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Abstract 
In 2001, a long term Satsuma Mandarin experiment was set up in Menzilat soil 

series. Glomus mosseae, Glomus etunicatum, Glomus clarium, Glomus caledonium and a 
cocktail of mycorrhizal species were applied to one-year-old sour orange seedlings 
during transplant to the field. Since 2004, the yield per tree was recorded every year 
and every year in May plant leaves were sampled for nutrient analyses. In 2014, the 
macro and micro nutrients (C, N, P, Fe, Mn, Cu, Zn) concentration in leaves were 
determined. Every year the soil properties were also analyzed. Data showed that the 
yield per plant increased every year. Some years, because of climatic conditions, a 
decrease in yield was observed. During 11 years, G. clarium inoculated trees produced 
the highest yield and control trees produced significantly less. Trees inoculated with 
the mycorrhizal cocktail had 48.6% of C, while non-inoculated plant had 39.9%. Trees 
inoculated with G. mosseae had the highest N concentration (2.41%), whereas control 
plants had the lowest (1.54%). The P and Zn concentration of plant leaves also 
increased with mycorrhizal inoculation. Since soil had a low Zn concentration, 
mycorrhizal inoculation assisted the plants to sufficiently uptake this nutrient. 
Results showed that mycorrhizal fungi can successfully be applied to Mandarin under 
field conditions. 
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INTRODUCTION 
Over 75% of the Turkish citrus plantations are located in the Eastern Mediterranean 

part of Turkey (Ortas, 2012a). Every year, around one million citrus seedlings are 
transplanted to fields in newly established citrus orchards in the Çukurova region. The soils 
in the region have high levels of clay and lime, resulting in a limited availability of nutrients, 
especially phosphorus (P) and zinc (Zn). There is a water limitation and consequently 
drought problems. In order to obtain an optimum fruit yield, farmers use high amounts of 
chemical fertilizers, that cause soil degradation and water pollution. Fertilizer sources are 
limited and expensive. 

Arbuscular mycorrhizae (AM) colonization is the largest association between plant 
roots and microorganisms; it is responsible for increasing plant nutrient uptake (Jayne and 
Quigley 2014; Ortas 2003; Ortas et al., 2002a, b; Tanaka and Yano, 2005). Mycorrhizae fungi 
are of natural origin and play a significant role in water uptake and additionally can 
contribute to soil development. Arbuscular mycorrhizal fungi (AMF) are also a good 
alternative to control soil born diseases in orchards. Since 1996 in our rhizosphere 
laboratory, many mycorrhizae-related studies were done with citrus rootstocks and it has 
been shown that arbuscular mycorrhiza fungi (AMF) association significantly increased the 
citrus seedlings growth and nutrient uptake under greenhouse conditions (Ortas, 2008, 
2012a; Ortas et al., 2015, 2002b; Ortas and Ustuner, 2014a; Satir et al., 2016). 

Since citrus plants have a coarse and sparse root system, a well-developed AM 
colonization may increase the percentage of seedling adaptation to the field by reducing the 
mortality ratio. Mycorrhizal plants normally grow more rapidly and appear healthier than 
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non-mycorrhizal plants, especially in low fertile soils (Ortas et al., 2016). 
Citrus plants are highly mycorrhizal dependent (Menge et al., 1978; Ortas, 2012a) and 

it has been demonstrated many times, under several soil and fertilizer conditions (Ortas, 
2012b), that the citrus seedlings are mycorrhizal dependent (MD). Since citrus are MD, it is 
therefore reasonable to produce mycorrhiza-inoculated seedlings for newly establish citrus 
orchards. 

Satsuma Mandarin (Citrus unshiuu Mark.) is a commercial fruit which is largely 
consumed all over the world. The effect of mycorrhizal inoculation on Mandarin growth and 
fruit yield under field conditions is has been studied less compared to lemon and orange 
fruit trees. For this reason, it is important to test the effects of several mycorrhizal species on 
the growth, yield and nutrient uptake of citrus tree plant under field conditions. In order to 
make the effect of mycorrhiza on mandarin growth clear two questions were asked: 

1. Does mycorrhiza inoculation affect Satsuma Mandarinplant growth and yield under 
field conditions? 

2. Is there any difference in nutrient concentration of mycorrhiza inoculated and non-
inoculated Satsuma Mandarin plants? 

