, small subsamples were taken and preserved in a mixture of
ethanol, glacial acetic acid and formalin, in a 250:13:5 v:v:v ratio, for the determination of mycor-
rhizal infection. Roots were stained using the method of Koske and Gemma (1989). Mycorrhizal
fungus colonization was determined using the gridline-intersect method of Giovannetti and Mosse
(1980).

Plant analysis

After harvest, shoot (leaf and stem) and root fresh weights and dry weights (after drying at 65°C)
were determined. Dry material was ground using a Tema mill; 0.2 g of ground plant material was
then ashed at 550°C, followed by dissolution in 3.3% HCl. After digestion of the plant material, the
concentration of P in this solution was determined colourimetrically according to Murphy and Riley
(1962) using a flame photometer. An atomic absorption spectrophotometer (Perkin Elmer) was used
to determine the concentrations of Zn, Fe, manganese (Mn) and Cu.

Mycorrhizal dependency

At harvest, the mycorrhizal dependency (MD) of shoot dry weight (SDW) on AMF was calculated
based on the following formula (Plenchette, Fortin, and Furlan 1983):

Mycorrhizal dependency ¼ SDW þMð Þ�SDW �Mð Þ
SDW þMð Þ � 100

Statistical analysis

The variations in plant growth, root colonization and nutrient concentration, attributed to the
effects of growing media and mycorrhiza species, were assessed using the analysis of variance
(ANOVA) procedure using the SPSS 10.0 Windows computer program. The main significant
interactive effects of mycorrhiza inoculation and growth medium were separated by the Tukey
test at p < 0.05.

Results and discussion

Soil is clay loam, the pH is 7.5 and the organic carbon content is 0.93%. The plant-available nutrients
such as P, Zn, Fe and Mn are very low (Table 1).
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Root colonization

Mycorrhizal inoculation and the interaction of soil X mycorrhiza significantly (p < 0.0001) increased the
root colonization of citrus seedlings (Figure 1 and Table 2). That interaction is highly significant
(p < .0001) and that a significant increase in root colonization with mycorrhizal inoculation was observed
only in sterile soils, but not in non-sterile soil as shown in Figure 1. In sterile soil, R. clarus and
indigenous mycorrhiza-inoculated citrus seedlings exhibited an increased root colonization (from 42.5%
to 82.5% compared with control plats). However, non-inoculated roots also had a small percentage of
mycorrhiza colonization. There is 10% of root colonization in the non-inoculated P1Zn0 treatment,
whereas root colonization in the remaining control treatments ranged from 1.3% to 3.8%. High root
colonization rate in these control treatments may have been due to cross-contamination during plant
growth, since we recorded every smallest mycorrhizal infection without separating external and internal
hyphae, vesicular and arbuscular development. In general, woody plant roots colonization is very difficult
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Figure 1. Effect of R. clarus and indigenous mycorrhizal inoculation, P (mg kg−1 P2O5) and Zn (mg kg−1) application on sour orange
seedlings’ root colonization (%) under sterile and non-sterile soil conditions. Bars represent the standard error.

Table 2. Significance of F-values (probability) from the analysis of variance for different plant parameters under mycorrhizae
inoculation.

