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ABSTRACT: Rooted leafy cuttings of three Greek olive (Olea europaea L.) cultivars (Koroneiki,
Kothreiki and Chondrolia Chalkidikis) were grown for six months in three soil types, in an experi-
mental greenhouse, in order to investigate: i) if their root system was colonized by arbuscular
mycorrhiza fungus (AMF) genus and, ii) if genotypic differences concerning growth and mineral
nutrition of olive plants existed. Gigaspora sp. colonized the root system of the three cultivars
studied, while Glomus sp. colonized only the root system of ‘Koroneiki'. Furthermore, in most
cases root colonization by AMF differed among cultivars and soil types. The maximum root
colonization, in all soils, was found in ‘Chondrolia Chalkidikis'. In the three soils studied, the ratio
shoot dry weight (SDW)/ root dry weight (RDW) was higher in ‘Chondrolia Chalkidikis’ than in the
other two cultivars. Furthermore, root system morphology of the three olive cultivars was com-
pletely different, irrespectively of soil type. Leaf Mn, Fe, Zn, Ca, Mg, K and P concentrations, as
well as total per plant nutrient content and nutrient use efficiency, differed among cultivars under
the same soil conditions. These differences concerning root morphology, SDW/RDW, as well as
nutrient uptake and use efficiency, could be possibly ascribed to the differential AMF colonization
by Glomus sp. and Gigaspora sp.
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Introduction

Mycorrhizal associations are generally character-
ized as affording mutual benefits to the symbiotic fun-
gus and the host plant (Ducic et al., 2008). Arbuscu-
lar mycorrhiza fungus (AMF) colonization affects root
system morphology and nutrient uptake (Citernesi et
al., 1998; Malusa et al., 2007). The nutrients whose up-
take is mostly influenced by AMF are P, Fe Mn and Zn
(Pasqualini et al., 2007; Ducic et al., 2008; Dag et al.,
2009; Sudova, 2009; Cavagnaro et al., 2010; Orlowska
et al., 2011) and sometimes K (Marulanda et al., 2007;
Dag et al., 2009). Mycorrhizal plants may also be used
as phytoremediators due to the enhanced capacity of
host plants to absorb heavy metals (Orlowska et al.,
2011).

Apart from the influence of AMF on nutrient up-
take, other positive aspects of mycorrhization include
raise of plant growth (Pasqualini et al., 2007; Dag et al.,
2009; Sheng et al., 2009; Shokri and Maadi, 2009), in-
crease of the rate of photosynthesis and transpiration,
greater stomatal conductance (Caravaca et al., 2003; Wu
and Zou, 2010), enhancement of nursery and post-trans-
plant field response and decrease of transplanting stress
(Carretero et al., 2009; Dag et al., 2009), increase of plant
tolerance to drought (Marulanda et al., 2007), salt stress
(Sheng et al., 2009) and serpentine edaphic stress (Doub-
kova et al., 2012), as well as protection from nematodes
attack (Castillo et al., 2006), improvement of water use
efficiency (Bolandnazar et al., 2007) and amelioration of
fruit quality (Nzanza et al., 2012).

Various genotypes of the same plant species have
the ability to accumulate different amounts of nutri-
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ents. Particularly, many olive (Olea europaea L.) cultivars
are very often grown under the same soil conditions
in Greece and have the ability to absorb and accumu-
late different amounts of nutrients (Chatzistathis et al.,
2009). However, it has not been investigated until now
if the root system of different olive cultivars, having the
ability to accumulate different amounts of nutrients and
to grow differentially under the same soil conditions, is
colonized by different AMF genera, or/and if the abun-
dance of AMF differs significantly among cultivars, since
mycorrhiza affects root system morphology (Citernesi et
al., 1998; Malusa et al., 2007).

This study aimed to investigate if differential sym-
biosis between AMF and olive plants’' root system was
developed in three Greek olive cultivars, grown under
three soil types.

Materials and Methods

Plant material and soil sampling

Two-month-old rooted olive cuttings (O. europaea,
cvs. Koroneiki, Kothreiki and Chondrolia Chalkidikis),
about 15-cm high, were grown for six months (from 04
Jan. to 02 Jul.) in black plastic bags, containing 3 kg
of soil, inside an experimental greenhouse. The plants
of each cultivar were randomized, based on their initial
height and fresh weight, in three similar groups (cor-
responding to the three soils used) and five replicates
(plants) per soil type were included. The total number
of plants was 45 (three soils x three cultivars x five rep-
licates per soil type and olive cultivar). Three soils, de-
rived from different parent material (Marl, Gneiss schist
and Peridotite) and having different physicochemical
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properties, were included in this study. These soils were
collected from areas around the city of Thessaloniki and
represent the three basic soil types where olive trees
are growing in the region of Thessaloniki (22.94 N and
40.64 E), Macedonia, northern Greece. The previous
mentioned soils belong to the category of Entisols (Or-
thents), according to the Soil Taxonomy system (1975).
The soil samples were collected from the upper 60 cm
of each soil, where most of the olive root system is dis-
tributed. This soil layer included the A and A horizons
in the Marl soil, A  in the Gneiss schist and A and B
horizons in the Peridotite soil. During the whole experi-
mental period, all the plants were irrigated with 200 mL
distilled water (they were irrigated every third day from
Jan. to early May and every second day from May until
the end of the experiment due to increased transpira-
tion), but they were not fertilized in order to permit the
growth of AMF in their root system (Chatzistathis et al.,
2010).

