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Genetic, Functional, and Metabolic Responses of
Soil Microbiota in a Sustainable Olive Orchard
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Abstract: The aim of the present work was to evaluate the effects of
two soil management systems so called sustainable treatment (ST) and
conventional treatment (CT) on the composition and on genetic, functional,
and metabolic diversity of soil microbial communities in a Mediterranean
olive orchard. The ST system included no-tillage, integrated chemical fer-
tilization, and organic matter inputs from drip irrigation, spontaneous
cover crops, and pruning material. Microbial analyses were carried out
by an integrated approach of culture-dependent (microbial cultures and
Biolog) and culture-independent methods (denaturing gradient gel elec-
trophoresis [DGGE]). After 7 years of treatment, average olive yield was
8.4 and 3.1 tha™' year ' in ST and CT, respectively. Conventional treat-
ment had a significantly higher number of total culturable bacteria and
actinomycetes compared with ST, whereas fungi were significantly lower.
In ST, the number of ammonifying bacteria, proteolytic bacteria, and
Azotobacter in the wetted areas under the drippers (ST-WET) was sig-
nificantly higher than along interrows (ST-INTER). The DGGE analysis
of microbial 16S/18S rDNA showed differences between ST and CT,
whereas 16S/18S rRNA DGGE bands of ST-WET clustered differently
from those of CT and ST-INTER. Some Biolog metabolic indexes were
significantly different between ST and CT. The results revealed qualita-
tive and quantitative changes of soil microbial communities in response to
sustainable agricultural practices that stimulate soil microorganism activ-
ity and improve olive yield and fruit quality.

Key words: Olea europaea, Biolog, DGGE, fertirrigation,
sustainable soil management.
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he surface layers of the pedosphere are the habitat for a high

number of microorganisms organized in colonies and as-
sociated with organic matter particles (Brady and Weil, 2008).
These microbial communities play a key role in pedogenetic
processes and in nutrient availability and turnover (Rao et al.,
1995; Holland, 2004).

The use of culture-based microbiological techniques with
specific cultural media allows the isolation of important phys-
iological groups of microorganisms related to soil fertility, such
as bacteria involved in N cycle (Heritage et al., 1999; Zaitlin
et al., 2004). Fungi, actinomycetes, and bacteria, the most abun-
dant and metabolically active soil populations, are major decom-
posers of complex polymers such as lignocelluloses and chitin,
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use root exudates as carbon source, supply roots with easily
assimilable nitrates, and are involved in the suppressive action of
the soil (Griffiths, 1994; Govaerts et al., 2008).

An integrated approach of culture-dependent and culture-
independent methods has provided new tools to study the whole
soil microbiota (Singh et al., 2006). One of the most useful
molecular techniques to reveal qualitative genetic (DNA) and
functional (RNA) changes in the structure of soil bacterial and
fungal communities is based on the characterization of soil-
extracted nucleic acids by the amplification of regions of the
bacterial and fungal ribosomal RNA gene (/6 rRNA and 18
rRNA, respectively) resolved by denaturing gradient gel elec-
trophoresis (DGGE) (Crecchio et al., 2004; Gelsomino and
Cacco, 2006). Metabolic microbial community diversity in the
structure of soil bacteria communities can be estimated using
the Biolog metabolic assay based on the ability of microbial
isolates to oxidize different carbon and N sources (Zak et al.,
1994). The community-level physiological profiles (CLPP), ob-
tained by the Biolog method, are used to differentiate microbial
populations from various soil environments or subjected to var-
ious treatments (Gelsomino et al., 2006; Singh et al., 2006).

