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difficult to transplant from greenhouse to field conditions 
without providing sufficient fertilizer and appropriate grow-
ing conditions. Since the soils in the region exhibit fertility 
problems, farmers are demanding virus-free seedlings that 
can adapt to poor soil conditions as plants in citrus-growing 
soils generally exhibit P, Zn and Fe deficiency.

Wang and Xia (2009) showed that colonization with 
G.  versiforme significantly increased plant height, stem di-
ameter, leaf numbers and dry mass. G.  mosseae-inoculated 
citrus-grafted trifoliate orange seedlings exhibited a signif-
icant increase in plant height, stem diameter, leaf area and 
shoot length (Wu et al., 2017; Wu and Xia, 2005). Sharma et 
al. (2009) reported a significant increase in growth param-
eters, namely height, diameter, root length, and leaf area, 
which were more evident for seedlings inoculated with 
G. fasciculate and G. mosseae. Similarly, the results of Cho et 
al. (2009) showed that plant growth characteristics, such as 
plant height, root length, leaf area, number of lateral roots, 
fresh weight of shoots and roots, and chlorophyll content, 
were significantly enhanced in Arbuscular Mycorrhizal Fun-
gus (AMF) inoculated seedlings compared with non-inocu-
lated seedlings.

AM mycorrhiza not only take up P but can also take up 

German Society for 
Horticultural Science

 Summary
It is necessary to know the nutrient requirement 

of citrus plants during the growing period to ensure 
optimal growth. As  fertilizers are limited and expen-
sive, in addition to the unknown long-term environ-
mental aspect, it  is good practice to use plant rhizo-
sphere mechanisms, such as mycorrhizal inoculation, 
to enhance growth. As citrus plants depend on mycor-
rhizae colonization, it is beneficial to inoculate seed-
lings with mycorrhizae at an early stage. Thus, investi-
gating citrus seedling quality and nutrition, with and 
without mycorrhizae, under greenhouse conditions 
is important in order to elucidate the impact of my-
corrhizae in the eastern Mediterranean region. The 
aim of this study was to determine the role of mycor-
rhizal inoculation on citrus seedling growth, nutrient 
uptake and mycorrhizal dependency at specific time 
intervals. The experiments were set up under green-
house conditions, using mycorrhiza-inoculated and 
non-inoculated sour orange seedlings grown over 15 
months, which were harvested seven times.

Citrus seedlings were extensively colonized by my-
corrhizae and root colonization started 5–6 months 
after germination. Mycorrhizae inoculation increased 
certain growth parameters including shoot diameter, 
shoot height, and shoot and root dry weight. As  the 
plant developed over time, the nutrient concentra-
tion, especially P, Zn, Fe, Mn, and Cu in the leaves de-
creased in both inoculated and non-inoculated seed-
lings. Over this time period, the seedlings initially 
absorbed nutrients more rapidly than later on due 
to dilution effects. Mycorrhizal Responsiveness (MR) 
between harvest times was calculated and showed 
that MR increased with plant growth over time.

Keywords
citrus growth, plant nutrition, dilution effect, 
mycorrhizal colonization, mycorrhizal responsiveness

Significance of this study
What is already known on this subject?
•	 In this work we examine the effect of harvesting 

time on nutrient concentration and plant growth 
parameters. The aim of the study was to determine 
the effects of selected arbuscular mycorrhizae (AM) 
inoculation on the growth and nutrient uptake of sour 
orange (Citrus aurantium L.) seedlings with time.

What are the new findings?
•	 We found that with time nutrient concentration 

of citrus seedling decreased. Also mycorrhizal 
responsiveness increased with time.

What is the expected impact on horticulture?
•	 Mycorrhiza has a great importance for sustainable 

agriculture, which enhances the growth of citrus 
plants/sour orange especially in the soils with P and 
Zn deficiency. The results are strongly suggesting 
that under field conditions mycorrhizal inoculation 
is necessary for better plant growth even under non-
sterile conditions.

