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Abstract 
The citrus fruit only develops well in sub-tropical climate conditions. The 

Çukurova Region (East Mediterranean coast of Turkey) has a high potential for the 
production of citrus. Most of the citrus orchards exist in this region. Citrus species are 
small to medium shrubs/trees that are cultivated throughout the tropics and subtopic. 
The farmers’ community showed great interest for the cultivation of orange, mandarin, 
lemon, and grapefruit in this region. Early harvesting of the citrus orchards generates 
more income for Turkish farmers as compared to other European countries. This high 
cost benefit ratio also attracts the southern part of the Turkey toward citrus cultivation. 
Since 1995, the rhizosphere and soil quality research groups have conducted various 
research experiments to evaluate the significance of mycorrhiza at Çukurova 
University, Turkey. The Çukurova region produces almost 72% of the Turkish citrus 
production. Climate and soil both are suitable for citrus production, therefore, one 
million viruses’ free seedlings are produced. Due to the effectiveness of mycorrhiza in 
citrus orchards, focus was shifted to raise inoculated seedlings and eventually the 
nutrient uptake. High pH of the Mediterranean region soil exacerbates the availability 
of nutrients especially P, Zn and Fe. Currently water scarcity also affects nutrient 
uptake. This study aims to critically analyze the previous work that has been done by 
researchers in the southern Mediterranean part of Turkey to come up with appropriate 
mycorrhiza species and spore application ratio. Significant effort has been so far made 
including projects funded by TÜBİTAK and European Union research articles published 
in well reported journal and experiments carried out by postgraduate students. 
Mycorrhiza inoculated plants have significantly attained high shoot dry weight, root 
dry weight, phosphorus (P) and zinc (Zn) uptake compared to non-mycorrhizal plants. 
Root infection rate, root length and stem diameter were also higher in inoculated plants 
as compared to non-inoculated plants. Based on the results it is concluded that 
application/inoculation of mycorrhizal fungi considerably improved citrus production 
in this region. 

Keywords: mycorrhizal inoculation, indigenous mycorrhiza, mycorrhizae species, citrus 
seedling, mineral nutrient uptake 

INTRODUCTION 

Soil properties in research area 
Çukurova is one of the most fertile areas of Turkey, which is located on the east coast of 

the Mediterranean side. The Mediterranean climate prevails in this region, having hot, dry 
summer and warm rainy winter with high humidity around the year. 

The soil of the Mediterranean coastal region is heavy, having more clay content, sticky, 
hard to work but tend to be more fertile. Citrus needs well-drained soil. Luvisols/red soils 
provide a favorable environment for citrus cultivation. Due to high soil pH rootstocks of 
Carrizo citrange and mandarins are recommended for this region. However, sour orange as 
rootstock is used in the Çukurova region. There are several edaphic factors limiting 
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production such as pH (7.50-7.80), limestone content (CaCO3) (15-28%), clay content (25-
55%), nutrients deficiencies (P, Zn, Fe and N) and salinity (mainly in south part of the 
Çukurova Plane). 

Mycorrhiza work in Turkey 
Most of the terrestrial vegetation has developed an effective mutualistic symbiotic 

relationship with mycorrhiza fungi. Kleinschmidt and Gerdemann (1972), Schenck and 
Tucker (1974), and Menge et al. (1978) reported that fumigation of soils for the production of 
citrus in North America caused mycorrhiza elimination from the rhizosphere. Plant growth 
was disturbed due to unavailability of essential nutrients, which resulted in low yield. 

Plants that live longer need to be associated with beneficial microbes for their survival. 
Arbuscular mycorrhiza (AM) display symbiotic associations with higher plants. This 
symbiotic arrangement has been found in about 90% of all land plants. Mycorrhizal 
inoculation has shown prominent effects on horticultural plants including seedling survival 
rate, plant growth rate, and number of flowers produced (Ortas and Varma, 2007). Nursery 
plants inoculated with mycorrhizae showed improved seedling quality and growth. 

To obtain higher production of citrus 0. Five to 1 million sound and healthy seedlings 
per year are produced. Mycorrhiza inoculation is a key for the establishment of better 
seedlings. Fungi provide protection against physical, chemical and biological stresses. It also 
helps the vitro-produced plantlets by providing ideal conditions for acclimatization. Thus, 
mycorrhiza provide nutrients and protection to the plants for higher quality production. 