In order to test the effect of mycorrhiza on mandarin growth, we used several 
arbuscular mycorrhizae fungi species in this work to inoculate mandarin roots under field 
conditions. 

MATERIALS AND METHODS 

Site description 
The experiment was set up in 2001 on the Menzilat soil series (Typic Xerofluvents 

Fluvents, Entisols) located in the Research Farm of the Çukurova University (37°00’54.31”N, 
and 35°21’21.56”E and 31 m above mean sea level) in the eastern part of the Mediterranean 
region of Adana-Turkey. The regional climate is typical for this Mediterranean area with a 
long-term average annual air temperature of 19.2°C (ranging from 14.1°C in January-
February to 25.6°C in July-August), and a precipitation of 657 mm. As much as 81% of the 
annual precipitation is received between November and April, with a mean annual air 
humidity of 66% (Anonymous, 2008). 

The soil is clay loam with a pH of 7.50, the organic matter is 1.61% and Olsen 
extractable P is 4.51 mg kg-1 soil. Indigenous spores were extracted from the soil samples 
taken before transplanting the seedlings to the field using the wet-sieving technique 
(Gerdemann and Nicolson, 1963). 

Experimental design 
For this experiment, we used Satsuma Mandarin (Citrus unshiu Mark.) grafted on sour 

orange. A randomized complete block design with six replications was used. The experiment 
lay out and treatments are shown in Figure 1. The plots size was 6×5 = 30 m2. Before 
transplanting the sour orange seedlings, the site was ploughed, later on the soil was plowed 
with a disc harrow. According to our experimental layout, 35-cm-deep seedling planting pits 
were opened (Figure 2A). 

 

Figure 1. Layout of mandarin experiment under field conditions. 
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Figure 2. Seedling transplanting and mycorrhiza inoculation to the field conditions. 

Since the soil organic matter content was low, every year in September the field soil 
was fertilized with 100 g N-NH4NO3 per tree. So far, no phosphorus and other nutrient 
fertilizers were applied. 

Seedling production and transplantation to field conditions 
Sour orange seeds were sown in a sand:soil:animal manure (6:3:1 v/v) growth 

medium. Seedlings were produced under greenhouse conditions and then inoculated during 
transplantation (Figure 2). Glomus mosseae (Nicolson and Gerdemann) Rothamsted isolate, 
UK; G. etunicatum (Becker and Gerdemann) Nutri-Link isolate; USA; G. clarium (Nicolson and 
Schenk) Nutri-Link isolate, USA; G. caledonium (Nicolson and Gerdermann) Rothamsted 
isolate, UK; a cocktail containing a mixture of the four AM species were used in equal 
proportion. 

The mycorrhizae inoculum, consisting of 5000 spores/seedling mix in the form of 
chopped roots and mycorrhizal spores, was used at the transplanting of the seedlings to the 
field (Figure 2). The inoculum was placed approximately 50 mm below the seedlings and 
also added on seedling roots. The inoculum was calculated based on the number of spores 
present in 10 g inoculum (Ortas et al., 1999). In non-mycorrhizal control treatments, 
seedlings received the same amount of mycorrhizal fungi free substrate. After one year from  
transplantation to field, Satsuma Mandarin were grafted on the sour orange seedlings. 

Determination of leaf nutrient concentrations 
Every 2 years before each tree plant flowered, 40 mature plant leaves were taken for 

nutrient analysis according to Martin-Prevel et al. (1987) The plant leaves were cleaned with 
deionized water and oven-dried at 65°C for 48 h. The dry material was ground and 0.2 g of 
the ground plant material was ashed at 550°C, and then dissolved in 3.3% HCl. Leaf P 
concentration was determined with the vanadate-molybdate yellow colorimetric method 
using a spectrophotometer and the K, Zn, Fe, Mn and Cu concentration was determined by 
ICP (Chapman and Pratt, 1961). The carbon and nitrogen content was determined by 
combustion using a Thermo Fisher Scientific FLASH 2000 Series CN Elemental Analyzer 
(Thermo Fisher Scientific, Waltham, USA). 