Introduction
Most citrus fruit is grown under Mediterranean climate 

conditions. Soils under semi-arid and sub-tropical conditions 
have high clay, CaCO3 and pH, and less organic carbon. Since 
citrus cultivation is expected to expand in the Mediterranean 
region, the demand for virus-free citrus seedlings has in-
creased. In addition, as virus-free citrus seedling production 
during in vitro culture uses a high amount of fertilizer, it  is 
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Zn, Cu, Mn, Fe, Ca, K and NH4 (Ortas, 2012a). Srivastava et al. 
(2002) reported that mycorrhiza-treated citrus trees exhib-
ited improved plant growth and uptake of nutrients such as 
P, Zn (Zubek et al., 2015), Cu and Fe compared with non-my-
corrhizal trees. Youpensuk et al. (2008) indicated that AM 
fungi increased concentrations of P in leaves of citrus tan-
gerine. Kothari et al. (1991) and Li et al. (1991) calculated 
the contribution of mycorrhiza on Zn uptake and found that 
60% of Zn is taken up by the rhizosphere. Ortas and Ustun-
er (2014) used different mycorrhiza species with a different 
growth medium and found that mycorrhiza-inoculated citrus 
seedlings exhibited high shoot and root development. It  is 
therefore prudent to investigate mycorrhiza-inoculated and 
non-inoculated plant nutrient concentrations during plant 
growth to achieve better nutrient management.

Transplanting citrus seedlings to the field in certain soils 
causes high seedling mortality. Farmers use a large quanti-
ty of fertilizer without considering soil and water quality; in 
addition, sources of fertilizer are limited and expensive. Us-
ing a large quantity of fertilizer, especially phosphorus, has 
a negative effect on the plant’s natural defenses and nutri-
ent uptake mechanisms; hence, citrus plants are unable to 
achieve optimum development without mycorrhizae (Ortas 
et al., 2016). Mycorrhiza-inoculated plants have more root 
and root hair, and mycorrhiza can also contribute to nutrient 
uptake through roots and external hyphae. In  this manner, 
mycorrhiza provides optimal chemical, biological and phys-
ical soil conditions for citrus plants which are sensitive to 
nutrient-deficient soil conditions. Citrus plant nutrient up-
take is dependent upon seasonal changes; however, the role 
of mycorrhizae on seasonal nutrient uptake during seedling 
growth periods is unknown. It is very important to develop a 
fertilization programme to match the requirements of seed-
lings under mycorrhizal and non-mycorrhizal conditions.

The aim of this work was: (a)  to determine the growth 
dynamics of citrus seedlings over several harvesting inter-
vals; (b) to determine the concentrations of P, K, Zn, Cu, Mn 
and Fe in the citrus seedlings at harvest times; and (c)  to 
compare harvesting time mycorrhizae dependency to deter-
mine an effective inoculation time.

Materials and methods
Experiments were performed using a growth medium 

(GM) which has been previously used by Ortas et al. (2002), 
i.e., andesitic tuff, soil and compost (6:3:1 v/v). The GM 
was sterilized by autoclaving at 120°C for 2 hours and after 
3  weeks the GM was ready to balance microbial activities. 
Soil material was collected from surface horizons of the clay 
loam Menzilat soil series (0–20 cm) (Typic Xerofluvents) in 
the Çukurova Basin, which had a pH of 7.98 and the 0.5 M 
NaHCO3 (pH = 8.5) extractable P was 87.6 kg ha-1 P. Compost 
had the following characteristics: pH of 7.91, 31.6% organic 
carbon, 1.13% N, 0.18% P and 0.98% K. Andesitic tuff con-
tained 4.3% K and 0.03% P. The physical and chemical char-
acteristics of the GM (soil, compost and andesitic tuff) were 
measured according to Page et al. (1982) in the Rhizosphere 
Laboratory of Çukurova University, Adana, Turkey.

Production of seedlings
Tuzcu-31-31 sour orange (Citrus aurantium L.) variety 

seeds were germinated in perlite growth medium. Perlite 
was washed twice with water, washed with 2% HCl and then 
washed with distilled water. Seeds were sown and grown for 
35 days in perlite trays; when the seedlings grew to a 3–4 leaf 
stage they were transplanted into 3-kg black plastic bags.

Experimental design
Seedlings were grown in the perlite GM until they dis-

played three leaves. The experiment was completely ran-
domized with 15 replicates. After the seedlings were trans-
planted from the perlite medium to pots, the mycorrhizae 
inoculated and non-inoculated plantlets were grown for 15 
months in a controlled temperature glasshouse with day-
night temperatures of 26 ± 2°C. Rhizophagus clarus (Schüßler 
and Walker, 2010) Nutri-Link isolate, USA was used as a my-
corrhizal inoculum. Before transplanting seedlings to pots, 
5000 spores were applied 50 mm under the seedling roots at 
transplanting stages. Non-inoculated seedlings were trans-
planted into pot without an inoculum and received a simi-
lar quantity of mycorrhiza-free media. Inoculum concentra-
tion was determined as the number of spores 10 g-1 inoculum 
(spore, hyphae and growth media) on a dry weight basis.