DF
Shoot

Diameter
Plant
height

Shoot
DW

Root
DW P% Infection K% Zn Cu Mn Fe

Soil (S) 1 <.0001 <.0001 <.0001 0.0003 0.0009 <.0001 <.0001 0.0016 0.0046 0.0413 <.0001
Mycorrhiza (M) 2 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
S X M 2 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0015 <.0001 <.0001 0.0054 <.0001
Phosphorus (P) 1 0.0532 0.2169 0.1863 0.6575 0.0007 0.3755 0.0191 0.0119 0.0731 0.3513 0.5765
S X P 1 0.1818 0.0279 0.6135 0.4501 0.6022 0.8734 0.4405 0.0003 0.0324 0.1352 0.2964
M X P 2 0.4836 0.5495 0.0483 0.0625 0.6486 0.0011 0.4241 0.0222 0.0175 <.0001 0.1821
S X M X P 2 0.9009 0.3022 0.8395 0.7672 0.1349 0.5174 0.6031 0.0491 0.5493 0.1977 0.4369
Zinc (Zn) 2 0.0026 0.0003 0.1951 0.0448 0.1073 0.4383 0.0252 0.1278 0.9835 0.0744 0.0126
S X Zn 2 0.0020 0.0033 0.3168 0.3601 0.4528 0.9220 0.3255 0.0191 0.5015 0.0018 0.0022
M X Zn 4 <.0001 <.0001 0.0131 0.2263 0.6789 0.5937 0.1965 0.0448 0.2087 0.1688 0.5343
S X M X Zn 4 <.0001 <.0001 0.0356 0.3634 0.9157 0.3099 0.0136 0.1385 0.5917 0.2667 0.1810
P X Zn 2 0.0430 0.2441 0.1177 0.1925 0.1155 0.3034 0.2118 0.0001 0.0420 0.4879 0.7464
S X P X Zn 2 0.7536 0.5143 0.1122 0.2259 0.2837 0.0644 0.0023 0.3737 0.1109 0.0759 0.6019
M X P X Zn 4 0.0210 <.0001 0.0003 0.0004 0.0770 0.2092 <.0001 0.0841 0.5905 0.8298 0.2045
S X M X P X Zn 4 0.3848 0.5829 0.4815 0.9589 0.5980 0.8883 0.2356 0.0031 0.1861 <.0001 0.0455
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to clearly identify. Root colonization cannot be identified very clearly by our early laboratory records. In
non-sterile soil conditions, all treatments, including control pots, resulted in the seedling roots having a
high percentage of root colonization. The extent of R. clarus-inoculated plant root infection reduced
upon increasing the P supply. In general, increasing the Zn supply did not have any effect on root
infection. Statistically, P and Z applications did not affect the root colonization and also there were no
significant affects of the P X Zn interaction (p < 0.3034).

Plant growth parameter

Shoot diameter and plant length
The shoot diameter and length of the citrus seedlings differed between the indigenous and R. clarus
mycorrhiza inoculation. In sterile soil conditions, the plant height increased significantly upon the
inoculation of mycorrhiza compared with control treatments (Tables 2 and 3). In the control treat-
ment, without considering the application of Zn, increasing P addition increased the height of the
seedlings. In indigenous and R. clarus-inoculated treatments, the height of the seedlings also increased
upon the addition of P, without considering the level of Zn application. However, in non-sterile soils,
IM inoculation had less effect (not significantly) on plant length than in sterile treatments. In sterile
and non-sterile soils, R. clarus mycorrhiza-treated plants produced the highest shoot length.

Mycorrhiza-inoculated plants exhibited significantly higher shoot diameter than control treat-
ments. Increase in shoot diameter was significant only in sterile soils and not always in non-sterile
soils, as shown in Table 3. For both sterile and non-sterile soils, seedlings inoculated with R. clarus
exhibited the largest shoot diameters. In addition, interactions of soil X mycorrhizae had a sig-
nificant (p < .0001) effect on shoot diameter.

Shoot and root dry weights
SDW and RDW productions in indigenous and mycorrhizae-inoculated plants with various levels of
P and Zn application were significantly stimulated by mycorrhiza infection (Table 3). Statistically,
mycorrhiza inoculation significantly increased plant growth (p < 0.0001) (Table 2). The R. clarus-
inoculated sour orange seedlings grew better than the non-inoculated plants and produced results
similar to those observed in previous studies (Ortas et al. 2002a; Ortas and Ustuner 2014a; Satir et al.
2016). Increasing the P and Zn supplies gradually increased the SDW and RDW ratio of the
seedlings. In sterile soil, the non-mycorrhiza and non-fertilized P0Zn0 treatment resulted in
0.09 g, and the R. clarus-inoculated plants resulted in 24.51 g plant−1 SDW (Table 3 and
Figure 2). In non-sterile soil, the non-mycorrhiza and non-fertilized P0Zn0 treatment resulted in
32.95 g plant−1 shoot dry matter; however, the R. clarus mycorrhiza-inoculated P0Zn0 treatment
resulted in 37.45 g plant−1 shoot dry matter. In non-sterile soils, indigenous mycorrhiza has less
effect on plant growth compared with the control treatment. As mentioned earlier, it seems there is a
negative interaction between indigenous mycorrhiza spores and reinoculated IM spores.