Turkish citrus production potential 
Horticulture, especially pomology, has practiced all over the world due to high quality 

fruit demand. Citrus plants have shown different responses to certain soil conditions. Salt and 
drought are major limiting factors in citrus growing areas. Heavy soils are more sticky and 
hard which does not allow the roots of young seedlings (not inoculated with mycorrhiza) to 
penetrate inside the soil. Failure of seedlings after transplanting occurs which forces the 
farmer for re-sowing or add organic materials/gypsum as soil amendment for structural 
change. Turkey is one of the major citruses producing countries in the world. The Çukurova 
region is highly productive for citrus production. 

Nearly 80% of citrus cultivated area is located in the Eastern Mediterranean sector of 
Turkey. In the near future citrus production in the Çukurova Region is expected to be increased 
by taking all the possible measures, which promote and support its growth. Soil of this region 
is very productive but few areas are reported with very low concentrations of P, Zn, Fe and 
Mn. Zinc, Fe and Mn deficiencies are very common in plants, especially in citrus. Due to 
unavailability of nutrients particularly phosphorus and zinc to the plants application of 
synthetic fertilizers increased. Imbalance in utilization of chemical fertilizer causes 
environmental pollution. Turkey is the seventh largest citrus producing country and ranked 
second in the Mediterranean basin. Production is almost 3.5% of world citrus production. 
Total citrus production and area in Turkey from 1961 to 2020 is presented in Table 1. 
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Table 1. Turkish citrus production land, kg ha-1, and yield from 1961 to 2020. 

Year 
Grapefruit (inc. pomelos) Lemons and limes Oranges Tangerines, mandarins, 

clementines, satsumas Citrus fruit, total 

Area 
harvested 

(ha) 
Yield 

(kg ha-1) 
Production 

(t) 
Area 

harvested 
(ha) 

Yield 
(kg ha-1) 

Production 
(t) 

Area 
harvested 

(ha) 
Yield 

(kg ha-1) 
Production 

(t) 
Area 

harvested 
(ha) 

Yield 
(kg ha-1) 

Production 
(t) 

Area 
harvested 

(ha) 
Yield 

(kg ha-1) 
Production 

(t) 

1961 237 10895 2582 2877 24484 70440 19180 9272 177836 5107 6659 34007 28604 10101 288931 
1970 304 23026 7000 4787 26321 126000 24727 17997 445000 8127 8367 68000 39488 16605 655700 
1980 630 26984 17000 10767 26284 283000 28847 23538 679000 12400 13468 167000 53661 21580 1158000 
1990 1030 32039 33000 14967 23853 357000 32720 22463 735000 22860 15092 345000 71944 20488 1474000 
2000 4680 27778 130000 23085 19926 460000 46300 23110 1070000 27400 20438 560000 101706 21849 2222200 
2010 6063 35258 213768 25360 31036 787063 53236 32131 1710500 33289 25795 858699 118105 30248 3572376 
2017 5359 48517 260000 32428 31058 1007133 51340 37982 1950000 50699 30582 1550469 140000 34069 4769726 
2020 5378 44413 238012 33628 35346 1188517 51000 28679 1333975 50785 31275 1585629 140792 34928 4346133 
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Effect of mycorrhizae species on citrus growth 
Early and late harvesting of the fruits improves socio-economic status of the farmer by 

increasing market value of the product. Citrus in the Mediterranean climatic region mature, 
ripens early and brings more financial gain to the farmer. Citrus is a subtropical fruit, farmers 
of this region are taking keen interest in citrus cultivation due to high profit. Citrus plant root 
and mycorrhiza has a well-established and effective symbiotic relationship. Keeping the 
importance of this relationship soil was sterilized to eradicate indigenous mycorrhizae spores. 
After sterilization and inoculation (mycorrhiza species) citrus response was quite different to 
each species in terms of seedling diameter and height. Two pot experiments were conducted 
to evaluate the effect of different mycorrhizae species on plant growth attributes (Ortas et al., 
2002a, b). Raising of healthy citrus seedlings should be a priority for the citrus-producing 
country. Sour orange is an important rootstock, used extensively in Turkey for citrus 
production. A nursery trial was carried out in Adana, Turkey. Sour orange seedlings were 
transplanted into pots containing local Çanakçı soil series sterilized and inoculated with G. 
clarum. Seedlings inoculated with G. clarum performed better than other seedlings inoculated 
with other mycorrhiza species. 