The experiment was set up as a completely randomized 
factorial experiment with 105 mycorrhizal and non-mycorrhi-
zal seedlings. For each harvest 15 seedlings were randomly se-
lected and harvested.

The GM was treated with 200  mg N kg-1 (NH4NO3). The 
plants were grown in a greenhouse at 24–25°C and at a relative 
humidity of 60–70%, with a 16 h day and 8 h dark photoperi-
od. Distilled water was added daily to maintain the moisture 
at 80% of field capacity. During the 15-month growing period, 
seedlings were regularly phonologically observed for nutrient 
deficiency and any other issues.

Biomass assessment and nutrient analysis
Seedlings were harvested seven times during the 15 

month growing period (30.03.2005, 27.06.2005, 02.09.2005, 
10.11.2005, 04.01.2006, 10.03.2006, 24.06.2006). After each 
harvest, the shoot length (cm), shoot diameter (mm), shoot 
and root dry weight (g plant-1), root height (cm), root colo-
nization and nutrient uptake were measured. All the leaf 
samples were first washed quickly with tap water, passed 
through 0.1% HCl, tap water and then washed twice with 
distilled water. They were then dried for 48 h at 65°C until 
a constant weight was reached and the shoot and root dry 
weight were then determined. Dried material from each pot 
was ground using a Tema mill and 0.2 g of the ground plant 
material was then ashed at 550°C followed by dissolution in 
3.3% HCl. After digestion of the plant material, the concen-
tration of P in this solution was determined calorimetrically 
according to Murphy and Riley (1962) using a flame photome-
ter. An atomic absorption spectrophotometer (Perkin Elmer) 
was employed to determine the concentration of K, Zn, Fe, 
Mn and Cu in the plant samples.

Mycorrhizal colonization (%)
After each harvest, the shoots were separated from the 

roots 0.5 cm above the soil surface; the roots were then sep-
arated from the soil by washing with running tap water and 
several times with distilled water. Prior to drying the roots 
at 65°C for 48 h, small sub-samples (representing all roots) 
were taken and preserved in a mixture of ethanol, glacial ace-
tic acid and formalin (250:13:5 V/V/V) to determine mycor-
rhizal colonization. Portions of preserved roots were stained 
using the method of Koske and Gemma (1989). Mycorrhizal 
fungus colonization was determined using the gridline-inter-
sect method of Giovanetti and Mosse (1980).

Mycorrhizal dependency (MD)
At harvest, the effect of AMF on the mycorrhizal depen-

dency of shoot dry weight was calculated based on the fol-
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lowing formula:
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Statistical	analysis	

The variations in plant growth parameters were assessed via the analysis of variance 
ANOVA procedure using the SPSS 20.0 computer program. The main last significant effects 
were determined using the Tukey Test at P<0.05. 

 
Results	and	discussion	

Experiments were harvested every 2–3 months, resulting in a total of seven harvests. At 
each harvest, the root and shoot dry weight, stem diameter, root height and nutrient 
concentration of plant tissue were analyzed in order to determine the impact of mycorrhizal 
inoculation.   

 
Mycorrhizal	colonization	

Root colonization was determined in non-inoculated seedlings and, even though the GM 
was sterilized, these seedlings exhibited up to 2.67% colonization at harvests 5 and 6. For 
mycorrhiza-inoculated seedling root colonization, the first experiment started with 6.67% 
and at the 7th harvest increased up to 90.67% (Table 1). In mycorrhiza-inoculated seedlings, 
root colonization from the first two harvests was less than 10%, and at the 3rd and 4th 
harvests the root colonization was 28% and 64.67%, respectively. It appears that citrus roots 
exhibit efficient root colonization 5–6 months after germination. NUNES et al. (2006) 
collected soil and plant root samples to determine mycorrhizal development and found that 
root colonization is diverse and ranged from 42% to 83%.   

In woody plants, such as citrus, root colonization takes time to achieve sufficient 
colonization to aid plant development, which is an important aspect for future work and 
crucial for citrus mycorrhiza management. ORTAS et al. (2002) indicated the importance of 
early root colonization for improved seedling transplantation into field conditions. Tissue 
nutrient concentrations were determined after each harvest. The morphology of the root 
system is a major determinant of nutrient uptake. 

