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ABSTRACT ARTICLE HISTORY
The effect of indigenous soil and selected mycorrhizal inoculation and Received 5 April 2017
phosphorus (P) applications on wheat yield, root infection and nutrient Accepted 16 March 2018
uptake was monitored for two successive years under field conditions. In KEYWORDS
addition, phosphorus efficiency and inoculation effectiveness (IE) were Indigenous mycorrhiza;
determined. Wheat (Triticum aestivum L.) plants were used as host plants mycorrhizal inoculun
in a Menzilat soil series (Typic Xerofluvents) in the Mediterranean coastal efficiency; P nutrient
region of Turkey. Three levels of phosphorus were applied with Glomus efficiency; wheat
mosseae to wheat plants over two successive years. Mycorrhizal inoculation
significantly increased root colonization. G. mosseae-inoculated plants in
both years exhibited a two-fold higher root colonization than the indigen-
ous mycorrhizal colonization. Compared with non-inoculated plants, mycor-
rhizal inoculation increased wheat yield for both years. In addition,
increasing P fertilizer levels enhanced the wheat grain yield. In both years,
the inoculum efficiency (IE) decreased with increasing P level addition.
Phosphorus efficiency is higher under low P application than the higher P
application. However, with mycorrhizal inoculation P efficiency is higher
than the non-inoculated treatment.

The effects of mycorrhizal inoculation on plant nutrient concentrations
were determined: mycorrhiza-inoculated plants exhibited a higher zinc (Zn),
manganese (Mn), copper (Cu), iron (Fe) nutrients concentration than non-
inoculated plants. After two years of field experiments, it is concluded that
mycorrhizal inoculation can be used in large arable areas; however, it is also
very important to manage the indigenous mycorrhiza of arable land.

Introduction

Turkey is one of the leading countries in the world in the field of food production and agriculture, and
the ninth largest producer of wheat (FAO 2013). Climate fluctuation may change the food security of
the Middle East, while fertilizer costs are increasing and its overuse tends to break vulnerable ecological
chains (Ortas and Lal 2011). Plants grown in low fertile soils often have reduced productivity because of
limited mineral nutrients (Al-Karaki and Clark 1999). As phosphorus is immobile in the soil, the root
architecture and its spreading might be closely related to P acquisition efficiency. Several options can be
used to improve phosphorus nutrition, such as root morphology, root exudation and rhizosphere
acidification, beneficial rhizosphere bacteria and symbiotic association with mycorrhizal fungi
(Marschner 2012). Since P sources are becoming limited and production of P fertilizer is economically
and environmentally costly, plant adaptation mechanisms such as mycorrhizal symbiosis may be a
successful strategy to apply nature-friendly and achievable agriculture management practice (Azcon-
Aguilar and Barea 2015). Arbuscular mycorrhizae fungi (AMF) are usually well formed in the roots of
most Gramineae plant species and are demanded by many other crop plants in agricultural practice.
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There is increasing evidence supporting the idea of crucial roles of AMF in plant phosphorus (P) and
zinc (Zn) nutrition (Smith et al. 2011) in a semi-arid climate. Mycorrhiza fungi may be beneficial to
plants by enhancing the nutrient-absorbing ability of wheat roots. This enhancement of nutrient uptake
is a result of the extensive hyphal and mycelial system that pervade soils. Mycorrhizal fungi act as a
connection between rhizosphere soil and roots, and fungal hyphae assist roots in capturing water and
absorbing nutrients (as nitrogen, zinc, sulfur and especially phosphorus) from the soil. The results of
Ortas (2012b)showed that AMF play an important role in wheat P acquisition.

Wheat species first cultivated on motherland on Middle East soils (in upper Mesopotamia in
between Tigris and Euphrates rivers (Ozkan et al. 2002)) are less fertile in P nutrition (Ortas 2015).
Low P availability of calcium-carbonate-rich soils of semi-arid and arid regions can lead to the
application of comparatively high doses of P fertilizer in order to meet the demand of the crop.
Partial understanding of the functioning of AMF under field conditions led our team to consider and
discuss the effectiveness of mycorrhizae application in conditions close to commercial agricultural
practice. The tested hypothesis was under non-sterile field conditions mycorrhizal inoculation can
contribute wheat plant growth under low P fertile soil conditions. The aim of this study was to
examine the role of arbuscular mycorrhizae, upon exposure to high and low applications of P
fertilizer, on wheat yield and nutrient uptake, and detect the possible effects of soil P-fertilization
and AMF on indigenous mycorrhizal fungi under field conditions.