Chemical analyses of soil samples

Soil samples were dried at room temperature, their
stones were removed, and afterwards were sieved to
pass a 10 mesh screen before analyses. General chemical
analyses, as well as extraction of micronutrients, were
conducted in each one of the three soils. General chemi-
cal analyses of the soils included the pH measurement,
the content of organic matter, the exchangeable cations
Ca, Mg and K, the particle size analysis and the content
of CaCO,. The pH was determined in soil: distilled water
solution mixture 1:1 (Bates, 1964), the organic matter was
determined with the K,Cr,O, method (Allison, 1965), the
exchangeable cations according to the method of CH,
COONH, of pH 9 (pH 9 was chosen in order to reduce
the CaCO, solubilization, as pH values of the three soils
were greater than 7) (Bower et al., 1952) and the particle
size analysis according to the '‘Bouyoucos’ method. The
‘Bouyoucos’ method provides generally reliable results
for particle size soil analysis (Klute, 1986). Finally, the
CaCO, content was determined with the calcium meter
method, while the extraction of Mn, Fe, Zn in the three
soil types was conducted with the DTPA method (Alifra-
gis and Papamichos, 1995).

Determination of AMF genus colonizing the root
system of olive plants

The method followed to determine AMF genus
in the root system of each olive plant was suggested by
Koske and Gemma (1989). More specifically, root sys-
tem samples were elaborated with 10 % KOH (in room
temperature) for cellulose destruction. Afterwards, root
samples were treated with 1 % HCI in order to be acidi-
fied and to achieve better staining. Finally, they were
elaborated with 10 % H,O, for bleaching. The staining
of samples was done by trypan blue. Afterwards, root
samples were ready for examination by the optical mi-
croscopy. AMF genus identification was conducted by
the isolated rhizospheric AMF spores.
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Plant growth

At the end of the experiment, main shoot's length,
root (fresh and dry) and total plant weight (fresh and
dry), as well as the ratio shoot dry weight (SDW)/root
dry weight (RDW) were measured.

Leaf tissue analyses

Leaf samples from the middle of the shoot (mature
leaves obtained their full size) were collected, washed
once with tap and twice with distilled water, dried at 75
C for 24 h and finally ground to a fine powder to pass
a 30 mesh screen. A portion of 0.5 g of the fine powder
of each sample was dry-ashed in a muffle furnace at 515
°C for 5 h. Then, the ash was dissolved in 3 mL of 6 M
hydrochloric acid (HCl) and diluted with double distilled
water up to 50 mL. The concentrations of the elements
Ca, Mg, K, Mn, Fe and Zn were determined by atomic
absorption spectroscopy (Perkin-Elmer 2340, Waltham,
MA, USA). The concentrations of microelements were
expressed in mg kg d.w., while those of macronutrients
in % d.w.

Statistics

The data were statistically analyzed by the TWO-
WAY analysis of variance (TWO- WAY ANOVA) (using
soil type and olive cultivar as main effects) of the SPSS
software package (SPSS 16.0.1. for Windows, Chicago,
IL), and, particularly for comparison of means between
the three olive cultivars and the three soils, the Tukey's
post-hoc parametric test was performed, for p < 0.05.
In each soil type and olive cultivar, five replicates were
included (i.e. total number of experimental plants: three
cultivars* three soil types* five replicates = 45). For
comparison of means, concerning the physicochemical
properties between the three soil types, the Duncan's
multiple range test (p < 0.05) was used.

Results

Physicochemical properties of the three soils

The soils originated from Marl and Peridotite were
sandy-clay-loam (SCL), while that originated from Gneiss
schist was sandy-loam (SL) (Table 1). The pH value of the
Gneiss schist soil was 7.1, while that of the Marl and Peri-
dotite soils was 7.6 and 8.0, respectively. The organic mat-
ter content of the Gneiss schist soil was relatively low,
while that of the other two soils was above the typical av-
erage for Greek soils, ranging between 29 and 44 g kg-!soil
(Table 1). Calcium carbonate content was medium (154 g
kg soil) in the Peridotite soil and very low in the other
two soils. Concerning exchangeable cations, Ca dominated
in the Marl and Peridotite soils, while in the Gneiss schist
one it was approximately 27 % of that in the other two
soils. Potassium concentration was more than five times
greater in the Peridotite soil, compared to the other two
soils. Magnesium concentrations of the three soils were
not statistically different. Extractable-according to the
Olsen method-phosphorus concentration was significantly
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greater in the Marl soil, compared to the other ones (Ta-
ble 1). The cation exchange capacity (CEC) was high and
almost equal in the Marl and Peridotite soils (43 and 48
%, respectively) and low in the Gneiss schist soil (17 %)
(Alifragis, personal communication). The water-holding
capacity values of the three soils were 29, 22 and 30 % for
the Marl, Gneiss schist and Peridotite soils, respectively
(Alifragis, personal communication). Finally, the greatest
concentration of the DTPA extractable Mn was recorded
in the Peridotite soil, while in the other two soils it was
only about 50 % of that in the Peridotite soil; Fe and Zn
concentrations were not different (p < 0.05) among the
three soil types (Table 1) (Chatzistathis et al., 2010).