Tap root length (TRL) was also determined and in non-inoculated seedlings the root 
height was not significantly different (Table 1). Plant roots in harvests 5 and 6, exhibited the 
longest TRL with 36.13 cm and 37.53 cm, respectively. Mycorrhiza-inoculated seedlings at 
harvest 7 had the longest TRL, with 45.73 cm. Various studies investigating plant P 
deficiency conditions have shown that TRL increases under P deficiency. CHEN et al. (2014) 
showed that mycorrhizal infection may encourage tree plant root growth and branching. 
Similar to our founding’s, WU et al. (2010) found that mycorrhizal plants exhibited 
significantly higher root total length, surface area and volume compared with non-
mycorrhizal plants.  

 
Plant	growth	parameters	

Shoot diameters increased upon mycorrhiza inoculation and with growth period. During 
seedling growth, the shoot diameter was measured and data evaluated. The shoot diameter 
of citrus seedlings of non-mycorrhiza-inoculated seedlings at the 1st harvest generally was 
the lower than other harvests, at 1.98 mm. However, in mycorrhiza-inoculated seedlings at 
the 1st harvest the value was 2.39 mm. At harvest 7, the values for non-mycorrhizal plants 
were 3.50 mm and mycorrhizal plants were 7.10 mm, respectively. Mycorrhiza-inoculated 
seedlings exhibit nearly double the shoot diameter of non-inoculated seedlings (Table 1). 
Shoot length also increased upon mycorrhizal inoculation and, with time, the shoot length 
of mycorrhiza-inoculated seedlings was several folds higher than non-inoculated seedlings. 
In non-inoculated seedling, in 7th harvest time shoot length relatively is reduced to 6th 
harvest. Since soil was sterilized and citrus seedlings are mycorrhiza dependent, seedlings 
are stunted. In 7th harvest time shoot length is 18.76 cm and standard error is 61.01. It seems 
that variation in between treatments is so high in this harvest time. Statistically, the growth 
parameters were significant.     

Mycorrhizal inoculation significantly increased the seedling shoot dry weight (SDW). At 
the 1st harvest, non-inoculated seedlings contained 0.61 g pot-1 SDW and after 15 months, 
at harvest 7 (Table 2), the SDW was 4.65 g pot-1. Mycorrhiza-inoculated seedlings at the 1st 
harvest had 1.00 g pot-1 and mycorrhiza-inoculated seedlings at harvest 7 produced 20.29 g 
pot-1. Root dry weight had a similar growth response to shoot dry weight. In summary, 

Statistical analysis
The variations in plant growth parameters were assessed 

via the analysis of variance ANOVA procedure using the SPSS 
20.0 computer program. The main last significant effects 
were determined using the Tukey Test at P < 0.05.

Results and discussion
Experiments were harvested every 2–3 months, result-

ing in a total of seven harvests. At each harvest, the root and 
shoot dry weight, stem diameter, root height and nutrient 
concentration of plant tissue were analyzed in order to de-
termine the impact of mycorrhizal inoculation.

Mycorrhizal colonization
Root colonization was determined in non-inoculated 

seedlings and, even though the GM was sterilized; these 
seedlings exhibited up to 2.67% colonization at harvests 5 
and 6. For mycorrhiza-inoculated seedling root colonization, 
the first experiment started with 6.67% and at the 7th harvest 
increased up to 90.67% (Table 1). In mycorrhiza-inoculated 
seedlings, root colonization from the first two harvests was 
less than 10%, and at the 3rd and 4th harvests the root colo-
nization was 28% and 64.67%, respectively. It appears that 
citrus roots exhibit efficient root colonization 5–6 months af-
ter germination. Nunes et al. (2006) collected soil and plant 
root samples to determine mycorrhizal development and 
found that root colonization is diverse and ranged from 42% 
to 83%.

In woody plants, such as citrus, root colonization takes 
time to achieve sufficient colonization to aid plant develop-

ment, which is an important aspect for future work and cru-
cial for citrus mycorrhiza management. Ortas et al. (2002) 
indicated the importance of early root colonization for im-
proved seedling transplantation into field conditions. Tissue 
nutrient concentrations were determined after each harvest. 
The morphology of the root system is a major determinant of 
nutrient uptake.

