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Abstract

Many soils are deficient in available nutrients, especially phosphorus (P), and
therefore require considerable fertilizer application in order to obtain optimum plant
growth. However, as citrus is strongly mycorrhizal dependent it is important to use an
inoculum for enhanced and healthy seedling growth; in addition, mycorrhiza can
reduce the requirement of applied P fertilizers. In order to use the optimum P fertilizer
level for mycorrhizal inoculation, research on P fertilizer concentrations is still
required; hence, the aim of this work was to determine the role of mycorrhizal
inoculation on citrus seedling growth at different P concentrations. Sterilized Menzilat
series soil was treated with 0, 50, 100, 200 and 400 mg P05 per kg soil. Fertilizer and
sterilized soil were placed into 3.5 kg pots. Experiments were conducted over a period
of five months, and plant height, shoot diameter, shoot and root dry matter, mycorrhizal
colonization, and tissue P and Zn concentration were determined. Plant growth and
nutrient uptake in mycorrhizae-inoculated plants was significantly increased. As citrus
seedlings are mycorrhizal dependent, under sterile and low fertile conditions plant
growth was stunted and seedlings did not grow properly. Seedling length, stem
diameter and percentages of root inoculation were investigated, along with
mycorrhizal dependency. Seedlings inoculated with mycorrhiza were shown to be
strongly mycorrhizal dependent. The mycorrhizal inoculum potential of the soil can
influence plant root growth, which primarily depends on suitable mycorrhizal
partners.
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INTRODUCTION

Citrus are soil- and environment-selective plants, and citrus plants may be mycorrhizae
species selective (Ortas and Ustuner, 2014a). The most well-known benefit of mycorrhizae to
citrus plants is an increase in mineral nutrient uptake, especially phosphorous. Soils of the
Mediterranean region are known to be deficient in nutrients, especially phosphorus (P) and
zinc (Zn) availability, hence, heavy fertilizer use is necessary to obtain optimum plant growth.
There are currently several disadvantages of fertilizer use, such as limited fertilizer sources,
pollution of soil and water resources, and a negative effect on natural habitats. Since fertilizer
sources are limited and expensive in developing countries it is reasonable to utilize plant
rhizosphere mechanisms such as mycorrhizal fungi; in addition, mycorrhiza can reduce the
level of applied P fertilizers (Nogueira and Cardoso, 2006; Ortas et al., 2002). Furthermore,
mycorrhiza can help the plant achieve enhanced nutrient uptake for healthy growth under
marginal soil and environmental conditions.

Under semi-arid conditions, mycorrhizae contribute to overcoming mineral nutrient
deficiencies and is deemed a suitable agricultural strategy. Some plants such as citrus are
strongly mycorrhizal dependent for P nutrition, but less is known about the mycorrhizal
dependency on Zn nutrition. Since mycorrhizae-inoculated plants have high Zn content,
compared with non-inoculated plants, it is not clear whether mycorrhizal inoculation helps
plants obtain more Zn uptake or itis just a result of increased plant growth (Ortas and Ustuner,
2014b).
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Mycorrhizal dependency is higher when plants are grown in low-P fertile soils,
compared with plant growth in nutrient richer soils, which are typical of highly productive
agricultural soils (Gemma et al., 2002). Mycorrhizal inoculation in soil with P and Zn
deficiency is a critical factor for MD during crop production as well as in P and Zn uptake
(Ortas et al,, 2002). In the present study, we investigated the role of mycorrhizal inoculation
and P level fertilization on the growth of citrus seedlings in a calcareous soil exhibiting P
deficiency. The hypothesis underlining this work was that under sterile soil conditions,
mycorrhizal dependency is the reason sour orange seedlings require P fertilization.

MATERIAL AND METHODS

Sour orange (Citrus aurantium L.) seeds were sown for 32 days in perlite; when the
seedlings grew to a 3-4 leaf stage they were transplanted into 3.5 kg soil pots with and without
mycorrhiza inoculation. Per seedling, 1000 Rhizophagus clarus spores were applied and
seedlings were grown under glasshouse conditions. The Menzilat series soil is a clay loam
(Typic Xerofluvents) with pH 7.6, salt content 50 g kg1, effective cation exchange capacity
20.5+2 Cmol+ kg1, available phosphorus 14.5+2 mg kg-1, and contains 319, 362, and 320 g of
clay, silt and sand kg! of soil, respectively. Soil was sterilized by autoclaving and was treated
with 0, 50, 100, 200 and 400 mg P»0s per kg soil.

