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Abstract 
Under semi-arid soil conditions, soils are poor in nutrient availability due to the 

high clay and lime content and high pH; hence, mycorrhizal inoculation is a good 
strategy for sustainable agriculture. As it is still very difficult to produce a large 
quantity of mycorrhizal inoculum for a large area, it is reasonable to produce 
mycorrhizal-inoculated seedlings, which are then transplanted to the field. In order to 
investigate the effect of mycorrhizal inoculation (Glomus mosseae) techniques on plant 
yield and nutrient uptake of several horticultural plants, field experiments were 
conducted using a selected Menzilat soil series (Entic Chromoxerert), located in the 
Research Farm, Faculty of Agriculture, University of Cukurova, (eastern Mediterranean 
region) Turkey. Two growth pot sizes and two inoculation technique combinations 
consisting of six horticultural plants were replicated three times in a factorial 
randomized block design. The pure culture of G. mosseae was maintained and 
multiplied with sorghum under glasshouse conditions. Pepper, eggplant, tomato, 
cucumber, melon and watermelon seedlings were produced in different growth media, 
comprised of different composting material with several mycorrhizal species. 
Seedlings were produced using different techniques. Mycorrhizal-inoculated and non-
inoculated seedlings were grown under field conditions using different inoculation 
techniques. The experiments revealed that under field conditions, mycorrhiza-
inoculated seedlings are effectively established and result in high plant growth and 
yield. The results also revealed that for both techniques, plant yields were higher and 
mycorrhizal-inoculated plants produced more yield than non-mycorrhizal plants. The 
results showed that mycorrhizal-inoculated plants had higher P and Zn content than 
non-inoculated plants, but immersed mycorrhizal-inoculated plants had higher P 
concentration compared with granular application. We conclude that seedling quality 
is dependent on growth medium and mycorrhizal spore effectiveness. Furthermore, 
using mycorrhizal-inoculated seedlings appears to be a good strategy for horticultural 
production. 

Keywords: vegetable seedling inoculation, fruit yield, inoculum effectiveness, P and Zn 
uptake, ecological farming 

INTRODUCTION 
The arbuscular mycorrhizal (AM) fungus, G. mosseae is a well-known species used to 

symbiotically associate with many plants and enhance the availability of nutrients such as 
phosphorus and zinc to their hosts. The AM colonization of many economically important 
horticulture crop plants has been the focus of several investigations and the results have been 
comprehensively evaluated by several researchers (Smith and Smith, 2011; Ortas, 2012). 

The effect of AM fungi on the growth and yield of horticultural plants has been 
investigated under field conditions. In addition, it has been shown that mycorrhiza inoculation 
significantly increased the yield (Ortaş, 2010; Ortas, 2012; Douds et al., 2016). However, in 
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some cases, the effectiveness of the inoculum and/or seedling inoculum is not well 
established. 

Although mycorrhiza inoculation increases plant growth and nutrient uptake, there are 
still serious practical problems involving mycorrhizal inoculation under large field conditions. 
Smith and Smith (2011) summarized the most serious obstacles to the use of mycorrhizae 
spores in large agricultural areas as: 1) there is no universal ‘elite’ AM fungi to maximize the 
growth of all plants; 2) since AM fungi are obligate symbionts, the production of high-quality 
inoculum requires suitable host plants, and the growth medium (soil types) is crucial; 3) 
sufficient mycorrhizae spore production is not cheap and ongoing quality testing for different 
hosts is diverse; 4) large-scale inoculation in the field is not easy or likely to be cheap; 5) 
survival of AM fungal inoculants is still a problem as found for other biological inoculants; and 
6) the management of indigenous mycorrhizae under field conditions remains problematic 
for many field and horticultural crops (Ortas and   Varma, 2007). Since the hyphae of AM fungi 
physically extend the rhizosphere into a larger soil volume and access more plant-available 
nutrients such as P (Elbon and   Whalen, 2015) and Zn (Akpinar et al., 2018). 