The RDW displays a similar trend to SDW. The presence of mycorrhizae also has significant
effects on the morphology of the plant’s root system (p < 0.0001) (Table 2). Generally, it is believed
that mycorrhiza inoculation does not affect plant root growth; however, Berta et al. (1995) showed
that mycorrhiza inoculation can influence root branching. Increasing the P and Zn supplies also
increased the production of SDW in inoculated plants, especially in sterile soils. In general, without
considering the addition of Zn, increasing the P fertilizer application had no positive effect on the
RDW. The RDW increased in the P0 and P1 treatments in sterile soils, in inoculated plants with
increasing Zn supply. SDW and RDW were significantly increased in both sterile and non-sterile
soils, when the soil was inoculated with indigenous mycorrhiza as well. In addition, the interaction
of soil X mycorrhiza inoculation significantly affected SDW (p < 0.0001) and RDW (p < 0.0001).
That effect was significant mostly for sterile soils and not for sterile soils. It seems that indigenous
mycorrhiza is significantly contributing to the seedling growth. Since citrus plants are mycorrhizal
dependent in less-fertile soil (Ortas et al. 2002b) (Table 1) conditions, seedlings may also benefit
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from indigenous mycorrhizae. In addition, since indigenous mycorrhiza was presented by a variety
of species, they may be responsible for developing plant growth at an earlier stage as much as
selected R. clarus mycorrhiza-inoculation.

In general, especially in sterile soil conditions, the root/shoot (R/S) ratio increased with increasing
levels of Zn addition. Upon increasing the Zn application, the decreased shoot/root (S/R) ratio was
combined with an increase in root growth. However, in sterile soils, under 0 P fertilizer conditions,
the R/S ratio increased with P application. In addition, in non-sterile soils with P application, the R/S
ratio increased upon the addition of up to 100 kg phosphorus pentoxide (P2O5) ha

−1 compared with
the control (Table 3). In sterile and non-inoculated and non-fertilized pots since the soil is less
fertile, increasing the P addition increased the R/S ratio.

In sterile soil without mycorrhiza inoculation, plant growth was restricted and no growth
occurred. In order to avoid stunting citrus seedlings, especially in sterile soil conditions, P applica-
tion is not as effective as mycorrhizal inoculation (Ortas 2012a). A decrease in the S/R ratio is a
typical plant response to improved P nutrition status (Marschner 1995).

Plant P status

A higher shoot-P concentration was observed in mycorrhiza-inoculated plants compared to the
non-inoculated plants in sterile soils (p < 0.0001) (Tables 2 and 4). In sterile soils, for the P0Zn0
treatment, R. clarus mycorrhiza-inoculated plants contained 0.11% P, indigenous mycorrhiza-
inoculated plants contained 0.10% P, but the non-inoculated P0Zn0 treatment had 0.06%
P. Previously, Chen et al. (2003) and Ortas et al. (2002b) reported that mycorrhiza-inoculated
plants have nearly twice the P concentration of non-inoculated plants. In non-sterile soils, the
difference in plant P concentration between the P0 and P1 treatments was smaller compared with
sterile soils for both inoculated and non-inoculated plants. Application of P had less effect on
shoot P concentration only in the sterile soils; on the other hand, there were no significant
differences in the non-sterile soils.

Non-SterilSteril

Figure 2. Under sterile and non-sterile soil conditions, the effect of R. clarus and indigenous mycorrhizal inoculation with P and Zn
applications on sour orange shoot and root growth.
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The inoculation of citrus plants with R. clarus enhanced P acquisition by the plant when grown
under P-deficiency soil conditions. 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 (Ortas et al. 2002b), most of the P supply might have been absorbed, so that
highly mycorrhiza-dependent sour orange seedlings without mycorrhiza infection were not able to
take up P from the soil.