Colonization of olive plants’ root system by AMF

Gigaspora sp. colonized the root system of the
three olive cultivars studied, while Glomus sp. colonized
only the root system of 'Koroneiki’' (Figures 1 and 2);
furthermore, differences between cultivars in the same
soil type, as well as among soil types for 'Chondrolia
Chalkidikis’, have been observed concerning the per-
centage of root system colonization by AMF. This per-
centage varied between 45 and 73 % among the three
olive cultivars and soil types (Table 2).

Root morphology and plant growth

The root pattern morphology of the three olive cul-
tivars was observed at the end of the experiment. The
root systems of 'Koroneiki’ and ‘Chondrolia Chalkidikis’

Table 1 — Physicochemical properties of the three soils.

were less branched and more lateral, and with less root
hair development and density, than that of 'Kothreiki’,
which was richly-branched and with much greater root
hair development and density. The differential root
pattern morphology of the three olive cultivars influ-
enced also the root dry weight (DW) as well as the ra-
tio SDW/RDW, which differed between cultivars in the
three soil types studied. Regarding the root growth and
the ratio SDW/RDW for each olive cultivar among the
three soil types used, differences were recorded only
for 'Kothreiki’, and not for 'Koroneiki' and 'Chondrolia
Chalkidikis' (Table 3).

Chemical composition of vegetative tissues, total
per plant nutrient content and nutrient use effi-
ciency

Differences (p < 0.05) concerning Fe, Zn, Mg and
P leaf concentrations have been found among cultivars
(Table 4). On the other hand, P concentration in the
leaves of 'Koroneiki’, as well as in the leaves of 'Chon-
drolia Chalkidikis’, was lower when these cultivars were
cultivated in the Gneiss schist soil, than in the other two
soil types (Table 4). Concerning nutrient concentrations
in root and total per plant nutrient content, in almost all
soil types greater concentrations of all nutrients studied
were recorded in the root system of 'Kothreiki’, com-
pared to those found in the root system of the other two
olive cultivars (data not shown). Furthermore, greater
total per plant content of all nutrients was found, in all

Soil Sand Clay Loam  Texture Organic matter pH CaCo, P/Olsen Ca Mg K Mn Fe Zn
g kgt g kg! mg kg —— mmol, kg™ —— mg kg!

Marl 624a 228a 148b  SCL 29b 7.6a 35b 28 a 369 a 22 a 14b 7b 3a 1lb5a

Sgﬁi'ssts 684a 108b 208a  SL 17¢  71b  13c 15b 107b  22a 12b 6b 5a 15a

Peridotite 524b 268a 208a  SCL 44 a 80a 154a 17b 362 a 25a 67a 12a 4a la

The numbers are means of six replications. Means with different letters in each column are different (Duncan’s multiple range test, p < 0.05) (SCL = Sandy-Clay-Loam;

SL = Sandy-Loam).

Figure 1 — Extended vesicles formation of Glomus sp. in the root
system of the olive cultivar ‘Koroneiki’, when grown in the Marl
soil.

Figure 2 — Spore and Auxiliary cell of Gigaspora sp. in the root
system of the olive cultivar ‘Kothreiki’, when grown in the Gneiss
schist soil.
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Table 2 — Genus of arbuscular mycorrhiza fungus (AMF) colonizing the root system of the three olive cultivars, when each one of them is grown
in three soil types, as well as percentage of root system colonization by AMF.

Soil type / Olive cultivar AMF genus Percentage of root system colonization (%)
Koroneiki Glomus sp. 52 ¢
Marl Kothreiki Gigaspora sp. 50 cd
Chondrolia Chalkidikis Gigaspora sp. 73a
Koroneiki Gigaspora sp. 57 bc
Gneiss schist Kothreiki Gigaspora sp. 53¢
Chondrolia Chalkidikis Gigaspora sp. 58 bc
Koroneiki Gigaspora sp. and Glomus sp. 3¢
Peridotite Kothreiki Gigaspora sp. 45d
Chondrolia Chalkidikis Gigaspora sp. 65 ab
. Olive cultivar < 0.05
P (main effect) Soil type - 0.05
P (cultivar x soil type) > 0.05

The numbers are the means of five replications. The different letters between olive cultivars and soil types symbolize differences (post-hoc parametric test of Tukey,

p < 0.05).

Table 3 — Plant growth parameters of the three olive cultivars studied, when grown in three soil types (DW = Dry Weight).