A new approach in fruit orchard management is imposed by
environmental emergencies, such as soil degradation and water
shortage (Lal, 2004; Hochstrat et al., 2006). Furthermore, in
semiarid areas, the use of agronomic techniques able to improve
or preserve soil quality, health, and fertility is particularly
recommended (Kushwaha and Singh, 2005; Govaerts et al.,
2008). Changes in the structure and dynamics of soil microbial
communities, as response to different soil management in agri-
cultural systems, represent an interesting assessment index of
soil status with respect to its quality and complexity (Visser and
Parkinson, 1992; Anderson, 2003). Particularly in olive groves,
a positive influence of sustainable orchard management systems
on soil biochemical characteristics and soil microbial genetic
diversity was observed (Hernandez et al., 2005; Benitez et al.,
2006; Moreno et al., 2009).

The present study was performed to explore the effect of
sustainable agricultural management systems on genetic, func-
tional, and metabolic diversity of soil microbial communities
by using a combination of culture-dependent and -independent
methods. A particular emphasis was given to the microor-
ganisms involved in N cycle because N is the most important
nutrient influencing vegetative growth and yield quality and
quantity in olive trees (Fernandez-Escobar et al., 2006; Morales-
Sillero et al., 2007, 2009). The trial was carried out during a
7-year period in a mature olive orchard located in southern
Italy under semiarid conditions. The effects of a sustainable
management on the productive response of the olive trees and
on fruit characteristics were also examined.

MATERIALS AND METHODS

Horticultural Practices, Yield, and Fruit Features
The study was carried out in a mature olive orchard (Olea

europaea L.-cv Maiatica, a double-aptitude variety) located in

Southern Italy (Ferrandina-Basilicata Region; 40°29'N, 16°28'E).

www.soilsci.com | 81

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Sofo et al.

Soil Science * Volume 175, Number 2, February 2010

TABLE 1. Chemical Parameters of Treated Municipal
Wastewater (Mean Values 2000-2006)

Parameter Unit of Measure Value
pH 7.6
Conductivity nS em™! 884

Na mgL™! 121.3
Mg mg L' 13.8
Ca mg L™ 67.8
N (NO5 ") mgL™! 18.3
N (NH4) mg L' 0.0
B mg L™ 1.0
K mgL™! 17.0
P mgL™! 1.0
Chemical oxygen demand mg L™ 180

Olive trees (>50 years) were vase trained and planted at a dis-
tance of about 8 m x 8 m. The climate in the area is classified as
semiarid. The annual precipitation of 561 mm (mean 1976-2006)
falls mostly in the winter. The mean annual temperature ranges
from 15 °Cto 17 °C. The soil of the experimental grove is a sandy
loam, classified as a Haplic Calcisol (FAO, 1998), with a mean
bulk density of 1.5 t m™>. The top 60-cm soil layer had an av-
erage pH (£SD) of 7.4 + 0.4, organic carbon content of 7.0 £
3.8 gkg™ ', total N equal to 0.8 + 0.2 g kg~ ', and available phos-
phorus and potassium of 11.7 + 5.9 and 104 + 70 mg kg™ ",
respectively.

In 2000, the olive orchard was split into two parts managed
according to sustainable agronomic techniques (sustainable
treatment [ST]) and conventional ones (conventional treatment
[CTD).

The ST was irrigated with municipal wastewater treated by
a pilot unit according to simplified schemes (Lopez et al., 2006;
Palese et al., 2009). The reclaimed wastewater was generally
distributed from May to October by drip irrigation (six self-
compensating drippers per plant delivering 8 L h™").

Irrigation volume applied during the annual growth season
averaged 293 mm (2000-2006). Chemical characteristics of the
treated wastewater are reported in Table 1. The ST soil surface
was covered by spontaneously growing weeds and grasses and
mowed at least twice a year. Irrigated trees were lightly pruned
each year to improve fruiting potential by controlling the amount
of fruiting wood and enhancing flower bud differentiation. Crop