In Experiment I, G. clarum significantly increased plant stem diameter (3.90 mm) as 
compared to control (1.90 mm) (Table 2). In Experiment II, G. clarum appeared to be more 
efficient in increasing seedlings stem diameter (5.4 mm) than non-inoculated (2.13 mm). In 
Experiment I, plant height measured after eight months was much higher (29.4 cm) as 
compared to control (13.5 cm) which clearly indicated the inoculation effect of G. clarum. 
However, in Experiment II inoculated plant attained a height of 48.4 cm compared to 17.2 cm 
after 12 months (Table 2). In both experiments, G. clarum inoculation significantly increased 
plant height and stem diameters. 

Table 2. Effects of different VA mycorrhizae inoculation on plant heights and stem diameters. 

Mycorrhizal  
species 

Plant diameter 
(mm) 

Plant height 
(cm) 

Total dry weight 
(g pot-1) 

Mycorrhizal dependency 
(%) 

Experiment I 
Control 1.90b±0.6 13.45b±0.6 1.23±0.12  
G. mosseae (1) 2.21b±0.2 13.46b±0.9 2.13±0.12 42 
G. mosseae (2) 2.16b±0.4 13.87b±0.8 2.34±0.13 47 
G. clarum 3.90a±0.5 29.37a±3.0 7.28±1.04 83 
G. caledonium 2.60ab±0.4 13.91b±0.7 2.03±0.02 39 
G. etunicatum 2.20ab±0.8 13.62b±0.9 1.29±0.02 5 

Experiment II 
Control 2.13b±0.67 17.18c±5.51 3.87±0.09  
G. mosseae (1) 2.99b±0.10 22.77cb±2.37 6.04±0.49 36 
G. mosseae (2) 2.89b±0.52 22.22cb±4.95 5.96±0.28 35 
G. clarum 5.40a±0.81 48.39a±7.04 43.64±2.33 91 
G. caledonium 3.65b±0.61 24.25b±3.46 8.58±0.64 55 
G. etunicatum 3.08b±0.37 24.50cb±5.37 6.79±0.23 43 

Data presented (Table 2) reveal that among the mycorrhiza species G. clarum produced 
significant results as compared to other species. Tendency of the seedlings root toward G. 
clarum was observed more among all the inoculated species. 

Different species in different geographic isolates of the same species of AM fungi might 
vary concerning their ability to colonize roots and improve plant growth (Camprubi and 
Calvet, 1996; Graham et al., 1996, 1982; Ortas and Ustuner, 2014a, b). Sharma et al. (2009) 
reported that the significant increase in growth parameters namely, height, diameter, root 
length and leaf area was more evident for the seedlings inoculated with G. fasciculatum and G. 
mosseae. 

Wang and Xia (2009) showed that the colonization of G. versiforme significantly 
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increased the plant height, stem diameter, leaf numbers and dry mass. G. mosseae inoculated 
citrus grafting seedling trifoliate orange/cara significantly increased the plant height, stem 
diameter, leaf area, and shoot length of test seedlings (Wu and Xia, 2004, 2005). 

The results of (Wu and Xia, 2004) showed that arbuscular mycorrhizal fungi inoculation 
could increase plant growth, such as plant height, stem diameter, leaf area, shoot dry weight, 
root dry weight and plant dry weight, when the water content of the soil was 20, 16 and 12%. 
Similarly Tong et al. (2006) searched the effect of several mycorrhizal inoculum on the 
seedling growth and they found that AM fungi could be infected effectively, and their shoot 
and root growth, especially fibrous root growth, was significantly improved, compared with 
the control. 

Since 1996, research experiments were carried out under greenhouse conditions. 
Usually, soils were sterilized to eliminate indigenous mycorrhiza spores but this caused 
reduction in seedling growth and development (Figure 1). G. clarum is highly recommended 
for inoculation of sour orange rootstocks. 