The citrus seedlings 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. Experiments were performed for six months and harvest
plant height, shoot diameter, and shoot and root dry weight were determined.

After harvest, the shoot, root dry weight were determined after drying at 65°C. Then,
0.2 g of ground plant material was ashed at 550°C followed by dissolution in 3.3% HCI. After
digestion of the plant material, the concentration of P in this solution was determined
colorimetrically according to Murphy and Riley (1962) using a flame photometer. An atomic
absorption spectrophotometer (Perkin Elmer) was employed to determine the Zn
concentration. Mycorrhizal dependency (MD) was determined by method of Plenchette et al.
(1981). Roots were stained using the method of Koske and Gemma (1989). Mycorrhizal
fungus colonization was determined using the gridline-intersect method of Giovanetti and
Mosse (1980).

For all statistical analyses, using the analysis of variance ANOVA, the main significant
interactive effects of mycorrhizal inoculation and growth medium were separated by the
Tukey test at P<0.05.

RESULTS AND DISCUSSION

Root colonization

Nutrient deficiency, especially P, is a common nutritional issue for many crops. This
problem results in the application of increasing amounts of numerous sources of fertilizer.
The chemical behavior of P fertilizers in the soil and the effect on plant growth are frequently
studied topics. In particular, the effect of P on mycorrhiza formation (root colonization
percentages, and the formation of arbuscular and vesicular infection) in the soil is considered
important as it has a direct impact on plant and soil quality. The development of an effective
root canal in the roots of mycorrhiza plants is considered an important indicator of the effect
of mycorrhiza on plant growth.

Furthermore, root infection resulting from fertilizer application and the P level is a
continuing controversy and questions still remain, even though it has been well studied.
Although it is known that increasing P fertilization affects plant root infection in a negative
way, the exact consequences on plant life remain to be elucidated.

The effect of mycorrhizal inoculation on root colonization was determined. As the soil
was sterilized, non-inoculated seedling roots had zero mycorrhizal colonization, whereas
mycorrhizae-inoculated seedling roots had high mycorrhizal colonization. In general, the
results show that sour orange root mycorrhizal colonization by Rh. clarus significantly
(P<0.0073) decreased with increasing P levels (Figure 1).
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Figure 1. Effect of increasing P fertilizer levels (mg P.0s kg soil) on mycorrhizal root
colonization under sterile soil conditions.

Similarly, earlier results by Antunes and Cardoso (1991), Wu et al. (2015), Ortas et al.
(2002) and Nogueira and Cardoso (2006) showed a significant reduction in mycorrhizal root
colonization of citrus seedling with increasing P levels. In addition, the reduction of
mycorrhizal colonization due to P fertilization is highly variable and depends upon the host
plant and mycorrhizal species.

Plant growth

Compared with non-inoculated control plants, mycorrhizal inoculation increased plant
dry matter (Figure 2). As citrus seedlings are mycorrhizal dependent, under sterile and low
fertility conditions, plant growth was stunted and seedlings did not grow properly. Seedling
length, stem diameter and percentages of root inoculation were determined.

400 10 50 100 200 400

10 50 100 200 :
mgkglP  mgkglP  mgkglP mgkglP  mgkglP

mgkg?P mgkg?P mg kg P mgkgiP  mgkg'P

+ Mycorrhiza

- Mycorrhiza + Mycorrhiza

Figure 2. Mycorrhizal and non-mycorrhizal citrus seedling growth on sterile Menzilat soil
with several P levels.

The effect of mycorrhizal inoculation on plant height and shoot diameters were
assessed at harvest. In non-inoculated plants, an increase in the level of P addition led to
increased plant height. AM-inoculated seedlings showed a tendency toward growth
depression at 50 mg P,0s kg soil, along with reduced plant height. Similarly, non-mycorrhizal-
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inoculated seedling plant height increased with increasing P level up to 400 mg P»0s kg soil.
At the 0 mg P,0s kg application, the seedling height of non-AM seedlings was severely limited
(8.83 cm) during the whole period of growth, while growth of the AM-inoculated seedlings
increased (47.78) up to 541%. Statistically, mycorrhizal inoculation and P addition
significantly increased plant height, at P<0.0001 and P<0.005, respectively (Table 1). Shoot
diameters were also affected by mycorrhizal inoculation, with mycorrhiza-inoculated plants
exhibiting twice the shoot dimeter of non-inoculated seedlings. Statistically, mycorrhiza
significantly increased shoot diameter (P<0.0001). However, increasing the P did not change
the diameter. Our results are supported by (Al-Karaki, 2013) who reported that mycorrhizal
inoculation increased seedling dry weight and stem diameters.