residues and pruning material (4.4 tha™' year™ ! organic carbon,
mean 2000-2006) were left on the ground as mulch. Such sus-
tainable practices have lead to an increase of soil organic carbon
in the 0- to 10-cm layer (18.7 g kg™ "). Fertilizers were applied
along the growing seasons by a guided fertirrigation, taking into
account wastewater and soil chemical composition, and mineral
element balance in the orchard system (cover crops and pruning
material contributions, amount of fruit removed from the olive
grove) (Palese et al., 2008). Particularly, the average annual
amounts of organic C, N, P, and K distributed by the treated
wastewater were 124, 54, 3, and 50 kg ha™! year™ !, respectively.
An integrative amount of 40 kg ha™! of NO;~-N per year was
distributed by fertirrigation during fruit set and pit hardening
phase to entirely satisfy olive nutrient needs. Pest and disease
control was performed according to the regional service recom-
mendations for commercial olive groves.

The CT was grown under rain-fed conditions and managed
according to the traditional horticultural practices of the area
(Xiloyannis et al., 2008), that is, by tillage performed two to
three times per year and mineral fertilization carried out once
per year, in early spring, using ternary compounds (NPK 20-10-
10 fertilizer at doses ranging from 300 to 500 kg ha™). In the
CT, heavy pruning was performed every 2 years, and pruning
residues were burned out of the field.

The olive harvest was performed in both treatments by
means of a trunk shaker and nets. Yield was measured on 12
trees per treatment. Representative fruit samples were taken to
measure fresh and dry weight of the whole drupe, the pulp, and
the stone, and longitudinal and equatorial diameters. Fruit, pulp,
and stone were dried to a constant weight at 65 °C in a forced-
draft oven. Pulp percentage and flesh to stone ratio were also
determined on fresh weight basis.

Soil Sampling

In February 2007, soil sampling was performed in both
the treatments (CT and ST). In particular, for ST, two sampling
positions were chosen: the wetted area under the drippers
(ST-WET) and the nonirrigated interrow area (ST-INTER). For
CT, soil sampling was carried out in the interrow area. For each
of these (CT, ST-WET, and ST-INTER), three composite sam-
ples of bulk soil (twenty 7-cm-diameter cores pooled on site)
were randomly collected from the top soil layer (0-10 cm) and
immediately stored in sterilized plastic pots at 4 °C after remov-
ing visible crop residues. This sampling type was used to mini-
mize spatial variability because the experimental set up refers to a

TABLE 2. Modified Cultural Media Used for the Identification of the Specific Bacterial Groups

Actinomycetes gL™! Proteolytic gL™! Ammonifying gL™! Azotobacter gL™!
Starch 10.0 MnSO, 0.5 MnSO, 0.25 D-Glucose 5.0
Casein 0.5 K,HPO, 0.20 K,HPO, 0.20 K,HPO, 0.5
NaNO; 1.0 KH,PO, 0.05 KH,PO, 0.05 KH,PO, 0.5
NaCl 1.5 MgSO4*7H,0 0.15 MgSO4*7H,0 0.10 MgSO0,4*7H,0 0.2
K,HPO, 1.1 CuSO,*5H,0 0.02 CuS0,4*5H,0 0.02 CaCl, 0.1
KH,PO, 0.5 MnSO4 0.25 NacCl 0.12 NacCl 0.05
MgSO4*7H,0 0.05 CaCl, 0.1 FeSO,*7H,0 0.03 FeSO4*7H,0 0.01
CaCl, 0.01 NaCl 0.12 Asparagine 0.25 Agar 15
Na,CO3 0.5 FeSO,*7H,0 0.03 pH, 6.8 + 0.2 pH, 6.8 + 0.2

FeSO,* 7H,0 0.01 Agar 15

Agar 15 pH, 7.2 £ 0.2

pH, 6.8 +0.2
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field trial and not to single plots (Bacon and Hudson, 2001;
Tian et al., 2004).