 

Figure 1. After soil sterilization effects of mycorrhizal inoculation on sour orange seedling 
growth. 

Rootstocks are used in area 
Healthy and strong rootstock inoculated with an appropriate AM fungus has not only 

improved citrus production but also provides a strong foundation for establishment of an AM 
inoculation system in citrus nurseries of the East Coast of the Mediterranean part of the 
country. Sour orange rootstocks are mycorrhizal dependent. Mortality rate was recorded high 
in non-inoculated seedlings. In Turkey, along with sour orange, Troyer citrange and trifoliate 
orange are also used. Rootstocks may also differ in their mycorrhizal species preference. 

A pot experiment was conducted in order to investigate the effect of mycorrhiza species 
on seedling growth in two different citrus rootstocks (Figure 2). Five different mycorrhizal 
species, namely G. fasicilatium, G. intradica, G. caledonium, G. macrocarpium and G. clarum 
(Figure 2) were used in the experiment. Mycorrhiza species applied to Carrizo citrange 
rootstock were more effective in seedling development. Effectiveness of G. fasicilatium was 
predominant in both cases of citrus rootstock. It was observed that G. macrocarpium effect 
was significant in seedling development in Carrizo citrange rootstock. Previously Vinayak and 
Bagyaraj (1990) used 18 mycorrhizal fungal isolates for screening of their symbiotic response 
with Troyer citrange and Trifoliate orange (Poncirus trifoliate) in unsterilized soil. G. 
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macrocarpum, G. caledonium, G. velum, G. monosporum, and Gigaspora margarita species 
promoted nutrient uptake and hence improve growth of Troyer citrange. Thus, it produced 
larger leaf area, higher stature plant, increased stem diameter, plant biomass, improved 
concentration of P, Zn and Cu in root as well as shoot, with higher root and shoot P, Zn, and Cu 
contents. 

 

Figure 2. Different rootstocks and mycorrhizae spore inoculation have different effects on 
citrus seedlings growth (Aslan and Ortas, unpublished data). 

In another experimental approach, two citrus rootstocks differing in mycorrhizal 
dependence and lime tolerance, rough lemon (Citrus jambhiri) and trifoliate orange (Poncirus 
trifoliata), were grown in two soils with different pH (Treeby, 1992). 

As citrus plants have a limited number of short root hairs, dependent upon mycorrhizal 
colonization in order to obtain sufficient nutrients and water (Ortas, 2012); hence, plant 
species such as citrus are obligatorily mycorrhizal dependent (Graham, 1986; Menge et al., 
1982; Ortas et al., 2002a, b). Wang and Xia (2009) showed that the colonization of G. 
vermiforme significantly increased the plant height, stem diameter, leaf number and dry mass. 
Citrus seedling trifoliate orange/care graft inoculated with Fu. mosseae has shown significant 
increase in the plant height, stem diameter, leaf area and shoot length of test seedlings (Wu 
and Xia, 2005). The same species of AM fungi, in different geographic locations, might vary in 
their ability to colonize roots and improve plant growth (Camprubi and Calvet, 1996). 
Brussaard et al. (2007) reported that mycorrhizal diversity positively contributes to nutrient 
and possibly water utilization efficiency. 

Mycorrhizal dependency 
Many tree plants (citrus, kive, pine, etc.) are strongly mycorrhizae dependent. Plant 