Table 1. Effect of mycorrhizal inoculation and P levels on sour orange seedling height, stem
diameter, shoot and root dry weight, and mycorrhizal dependency.

Mycorrhiza Plevels  ant  S®M " gpootbw  RootDW Shoot hYcorrmiza
treatments (gkgsoil) ognt - diameter e (gpot!) root dependency

(cm) (cm) (%)
Control 0 8.83+4.65 0.20+0.00 0.30£0.10  0.20£0.08 1.5

50 10.83+1.53 0.20£0.00 0.51+£0.10  0.34+£0.06 1.5

100 11.67+1.61 0.23+0.06 0.60£0.10  0.38+0.03 1.7

200 11.83+1.44 0.20+0.00 0.61£0.10  0.39+0.04 1.7

400 12.17£3.55 0.23+0.06  0.82+0.31 0.49+0.14 1.7
Mycorrhizae 0 47.78+12.02 0.57+£0.06 3.70+0.30 1.56+0.10 24 91.74£3.1

50 56.1748.89  0.50+0.10 7.82+1.21 3.1240.27 25 93.3+1.8

100 52.83+8.52 0.50+0.00 6.63£1.50 2.77#0.50 24 89.8+3.2

200 35.83+9.25 0.43+0.06 545+1.00 2.28+0.22 24 87.8+3.0

400 46.00+4.36  0.57+0.06 6.18+0.83  2.61+0.24 2.3 86.9+3.7
Treatment Df

Mycor. (M) 1 <0.0001 0.0001 <0.0001 <0.0001
Phosph. (P) 4 0.0047 0.0930 0.0009 0.0007
MxP 4 0.0116 0.2229 0.0029 0.0045

Mean of three replicates and + is the standard deviation.

As can be seen in Figure 2, the growth of seedlings that were not inoculated with
mycorrhiza was minimal; however, mycorrhiza-inoculated seedlings developed very well.
Increasing the level of P fertilizer application did not change plant growth as expected;
however, mycorrhiza-inoculated seedlings were well developed.

Statistically, mycorrhizal inoculation, phosphorus application level and their interaction
are significant, respectively, at P<.0001, P<0.0009 and P<0.0029. Since the soil was sterilized,
indigenous mycorrhizal fungi were generally eliminated, as a result, mycorrhizae-dependent
citrus seedlings did not develop well. In our previous experiments, at the beginning citrus
seedlings were dwarfed under sterile soil conditions and further fertilization was shown to
have no effect on plant growth (Ortas, 2012; Ortas et al,, 2015, 2001). As sour orange plants
are strongly mycorrhizal dependent, seedlings do not grow without mycorrhizal colonization
under sterile soil conditions.

Under sterile soil conditions without mycorrhizal inoculation, increasing the level of P
application increased plant shoot dry weight, however mycorrhiza inoculation itself without
P addition significantly increased citrus seedling growth. It seems that citrus seedlings are
strongly mycorrhizal dependent without any nutrition addition. As the soil was sterilized,
indigenous mycorrhiza spores were eliminated and plant growth with mycorrhizal
inoculation was stunted. In general, it appears that only AM-inoculated seedlings responded
to different levels of P fertilization. The effect of mycorrhizal inoculation on shoot growth
disappeared beyond the 50 mg P application (Table 1). Non-mycorrhizal seedlings did not
benefit from any increase in P level.
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Similarly, root dry weight also significantly increased with mycorrhizal inoculation.
Increasing the level of P fertilization increased plant root dry weight. However, mycorrhiza
inoculation alone produced much more dry matter than levels of P fertilizer addition. It seems
that shoot to root ratio was increased by the mycorrhizal inoculation from a ratio of ~1.6 to
~2.4 gDW gt DW. (Table 1).

In the present study, citrus seedlings were found to be more responsive to mycorrhizal
fungi inoculation than to P addition. In general, when the soil was sterilized, mycorrhizae
responsiveness was higher than non-sterilized soil. Previously, Costa et al. (2005) reported
that at the lowest P level, Hancornia species was mycorrhiza dependent only when in
fumigated soil. Under sterile soil conditions plant growth is significantly affected; however,
this effect may not be solely due to mycorrhizae spores and may be related to other soil
organisms and soil chemical components (Ortas, 1994). To date, the considerable amount of
research involving greenhouse conditions has shown that citrus seedlings are strongly
mycorrhiza dependent (Ortas et al., 2018; Ortas and Ustuner, 20144, b; Satir et al., 2016). The
mycorrhizal inoculum potential of the soil can influence plant root growth, which mainly
depends on suitable mycorrhizal partners. In several citrus experiments, it has been found
that if the mycorrhizal inoculum species is in agreement with plant species, the seedlings grow
well, if not the seedlings are less developed.