Mycorrhizal colonization (%) 
In 2015, sub root samples were taken at 0-20 cm depth. The roots were separated 

from the soil by washing them with running tap and distilled water. Roots were stained as 
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described by (Koske and Gemma, 1989) and determined by the method of Giovannetti and 
Mosse (1980). 

Yield determination 
Since 2004, the effect of different AM fungi species on fruit yield was recorded. Every 

year in November, all fruits for each individual tree were harvested and weighed. 

Statistical analysis 
The fruit yield and plant nutrient concentration were statistically analyzed using the 

analysis of variance (ANOVA) procedure in SAS (2009) program. Least significance 
difference (LSD) at p=0.05 were tested to determine the significant differences between 
treatment means. 

RESULTS AND DISCUSSION 
The citrus AM colonization was high in all the experimental orchards sampled. Since 

the field soil was non sterilized, control plants had high root colonization as well. Control 
plants had 37% of colonization and G. clarium inoculated plants had 55% of root 
colonization (Figure 3). Similar works showed that under field conditions, Satsuma 
Mandarin have high root colonization (Wang et al., 2011). Although there are differences in 
between species, however, statistically the differences are not significant. Since there are 
indigenous mycorrhizae spores in soil, naturally root colonization occurred. 

 

Figure 3. Different mycorrhiza species root colonization (%). Bars mean standard deviation. 

Fruit yield measurement 
At harvest, the yield of each tree was separately recorded and the results are 

presented in Figure 4. Statistically mycorrhizae species inoculation and years treatments 
were highly significant (P<0.0001). Years and mycorrhizae species inoculation interaction 
was also found to be significant (P<0.0011) (Table 1). In general, G. clarium and G. mosseae 
inoculated trees had a higher yield than the other species. In 2012 and 2013, a yield 
decrease was recorded. Since in those years there was cold winter weather, this may be 
caused by climate factors. In 2014 and 2015, although there were great standard variation 
differences in between measurements, fruit yield differences were detected among 
treatments. This may be related to the soil management of the orchard. The management of 
tree plants under field conditions is very difficult and the response is diverse. Under field 
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conditions uncontrollable tillage, irrigation and side effects can cause yield differences from 
year to year. Jayne and Quigley (2014) reported that mycorrhizal plants have a better growth 
and reproductive response under water stress compared to non-mycorrhizal plants. Under 
field condition, sod plants also have influence on mycorrhizae development and soil quality 
propoertises. The results of Zou et al. (2016) suggested that under AMF-inoculated citrus 
orchard condition, sod culture stimulated mycorrhizal development and potentially 
improved soil properties. Also under such as sod culture the role of indigenous mycorrhizae 
is also unknown. The reason need to be further searched for next yield seasons. 

 

Figure 4. Mandarin fruit yield from 2004 to 2015. 

Table 1.  Significance of F-values (probability) from analysis of variance for yield parameter 
for several years. 

Sources DF Yield 
Years (Y) 10 0.0001 
Mycorrhizae species (M) 5 0.0001 
Yield*Mycorrhiza 50 0.0011 

Plant leaves nutrient concentration 
To properly plan the fertilization program, it is important to know the nutrient 

concentration of the tree plant leaves (Ghosh et al., 2017). At the same time, it is easy to 
determine the nutrient concentration of macro and micro nutrients under field conditions. 
However, it is very difficult to evaluate the data to make a proper fertilizer recommendation 
for citrus tree plants under field conditions. Plant nutrient concentrations were measured 
for several years, however in the present work only the data of 2015 are presented. As 
shown in Table 2, plant nutrient concentrations were different when treated with different 
mycorrhizal species. In general, mycorrhizal inoculated plants have a higher nutrient 
concentration than control tree plants. Ghosh et al. (2017) indicated that plant leaves and 
soil nutrient concentration is changed by fertilizer application time and nutrient levels. Since 
the experiment was established no extra fertilizers were applied and consequently nutrient 
concentration of leaves were not statistically significant. Also mycorrhizal root colonization 
was not statistically different (Figure 3). 
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Table 2. Mandarin tree leaves nutrient concentration. 