species differ in their mycorrhizal dependency. The dependency is closely related to the 
morphology of the root system and the mode of P acquisition from low-P soils (Ortas, 2018). 
Srivastava et al. (2002) reported that mycorrhizal inoculated citrus seedlings were observed 
to be highly effective in low-fertility, coarse-textured soils. Since the soils of this region consist 
of high levels of clay and lime, the availability of nutrients is limited; therefore, farmers use 
heavy chemicals to ensure better growth. Consequently, the biological fertility of the soil is 
negatively affected. Citrus plants are mycorrhizal dependent (Ortas et al., 2002a, b). It is 
important to produce mycorrhiza-inoculated seedlings for newly established citrus orchards. 
Citrus plants exhibit different responses to different mycorrhiza species. It is reasonable to 
use different mycorrhiza species, in several growing media, to identify an efficient inoculum 
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and elucidate their interaction under the semi-arid Mediterranean conditions. Citrus are 
obligatory mycorrhizal dependent, especially under increasing P application conditions 
(Graham, 1986; Graham and Eissenstat, 1994; Graham and Syvertsen, 1985; Krikun and Levy, 
1980; Menge et al., 1982; Ortas et al., 2002a, b). Camprubi and Calvet (1996) reported that 
sour orange and ‘Cleopatra’ mandarin were more dependent than Troyer citrange and Swingle 
citrumelo. The dependency is mostly related to the enhanced phosphorus acquisition from 
low-phosphorus soils. Ortas et al. (2002a, b) tested the mycorrhizal dependency of the citrus 
plant on P and Zn nutrition and they found that MD was less affected by Zn supply than the P 
supply. Effect of mycorrhizal inoculation on phosphorus uptake under several levels of P and 
Zn concentration was evaluated. In that study the hypothesis was that indigenous mycorrhiza 
is efficient as mycorrhizal inoculation under different P and Zn fertilizers application. The 
objective of the study was to evaluate the effects of indigenous and selected Rhizophagus 
clarus mycorrhizal inoculation with different rates of P and Zn application on sour orange 
seedlings and nutrient uptake under sterile and non-sterile soil conditions.  

The experiment was established to evaluate the effects of inoculating selected single 
arbuscular mycorrhizae (AM) and indigenous native mycorrhizae (IM), along with the 
application of P and Zn, on the mycorrhizal dependency (Ortas, 2019). It has been found that 
increasing the P level decreased the MD, similar to IM inoculation as well. In addition, it has 
been determined that MD decreased with Zn application levels as well (Table 3). It is also 
logical to determine a suitable growing medium for healthy seedling production; in addition, 
the use of indigenous mycorrhiza (IM) under field conditions is very important for achieving 
better management of mycorrhiza. (Ortas, 2012). Indigenous mycorrhiza (IM) is well adopted 
to the existing environment and therefore, has significantly improved plant growth and 
nutrient uptake. Research experiments conducted by Ortas (2012, 2019) and Ortas et al. 
(2016) observed that IM made a significant contribution to the growth of citrus seedlings. 
Interaction of indigenous and exotic mycorrhiza inoculum was studied and found effective for 
further investigations. Soil fumigation and sterilization along with other organism indigenous 
mycorrhiza species were also completely removed from the soil, which eventually resulted in 
stunted plant growth. 

Table 3. Effects of P and Zn fertilizer on mycorrhizae dependency of selected and indigenous 
mycorrhizae spore inoculated citrus seedlings (Ortas, 2019). 

Mycorrhizae  
species 

P and Zn supply 
(mg kg-1 soil) 

Mycorrhizal dependency (%) 
Sultanönü Konya 

R. clarum Zn0 
 

94 84 
Zn1 P0 91 80 
Zn2 

 
90 71  

Mean 92 79 
Zn0 P1 56 72 
Zn1 44 69 
Zn2 43 67  

Mean 48 69 
Indigenous 
mycorrhizae 

Zn0 P0 83 70 
Zn1 79 61 
Zn2 78 47  

Mean 80 59 
Zn0 P1 22 64 
Zn1 16 63 
Zn2 15 61  

Mean 18 63 
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Williams et al. (2012) reported that plants treated with indigenous AMF exhibited 
significantly greater survival than those treated with commercial AMF. Wu and Xia (2004) 
showed that arbuscular mycorrhizal fungi inoculation could increase certain plant growth 
parameters, such as plant height, stem diameter, leaf area, shoot dry weight, root dry weight, 
and plant dry weight, compared with the control. Tong et al. (2006) investigated the effect of 
several mycorrhizal inocula on seedling growth and found that AM fungi effectively colonized 
seedling roots and that shoot and root growth, especially fibrous root growth, was 
significantly improved when compared with the control. 