Soil type / Olive cultivar Shoot length (cm) Total plant DW (g) Root DW (g) Shoot DW/ Root DW
Koroneiki 98 b 75b 20c 2.70b
Marl Kothreiki 120 ab 125 a 47 a 1.64d
Chondrolia Chalkidikis 119 ab 67 bc 14d 3.79a
Koroneiki 150 a 73b 20¢ 2.65b
Gneiss schist Kothreiki 84 be 113a 31b 2.87b
Chondrolia Chalkidikis 89 bc 59 ¢ 12d 3.92a
Koroneiki 79¢c 73b 19¢ 2.84 b
Peridotite Kothreiki 120 ab 123 a 40 a 2.08 ¢
Chondrolia Chalkidikis 72¢ 71 be 14d 4.07 a
P (main effect) Olive cultivar < 0.05 < 0.05 < 0.05 < 0.05
Soil type <0.05 > 0.05 > 0.05 <0.05
P (cultivar x soil type) > 0.05 > 0.05 > 0.05 > 0.05

The numbers are the means of five replications. The different letters between olive cultivars and soil types symbolize differences (post-hoc parametric test of Tukey,

p < 0.05).

soils, in 'Kothreiki’, than in the other two olive culti-
vars (Table 5). Use efficiency of almost all nutrients was
lower in olive cultivar 'Kothreiki’ than in the other ones,
with the exception of K (Table 6).

Discussion

The three soil types had different physicochemical
properties (Table 1) (Chatzistathis et al., 2010). In culti-
vars 'Chondrolia Chalkidikis' and 'Kothreiki' differences
were observed concerning AMF abundance (root system
colonization) between the Marl (73 %) and Gneiss schist
(58 %), and Gneiss schist (53 %) and Peridotite soils (45
%), respectively. The fact that in our investigation the
highest AMF colonization was recorded in the Marl soil
(73 %), compared to the other two ones, could be possibly
correlated: (i) with the almost 3.5 times greater exchange-
able Ca concentration recorded in that soil, compared to
that found in the Gneiss schist soil or (ii) with the %
CaCO, content (35 g kg, intermediate between those
found in the Peridotite-154 g kg and Gneiss schist soil-
13 g kg), (iii) with the texture of soils (AMF colonization
may be possibly favored in the SCL soils, compared to
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the SL ones, like the Gneiss schist soil of our study), (iv)
pH (pH of the Marl soil was intermediate- 7.6, compared
to the values of the other two soils), (v) the soil organic
matter content (Table 1). A close relationship between
soil organic matter and colonization rate of AMF is ob-
served in salinized soils (Lu et al., 2012). In addition to
that, the colonization rate of AMF was promoted by the
higher concentration of HCO," (Lu et al., 2012). Ducic et
al. (2009) found that the maximum mycorrhizal coloni-
zation in Pseudotsuga menziesii was found in a nutrient
rich, than in a nutrient poor soil. According to Nilsson et
al. (2005), along a nutrient gradient in coniferous forest
soils, production of mycelia of AMF was highest in nutri-
ent rich soils with high pH. Our results for ‘Chondrolia
Chalkidikis' are partly in agreement to those reported
by Nilsson et al. (2005) and Ducic et al. (2009), since
the nutrient poorest soil, among the three studied, was
that of Gneiss schist (Table 1), where it was recorded the
lowest AMF abundance (58 %), compared to the other
soils (Table 2).

For 'Koroneiki', no differences in AMF abundance
were recorded between the three soil types, while for
'Kothreiki' the minimum AMF abundance was found in
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Table 4 — Leaf nutrient concentrations of three olive cultivars, in three soil types.

. o .. Chondrolia iy .. Chondrolia - .. Chondrolia
Nutrient element Koroneiki  Kothreiki Chalkidikis Koroneiki  Kothreiki Chalkidikis Koroneiki  Kothreiki Chalkidikis
Concentrations in Leaves Marl Gneiss schist Peridotite
Min 23b 25b 27 ab 27 ab 28 ab 26 b 29 ab 30 ab 36a
) Cultivar > 0.05

P (main effect) Soil 005

P (cultivar x soil) > 0.05

Fe 2 68 ¢ 65 ¢ 73 bc 84 ab 72 be 8lb 105 a 79b 77 be
. Cultivar = <0.05

P (main effect) Soil L <0.05

P (cultivar x soil) = >0.05

Zn 19 be 22 ab 15¢ 26 ab 23 ab 16¢c 28 a 26 ab 20 be
) Cultivar <0.05

P (main effect) Soil 5 0.05

P (cultivar x soil) > 0.05

Ca 1.39 ab 1.35ab 1.16 ab 1.32ab 1.23ab 1.03b 1.55a 1.32ab 1.11b
) Cultivar > 0.05

P (main effect) Soil - 0.05

P (cultivar x soil) > 0.05

Mg 0.12 ab 0.09 ¢ 0.10 be 0.15a 0.10¢c 0.11 be 0.15a 0.10 be 0.12 ab
) Cultivar <0.05