Total and Specific Microbial Counts

Three replicates of 5-g subsamples (dry weight equivalent)
of each soil sample were suspended in 45 mL sterile 0.1%
sodium pyrophosphate one quarter—strength Ringer solution
(2.25gNaCIL™', 0.105 gKCIL™!, 0.045 g CaCl, L1, 0.05 g
NaHCO; L™}, and 0.034 g citric acid L™') and sonicated for
2 min to disperse microbial cells. Ten-fold serial dilutions of
the supernatants were made in sterile Ringer solution. Aliquots
were spread plated in triplicate on 1:10 strength tryptic soy
agar medium amended with 0.1 mg mL™" cycloheximide for
bacterial counting, and inoculated in malt extract agar medium
containing 0.03 mg mL ™" streptomycin and 0.02 mg mL ™" tet-
racycline (Lorch et al., 1998) in triplicate for fungal counting.
Counting took place after suitable incubation period (72 h for
bacteria and 120 h for fungi) at 28 °C.

Actinomycetes were isolated by using modified casein
starch agar (Table 2) supplemented with 0.12 mg cycloheximide
mL ™' (Sigma Aldrich, New York, NY). Azotobacter species
were isolated by modified Brown substrate, whereas proteolytic
bacteria were quantified by the MPN method in a culture me-
dium containing gelatin (Oxoid Lim, Hampshire, UK) (Table 2).
Ammonifying bacteria were isolated in a liquid culture medi-
um containing asparagine (Table 2) and incubated at 28 °C
for 15 days. Successively, the presence of ammonium was
revealed by Nessler reagent prepared by adding 50 g Hg,I and
36.5 g KI, previously ground in a mortar to 150 g KOHin 1 L
bidistilled water. Pseudomonas was cultured on Pseudomonas
agar base medium (Oxoid) with the addition of Pseudomonas
C-N supplement (Oxoid).

Polymerase Chain Reaction and DGGE

A direct method was used for DNA and RNA extraction
from soil samples by a bead beater system. Samples of 500 mg
of soil were processed by FastDNA Spin Kit for Soil (MP
Biomedicals, Cleveland, OH) and RNA Power Soil Isolation
Kit (MoBio, Carlsbad, CA). DNA and RNA extracts were stored
at —20 °C and —80 °C, respectively. Nucleic acids quantity and
quality were assayed on 0.7% agarose gel containing 0.5 wg mL ™"
ethidium bromide. Extracted RNA was retrotranscribed to
c-DNA by RETROscript First Strand Synthesis Kit for reverse
transcription polymerase chain reaction (Ambion, Austin, TX).
DNA and c-DNA were amplified in a PCR thermocycler (Bio-
Rad Laboratories, Hercules, CA) with the following primer
pairs (MWG-Biotech AG, Germany): (i) 968F-1401R for the /65
rDNA gene and (ii) FR1-GC and FF390 for the /8S rDNA gene.
The PCR amplifications were performed according to Crecchio et
al. (2004). Amplification products were checked by electropho-
resis on 1.5% agarose gel run at 10 V ecm ™' in 0.5x TBE buffer
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FIG. 1. Total cultural bacterial (A), fungal (B), and

actinomycetes (C) counts in the three treatments: conventional
([CT] white bars), sustainable under the drippers ([ST-WET]

gray bars), sustainable in the interrow area ([ST-INTER] black bars).
The values represent the average (+ S.D.) of three independent
replicates for each soil treatment. Significance levels,

*P<0.05; **P<0.01; ***P < 0.001.

and stained by ethidium bromide, using a low-range ladder (1,000-
80 bp; Fermentas, Glen Burnie, MD).