Materials and methods

Experiments were conducted on Menzilat soil series (Typic Xerofluvent, Entisol), located in the
Cukurova University Research Farm, Adana, southeast Turkey (37-00.47.75 N lat. 35-21.31.92° E
altitude long. 33 m.a.s.l.). The long-term average annual air temperature in the region is 19.1°C, and
precipitation is 670.8 mm. Initial properties of the soil used are presented in Table 1. Two
experiments were conducted over two successive years on the same area while shifting the locations
in the same soil series.

Experimental design

The experimental area was plowed just before sowing the soil and all residues were incorporated into
the surface in a 15-20 cm layer with a disc harrow and divided into experiment blocks. A complete
randomized block design with three replications was used with each block containing the main

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

Properties Unit 0-20 cm 20-40 cm
Sand 31.56 27.09
Loam 36.47 38.64
Clay % 31.97 34.27
CaCOs 34 35
Organic matter 1.65 1.08
Salt (soluble) 0.068 0.058
pH (H,0) 7.91 8.04
CEC (cmolc kg™") 304 293
P,05" (kg ha™) 87.6 56.7
K@ (mg™" kg) 900 800
N (total) (%) 0.112 0.056
n® 036 0338
Fe® (mg™" kg) 1.38 1.644
a® 0.24 0.124
Mn® 274 1.992
Number of indigenous mycorrhizae Spore/10 g dry soil 128 34

1* 0.5 N NaHCOs extractable. 2*1 N HNO; extractable. 3* DTPA extractable, CEC: Cation exchange capacity.
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treatments, PO (0 kg P), P1 (50 kg P,Os ha™!) and P2 (100 kg P,O5 ha™), being applied with and
without mycorrhizal inoculation. The plots size was 2 x 5 = 10 m”. The Glomus mosseae inoculum
consisted of 500 spores/plant, which were placed approximately 30 mm below the seeds. The
inoculum was calculated based on the number of spores present in a 10 g inoculum. Non-inoculated
seeds also received the same amount of mycorrhizae-free growth media.

Determination of leaf and seed p and microelement (Zn, Cu, Fe, and Mn)
concentrations

Before flowering, upper mature plant leaves were taken for nutrient analysis. Samples were heated to
65°C for 48 h to obtain oven-dried leaves and seeds which were ground using a Tema mill, and 0.2 g
of the ground plant material was weighed into ceramic crucibles, and ashed overnight at 550°C in a
mulffle furnace, the ash was then suspended in 3M hydrochloric acid (HCI). Leaf P concentration was
determined with the vanadate-molybdate colorimetric method using a spectrophotometer and zinc
(Zn), copper (Cu), manganese (Mn), and iron (Fe) concentrations were determined by atomic
absorption spectrometry.

Mycorrhizal colonization

Before plant flowering, two plants per plot were killed and plant roots were collected from the soil.
Plant roots were washed carefully for mycorrhizal infection analysis. The root clearing and staining
procedure followed the method described by Koske and Gemma (1989). The percentage of AM
infection was calculated as the number of 10 mm long root segments out of 100 identified as infected
under a stereo microscope at a magnification of X 20 (Giovannetti and Mosse 1980).

Inoculation effectiveness

At harvest, wheat grain was recorded and the inoculation effectiveness of grain yield on AMF was
calculated using the following formula by Ortas (2012b):

Yield (+M) — yield (—M)

1
Yield (+M) x 100

Inoculation Effectiveness (IE)=

+M, inoculated plants; -M, non-inoculated plants.

Phosphorus efficiency

Phosphorus efficiency (PE) (relative grain yield) of the inoculation was calculated as the ratio of
grain yield at deficient P supply to the yield at adequate P supply ([grain weight at low P/grain
weight at high P] x 100).

Statistical analysis

The variation in grain yield, root colonization, and nutrient concentration, attributed to mycor-
rhizal inoculation and P level applications were assessed via the analysis of variance procedure
using SAS 9.3 (SAS Inc., Cary, NC) computer program. The main significant interactive effects of
mycorrhizal inoculation and growth medium were separated by Least Significant Differences Test
(LSD) at p < 0.05.
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Results

In non-inoculated plots, root colonization is usually lower than with exotic G. mosseae inoculation.
In both years, mycorrhiza-inoculated plots had a twofold higher root colonization than that of non-
inoculated plots (Table 2). In non-inoculated plots, root colonization was not changed with increas-
ing P level application, however, under mycorrhizal inoculation and P level increases, root coloniza-
tion decreased. Statistically, mycorrhiza inoculation is significant whereas the P level increase did not
significantly affect root colonization.

For both years, mycorrhizae inoculation increased wheat grain yield under field conditions.
Increasing P level addition significantly increased grain yield (Table 3). Although indigenous and
G mosseae mycorrhizal inoculations had a statistical effect on yield, even under a high level of P
level, the grain yield is higher than in non-inoculated treatments. P efficiency was calculated and
demonstrated higher values under exotic mycorrhiza inoculation compared with non-inoculated
ones. In general, under non-inoculated treatments, P efficiency was higher with 50 kg P,0s ha™',
however, under exotic mycorrhiza inoculation with a 100 kg P,Os ha™' application, the P efficiency
demonstrated higher results.