In the inoculations with indigenous mycorrhiza, positive effect on the plant P concentrations is
observed in both sterile and non-sterile soils as compared to the control. Felderer, Jansa, and Schulin
(2013) indicated that mycorrhiza inoculation (mix: G. intraradices and indigenous mycorrhiza) and
P application increased plant shoot and root P concentrations.

The difference between R. clarus and IM treatments might have been due to AMF species in the
mixture of IM that were able to develop faster and explore the nutrients at an earlier stage in the
experiment than R. clarus.

Micronutrient concentrations

The R. clarus inoculation significantly increased the tissue Zn concentration to a greater degree than
in the non-inoculated citrus plants in both sterile and non-sterile soils. Mycorrhizae inoculation
(p < 0.0001), soil and phosphorus (p < 0.0003), P and Zn (p < 0.0001) and interaction of soil X
mycorrhizae X phosphorus X zinc significantly increased (p < 0.0031) the Zn concentration of the
plants (Tables 2 and 5). In both sterile and non-sterile soils, R. clarus-inoculated seedlings exhibited
an increased Zn concentration upon increasing the addition of Zn. However, considering IM
inoculation, the increase was not regular with increasing Zn application.

In general, the Zn concentration in plant shoots in mycorrhiza-inoculated and non-inoculated
plants was insufficient for optimum growth levels, which is around 20 mg kg plant−1 (Jones 1998).
As the Zn concentration in inoculated citrus plants was below the expected sufficient level, this
means plants lacking mycorrhiza inoculation were not able to take sufficient Zn from the soil to
achieve optimum growth. However, in the present work, specific Zn deficiency symptoms were not
observed in R. clarus- and IM-inoculated seedlings. Since no deficiency symptoms were found in
citrus seedling, the critical level of Zn concentration may be less than 20 mg kg plant−1. However,

Table 4. Effect of R. clarus and indigenous mycorrhizal inoculation, P (mg kg−1 P2O5) and Zn (mg kg−1) application on P
concentration of sour orange seedlings under sterile and non-sterile soil conditions.

(+Sterile)
%P

(-Sterile)
%P

Control P0 Zn0 0.06 ±0.0 b-e 0.09 ±0.0 a
P0 Zn1 0.04 ±0.0 e 0.10 ±0.0 a
P0 Zn2 0.06 ±0.0 c-e 0.09 ±0.0 a
P1 Zn0 0.09 ±0.0 b-e 0.10 ±0.0 a
P1 Zn1 0.09 ±0.0 a-e 0.10 ±0.0 a
P1 Zn2 0.05 ±0.0 de 0.10 ±0.0 a

R. clarus P0 Zn0 0.11 ±0.0 a-d 0.10 ±0.0 a
P0 Zn1 0.10 ±0.0 a-d 0.11 ±0.0 a
P0 Zn2 0.10 ±0.0 a-d 0.10 ±0.0 a
P1 Zn0 0.13 ±0.0 a 0.12 ±0.0 a
P1 Zn1 0.11 ±0.0 a-c 0.10 ±0.0 a
P1 Zn2 0.11 ±0.0 a-d 0.12 ±0.0 a

Indigenous mycorrhizae P0 Zn0 0.10 ±0.0 a-e 0.10 ±0.0 a
P0 Zn1 0.12 ±0.0 ab 0.12 ±0.0 a
P0 Zn2 0.10 ±0.0 a-e 0.10 ±0.0 a
P1 Zn0 0.12 ±0.0 a-e 0.13 ±0.0 a
P1 Zn1 0.10 ±0.0 a-e 0.11 ±0.0 a
P1 Zn2 0.10 ±0.0 a-d 0.12 ±0.0 a

Mean of four replicates and ± is standard error
Means followed by the same letter within a column are not significantly different at p = 0.05 based on the Tukey test.
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these symptoms may not appear always when the Zn concentration is below the critical limit. This
may be further studied.