Tap root length (TRL) was also determined and in non-in-
oculated seedlings the root height was not significantly dif-
ferent (Table  1). Plant roots in harvests 5 and 6, exhibited 
the longest TRL with 36.13 cm and 37.53 cm, respectively. 
Mycorrhiza-inoculated seedlings at harvest 7 had the longest 
TRL, with 45.73 cm. Various studies investigating plant P de-
ficiency conditions have shown that TRL increases under P 
deficiency. Chen et al. (2014) showed that mycorrhizal infec-
tion may encourage tree plant root growth and branching. 
Similar to our findings, Wu et al. (2010) found that mycor-
rhizal plants exhibited significantly higher root total length, 
surface area and volume compared with non-mycorrhizal 
plants.

Plant growth parameters
Shoot diameters increased upon mycorrhiza inoculation 

and with growth period. During seedling growth, the shoot 
diameter was measured and data evaluated. The shoot di-
ameter of citrus seedlings of non-mycorrhiza-inoculated 
seedlings at the 1st harvest generally was lower than other 
harvests, at 1.98  mm. However, in mycorrhiza-inoculated 
seedlings at the 1st harvest the value was 2.39 mm. At harvest 
7, the values for non-mycorrhizal plants were 3.50 mm and 
for mycorrhizal plants were 7.10  mm, respectively. Mycor-
rhiza-inoculated seedlings exhibit nearly double the shoot 
diameter of non-inoculated seedlings (Table 1). Shoot length 
also increased upon mycorrhizal inoculation and, with time, 

Table 1.  Effect of mycorrhizal inoculation on citrus growth parameters during several harvesting times.

Harvesting time Shoot diameter
(mm)

Shoot length
(cm)

Tap root length
(cm)

Root colonization 
(%)

Non-mycorrhizae
1. Harvest 1.98 ±0.2   h 14.27 ±2.32   e 33.57 ±6.8     ab 0.67 ±2.58 d
2. Harvest 2.81 ±0.54 f-h 17.50 ±5.6     e 33.27 ±10.9   ab 0.00 ±0.00 d
3. Harvest 3.43 ±1.11 e-g 35.07 ±22.31 c-e 34.07 ±6.18   ab 1.33 ±3.52 d
4. Harvest 3.33 ±1.44 e-g 25.07 ±24.36 c-e 31.47 ±11.15 b 2.00 ±4.14 d
5. Harvest 1.85 ±0.81 h 32.53 ±23.26 c-e 36.13 ±5.79   ab 2.67 ±5.94 d
6. Harvest 3.91 ±1.28 ef 39.60 ±24.64 cd 37.53 ±8.77   ab 2.67 ±5.94 d
7. Harvest 3.50 ±1.22 e-g 18.76 ±61.01 de 32.56 ±16.95 b 2.00 ±0.00 d

Mycorrhizal inoculation
1. Harvest 2.39 ±0.26 gh   18.10 ±2.21   de 34.83 ±8.64   ab   6.67 ±7.24   d
2. Harvest 4.19 ±0.71 de   45.50 ±9.43   c 39.27 ±11.09 ab   9.33 ±10.33 d 
3. Harvest 5.38 ±1.2   cd   73.17 ±23.04 b 32.73 ±8.02   b 28.00 ±16.56 c
4. Harvest 5.57 ±1.41 bc   76.33 ±22.85 b 39.20 ±11.44 ab 64.67 ±15.06 b
5. Harvest 5.85 ±1.03 a-c   79.47 ±18.78 b 42.87 ±8.03   ab 76.67 ±21.6   b
6. Harvest 6.71 ±1.33 ab   86.50 ±15.4   ab 43.16 ±11.06 ab 88.40 ±1.06   a
7. Harvest 7.10 ±0.74 a 102.87 ±16.26 a 45.73 ±10.73 a 90.67 ±7.99   a

Treatment Df Shoot diameter Shoot length Tap root length Root colonization
Mycorrhiza (M) 1 <.001 <.001 <.001 <.001
Harvest time (H) 6 <.001 0.020 <.001 <.001
M × H 6 <.001 <.001 0.264 <.001

± Standard error (mean of 15 seedlings).
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the shoot length of mycorrhiza-inoculated seedlings was sev-
eral folds higher than non-inoculated seedlings. In non-inoc-
ulated seedling, in 7th harvest time shoot length relatively is 
reduced to 6th harvest. Since soil was sterilized and citrus 
seedlings are mycorrhiza-dependent, seedlings are stunted. 
In 7th harvest time shoot length is 18.76 cm and standard er-
ror is 61.01. It seems that variation in between treatments is 
high in this harvest time. Statistically, the growth parameters 
were significant.