P (main effect) Soil - 0.05

P (cultivar x soil) = >0.05

K = 1.20a 1.06 ab 1.07 ab 1.25a 1.08 ab 1.06 ab 1.20a 1.03b 1.14a
) Cultivar > 0.05

P (main effect) Soil - 0.05

P (cultivar x soil) > 0.05

P 0.20 be 0.30 a 0.23b 0.17 ¢ 0.30 a 0.13d 0.23b 0.22b 0.21b
) Cultivar <0.05

P (main effect) Soil <0.05

P (cultivar x soil) > 0.05

The numbers are the means of five replications. The different letters between olive cultivars and soil types symbolize differences (post-hoc parametric test of Tukey,

p < 0.05).

the Peridotite soil (Table 2). The fact that each of the three
olive cultivars studied behaved differently concerning
root system colonization means that AMF abundance
depended also on olive cultivar; this is very important
because, according to our knowledge, it is the first re-
port showing that differences in the ability to form AMF
exist among different varieties of olive trees. Generally,
AMTF colonization of olive plants (45-73 %) was satisfac-
tory and greater than that found for other species, such
as maize (Zea mays) (15-45 %) (Hu et al., 2009), Citrus
(19-51 %) (Wu and Zou, 2010), different woody native
of the Atlantic rain forest species (34-62 %) (Pasqualini
et al., 2007), P. menziesii (5-30 %) (Ducic et al., 2008;
2009), rice (Oryza sativa) (14 %) (Xiao et al., 2010) and
pelargonium plants (Pelargonium peltatum) (up to 36 %)
(Perner et al., 2007). Conversely, the roots of five spe-
cies of stoloniferous plants were colonized by AMF, with
colonization percentage varying from 40 to 90 % (Su-
dova, 2009). Furthermore, mycorrhizal colonization of
tomatoes roots (Solanum lycopersicum)roots under low,
medium and high Zn concentrations varied from 60 to
75 % (Cavagnaro et al., 2010).

Concerning the influence of genotype on AMF
abundance, in two of the three soil types (Marl and
Peridotite) greater root system colonization was re-
corded in cultivar 'Chondrolia Chalkidikis' (Table 2).
Ducic et al. (2009), who studied the mycorrhizal com-
munities in two varieties of P. menziesii in different for-
est soils, found that the abundance of ectomycorrhizas
was greater on the root of cultivar 'Menziesii’, than on
the root of 'Glauca’, and that the physiology of the host
tree, as well as soil properties, were the decisive fac-
tors for formation and abundance of ectomycorrhiza.
In our experiment, Glomus sp. colonized only the root
system of cultivar 'Koroneiki’, and not that of the other
two ones (Figure 1). On the other hand, Gigaspora sp.
colonized the root system of all cultivars studied, de-
pending also on soil type (Figure 2). However, differ-
ent species of the same genus (Gigaspora sp.) might
colonize the root system of the two above mentioned
olive cultivars’, and this possible differential coloniza-
tion could be responsible for the differences found in
AMF abundance between these two cultivars (differ-
ential colonization capacity among species of the same
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Table 5 — Total plant nutrient content of the three olive cultivars, in three soils.

X .. Chondrolia . .. Chondrolia o .. Chondrolia
Total plant content Koroneiki  Kothreiki Chalkidikis Koroneiki Kothreiki Chalkidikis Koroneiki Kothreiki Chalkidikis
Marl Gneiss schist Peridotite
Mn 1.94d 5.89 a 1.43 de 2.79¢ 4.12b 1.07e 211 cd 3.65b 1.70d
) Cultivar <0.05
P (main effect) Soil <0.05
P (cultivar x soil) > 0.05
Fe 25d 278 a 18e 77 ¢ 142 b 18e 27d 103 b 24.d
) Cultivar <0.05
P (main effect) Soil <0.05
P (cultivar x soil) > 0.05
Zn 1.38b 3.53a 0.95 be 1.61b 3.46a 0.76 ¢ 1.59b 3.66a 1.35b
) Cultivar <0.05
P (main effect) Soil - 0.05
P (cultivar x soil) > 0.05
Ca 677 b 1397 a 585 bc 618 b 1387 a 466 ¢ 698 b 1320 a 586 bc
Cultivar < 0.05
i 3
P (main effect) Soil M > 005
P (cultivar x soil) > 0.05
Mg 80 bc 168 a 71c 101 b 174 a 69c 85 be 170 a 85 be
. Cultivar < 0.05
P (main effect) Soil > 005
P (cultivar x soil) > 0.05
K 582 b 1120 a 556 bc 586 b 1129 a 469 ¢ 591 b 1063 a 630 b
. Cultivar < 0.05
P (main effect) Soil > 005
P (cultivar x soil) > 0.05
P 118b 315a 97b 78 ¢ 243 a 56 d 120 b 255 a 117b
. Cultivar < 0.05
P (main effect) Soil <0.05
P (cultivar x soil) > 0.05

The numbers are the means of five replications. The different letters between olive cultivars and soil types symbolize differences (post-hoc parametric test of Tukey,

p < 0.05).

Table 6 — Nutrient use efficiency of the three olive cultivars studied, when grown in three soil types (UE = Use efficiency).