Inoculum efficiency (IE) has been estimated and showed that increasing the P level addition
resulted in a gradual decreased in IE. Compared with the first year IE, the second year demonstrated
larger IE results (Table 3).

Table 2. Percentage of root length colonized by mycorrhizal fungi under different level dose of phosphorous fertilizer.

Root length colonized (%)

P,0sdoses

Mycorrhizae (kg h™") | year Il year
No Inoculated* 0 24 +1 23+4
50 24+ 11 24 +2

100 36+3 41 +2
G. mosseae 0 58+8 56 + 18
50 46 + 2 44 £ 13
100 52 +20 43 £ 26

Pr> F Treatments Df | year Il year
Probability Mycorrhizae (M) 1 0.0085 0.0541
Phosphorus(P) 2 0.1386 0.4990

MXP 2 0.3052 0.3559

The mean of three replicate. + indicate standard error,
*Since field soil is not sterilized, root colonization was estimated with existing indigenous mycorrhizae inoculation

Table 3. Mycorrhizae inoculation and phosphorus application effect on grain yield, phosphorus efficiency, and inoculation
effectiveness.

P Inoculum P Inoculum
Grain Yield efficiency  effectiveness Grain Yield efficiency  effectiveness
(kg h™ (%) (kg h™") (%)
P,0sdoses
Mycorrhizae (kg h™") | year Il year
No Inoculated* 0 5318 + 18 -/- -/- 4182 + 367 -/- -/-
50 5560 + 127 96 -/- 5194 + 268 81 -/-
100 6085 + 85 87 -/- 5834 + 45 72 -/-
G. mosseae 0 6411 + 88 -/- 17 5706 + 173 -/- 27
50 6375 + 88 101 13 6120 + 75 93 15
100 6315 + 225 102 4 6183 + 228 92 6
Probability Mycorrhizae (M) 0.0002 0.0033
Pr> F Phosphorus(P) 0.0544 0.0124
M XP 0.0198 0.0152

The mean of three replicate. + indicate standard error
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Phosphorus efficiency (PE) differed between P level applications and mycorrhizae-inoculated and
non-inoculated plots. In general, for both years, mycorrhiza-inoculated plots had a higher PE than
non-inoculated plots. With the 50 kg P,Os ha™" application, the PE was higher than for 100 kg P,05
ha™! (Table 3).

Wheat leaf and grain nutrient concentrations were determined. Phosphorous (P) concentrations
are shown in Tables 4 and 5, and the statistical analysis displays no significant differences between
treatments. The mycorrhizal inoculum did not affect P concentrations in neither the grain nor leaf.
No significant interactions between indigenous and exotic G. mosseae AMF colonization were found
in both observational years.

The analysis of variance indicated that leaf Cu, Zn, Mn and Fe concentrations responded
positively to G. mosseae mycorrhizal inoculation, but no such trend was defined in the concentration
of these elements when the P level increased. The data for the first year showed that mycorrhiza-
inoculated plant leaves and grain had a higher Zn concentration than non-inoculated ones. Fe, Zn
and Mn concentrations were statistically affected with mycorrhizae inoculation, however, there was
no strong relation in grain nutrient concentration. The data for the second year showed that the
concentrations of Cu and Fe in mycorrhizae-inoculated plant leaves were statistically affected,
however, there was no statistically significant effect on the concentration of Zn and Mn.

Despite the results from the first year, the pattern of nutrient uptake for the following year was
changed and mycorrhizae only affected the copper and iron content in the leaf, the grain result remained
the same as the first year output and mycorrhizae did not have an influence on its nutrient content.

Discussion

Under non-inoculated and non-sterile soil conditions, root colonization of wheat plants increased up
to 41%; however, with exotic mycorrhiza inoculation, root colonization increased up to 58%.
Although indigenous mycorrhizae are efficient, there is still a need to re-inoculate wheat with
selected exotic mycorrhiza under non-sterile soil conditions. This is an important strategy in order
to derive the benefit of the potential of AMF practice to its maximum limit in crop production. Since
the experiment was run under field conditions and field soils were not partially sterilized it is normal
to observe high mycorrhizal colonization. Previously, in the same soil, we found indigenous mycor-
rhizae significantly inoculated several plants under field conditions (Ortas 2012b). The results of
Englander, Douds, and Mallory (2016) indicated no differences were observed among inoculants and
their relative controls under field conditions. The results of Benitez, Taheri, and Lehman (2016)
showed that under field conditions plants were enriched with the greatest diversity of fungi.