Mycorrhizal inoculation significantly increased the seed-
ling shoot dry weight (SDW). At the 1st harvest, non-inoculat-
ed seedlings contained 0.61 g pot-1 SDW and after 15 months, 
at harvest 7 (Table 2), the SDW was 4.65 g pot-1. Mycorrhi-
za-inoculated seedlings at the 1st harvest had 1.00 g  pot-1 
and mycorrhiza-inoculated seedlings at harvest 7 produced 
20.29 g pot-1. Root dry weight had a similar growth response 
to shoot dry weight. In summary, depending on the develop-
ment time of the plants inoculated with mycorrhizae, it was 
determined that mycorrhizal inoculation increased dry mat-
ter production and assisted healthy growth.

In mycorrhiza-inoculated seedlings, the highest dry mat-
ter production was observed at harvests 6 and 7. Sour orange 
is mycorrhiza-dependent under sterile and non-inoculation 
conditions, hence the plants did not grow properly as the 
GM was sterilized and no beneficial organisms were present 
to exert an effect on seedling growth. Previously, Levy et al. 
(1983) showed that under sterile and less fertile soil condi-
tions, mycorrhiza-inoculated seedlings grow better. Youpen-
suk et al. (2008) reported that under greenhouse and field 
conditions with low P soil concentrations, AM fungal inoc-
ulation increased mandarin (Citrus reticulata) growth and 
development.

The development of woody plants, especially during 
the beginning of a pause stage, is hindered if the plant does 

not obtain sufficient nutrients. Hence, it is very important 
to know the physiological status of citrus plants when 
inoculating seedlings with mycorrhizae in order to overcome 
any issues that could potentially stunt growth. Root dry 
weight (RDW) was determined and it was found that at 
harvest 7, non-inoculated seedlings had the highest RDW 
(Table  2), with 3.10 g pot-1, and in mycorrhiza-inoculated 
seedlings it was 12.62 g pot-1. RDW of harvest 6 seemed to 
be less than the result for harvest 5. Since for each harvest 
the mean of 15 seedlings were used and also seedlings were 
randomly selected, possibly there is large variation and 
standard error. The root and shoot ratio decreased with 
time of harvest and is an important parameter in terms of 
plant development. Root/shoot ratios indicated that plant 
mycorrhizae dependency decreases as the capacity for root 
production increases.

The results are supported by the observations of Ortas 
and Ustuner (2014), who also observed that R. clarus is an ef-
ficient inoculum for root growth. Wu and Zou (2009) showed 
that sole AMF inoculation significantly increased total dry 
weight, and leaf and root nutrient content of the citrus seed-
lings, compared with the non-AMF control. In  general, for 
both inoculated and non-inoculated seedlings, plants grew 
bigger with time and the plant tissue nutrient concentration 
decreased, which may be explained by diluting effects. As in-
dicated responsiveness of mycorrhizae to plant growth is be-
yond the soil fertility and plant nutrition (Wu et al., 2017). 
Possibly mycorrhizae have some other benefits for plant 
growth and nutrient uptake in terms of increasing the resis-
tance of plant against stress factors (Ortas, 2012b).

Nutrient concentration
Over the 15 months, the mycorrhiza-inoculated seed-

lings exhibited a higher P concentration than non-inoculated 

Table 2.  Effect of mycorrhizal inoculation on citrus growth parameters during several harvesting times.

Harvesting time
Shoot dry weight Root dry weight

Root/Shoot
g pot-1

Non-mycorrhizae
1. Harvest 0.61 ±0.23 d 0.61 ±0.19 e 1.00
2. Harvest 0.81 ±0.38 d 0.66 ±0.38 e 0.81
3. Harvest 2.82 ±2.69 d 1.71 ±1.82 de 0.61
4. Harvest 2.41 ±3.78 d 1.36 ±1.72 e 0.56
5. Harvest 2.35 ±3.06 d 2.59 ±2.28 de 1.10
6. Harvest 2.74 ±2.93 d 1.26 ±1.01 e 0.46
7. Harvest 4.65 ±4.83 cd 3.10 ±2.9   de 0.67