According to Baum et al. (2015), the seedling stage is most sensitive to abiotic stress 
and pathogens, and AMF might be useful during this period. Furthermore, mycorrhizal-
inoculated seedlings have a higher chance of survival than non-inoculated ones. Previously, 
Ortaş (2010) reported that mycorrhiza-inoculated cucumber seedlings survived and also 
increased fresh yield after inoculation with AMF compared with non-mycorrhizal (NM) 
seedlings. The growth and vigour of mycorrhizae-inoculated seedlings can increase the 
survival rate when transplanted into the field (Ortas and  Varma, 2007). Similarly, seedling 
inoculation with AMF also increased the survival rate and growth of micro-propagated 
asparagus and strawberry plantlets and also reduced their nutrient requirements (Baum et 
al., 2015). 

So far, an enormous amount of research has been performed under greenhouse 
conditions; conversely, less work has been carried out under field conditions. The difficulty 
lies in the fact that it is not easy to control research conditions under field conditions, due to 
several external and internal factors. Nevertheless, work under field conditions and the 
results obtained are crucial in order to understand the mycorrhiza ecology and responses of 
plant species under varying soil conditions. Under field conditions, indigenous mycorrhizae 
spores are present and most of the time they significantly infect plant roots. Under these 
conditions, it is very difficult to determine mycorrhizae growth response (MGR) in field 
experiments. 

The objective of this work was to investigate the effects of seedling production and 
mycorrhizae application techniques on fruit yield and nutrient uptake of some vegetables. 

MATERIAL AND METHODS 
A field trial was conducted at the Research Farm, Faculty of Agriculture, University of 

Çukurova, (37°00’54.31”N, and 35°21’21.56”E and 31 m a.m.s.l.) in the eastern part of the 
Mediterranean region, Adana, Turkey. The area has a long-term average annual air 
temperature of 19.1 °C (ranging from 14.2°C in January-February to 25.5°C in July-August), 
and the annual precipitation of the experimental site was 670.8 mm, with approximately 80% 
of the precipitation falling between November and April, and a mean annual humidity of 66% 
(Anonymous, 2008). The experimental was set up on Menzilat series (Entic Chromoxerert) 
(Typic Ustifluvent) soil. Clay loam soil comprises 32.50% CaCO3, and a pH of 7.87, total carbon 
of 4.83% and total N of 0.14%. 

Before the field experiment was established, the site was ploughed and plant residues 
were incorporated into the surface at 10-15 cm with a disc harrow. Indigenous spores were 
extracted from the field soil samples taken before experimental set up, and spores were 
analyzed using the wet-sieving technique (Gerdemann and Nicolson, 1963). 

Experimental design 
A complete randomized block design with three replications was used. Cucumber (Yayla 

F1 local variety), watermelon (Madera F1), melon, eggplant (Pala), tomato (SC2121) and 
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pepper (Kahramanmaras) were used as plant material. Each crop species was the subject of a 
separate experiment according to ecological growth period; all plants were planted as 
seedlings in the springtime. The plot size was 3×5=15 m2. 

The field soil was amended with a base fertilization of 200 kg N-NH4NO3 ha-1 and 80 kg 
P2O5 ha-1 P was used at ploughing stages. Nitrogen (N) was supplied in two applications, 
consisting of equal portions. Half of the N was applied at the beginning of sowing and the 
remainder was applied before the flowering stage. 

Seedling production and transplantation 
Vegetable seedlings were produced in two different sized containers under greenhouse 

conditions for 5-6 weeks, depending on the weather and growth conditions, and then 
transferred to the main field plots. One group of seedlings was produced in large cans, 
whereas the other group was produced in small viols. 

Vegetable seedlings were transplanted to the field at the 3- to 5-leaf stage. The 
transplanted seedlings need a period to recover their growth, and mycorrhiza can assist with 
better seedling establishment. Mycorrhiza were applied using two different techniques. The 
roots of a group of seedlings were immersed in a mycorrhizal solution, allowing all rootstocks 
to become infected with mycorrhiza. For the other group, the inoculum was placed 
approximately 40-50 mm below the seedlings. 