The DGGE analysis was performed by the Bio-Rad DCode
Universal Mutation detection System (Bio-Rad Laboratories).
The PCR products (10 wL) were loaded into 6% (16S rDNA
amplicons) or 8% (18S rDNA amplicons) polyacrylamide gel
(37.5:1 acrylamide:bisacrylamide) with a urea-formamide par-
allel gradient (45%—60% for 16S rDNA and 30%—60% for 18S
rDNA amplicons). Bacterial amplicons were separated by elec-
trophoresis in 1x TAE buffer at 60 °C and at a constant voltage

TABLE 3. Fruit Characteristics and Pulp-to-Stone Ratio (Mean 2001-2006 + S.D.) in ST and CT

Parameter Unit of Measure ST CT

Fruit fresh weight g 3.8+0.92% 2.3 +0.78
Longitudinal fruit diameter mm 23 £2.17% 20 £2.88
Equatorial fruit diameter mm 17 + 1.66* 14 +1.79
Pulp % on fresh weight basis 85 + 3.89* 78 +5.03
Pulp-to-stone ratio on fresh weight basis 5.8 £ 1.54% 3.8+1.20

Asterisks (*) indicate that the values between ST and CT are significantly different at P < 0.05.

CT, conventional treatment; ST, sustainable treatment.
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FIG. 2. Ammonifying bacteria (A), proteolytic bacteria (B), Azotobacter (C), and Pseudomonas (D) in the three treatments:
conventional ([CT] white bars), sustainable under the drippers ([ST-WET] gray bars), sustainable in the interrow area ([ST-INTER]

black bars). Statistics as in Fig. 1.

of 75 V for 15 h. Fungal amplicons were separated by elec-
trophoresis in 1x TAE buffer at 60 °C at a constant voltage of
75 V for 18 h. Sybr Green I-stained gels were photographed
with Bio-Rad Gel Doc 2000 documentation system (Bio-Rad
Laboratories).

Microbial Community Metabolic Profiles (Biolog)

Sole carbon source utilization patterns of soil microbial
communities, also called CLPP, were assessed using the Biolog
96-well Eco-Microplates (AES Laboratoire, Combourg, France),
containing 31 different carbon sources, with three replicates per
treatment. Data were analyzed to determine metabolic diversity
indices, including average well color development (AWCD, the
mean of the blanked absorbance values for all the substrates that
provides a measure of total cultural bacterial activity), Shannon
substrate diversity index (H'), substrate evenness (E, equitability of
activities across all used substrates), and substrate richness (S, the
number of used substrates) (Zak et al., 1994). The microplates
were incubated at 25 °C in the dark, and color development

A 16S rDNA
§ 3 8 =& 8
98.5 i ST-IINTER
95.1 i ST-WET
| cT
B 16S rRNA

06.2 1 ST-INTER
88.4 | cT
B ST-WET

was measured as optical density at 590 nm every 24 h during a
144-h period using a Microplate E-Max Reader (Bio-Rad) with a
E590-nm wavelength filter. The data were collected by the
Microlog 4.01 software (Biolog, Hayward, CA). The substrate
utilization profiles were analyzed on well-absorbance values at
the 120-h observation period.

Fingerprints and Statistical Analyses

Genetic fingerprints were analyzed with the Bionumerics
software version 4.5 (Applied Maths, Belgium). The normali-
zation of the profiles in each lane was carried out by loading a
standard reference pattern in three different points of the dena-
turing gel. Profile comparison and clustering were performed by
applying the unweighted pair-group method using arithmetic
average algorithm based on the Pearson correlation coefficient
(Boon et al., 2002).

The values of total and specific microbial groups and Biolog
metabolic indices (AWCD, H’, E, and S) were treated by analysis
of variance using two predefined contrasts: (i) CT versus STTWET

C 18S rDNA
© o Iy o 0 8
B8 .8 % 8. .7
947 | ST-INTER
79.8 | l ] | ST-WET
| I cT
D 18S rRNA
¢ 8 8 8
66.1 . | | ST-INTER
337 | | cT
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FIG. 3. Genetic 16S DGGE fingerprints of soil bacterial communities (A, B) and functional 18S DGGE fingerprints of soil fungal
communities (C, D) in the three treatments: conventional (CT), sustainable under the drippers (ST-WET), sustainable in the interrow
area (ST-INTER). Clustering was carried out using the unweighted pair-group method using arithmetic average method based on the