To date, it has been shown that excess P can reduce Zn uptake. Although Zn uptake by
mycorrhiza infection has been well discussed and studied with various plants (Chen et al. 2014;
Kothari, Marschner, and Romheld 1991; Li, George, and Marschner 1991; Ortas 2012a), some
researchers are still not satisfied with the obtained results. Our previous experiments (Ortas et al.
2002a; Ortas et al. 2002b; Ortas and Ustuner 2014a; Ortas and Ustuner 2014b) show that using sour
orange, R. clarus-inoculated plants had significantly higher Zn concentrations upon the application
of P and Zn. The results of Ova et al. (2015) revealed that higher P rates caused substantial decreases
in plant Zn concentrations in native soil but not in sterilized soil.

Mycorrhizal inoculation (p < 0.0001) and soil X mycorrhizae interaction (p < .0001) statistically
significantly increased the Fe concentration (Tables 2 and 5). Seedlings grown in non-sterile and
sterile soils, indigenous mycorrhizal-inoculated plants have high Fe concentration .

In sterile soils, indigenous mycorrhiza-inoculated seedlings contained higher Fe concentrations than
the control and R. clarus-inoculated seedlings (Table 6). The difference between R. clarus and IM
treatments might have been due to mycorrhizae species in the mixture of IM species that were able to
develop faster and explore the Fe nutrients at an earlier stage in the experiment than R. clarus. Treeby
(1992) used two citrus rootstocks, differing in mycorrhiza dependency and lime tolerance, rough lemon
and trifoliate orange, which were grown in two soils with different pH and concluded that mycorrhiza
fungi may increase the supply of Fe to the host plant in an acid soil, but not in an alkaline soil. Since the
present soil is alkaline, indigenous mycorrhiza inoculation and some other beneficial organisms may
significantly increase Fe concentration. In sterile soils, indigenous mycorrhiza-inoculated plants had a
higher Fe concentration than inoculated plants. Since the indigenous soil mycorrhiza spore inoculum
contains indigenous rhizosphere soil organisms, indigenous organisms may possibly increase the
diethylenetriaminepentaacetic acid (DTPA)-extractable Fe concentration.

Mn concentration is increased upon inoculation with R. clarus mycorrhiza compared with the
control plants. However, that increase is not always significant (Table 5). The sour orange shoot Cu
concentration was determined. Without P and Zn application, for both sterile and non-sterile soil
conditions, mycorrhizae inoculation increased the shoot Cu concentration compared to the control
treatment. Indigenous- and R. clarus-inoculated seedlings contained a significantly higher concen-
tration compared with the control treatments. Statistically mycorrhizal inoculation and mycorrhiza
X soil interaction significantly increased the Cu concentration in the shoot dry matter (p < 0.0001)
(Tables 2); however, more Cu was measured in R. clarus mycorrhiza-inoculated plants. Our previous
results showed that R. clarus mycorrhiza-species-inoculated sour orange seedlings had a higher Cu
concentration in their shoot tissue (Ortas et al. 2002a). The results of Wu, Zou, and Wang (2011)
showed that mycorrhizae inoculation increased micropropgated citrus Cu concentration.

Table 6. Effect of R. clarus and indigenous mycorrhizal inoculation, P (mg kg−1 P2O5) and Zn (mg kg−1)
application on sour orange seedlings mycorrhizal dependency (%) under sterile and non-sterile soil conditions.

Mycorrhizal Dependency

Mycorrhizal Inoculation P and Zn application Sterile Non-Sterile

R. clarus P0 Zn0 99.6 12.0
P0 Zn1 99.7 22.6
P0 Zn2 99.7 26.7
P1 Zn0 98.3 39.1
P1 Zn1 98.5 0.9
P1 Zn2 99.6 −16.3

Indigenous Mycorrhizae P0 Zn0 99.7 13.4
P0 Zn1 99.5 −3.8
P0 Zn2 99.6 −24.5
P1 Zn0 97.8 16.0
P1 Zn1 99.0 −75.0
P1 Zn2 99.6 −13.3
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Mycorrhizal dependency