The Glomus mosseae inoculum, isolated from Rothamsted (UK), consisted of 1000 
spores/plant potted in a mix in the form of chopped roots and mycorrhizal spores. The 
inoculum was calculated based on the number of spores present in 10 g of inoculum. In non-
mycorrhizal treatments, each tray was filled with the same amount of mycorrhiza fungi-free 
substrate (autoclaved inoculum medium, i.e., growth medium, root, hyphae and spore). 

Harvest and measurements 
The vegetable crop fruits were harvested several times after flowering and all measured 

data were recorded for fresh yield. 

Determination of leaf P and Zn concentrations 
For each crop, upper mature plant leaves were taken for nutrient analysis before 

flowering. Plant material was washed with distilled water and oven-dried at 65°C for 48 h. 
The dry material was ground using a Tema mill, 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 Zn 
concentration was determined by atomic absorption spectrometry. 

Mycorrhizal colonization 
Before plant flowering, the roots of two plants were removed and carefully washed 

under tap water to assess mycorrhizal colonization. Plant root samples were cleaned and 
stained and root colonization was assessed using the method of Koske and Gemma (1989). 
The percentage of AMF colonization was calculated as the number of 10-mm-long root 
segments identified as colonized under a stereo microscope at 20X magnification out of 100 
root segments. 

Inoculation effectiveness and growth responses 
Fresh fruit weights were harvested during flowering and all data recorded as total yield. 

Inoculation effectiveness and growth responses of plant yield on AMF were calculated (Ortas, 
2012) for each species based on the following formula: 

Inoculation effectiveness (IE) =  
Yield (+M) − Yield (−M)

Yield (+M) x 100 

+M: inoculated plants; -M: non-inoculated plants. 
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Statistical analysis 
All data were statistically analyzed using the analysis of variance (ANOVA) procedure in 

the SAS (9.03) program to assess the effects of plant species and mycorrhizal treatment. 
Finally, Tukey test at P=0.05 was used to determine the significant differences between 
treatment means. 

RESULTS AND DISCUSSION 

Root colonization 
Under field conditions, mycorrhizal inoculation significantly increased plant root 

colonization compared with non-inoculated plants. In general, there was no difference 
between container size, however mycorrhiza inoculation techniques are statistically 
significant. Although not statistically significant, seedlings grown in large cans had higher root 
colonization than those grown in viols. The percent root colonization was significantly higher 
when immersed in a mycorrhizae solution with G. mosseae compared with using granular 
application (Table 1). The highest root colonization (50%) was observed in seedlings grown 
in the larger container with immersed inoculum conditions. There is no notable difference 
between plant species in terms of root colonization. 

Yield parameters 
Mycorrhizal inoculation significantly increased plant yield. Solanaceae spp. exhibited 

growth promotion by mycorrhizal inoculation (Table 2). Tomato, eggplant and pepper 
seedlings grown in viols produced a higher yield under field conditions compared with 
watermelon and cucumber seedlings grown in larger cans. Melon and pepper seedlings grown 
in larger cans produced more fruit yield than seedlings grown in viols, which may be related 
to plant root depth and geometry. The type of growth container had a statistically significant 
effect on melon and pepper plants. There was less difference between mycorrhizae 
inoculation techniques in terms of yield comparisons (Table 2). Tomato and pepper seedlings 
grown in both containers when immersed in mycorrhizal solution produced a higher yield 
than other plants. 

Tomato plants inoculated with G. mosseae exhibited increased yield (Makus, 2002; Elahi 
et al., 2010; Douds et al., 2016)). Under field conditions, after inoculation with AMF using both 
inoculation techniques, pepper plants exhibited growth promotion and increased yields. 
Previously, (Ortas et al., 2011a) indicated that mycorrhizal inoculation increased pepper yield. 
Similarly, mycorrhizal inoculation increased eggplant yield and it has been shown that 
mycorrhiza inoculation significantly increased plant growth and yield under field conditions 
(Ortas et al., 2011b; Ortas, 2012). 

Inoculum effectiveness (IE) and growth responsiveness (GR) 
Inoculum effectiveness and growth response were calculated using fruit yield (Table 3). 