Graham and Timmer (1984) reported that mycorrhiza has varying degrees of influence 
on lemons in different growing media and with different P doses. In addition, inoculation of 
the soil with cultured spores of AM isolates of Fu. mosseae or a mixture of isolates of Fu. 
mosseae and R. clarus, markedly improved P and Zn uptake, and the dry matter accumulation 
of citrus plants. Similarly, Wu et al. (2011) indicated that Fu. mosseae inoculation improved 
the growth performance of citrus plantlets and stimulated the accumulation of N, P, Ca, Cu, Zn, 
and Mn in leaves and roots, compared with the non-inoculated treatment. The results show 
that mycorrhiza-inoculated plants have a high P concentration, which is in harmony with 
results obtained by other researchers (Gnekow and Marschner, 1989; Menge et al., 1978; 
Ortas et al., 2002a, b; Ortas and Ustuner, 2014a, b; Vinayak and Bagyaraj, 1990). Ortas e al. 
(2002a) previously used five different single AM species under greenhouse conditions, in two 
different experiments, and found that R. clarus gave the best improvement in growth. 

Mycorrhiza-inoculated plants grew better and had a higher P and Zn content, which may 
be due to the presence and function of the AM, established on the roots at multiple sites per 
plant. Khalil et al. (2011) reported that inoculating the seedlings with AM tended to increase 
the levels of P and Zn. Mycorrhizal inoculation may have some other benefits, apart from 
nutrient uptakes, such as water uptake and disease control. 

Mycorrhizae and phosphorus uptake 
The most well-known benefit of mycorrhiza is to ensure the availability of phosphorus 

to the plants. Root colonization and sporulation were reduced at the higher P levels. Effects of 
mycorrhizal inoculation and phosphorus levels on citrus growth were studied in a pot 
experiment. To evaluate the synergistic effect of P and Zn, various P and Zn levels were 
studied. All the possible interactions were examined. Three Zn (0, 2.5 and 5 mg kg-1 soil as a 
ZnSO4, three P levels (0, 100, and 200 mg P2O5 kg-1 soil as a (CaH2PO4) were applied. Two levels 
of inoculum, with and without, were investigated. 

Dry matter production in the mycorrhizal inoculated plant was significantly stimulated 
by mycorrhizal infection. In case of high P level pots’ higher increase in dry matter was 
recorded as compared to inoculated pots. With zinc application plant growth was slightly 
increased. 

Root dry weight significantly increased with increase in Zn concentration. Increase in 
both P and Zn level recorded profound increase in root dry weight. Inoculated pots showed 
increase in root growth as application of Zn increased from Zn 0 to Zn 1. Beyond that no 
further increase in root growth was observed. Both P and Zn affect dependency of citrus 
seedlings on mycorrhiza (Figure 3). As can be seen, increasing P fertilizer significantly 
decreased seedling MD. Similarly, the effects of Zn level increase decreased mycorrhizae 
dependency less than P fertilizer application. However, phosphorus effect is more apparent 
and to be further investigated. 

Zinc deficiency is well known following the application of phosphate fertilizer. Several 
chemical mechanisms have been suggested to understand Zn deficiency under high P 
application. It has been suggested that the mechanism of induced Zn deficiency may be due to 
high P application and can reduce mycorrhizal infection percentage and as a result the plants 
suffer Zn deficiency. In some orchards in the eastern Mediterranean coast of Turkey, Zn 
deficiency is common which is characterized by deficiency symptoms. Lambert et al. (1979) 
showed that high P depressed mycorrhizal inoculation, thus plants were not able to get more 
Zn. It was targeted to search the effect of mycorrhizal inoculation on P and Zn uptake. Also, 
indigenous mycorrhizae have been shown to significantly affect citrus growth (Ortas and 
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Ustuner, 2014a, b). 
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Figure 3. Effects of P and Zn levels on mycorrhizal dependency of citrus seedlings. 

CONCLUSIONS 
Citrus is one of the most important subtropical fruit. Mycorrhiza and citrus have a very 

effective symbiotic relationship. Healthy and sound rootstock may improve citrus yield. 
Certain agricultural practices like soil sterilization eliminate indigenous mycorrhiza species. 
Since 1995 until now research work has been in progress to promote inoculated citrus 
seedlings to increase farmer income. Therefore, inoculation of indigenous mycorrhiza species 
would not only improve plant growth but also uptake of nutrients such as P, Zn, and Fe. 
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