One of the important implications of mycorrhiza inoculation on plant growth and nutrient uptake is
MD (Ortas 2012b); (Plenchette, Fortin, and Furlan 1983). Mycorrhiza development is strongly depen-
dent upon soil fertility, which is particularly dependent upon the ambient P concentration. MD was
calculated and the results revealed that sour orange seedlings are highly responsive to MD (Table 6). In
sterile soil, the inoculation response is nearly 99% and significant; however, in non-sterile soil, the
inoculation response is not dependent upon on IM and P and Zn concentrations. In sterile soil,
increasing the P addition did not decrease the MD of the plant. In non-sterile soil, an indigenous
mycorrhiza inoculation increased the Zn concentration, which decreased the mycorrhiza dependency.

In the present study, another hypothesis to be tested included whether the plant responds to
mycorrhiza inoculation in terms of Zn nutrition. From the present results, it seems MD was affected
by the Zn supply (MD data statistically has not been analyzed), especially under non-sterile soil
conditions. In non-sterile soils, since the control treatment contains indigenous mycorrhiza, the
plants benefit from indigenous mycorrhiza species; hence, the response to the fertilizer is variable.
Our results also show that plants in the inoculated sterile soil are strongly dependent on mycorrhiza
inoculation. It appears that citrus plants’ SDW reduction was more pronounced for increasing Zn
application. Experiment results support our previous results, in that it was also found that increasing
the Zn supply led to a slight decrease in MD (Ortas et al. 2002c; Ortas 2012a).

In general, R. clarus had the best positive effect on plant growth performance. In non-sterile soil,
still indigenous mycorrhiza inoculation had a positive effect on plants parameter, especially under
low P fertilizer application. It seems that since soil has an insufficient number of spores or due to the
inefficiency of spores, reinoculation of IM influences plant growth parameters. In the present
experiment, the community of AMF in the soil was not examined. It would be useful to search
the presence of R. clarus in the community.

The overall results revealed that in sterile soil, indigenous mycorrhizal inoculation increased plant
growth parameters and significantly increased MD. Similarly, in non-sterile soil conditions, IM
seems to have a significant influence on MD, especially in Zn0 treatment.

Although in non-sterile soil conditions, indigenous mycorrhizal inoculation increased plant
growth and resulted in increasing vegetable yield for Zn0 treatment, this increase is not easily
explained by better nutrient uptake by IM-colonized versus non-colonized plants.

Conclusion

The results show that mycorrhiza inoculation may be necessary under greenhouse conditions to
obtain healthy and well-growing citrus plants. It seems that in both sterile and non-sterile soil
conditions, indigenous spores or inoculation with selected mycorrhizae species is needed to enable
better plant growth. Indigenous spores are also effective in inoculating citrus roots and have a
significant effect on citrus seedling growth; hence, the management of IM is also important. It seems
that in order to manage the IM, there is a need to know the P-level requirement and IM fungus
ecological demand. In addition, the optimum root colonization needs to be known for citrus
rhizosphere management. The presence of IM in the soil may not be sufficient, and in that case,
selected mycorrhiza inoculation may be needed. For future work, the management of indigenous
mycorrhiza-inoculated seedlings should be investigated under partially sterilized and non-sterilized
field conditions.

(1) The results clearly show that under sterile and non-sterile soil conditions, R. clarus inocula-
tion statistically increased seedling growth and the uptake of nutrients such as Zn and Cu.

(2) In sterile soil conditions, indigenous mycorrhiza inoculation also increased plant growth
parameters and nutrient uptake.
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(3) Under sterile soil conditions, R. clarus and indigenous mycorrhiza inoculation increased
MD. In non-sterile soil and P1 application conditions, increasing the Zn concentration
markedly decreased MD.

(4) Soil indigenous spores had a significant effect on plant growth. It seems that indigenous soil
microorganisms, apart from mycorrhiza, have an effect on nutrient uptake, in particular,
increasing the Fe, Mn and Cu concentrations.

(5) Since IM increased plant growth parameters, it seems that the management of indigenous
mycorrhiza needs promoting in the field of citrus orchards management.
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