Pearson correlation coefficient.
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FIG. 4. A, Average well color development (AWCD), (B) Shannon'’s substrate diversity index (H"), (C) substrate evenness (E), and (D)
substrate richness (S) in the three treatments: conventional ([CT] white bars), sustainable under the drippers ([ST-WET] gray bars),
sustainable in the interrow area ([ST-INTER] black bars). Statistics as in Fig. 1.
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FIG. 5. Ordination biplot of principal component (PC) analysis of soil bacterial communities catabolic activity (conventional treatment
[CT]; sustainable under the drippers [ST-WET]; sustainable in the interrow area [ST-INTER]). The 31 different carbon sources were

indicated.
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and ST-INTER; (ii) ST-WET versus ST-INTER. The principal
component analysis (PCA) was applied to the Biolog absorbance
values to characterize the structure of bacterial community by
classifying treatments according to their substrate utilization
patterns. The PCA analysis was performed on covariance matrix
because all variables are based on the same scale and may contain
useful information (Weber et al., 2008). After correction using
the blank cell, the OD data were first normalized by the AWCD
and then subjected to a logarithmic transform according to Weber
et al. (2008). A graphic interpretation was obtained by biplot on
the two dimensions of the main principal components (SPSS
Statistics 17.0, SPSS Inc, Chicago, IL).

RESULTS

Tree Productive Responses and Olive
Characteristics

Annual yields of the olive trees under ST management were
nearly constant, with an average yield of 8.4 t ha™' year™'
(mean 2001-2006), whereas the CT yields were significantly
lower, 3.1 tha™" year ' (P < 0.05). In addition, olive plants of
CT showed a strong biannual bearing behavior, that is, low or
no production, in 2002, 2004, and 2006. The starting year of
the trial, 2000, was a nonbearing year for both the examined
treatments. Drupes picked from the irrigated plants of the ST
showed a significant increase in fresh weight, drupe size, pulp
percentage, and pulp-to-stone ratio, which are important com-
mercial parameters for table olives such as those produced by
Maiatica variety (Table 3).

Microbial Counts

The different soil treatments significantly affected both total
cultivable bacteria, significantly lower in ST-WET and ST-INTER
(P < 0.01), and total fungal counts, significantly lower in CT
compared with the two ST treatments (P <0.01) (Figs. 1A, B). The
number of actinomycetes was significantly greater in CT if
compared with the two ST treatments (P < 0.05) and significantly
higher in ST-INTER than in STWET (P < 0.05) (Fig. 1C).

The number of ammonifying bacteria, proteolytic bacteria,
and Azotobacter isolated from ST-WET treatment was signifi-
cantly higher than in ST-INTER (P < 0.01, P < 0.01 and P <
0.001, respectively; Figs. 2A—C). Moreover, CT significantly
differed from the two ST soils both for ammonifying bacteria
(P <0.05) and Azotobacter (P < 0.01) (Figs. 2A, C). The num-
ber of microorganisms in both cases was intermediate between
those of the ST-WET and ST-INTER treatments. Pseudomonas
counts were not significantly different between CT and ST.
Similarly, no differences between ST-WET and ST-INTER
were detected (Fig. 2D).

Genetic and Functional Fingerprinting

The genetic dendrograms of bacterial 16S rDNA and fun-
gal 18S rDNA showed that molecular patterns of CT were dif-
fered from patterns of the sustainable treatments (ST-INTER
and ST-WET; Figs. 3A, B). Pearson similarity coefficients for
16S rDNA, ranging from 95.1 to 98.5, indicate that the bacterial
community profiles were quite similar (Fig. 3A). In contrast,
functional DGGE patterns of rRNA showed that irrigated sites
under drip emitters (ST-WET) clustered separately from CT and
ST-INTER both for bacteria and fungi ribosomal genes (Pearson
coefficient, 88.4 and 33.7, respectively; Figs. 3C, D).