Soil type / Olive cultivar MnUE FeUE ZnUE CaUE MgUE KUE PUE
g. dry weight per mg of micro- or macro- nutrient

Koroneiki 38.66 b 3.00a 54.35b 0.11a 0.94a 0.13a 0.64b
Marl Kothreiki 21.22d 0.45¢ 35.42¢ 0.09 a 0.74 b 0.11a 0.40 ¢
Chondrolia Chalkidikis 46.85 a 3.73a 70.55 a 0.11a 0.94 a 0.12a 0.69b
Koroneiki 26.16 ¢ 0.95b 45.34 be 0.12a 0.72b 0.12a 0.94a
Gneiss schist Kothreiki 2743 ¢ 0.80b 32.66 ¢ 0.08 b 0.65b 0.10a 0.47c
Chondrolia Chalkidikis 55.15a 3.28a 77.63 a 0.13a 0.86a 0.13a 1.05a
Koroneiki 34.60 be 2.70a 45.92 be 0.10a 0.86a 0.12a 0.61b
Peridotite Kothreiki 33.70 be 1.19b 33.6lc 0.09 a 0.72b 0.12a 0.48c
Chondrolia Chalkidikis 41.77 b 2.96 a 52.60 b 0.12a 0.84 ab 0.11a 0.61b
P (main effect) Olive cultivar <0.05 <0.05 <0.05 > 0.05 <0.05 > 0.05 <0.05
Soil type > 0.05 <0.05 > 0.05 > 0.05 > 0.05 > 0.05 <0.05
P (cultivar x soil type) > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05 > 0.05

The numbers are the means of five replications. The different letters between olive cultivars and soil types symbolize differences (post-hoc parametric test of Tukey,

p < 0.05).

AMF genus). This hypothesis, however, needs further
investigation and elucidation. In one case the root sys-
tem of 'Koroneiki' was colonized by both Glomus sp.
and Gigaspora sp., when it was grown on the Peridotite
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soil. It is possible that the properties of the Peridotite
soil favored the double AMF colonization in the root
system of 'Koroneiki’, compared to the other two soil
types. Plants under field conditions may be colonized
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by many AMF taxa and the outcomes of these symbio-
ses are determined by interactions between plant, fun-
gal genomes and environmental conditions (e.g. soil
pH and P) (Smith et al., 2011). Jin et al. (2013) found
that the mixed species AMF inoculant (G. irregulare,
G. mosseae and G. clarum) performed better than the
single species G. irregulare alone by promoting myc-
orrhizal colonization and field pea (Pisum sativum L.)
biomass.

The differential root system morphology among
the three olive cultivars could be possibly ascribed to
the differential root system colonization by AMF among
the three olive cultivars. Citernesi et al. (1998) found that
inoculation with AMF G. mosseae affected root system
morphology of olive plants and that such an increase in
branching could be partly due to a better mineral nutri-
tion of mycorrhizal plants. Citernesi et al. (1998), how-
ever, did not compare the influence of different AMF ge-
nus/species on root system morphology. The root system
of 'Kothreiki’ was richly-branched and with much greater
root hair development and density (p < 0.05) due to the
better mineral nutrition of their plants (Tables 4 and 5).

Hill et al. (2010) refer that AMF colonization of Tri-
folium subterraneum increased the absorptive surface of
root system (density of root hairs) and the volume of soil
that can be explored by the root system, as well as simul-
taneously increased P uptake. Orfanoudakis et al. (2010)
found that both Gigaspora rosea and Frankia increased
root branching in Alnus glutinosa seedlings, and the ef-
fects were greater when both were present. In contrast
to that, both G. rosea and Frankia decreased root hair
numbers markedly, and the effects on root hair develop-
ment were not a consequence of phosphorus levels, as P
levels were not significantly changed in seedlings colo-
nized by G. rosea or nodulated by Frankia. Finally, AMF
increased and ameliorated the root system architecture
traits (taproot length, total length, projected and surface
root areas, volume and number of first, second and third
order lateral roots e.t.c.) of Citrus plants (Wu et al., 2012;
Wu et al., 2013).

Differences have been observed concerning the
values of RDW, as well as those of the ratio SDW/RDW
among olive cultivars grown in the same soil type (Table
3). Orfanoudakis et al. (2010) found that root growth
of Alnus glutinosa seedlings inoculated with Frankia sp.
was slightly favored over shoot development, influenc-
ing the SDW/RDW ratio. In the present study, in all the
three soils studied, the SDW/RDW values of ‘Chondrolia
Chalkidikis’' were greater (3.79-4.07), compared to those
ones of the other two cultivars (1.64-2.87), and this co-
incided with the greatest AMF abundance in the root
system of that cultivar (it varied between 58 % and 73
%), compared to that found in the other two olive culti-
vars (it varied from 45 % to 57 %, Table 2). Therefore, it
seems possible that the greatest AMF abundance in the
root system of ‘Chondrolia Chalkidikis' influenced nega-
tively root growth over that of shoot, and consequently
influenced positively the ratio SDW/RDW.