The results of the present work show that although mycorrhizal inoculation increased grain yield,
indigenous mycorrhizal-inoculated treatments, especially with P fertilizer, also increased wheat yield.
Indigenous mycorrhizae also increased wheat yield and nutrient uptake. For both years, the increasing P
level led to an increase in grain yield meaning that the plant may still need high P level applications.

The AMF impact on the plant’s nutritional status has been considered to be positive, no-response
and negative in a fertilized agricultural field and the wheat crop was found to not be strongly
dependent on AMF (Azcon and Ocampo, 1981; Graham and Abbott 2000). Graminoid root systems
can be described as delicate fine with a prolific root volume ratio covering more soil, thus resulting
in less dependence on mycorrhizae association for their phosphorus supplies. Since P fertilizer levels
were relatively high, responses of plants to mycorrhizae and phosphorous could not be notably
defined. Previously, it has been shown that a high P content in the soil strongly reduced mycorrhizal
infection (Ortas 2003, 2012a). Johnson and Graham (2013) indicated that under high inputs of
fertilizer, wheat yield production can be less predictable under mycorrhizal inoculation. Since
indigenous soil mycorrhizae contributed to plant P nutrition, there may be no further effect on P
uptake, meaning the effect of mycorrhiza inoculation on plant growth may be due to other factors
such as disease and natural stress factors. The inoculum efficiency may be closely related to soil
fertility, as well as to well-watered and water stress conditions. The plant genotype, soil fertility and a
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sufficient amount of nutrients, fertilizers, and an irrigation system all need to be considered in AM
fungi selection programs for improving phosphorous availability for the crop. High soil fertility
makes AM symbiosis unnecessary (Saia et al. 2014) and can even inhibit mycorrhizal growth, or
create a parasitic effect of AMF on plant growth.

The field response of wheat to arbuscular mycorrhizal fungi (G. mosseae and G. etunicatum) and
drought stress has been observed by Al-Karaki, McMichael, and Zak (2004), plants grown under
water stress had generally higher concentrations of P, Fe, and Zn in the grain at harvest than plants
grown under well-watered conditions. The results show that in non-mycorrhizae inoculated treat-
ments, with the increasing P level application, P use efficiency decreases. Under mycorrhizae
inoculation, P efficiency was increased with P addition. Similarly, the results of (Zhang et al.
2016) showed that mycorrhizal inoculation increase P efficiency. The present study shows that
wheat yield increase, inoculum effectiveness, and P use efficiency was significantly affected by
mycorrhizal inoculation. The results of Singh and Singh (2008) support our results, in which low
P application with mycorrhiza inoculation increased P use efficiency.

Although there are indigenous mycorrhizae in the field soils, still additional re-inoculation of
mycorrhizae is needed, in order to enhance plant nutrition and sustainable intensification under
semi-arid soil conditions. As can be seen in Table 1, experimental soil CaCO; and pH is high and
both have a significant effect on Zn and Fe uptake. Plant leaves and grain micronutrient concentra-
tion changed over the two years. In the first year, mycorrhiza inoculation increased micronutrient
concentration, however, less effect was observed for the second year. In general, under field
conditions, mycorrhiza increased the plant Zn concentration (Ortas 2012a). Despite the fact, that
in this study mycorrhiza did not affect wheat P content, the value of this native mycorrhizae
symbiosis should not be underestimated. (Pellegrino et al. 2011) observed the effectiveness of native
and exotic AMF in a Mediterranean agricultural field was as effective as, or even more effective than,
the additional application of exotic AM fungi. Furthermore, the authors mentioned the beneficial
effects of AMF persisted until the second year after inoculation.

For both years, the results indicate that differences and growth conditions experienced during the
year greatly affect some nutrient concentration and efficiency mechanisms, and support the idea that
P efficiency, in particular, is a very complex phenomenon. Similar results and conclusions were
reported by Gunes et al. (2006). Finally, the results support our hypothesis that the mycorrhizal
inoculation contributed to the wheat plant growth and yield production.

In future work, increasing the level of P application will be investigated to find the critical level
for the optimum level for mycorrhizal application and mycorrhizal management.

Conclusions

The results revealed that in both years mycorrhizal inoculation increased wheat yield, especially in low P
applied plots. The results have also shown that in non-mycorrhiza inoculated plots, increasing P application
increased wheat yield, but in additional mycorrhizae treated plots, P application did not make any further
contribution to yield increases. For both years, mycorrhizal inoculation slightly increased plant Zn, Cu, Fe
and Mn concentrations, but did not significantly affect plant P concentration. Inoculation effectiveness and
P efficiency were differentiated with P level increases and mycorrhizae application.

There are native indigenous mycorrhizal spores present in field soil, which successfully infected
plant roots and consequently contributed to yield increases and plant nutrient uptake without
depressing symbiosis.
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