Mycorrhizal inoculation
1. Harvest 1.00 ±0.29 d 0.79 ±0.29 e 0.78
2. Harvest 4.11 ±1.7   cd 1.97 ±1.13 de 0.48
3. Harvest 8.38 ±4.28 bc 4.83 ±3.77 cd 0.58
4. Harvest 11.67 ±5.26 b 6.56 ±4.07 bc 0.56
5. Harvest 10.88 ±4.76 b 9.08 ±4.61 b 0.83
6. Harvest 17.64 ±4.27 a 7.93 ±1.63 bc 0.45
7. Harvest 20.29 ±4.98 a 12.62 ±3.76 a 0.62

Treatment Df Shoot DW Root DW
Mycorrhiza (M) 1 <.001 <.001
Harvest time (H) 6 <.001 <.001
M × H 6 <.001 <.001

± Standard error (mean of 15 seedlings).
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seedlings (Figure  1). The shoot phosphorus concentration 
in mycorrhiza-inoculated plants was higher than in non-in-
oculated seedlings. It was determined that a reduction in P 
content in the following harvest must be related to plant P 
demand and a dilution factor. In general, although mycor-
rhiza application significantly increases the P concentration, 
the concentration remains below the critical level (0.15% P) 
(Jones, 1998). In  addition, in our previous work, we found 
that citrus plant P concentration is usually less than the re-
quired levels. In order to elucidate this issue, the critical level 
of citrus P should be investigated.

In both mycorrhiza and non-mycorrhizal plant tissue, the 
K concentration increased up to harvest 4, then remained sta-
ble and subsequently decreased (Figure 1). There is no clear 
indication that mycorrhiza-inoculated seedlings have a high-
er K concentration than non-inoculated seedlings. Antunes 
and Cardoso (1991), Levy and Krikun (1980), and Menge et 
al. (1982) reported that AM-inoculated citrus plants grow 
better than non-inoculated ones; in addition, inoculated cit-
rus plants exhibit a higher P and K content.

The Zn concentration was measured in non-inoculated 

seedlings and at the 1st harvest was 24.52 mg kg-1 and then 
decreased (Figure  1), with the Zn concentration of 12.73 
mg kg-1 at the 7th harvest. The Zn concentration in mycorrhi-
za-inoculated seedlings decreased with harvest time. At the 
1st harvest the Zn was 25.31 mg kg-1 and at the 7th harvest, 
the tissue Zn concentration was 16.90 mg  kg-1. Mycorrhi-
za-inoculated seedlings usually have a higher Zn concen-
tration (Ortas et al., 2016) and were found to have a higher 
Zn concentration than non-inoculated seedlings. For both 
inoculated and non-inoculated seedlings, the Zn concentra-
tion decreased and at harvests 5, 6 and 7, the concentration 
was less than the critical level (Jones, 1998) (20 mg Zn kg-1).  
After each harvest, all plant nutrients were analyzed sepa-
rately and the results have shown that nutrient concentra-
tion usually decreased with increasing harvesting time and it 
seems that there was a time effect on nutrient concentration.

In the 1st and 2nd harvests, the citrus seedlings had higher 
Fe concentrations than at other harvests, as time increased 
the leaf tissue Fe concentration decreased (Figure 1). The ef-
fect of mycorrhiza and harvest time significantly increased 
leaf Fe concentration. Usually, Fe values of plants inoculat-
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FIGURE 1.  Effect of mycorrhizal inoculation on citrus plant nutrient concentration during several harvesting times. 
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ed with mycorrhizal are higher than non-inoculated plants. 
The lower Fe concentration at harvests 3 to 7 may have been 
caused by an increased biomass dilution factor due to plant 
growth.

The Mn concentration decreased as time increased 
(Figure 1). At every harvest interval, mycorrhiza-inoculated 
plants had a higher Mn concentration than non-inoculated 
plants. The decrease observed in Mn concentration is due to 
typical dilution effects.

Our findings show that mycorrhiza-inoculated citrus 
seedlings have a higher Cu concentration than non-inocu-
lated ones (Figure 1). With time, the seedling Cu concentra-
tion decreased as did P, Zn, Fe and Mn, and in general, the 
Cu concentration decreased in the later harvests. Nielsen and 
Jensen (1983) reported that reduced concentrations of mi-
cronutrients in mycorrhiza-inoculated plants can sometimes 
be attributed to a dilution effect linked to an increase in plant 
dry matter (DM) yield.