Cavagnaro et al. (2008) found that AMF coloniza-
tion of Solanum lycopersicum plants decreased root bio-
mass, something which partially agrees with our data for
olive plants, since, in each of the three soil types studied,
‘Chondrolia Chalkidikis’ had the lowest root biomass val-
ues (Table 3). Mycorrhizal maize plants had lower root to
shoot ratios, than the non-mycorrhizal ones (Sheng et al.,
2009). Carretero et al. (2009) also found that the biomass
distribution between shoot and root of micropropagated
cassava clones changed by AMF symbiosis with G. intra-
radices. Nzanza et al. (2012) did not observe differences
in dry shoot/root ratio for S. Iycopersicum plants between
single AMF colonization by G. mosseae and double one
(by both G. mosseae and Trichoderma harzianum).

In this study, other possible reasons that may ex-
plain the differences in shoot/root growth between the
three olive cultivars could be genetic ones (inherent
growth capacities), or differences in the photosynthetic
rate among the three cultivars, or even differential distri-
bution of carbohydrates between root system and shoot.
Indeed, in other experiments conducted with the olive
cultivars 'Picual’ and 'Koroneiki’, we found differences
among their photosynthetic rates (Chatzistathis et al.,
2012). For the same reasons could be also ascribed the
fact that the total dry weight of 'Kothreiki’ plants was
greater, than that of the other two cultivars (Table 3).
According to Ducic et al. (2009), differences in biomass
production of two Douglas fir varieties under the same
soil conditions was mainly the result of differences in
their inherent growth capacities and not of different
AMTF colonization rates. Wu and Zou (2010), Hajiboland
et al. (2007), and Caravaca et al. (2003) found that AMF
colonization with G. mosseae and G. intraradices had
beneficial effects on photosynthesis and stomatal con-
ductance in Citrus seedlings, S. lycopersicum and olive
plants, respectively. However, the greatest total plant
weight, which was that of 'Kothreiki’, coincided with the
lowest AMF abundance found in the root system of that
cultivar in each of the three soil types (Table 2), while
the lowest total dry weight of plants, which was that
of 'Chondrolia Chalkidikis’, coincided with the greatest
AMF abundance in its root system (Tables 2 and 3).

Ducic et al. (2008) found that the colonization of
two P. menziesii cultivars with R. subareolatus suppressed
plant growth, despite positive effects of mycorrhizas on
plant P nutrition, while Cavagnaro et al. (2008), Xiao et
al. (2010) and Orfanoudakis et al. (2004) found that AMF
colonization did not affect the above ground biomass of
S. lycopersicum, rice and Alnus glutinosa plants, respec-
tively, compared to the control ones. According to Su-
dova (2009), plant growth response of five stoloniferous
species to AMF inoculation with three species of Glomus
varied widely from negative to positive. In our research,
plant growth parameters (main shoot length, total plant
weight, root weight, shoot/root dry weight) of the three
olive cultivars were, in some cases, positively correlated
with AMF abundance, while in some others were nega-
tively correlated, or even non correlated, therefore, a
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conclusion about the correlation between plant growth
and AMF abundance is not possible to be retrieved.

Generally, there are many cases where moderate,
or even negative, effects under AMF inoculation occur.
Such findings occur when AMF applied under natural
conditions in the field and in moderate or nutrient rich
sites or soils (Orfanoudakis, personal communication).
However, the majority of researchers refer that AMF in-
oculation/colonization influenced positively total plant
dry weight, as well as other growth parameters of many
plant species (Pasqualini et al., 2007; Dag et al., 2009;
Sheng et al., 2009; Shokri and Maadi, 2009). Dag et al.
(2009) refer that the intensity of response in the increas-
es of height and biomass of 12 commercial olive culti-
vars inoculated with G. mosseae and G. intraradices was
highly cultivar-specific.

Regarding nutrient uptake, higher total plant con-
tents of all nutrients have been recorded in the plants
of the olive cultivar 'Kothreiki’, compared to those
found in the plants of the other two cultivars (Table
5). This probably happened due to the differential root
system morphology of 'Kothreiki' Previously, it was
found that 'Kothreiki' absorbed greater amount of all
nutrients, compared to 'Koroneiki’ (Chatzistathis et al.,
2009). Leaf Fe concentration in the Peridotite soil was
greater in 'Koroneiki’, compared to the other two ones
(Table 4), and this finding could be possibly ascribed to
the double colonization of the root system of that culti-
var by AMF Gigaspora sp. and Glomus sp. In that case,
Gigaspora sp. and Glomus sp. might have a synergistic
effect on Fe uptake by olive plants. However, all these
hypotheses need additional research in the near future
in order to be verified. Jin et al. (2013) found that the
mixed species AMF inoculant (G. irregulare, G. mosseae
and G. clarum) performed better than the single species
G. irregulare alone in promoting P uptake by P. sativum
plants (Tables 4 and 5). Jin et al. (2013) worked with
inoculation treatments of species of Glomus, while in
our study we worked under natural conditions (without
treatments); in addition, the double colonization in our
research occurred with different AMF genera (Glomus
sp. and Gigaspora sp.) and not with different species of
the same genus.

