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Abstract

Background and Aims Verticillium wilt, caused by the
soil-borne pathogenic fungus Verticillium dahliae (Kleb),
is one of the most severe diseases of olive trees in
Mediterranean agriculture. At present, the use of organic
amendments is considered an effective means to combat
certain soil-borne plant diseases while in turn supplying
plants with nutrients. The aim of this study was to deter-
mine the early stage effects of Verticillium wilt of olive
(VWO) on macronutrient uptake and in planta mobility
by analysing nutrients in young olive trees.

Methods Young olive trees were grown in unamended
as well organically amended soils (employing two dis-
tinct olive mill waste composts, C1 and C2) in the
presence or absence of mineral fertilisation. Half of the
soils were inoculated with Verticillium dahliae (Vd)
defoliating (D) pathotype, leaving the other half non-
inoculated. At 22 and 100 days after inoculation, nutri-
ent content (N, P, K, S, Ca, and Mg) was analysed in
mature and young leaves.
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Results Olive mill compost enhanced N, P, K and S
availability but did not prevent Verticillium infection in
young olive trees. Pathogen inoculation affected nutri-
ent content in mature and young leaves and reduced leaf
nutrient input during the early stages of host coloniza-
tion. Stronger effects were observed in pathogen inocu-
lated plants grown in soil amended with C2, coinciding
with high N and P and transiently low S availability.
Leaf K input showed the highest sensitivity to V. dahliae
inoculation.

Conclusions In high N conditions, deleterious effects
caused by Vd on young olive trees may be overcome by
promoting the growth of new shoots. We present evi-
dence that Vd requires S during the initial stages of host
colonization, in which plant-pathogen competition for
this element is key, and that low levels of S in foliage
during such early stages may enhance Verticillium wilt
development.

Keywords Verticillium dahliae - Organic amendments -
Olive mill waste compost - Nutrient availability -
Sulphur- Nitrogen - Potassium

Introduction

Verticillium wilt of olive (VWO), caused by Verticillium
dahliae (Vd), a pathogenic fungus in Division Ascomy-
cota, Family Plectosphaerellaceae, (Inderbitzin and
Subbarao 2014) is considered to be one of the most
important and devastating biotic threats affecting olive
tree groves in most Mediterranean countries. This
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disease was reported for the first time in Italy (Ruggieri
1946) and described for the first time in Spain in 1975
(Jiménez-Diaz et al. 2012).

V. dahliae is a soil-borne fungus that reproduces asex-
ually. Vd produces resistance structures (microsclerotia)
that remain viable in soil under unfavourable conditions
(Mercado-Blanco and Lopez-Escudero 2011). Wet soils
and favourable temperatures (21-27 °C) as well as root
exudates stimulate microsclerotia germination, starting an
infection cycle when hyphae penetrate roots, colonizing
epidermal cells and the cortex (Jiménez-Diaz et al. 2012).
Once the root system has been colonized, most hyphae
remain in cortex cells forming colonies (Prieto et al. 2009)
until hyphae invade xylem vessels where they form co-
nidia. Vascular colonization occurs when conidia are
transported upwards by xylem sap. Under these condi-
tions, lytic enzymes produced by the fungus, as well as
defence products such as tyloses and polysaccharide gels
produced by the plant may partially block xylem vessels
(Béidez et al. 2007). This may impede water and nutrient
transport to upper parts of the plant. Vascular obstruction
may cause chlorosis and symptoms of wilt in leaves and
shoots. The mode of infection and symptom expression
caused by Vd in olive trees depend on the pathotype; the
most virulent one being known as the defoliating
pathotype (D), characteristically causing plant wilt, chlo-
rosis, widespread defoliation, a severe reduction of plant
growth, and finally plant death (Martos-Moreno et al.
2006; Lopez-Escudero and Mercado-Blanco 2010).