Treatments C N P K Zn Cu Fe Mn 
(%) (mg kg-1) 

Control 39.9±2.8 1.5±0.2 0.12±0.03 2.5±0.5 13.7±1.6 3.6±1.0 62.2±18.1 17.7±6.6 
G. mosseae 43.2±3.9 2.4±1.1 0.16±0.02 3.1±0.9 17.4±3.4 5.4±1.9 81.6±16.3 20.2±4.4 
G. etunicatum 44.5±0.7 1.9±0.2 0.14±0.03 3.3±1.1 18.4±3.9 6.3±1.5 82.8±10.9 22.8±8.7 
G. caledonium 45.7±4.4 2.2±0.5 0.16±0.03 5.0±1.3 19.7±2.4 6.6±1.3 68.7±13.5 18.6±2.1 
G. clarium 43.9±2.4 1.8±0.1 0.15±0.01 5.0±1.1 22.2±6.1 7.6±1.5 83.1±23.1 27.2±7.4 
Cocktail 48.6±8.7 2.2±0.5 0.11±0.01 3.7±1.0 18.2±3.3 4.2±0.8 51.7±14.2 16.3±5.5 
Values are the averages of three samples ± standard deviation 

Previously, it has been claimed that plant root colonization is related with carbon 
drainage to rhizosphere area. Graham et al. (1996) reported that under low-P supply 
conditions Glomus spp. would be aggressive colonizers for sour orange roots, and under high 
P supply conditions the fungi would not only be aggressive colonizer, but also would result 
in a greater belowground carbon cost. In our study, leaves C concentration was higher in 
inoculated tree than non-mycorrhizal control plant. In the present experiment, non-
mycorrhizae inoculated plants had a mean of 39.85% C and cocktail plants had 48.64% C 
(Table 2). Also leaf N concentration was higher in inoculated trees, the highest being the 
2.41% of G. mosseae treatment, than the control trees, which had only 1.54% of N. This may 
be caused by soil indigenous AM fungi (which are already in the soil) that causes growth 
differences which might be involved with the carbon efficiency of the fungi. Plant leaves K 
concentration also increased with mycorrhizae inoculation (Table 2). Compare to control 
plant K % concentration was higher in all mycorrhiza species treatments. 

In general, mycorrhizae inoculated plants had higher nutrient concentration than non 
mycorrhizal plant. The results show that mycorrhizae inoculated plants have higher P 
concentration than non mycorrhizal inoculated plants (Table 2). Leaf Zn concentration also 
increased with mycorrhizal species application. G. clarium inoculated trees had higher Zn 
concentration than trees in the other treatments. The results are in agreement with previous 
greenhouse studies on citrus plants (Ortas et al., 2002a; Ortas and Ustuner 2014a, b). The 
results of Chen et al. (2014) also showed that mycorrhizae inoculation significantly 
increased citrus leaves Zn concentration. Also Chen et al. (2017) reported that under low-Zn 
soil conditions, AMF, especially G. intraradices inoculation has the potential to improve 
growth and Zn uptake of triofoliate orange seedlings. 

Copper concentration also was different with mycorrhizae species inoculation. In 
control plants, the mean of Cu concentration was 3.60 mg kg-1 and G. clarium inoculated tree 
plant was 7.56 mg kg-1. Previously, several works showed that mycorrhizal inoculation 
contributes to plant Cu concentration (Ortas, 2012b). Fe and Mn concentration was different 
among mycorrhizae species (Table 2). However, in cocktail mycorrhiza inoculated tree plant 
leaves Fe and Mn concentration is less than control treatment. 

CONCLUSION 
The results showed that mycorrhizae inoculated plants have higher yield and nutrient 

concentration than non-inoculated tree plants. Among the four mycorrhizal species and one 
cocktail, only the cocktail of mycorrhizae had lower nutrient concentration than the control. 
G. clarium had the highest effect on and nutrient uptake. N and P concentrations of selected 
mycorrhizae speacies are higher than control treatmet. Results showed that mycorrhizal 
fungi can successfully be applied to Mandarin trees under field conditions. 
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