Differences in leaf Mg, P and Zn concentrations
have been found between the three cultivars, in all soil
types (Table 4), which could be also possibly ascribed to
the differential AMF colonization (Table 2). Several re-
searchers have found that AMF inoculation/colonization
increased the uptake of Zn, Mn, Mg and P in different
plant species (Perner et al., 2007; Pasqualini et al., 2007
Cavagnaro, 2008; Ducic et al., 2008; Ducic et al., 2009;
Hu et al., 2009; Shokri and Maadi, 2009; Sudova, 2009;
Richard et al., 2010; Wu and Zou, 2010). Iron concentra-
tion in the leaves of cultivars 'Kothreiki’ and ‘Chondrolia
Chalkidikis' was negatively correlated with AMF abun-
dance (r = -0.49 and -0.79, respectively, data not shown),
while those of P in the same two cultivars and Mn in
'Koroneiki' were positively correlated with AMF colo-
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nization (r = 0.78, 0.80, and 0.92, respectively, data not
shown). Finally, total Mn, Fe, Mg and P contents were,
in most cases, positively correlated with AMF coloniza-
tion (r = 0.44-0.91, data not shown).

Generally, nutrient use efficiency (NUE) on a
whole-plant basis links several processes and gives a
global response of plants to nutrient stress (Chapin and
Van Cleve, 1991). In our study, phosphorus use efficiency
(PUE) was lower (p < 0.05) in cultivar 'Kothreiki' (Table
6), where lower AMF abundance (Table 2), compared to
the other two cultivars, was found. Ducic et al. (2009)
found that PUE was negatively correlated with the abun-
dance of AMF in two cultivars of P. menziessi. Here, only
in cultivar ‘Chondrolia Chalkidikis' PUE was negatively
correlated with the abundance of AMF (r = -0.62, data
non-shown), while in 'Koroneiki’ it was positively corre-
lated with AMF colonization (r = 0.83, data not shown).

As previously discussed, the reasons for the exist-
ing PUE differences among the olive cultivars could be
genetic. Manganese use efficiency (MnUE) in the Marl
and Gneiss schist soils, as well as those of iron and zinc
in all soils studied, were higher (p < 0.05) in 'Chondro-
lia Chalkidikis' plants, compared to those of the other
two cultivars (Table 6). Manganese use efficiency in all
three olive cultivars was negatively correlated with AMF
abundance (r values varied between -0.50 and -0.82, data
not shown). Furthermore, iron use efficiency (FeUE) was
negatively correlated with AMF colonization in cultivars
'Koroneiki' and 'Kothreiki’ (r = -0.89 and -0.59, respec-
tively, data not shown) and positively in 'Chondrolia
Chalkidikis’ (r = 0.52, data not shown).

Rengel (2001) reviewed genotypic differences in
micronutrient use efficiency of many crops and stated
that micronutrient-efficient genotypes were capable
of increasing the available soil micronutrient pools by
changing chemical and microbiological properties of
the rhizosphere, as well as by producing thinner and
longer roots and by having more efficient uptake and
transport mechanisms. In our research, the root mor-
phology of 'Kothreiki’ was richly-branched and with
much greater root hair development and density, com-
pared to those of the other two cultivars. Furthermore,
its root system colonization by AMF, in the Marl and
Peridotite soils, was lower to that found in the other
two ones (Table 2).

Mycorrhiza has the ability to modify the properties
of the rhizosphere and to affect the morphology of root
system, as for example found by Citernesi et al., (1998)
for plants of three Italian olive cultivars. All these find-
ings considered together is a strong indication for ‘Chon-
drolia Chalkidikis' that its ability to use more efficiently
the three micronutrients studied is more likely attribut-
ed to differential AMF colonization of the root system
(greater AMF colonization and different AMF genera col-
onizing its root system, compared to that colonizing the
root system of 'Koroneiki'. Furthermore, different species
of Gigaspora is possible to colonize its root system, com-
pared to that colonizing the root system of ‘Chondrolia
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Chalkidikis'). Finally, magnesium use efficiency (MgUE)
was also negatively correlated with AMF abundance
in cultivars 'Koroneiki’ and 'Kothreiki’ (r = -0.91 and
-0.527, respectively, data not shown), but not in cultivar
‘Chondrolia Chalkidikis' (r = 0.64, data not shown).

Conclusions

Gigaspora sp. was found to colonize the root system
of the three olive cultivars studied, while Glomus sp. col-
onized only the root system of 'Koroneiki'. Furthermore,
different colonization percentages of their root system
by AMF were recorded under the same soil conditions.
The physiology of the host tree, as well as soil properties
could be the decisive factors for the formation and abun-
dance of AMF among cultivars. The existing differences
in root morphology, plant growth parameters, as well as
nutrient uptake and use efficiency between cultivars un-
der the same soil conditions enhance the possibility and
provide strong indications that they could be attributed
to the differences in AMF colonization.
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