Vd plant vascular invasion can affect nutrient trans-
location, water transport and photosynthesis (Resende
et al. 1996; Walters and Bingham 2007). In the case of
olive trees, significant reductions of water consumption
and chlorophyll production in leaves of Vd inoculated
plants of the cv. Picual have been observed (Birem et al.
2009). These reductions have been characterized to be a
consequence of vascular obstruction caused by Vd.
Although such obstruction may affect transport of all
nutrients, it may have an especially notable effect on
nutrients in limiting concentrations, as they may greatly
alter plant metabolic responses.

Changes in nutrient availability may induce changes in
plant metabolism and growth that in turn may affect plant
pathogen resistance (Marschner 2012). The influence of
fertilisation on vascular diseases has been studied in a
wide range of crops (Pegg and Brady 2002). In the case
of olive trees it is assumed that high N fertilisation in
irrigated systems may increase the incidence and severity
of Vd wilt (Lopez-Escudero and Mercado-Blanco 2010).
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Similar results have been found in the case of cotton (El-
Zik 1985). However, some studies have shown that the
use of ammonia may reduce the number of microsclerotia
in soils and increase the biological activity of pathogen
antagonists (Pegg and Brady 2002). In the case of Pistacia
vera L. increasing K and Mg availabilities by means of
organic amendments or reducing Ca levels in soil may
diminish disease severity (Pegg and Brady 2002). On the
other hand, soil microbial populations and activity can
directly interact with Vd causing additional effects besides
changes in nutrient availability (Gamliel et al. 2000;
Goicoechea 2009).

Organic amendments formulated with olive mill
waste (Yangui et al. 2008; Yildiz and Benlioglu 2010;
Alfano et al. 2011; Papasotiriou et al. 2013; Vitullo et al.
2013; Avilés and Borrero 2017) or other organic sources
as well as its extracts (Arriagada et al. 2012) have been
found to have the capacity to suppress Verticillium wilt
through different biological control mechanisms. In
areas with widespread olive oil production, olive mill
waste is widely produced as a by-product and is readily
available (Morillo et al. 2009); thus, in case of being
effective, its use may be viewed as a strategy to derive
value from recycling these residues. The use of compost
in biocontrol can cause changes in substrate microor-
ganisms, changes in nutrient availability, and can con-
tribute to inducing plant resistance (Segarra et al. 2013;
Fernandez et al. 2014). The application of olive mill
compost over the short term generally increases soil
microbe populations and their enzymatic activity, but
does not generally increase short-term N availability
(Garcia-Ruiz and Ochoa 2012). In fact, we hypothesized
that the application of olive mill composts to soils would
transiently limit N availability. We further hypothesized
that the application of mineral fertilisers may reduce this
suppressive effect. Thus, our aims were to (i) determine
early effects of the pathogen in young olive tree growth
in fertilised and unfertilised soils amended with olive
mill compost, (ii) to determine the effects of Vd on plant
nutrition, and (iii) to identify which nutrients are specif-
ically affected by Vd infection in early stages.

Materials and methods

Plant material, substrates and growing conditions

A total of 360 two-year-old Olea europaea cv. Picual
cuttings (highly susceptible cultivar) obtained via clonal
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propagation were transplanted individually in 10 1 pots
in October 2016, and grew in a greenhouse under
partially-controlled conditions at the University of Bar-
celona (UB) Torribera Food Science Campus in Santa
Coloma de Gramenet, Spain. All plants were pruned
down to 7-8 leaves per plant on 21/12/2016 in order
to obtain an increased homogeneity in size. Three dif-
ferent soils were employed: field soil on its own and in
combination with one of two olive mill composts (Soil,
Soil-C1, Soil-C2). Soil was a sandy loam (14.5% clay)
collected from a commercial olive tree grove in the
municipality of Abrera, Spain, in which no symptoms
of Verticillium wilt had been observed. No
microsclerotia were found in this soil when plated in
modified soil extract agar (MSEA) media according to
the method of Harris et al. (1993). In order to favour
drainage and aeration, the soil was mixed with perlite
(Perlite, 2-6 mm, Premium Gramoflor, Germany) at a
ratio v/v of 2 soil: 1 perlite. The two olive mill commer-
cial composts were separately mixed with soil (4: soil-
perlite mix, 1: compost, v/v). These were selected from a
study carried out by Avilés and Borrero (2017) to test
their natural VWO suppressiveness. Compost 1 (C1)
was found to be the most suppressive of microsclerotia
while compost 2 (C2) was less suppressive. C1 was
made in Jaen, (Spain) and is composed of wet olive
husks, olive waste and sheep manure. C2 was made in
Malaga (Spain) and is composed of wet olives husk,
olive leaf waste, goat manure and straw. In Table 1 we
show the main chemical characteristics of the soil, com-
posts, and soil-compost mixes employed in this study.
Soil and soil-compost mixes will be referred to as soils
in general terms henceforth.