Mycorrhizal dependency

Mycorrhizal dependency was assessed using several levels of P concentration (Table 1).
The seedlings were tested using mycorrhizal inoculation to show which exhibited strong
mycorrhizal dependence. As shown in Table 2, mycorrhizal dependence is an inherent
characteristic for which plant nutrient requirement and uptake efficiency are important
parameters, especially for P requirement. With increasing P level, addition dependency
decreased from 91.7 to 86.9% from the control treatment to the 400 mg P,0s application. The
degree of dependency varies according to P levels (Cardoso et al., 2008) and fungal inocula.
Considering the importance of mycorrhiza dependence for plant survival, it is of great interest
to categorize species according to this characteristic. This dependency is apparently closely
related to the morphology of the root system and to the mode of P acquisition from low-P soils
(Menge et al., 1978; Syvertsen and Graham, 1999).

Table 2. Effect of mycorrhizal inoculation and P levels application on the P and Zn
concentrations of sour orange seedlings.

Mycorrhiza P levels P Zn
treatment (%) (mg kg' DW)
Control 0 0.03£0.01 14.0+1.8
50 0.06£0.00 19.0+1.1
100 0.08+0.02 17.8+3.4
200 0.07£0.01 18.6+3.6
400 0.08+0.01 18.7+£2.7
Mycorrhizae 0 0.13+0.05 18.241.3
50 0.20£0.02 19.6+1.8
100 0.19+0.02 20.6+3.5
200 0.21£6.00 24.247.0
400 0.23£0.02 23.145.7
Treatment Df
Mycorrhizae (M) 1 <0.0001 0.0039
Phosphorus (P) 4 0.0002 0.0491
MxP 4 0.2609 0.6455

Mean of three replicates and + is the standard deviation.
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Shoot P and Zn concentration

Mycorrhizae-inoculated plants exhibited significantly increased P and Zn concentration
compared with non-inoculated seedlings (Table 2). In non-inoculated treatments, the 0 to 400
mg P per kg applications resulted in a plant tissue P concentration increase from 0.03% to
0.08%. In mycorrhiza-inoculated plants at zero P treatment, the P concentration was 0.13%
and in 400 mg P per kg soil it was 0.23%. The values are agreement with general
recommendation for citrus critical levels (Jones, 1998) Statistically, mycorrhizal inoculation
and P level increase significantly elevated plant P concentration. The results of Antunes and
Cardoso (1991) showed that non-AM inoculated plants have less P concentration; however,
AM-inoculated plants have a higher tissue concentration of P. These results are in accordance
with the results of Nogueira and Cardoso (2006). In the present study, the Zn concentration
increased with P addition in both non-inoculated and inoculated citrus seedlings. In general,
mycorrhiza-inoculated seedlings exhibited a higher Zn concentration than non-inoculated
seedlings. Furthermore, it has repeatedly been reported that citrus plants need mycorrhizal
infection to achieve maximum growth. In addition, it has been shown that mycorrhizal
inoculation can increase Zn uptake (Chen et al., 2014; Watts-Williams et al., 2015).

Similar work has been previously performed (Antunes and Cardoso, 1991; Ortas et al.,
2001) and the results were explained using several hypotheses, such as it may be related to
the elimination of indigenous mycorrhizae (Ortas et al, 2018) and the effect of soil
sterilization on the chemical properties of soil could alter certain soil characteristics, such as
manganese toxicity or some other nutrient toxicity (Ortas, 1994). Furthermore, soil
sterilization may cause chemical degradation of some soil components leading to toxic levels.
Without AM inoculation, plants were not able to grow; however, mycorrhiza-inoculated plant
roots are able to grow under marginal soil conditions. As indicated by Shukla et al. (2012)
mycorrhizal-inoculated plants, with a suitable AM inoculant, can result in a benefit
comparable to high P input and lead to a significant saving of inorganic P fertilizer.

Finally, in mycorrhiza-inoculated plants, the application of up to 50 mg kg P,0s resulted
in elevated dry weight. Furthermore, mycorrhizae-inoculated plants had a high P and Zn
content compared with non-inoculated plants. Mycorrhiza-inoculated citrus seedlings are
strongly mycorrhizae dependent for P nutrition and dependency decreased with increased P
levels.
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