Metabolic Fingerprinting
Biolog metabolic indices showed that AWCD and H’ were
significantly affected (P < 0.01 and P < 0.05, respectively) by
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soil treatment (ST vs. CT) (Figs. 4A, B). Moreover, ST-WET
significantly differed from ST-INTER soils both for AWCD
(P <0.01) and H (P < 0.05) (Figs. 4A, B). The values of E and
S showed no significant differences between CT and ST includ-
ing between ST-WET and ST-INTER (Figs. 4C, D).

The PCA of the Biolog absorbance values identified five
principal components that accounted for total variance, primar-
ily explained by the first two components (93%) (Fig. 5). The
Principal Component 1 (accounting for the 72% of variance)
separated CT from ST soils, whereas the Principal Component
2 (accounting for the 21% of variance) discriminated STWET
from CT and ST-INTER. Table 4, reporting the differences in
carbon substrate utilization calculated by PCA score and Biolog
absorbance values (Weber et al., 2008), shows that 16 carbon
resources, including carbohydrates, carboxylic acids, amino acids,
and phenolic compounds, were determinant to differentiate the
principal components.

TABLE 4. Correlation Between PCA Score and Biolog
Absorbance Values for Individual Substrate Species

Substrate PC-1

Water

Pyruvatic acid methyl ester
Tween 40

Tween 80
a-Cyclodextrin
Glycogen

p-Cellobiose
a-p-Lactose
3-Methyl-p-glucoside
p-Xylose

Erythriol

p-Mannitol
N-Acetyl-p-glucosamide
D-Glucosaminic acid
Glucose-1-phosphate

D, L-a-Glycerol-phosphate
p-Galactonic acid y-lactone
p-Galacturonic acid
2-Hydroxybenzoic acid
4-Hydroxybenzoic acid
v-Hydroxybutyric acid
Itaconic acid
a-Ketobutyric acid
p-Malic acid
L-Arginine
L-Asparagine
L-Phenylalanine
L-Serine

L-Threonine
Glycil-L-glutamic acid
Phenyl ethylamine
Putrescine

PC-2

—0.934%**

0.903*

0.885%*

0.972%*

—0.976%*
—0.929%**
—0.813*
—0.998**
—0.948**
0.975%*

0.846*
—0.983**
0.929%**
0.906*

—0.950%*
0.834*

The substrates significantly correlated with PC are represented in
bold letters.

*Correlation significantly different at P < 0.05.
**Correlation significantly different at P < 0.01.
PCA, principal component analysis.

© 2010 Lippincott Williams & Wilkins

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Soil Science * Volume 175, Number 2, February 2010

Soil Microbiota in a Sustainable Olive Orchard

DISCUSSION

The higher yield level and fruit quality of the olive trees
under ST management (Table 3) can be attributed to the orchard
management system. Primary benefits were gained from the
optimal soil water content and from nutrients supplied by the
fertirrigation management. The reclaimed wastewater used in
this trial was rich in nutrients (especially N, P, and K) (Table 1),
supplied by a fertirrigation scheduled based on orchard
requirements.

An impact of this fertirrigation management was reflected
in the fungal population. Fungal propagules were significantly
higher in ST sites (Fig. 1B) likely because soil fungi rely on
externally available nutrients (Borken et al., 2002; Peixoto et al.,
2006). Thus, they responded promptly to changes in organic
matter and nutrients derived from cover crops and wastewater
irrigation/fertirrigation. The three different orchard manage-
ment systems also caused significant differences in total cul-
turable bacteria (Fig. 1A). Particularly interesting are the effects
of agricultural management on the populations of the bacteria
involved in N cycle (Fig. 2). In fact, the results showed that
ST-WET site had a higher number of Azotobacter, proteo-
lytic, and ammonifying bacteria compared with ST-INTER
(Figs. 2A—C). The number of Pseudomonas was not signif-
icantly different between treatments (Fig. 2D). The particular
conditions of ST-INTER soils with respect to ST-WET were
reflected by the significantly higher actinomycetes number
(Fig. 1C). Actinomycetes (e.g., Streptomyces) produce a num-
ber of enzymes that help degrade organic plant material, such
as lignin and chitin, and so are abundant in soils rich in organic
inputs such as ST-INTER soils. As a matter of fact, the pruning
material is essentially cut and deposited by the machine into the
interrow area.