The yield of all plant species was higher in response to mycorrhizal inoculation. In addition, 
inoculum effectiveness was calculated and for both seedling growth containers and 
inoculation techniques, plant species exhibited positive response to mycorrhizal inoculation. 
In general, IE was higher in the Solanaceae family than in the Cucurbitaceae family. For the 
Cucurbitaceae family, the cucumber plant, and for the Solanaceae family, the pepper plant, 
gave the highest responses. 

In general, horticultural plants such as tomato, green pepper and eggplant showed 
higher IE than the watermelon, melon and cucumber (Ortas, 2012). The highly mycotrophic 
horticultural field crops showed higher dependency on mycorrhizal colonization for their 
growth. Although it is known if the Cucurbitaceae family are highly responsive to inoculation, 
the present experimental results are supported by Ortaş (2010) which showed that under 
field conditions mycorrhiza inoculation significantly increased cucumber fruit yield, and P 
and Zn shoot concentrations. 
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Table 3. Under field conditions, comparing non-inoculated treatments and mycorrhizal-
inoculated seedlings inoculum effectiveness (%). 

Seedlings Mycorrhiza Watermelon Melon Cucumber Tomato Eggplant Pepper 
Grown Application (%) 
Container G. mosseae (immersed) 18 16 27 17 18 35 
 G. mosseae (granular) 20 7 33 16 21 29 
Mean  19 11 30 16 19 32 
Viol G. mosseae (immersed) 21 3 22 24 20 33 
 G. mosseae (granular) 20 15 24 16 22 24 
Mean  20 9 23 20 21 28 

So far, considerable greenhouse and field research has shown that pepper plants exhibit 
a high response to mycorrhiza inoculation, even with a small quantity of inoculum application 
(Ortas et al., 2011a; Cekic et al., 2012; Ortas, 2012). Under field conditions, the results of 
Rafique and Ortas (2018) indicated that early inoculation of pepper seedlings by mycorrhizae 
species and inoculation methodology is highly significant for healthy plant growth and yield. 
Douds et al. (2017) conducted an on-farm work during 2015 and 2016 and mycorrhizal 
inoculation significantly increased the eggplant fruit yield by 18%. 

Nutrient uptake 
For all plant species mycorrhizal inoculation significantly increased plant P (Table 4). In 

general, Cucurbitaceae family plant seedlings grown in larger cans had a higher P % than 
seedlings grown in viols compared with Solanaceae family plants. Melons and eggplants were 
significantly affected by the pot size in which they are grown. For the other plants, although 
they exhibited a high P%, the effect was not significant, which may be related to plant root 
development. Larger cans are deeper than viols and this may enable the roots to grow better 
than being restricted in viol containers. Plants inoculated by seedlings immersed in a 
mycorrhiza solution usually have higher P% than granular mycorrhiza inoculation. 

The Zn concentration of plant tissues was also significantly increased upon mycorrhizal 
colonization. There are no significant effects of container size on plant tissue Zn 
concentration. In general, seedlings immersed in a mycorrhiza solution and transplanted into 
field conditions were found to have a higher Zn concentration compared with using the 
granular mycorrhiza application (Table 5). As indicated by Owen et al. (2010) and Douds et 
al. (2017), the effect of mycorrhiza on yield depends upon: 1) the degree of indigenous 
mycorrhiza and selected AM fungal inoculum; 2) the level of P and Zn concentration in the soil 
and 3) the underlying AM responsiveness of the crop species (Smith and Smith, 2011). 

CONCLUSIONS 
Mycorrhizal inoculation significantly increased fruit yield compared with non-

inoculated plants. When seedlings were immersed in a mycorrhizae solution, the effect of 
inoculation on plant yield was comparatively higher. The effects of inoculation techniques 
with AMF G. mosseae on root colonization, yield, and P and Zn nutrient acquisition of several 
horticultural plants were studied under field conditions. Overall, the results show that 
seedlings grown in larger containers and inoculated with immersing seedlings into a 
mycorrhizal solution appear to be superior to other techniques. 
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