Mycorrhiza-inoculated seedlings have a higher nutri-
ent concentration than non-inoculated ones. Zubek et al. 
(2015) and Wu et al. (2017) indicated that under controlled 
conditions, mycorrhiza-inoculated plants have high concen-
trations of P, Zn, Ca, Cu, Mn, Fe and Mg. At the beginning of 
growth, seedlings absorbed nutrients more rapidly than later 
on, due to dilution effects.

With time, the nutrient concentration in the leaf tissue 
increased and then decreased, which may have been caused 
by a seasonal temperature change as temperature has a sig-
nificant effect on nutrient uptake via microbial activity and 
root development. Paramasivam et al. (2000) also reported 
that the plant nutrient concentration altered with the chang-
ing seasons. Our present and past results show that a turf, 
andesitic tuff and compost-based GM is suitable for produc-
ing good quality mycorrhiza-inoculated seedlings (Ortas and 
Ustuner, 2014).

Total nutrient uptake
Plant total nutrient uptake was also calculated in order 

to determine the dilution effect of plant growth in relation 
to nutrient concentration. Data are presented in Table 3 and 
show that in non-inoculated plants, the P, K, Fe, Zn, Mn and Cu 
nutrient uptake, in general, increased with time up to harvest 
6 and/or harvest 7. This means that up to a certain period, 
plants accumulate nutrients and after that time nutrient 
uptake declines. Seedling P and K concentration values are in 
good agreement with the data of Paramasivam et al. (2000). 
In mycorrhiza-inoculated plants, nutrient uptake continues 
over time which means that the growth of mycorrhiza-
inoculated plants continues compared with non-mycorrhizal 
seedlings, or mycorrhiza-inoculated plants live longer (or 
require nutrients for a longer period) than non-mycorrhizal 

ones. Whether mycorrhiza inoculation increases the plant 
life expectation requires further investigation. It  is also 
possible that, at the beginning of plant growth, the nutrient 
concentration is high in soil and, with time, rhizosphere 
nutrient depletion occurs which limits nutrient acquisition.

Mycorrhizal responsiveness
Mycorrhizal responsiveness (MR) was calculated 

after each harvest, and as can be seen in the matrix table, 
MR increased with time. At the first harvest, the MR was 
54%, at the second harvest the MR was 85% and at the 
last harvest the MR was 97% (Table  4). This means that 
mycorrhiza inoculation at the first harvest was not sufficient 
and with time, the effectiveness of mycorrhizae increased. 
These results are supported by our previous work (Ortas 
and Ustuner, 2014); in addition, López-Bucio et al. (2003) 
reported that 180 days of mycorrhizal inoculation the MD of 
sour orange increased.

Conclusion
The results show that mycorrhiza inoculation signifi-

cantly increased seedling shoot and root growth and other 
growth parameters. As the GM was sterilized, non-inoculated 
seedlings had very little root colonization, however the root 
colonization of mycorrhiza-inoculated seedlings started at 
the 1st harvest, with higher root colonization occurring be-
tween the 3rd and 6th harvest. 

When the P content of plants was examined it was found 
that mycorrhiza-inoculated seedlings have a higher P % than 
non-inoculated ones. In both inoculated and non-inoculated 
seedlings, the P concentration is high at the beginning; how-
ever when the plant biomass increases, the P concentration 
decreases as a result of dilution effects. The major finding 
was that the nutrient concentration of the plant leaf, i.e., P, 
Zn, Fe, Cu and Mn decreased with time due to dilution ef-
fects. The results show that mycorrhiza-inoculated plants 
have a higher nutrient uptake than non-inoculated ones, and 
mycorrhiza-inoculated plants take up nutrients for a longer 
period than non-inoculated ones. Sour orange seedlings are 
highly dependent upon mycorrhiza and after the 2nd harvest, 
the MR was over 85%; this data also applies to root coloniza-
tion. In addition, results show that root colonization of citrus 
plants occurs 4–5 months after seed germination, which is 
different to annual crops. The results show a very good cor-
relation between root colonization and mycorrhizae respon-
siveness.
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Table  4.    Mycorrhizal responsiveness for each harvest time. Each harvest analyzed for previous harvest dry weight to 
determine the mycorrhizal dependency.

1. Harvest 2. Harvest 3. Harvest 4. Harvest 5. Harvest 6. Harvest 7. Harvest
1. Harvest 54
2. Harvest 85 74
3. Harvest 95 91 66
4. Harvest 96 93 75 75
5. Harvest 96 93 75 77 86
6. Harvest 97 95 82 82 90 86
7. Harvest 97 95 83 83 90 87 93
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