Gelsomino et al. (2006) recently showed that amendments
with wastewater caused changes in both the genetic and the
functional structure of native soil bacterial populations. In our
study, this effect was clear in both 16S and 18S rDNA genetic
DGGE dendrograms, which discriminated the CT and ST
systems (Figs. 3A, C). As for the fungal counts, the effects on
bacterial community structures were very likely caused by the
input of organic carbon derived from cover crops (ST-WET and
ST-INTER) and wastewater irrigation/fertirrigation (ST-WET).
The observed differences in DGGE profiles between CT and
ST soils are in accordance to the results of Moreno et al. (2009),
which highlighted the influence of nontillage and plant covering
on the genetic diversity of soil microbiota (rDNA-DGGE). In
contrast, differences in functional DGGE dendrograms of both
16S and 18S rRNA, which reflected the status of metabolically
active microorganisms, indicated that the wastewater use is the
main factor inducing changes in bacterial and fungal communi-
ties of sites under the emitters (ST-WET) (Figs. 3B, D). This is an
important observation because qualitative changes of soil mi-
crobial communities in relationship to the water availability can
be important in Mediterranean olive orchards, where the adop-
tion of irrigation techniques based on drip irrigation and fert-
irrigation is worthwhile to save water and decrease the need
of chemical fertilization.

Soil bacterial metabolic diversity indices estimated by
Biolog CLPP are usually higher in sustainable than in conven-
tional soils (Bucher and Lanyon, 2005; Govaerts et al., 2008).
The values of AWCD and H" were significantly increased by
the ST (Figs. 4A, B). In addition, comparing the two sustain-
able treatments, AWCD and H’, were higher in ST-INTER soils
(Figs. 4A, B), where cover crops could be an important dis-
criminating element for microbial substrate utilization (Carrera
et al., 2007). Indices of metabolic diversity do not necessarily

© 2010 Lippincott Williams & Wilkins

reflect the composition of the bacterial communities as two
communities can have the same H’ value but use different sub-
strates. In fact, the segregation of the three orchard manage-
ment systems on the biplot of PCA analysis (Fig. 5) highlighted
clear differences in the catabolic activity of soil bacterial com-
munities. Correlations between soil microbial metabolic diver-
sity and organic carbon level have been reported by Degens et al.
(2000). About half (n = 16) of the 31 species of Eco-plates
carbon sources were significantly correlated with the two prin-
cipal components, accounting for differences between CT and
ST (Table 4). In particular, bacteria from CT soil used specif-
ically more substrates than those from ST. Apparently, there
were no clear correlation between the chemical composition of
Eco-plates substrates and the treatments because CT as well as
ST (WET and INTER) were discriminated by amino acids, car-
bohydrates, carboxylic acids, and phenolic compounds. No
polymeric substrates (i.e., cyclodextrin, glycogen, tween) and
amines (phenyl ethylamine and putrescine) accounted for the
differences among treatments, suggesting that bacterial com-
munities from ST and CT had no significantly different capacity
to degrade two categories of compounds.

Our results demonstrated that soil microorganisms respond
to the application of a sustainable orchard management with
evident benefits for olive yield and quality. Sustainable orchards
showed a higher microbial complexity and a genetic, functional,
and metabolic diversity of soil microorganisms. The study of the
response of soil microbiota to different agricultural management
systems and the quantitative and qualitative analysis of soil mi-
crobial communities could lead to identify sustainable agri-
cultural practices that support and stimulate soil microorganisms
to improve olive orchard production.
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