Experimental design

To evaluate the effects of Vd in young trees we set up an
experimental layout with 240 pots (6 inoculated

treatments X 30 repetitions and 6 non-inoculated treat-
ments x 10 repetitions) corresponding to to three factors:
organic amendment (0, C1 and C2), mineral fertilisation
(0, NPK), and Vd inoculation (0, Vd), yielding a total of
12 treatments. For nutrient and plant growth analysis we
randomly selected 5 pots per treatment (60 pots). At the
end of the sampling period, a lower branch segment
from the base (between 0 and 6 cm) was cut in order
to detect the putative presence of Vd in randomly se-
lected 20 infected and 10 non-infected plants per treat-
ment. All branch segments were sterilized with 10%
bleach for 10 min and plated in Czapek-Dox agar media.
All plates were later observed at the microscope.

For mineral fertilisation we used a NPK fertiliser
(ENTEC Nitrofoska 14—7-17, EuroChem Agro, Barce-
lona, Spain) that contained 8% ammonia-N and 6%
nitrate-N, 7% P,0s, 17% K50, 22.5% SOz, 2% MgO,
0.02% B, 0.01% Zn, and 0.8% 3,4-dimethylpyrazole
phosphate (DMPP), and was applied at a dose of 142.5
KgNha', 31.1 Kg P ha'and 150.45 kg K ha '. No
calcium was added in mineral fertilisation. A conidial
suspension was prepared from a fermenter culture com-
posed of Czapek-Dox Broth and V. dahliae (D
pathotype) obtained from 6 Petri dishes in which the
fungus had grown previously in Czapek-Dox Agar me-
dia for 4 weeks in the dark at 28 °C. This culture was
kept during 5 days at an aeration rate of 6 I min~' (pO,
was adjusted at 100 £ 5%), 1000 rpm, 25 °C, and at non-
buffered pH. Plants were inoculated with this conidial
suspension at 10° CFU/ml soil of Vd three months after
potting. Watering was carried out regularly to near field
capacity and weeds were controlled manually as needed.
Conditions within the greenhouse varied in accord with
the weather, although the greenhouse roof automatically
opened and closed adjusting inner temperature to values
not much higher than outside values on hot days. Tem-
peratures during the spring growing period ranged from
3.9t030.7 °C and relative humidity from 11.3 to 58.7%.

Table 1 Chemical characteristics of soil, compost and soil compost mixtures

pH EC@mScm-1) C®%) CN  N(%) POlsen(mgkg) P%) K(@%) S®%) Ca%) Mg(%)
Soil 858  111.80 0.86  10.69 0.8 12.4 nd nd nd nd nd
Cl 951 3345 3391 2231 152 593 015 226 019 714 1.29
Soil+C1 881 403 256 1506 017 210 nd nd nd nd nd
2 870 3655 2871 1458 197 3400 042 190 050  9.05 0.97
Soil+C2 890  650.5 239 1164 021 63.1 nd nd nd nd nd

C1, Compost 1; C2, Compost 2; EC, Electrical conductivity; C, Organic C; P-Olsen, Available P; nd., Non determined
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Green area and growth measurements

The green area index (GA) was used as non-destructive
measure of plant biomass (Gracia-Romero et al. 2017).
GA was derived from HIS (hue, intensity, saturation)
colour space and defined as proportion of pixels with
60° < Hue<180 °. This vegetation index was obtained
from pixel analysis of RGB photographs taken using a
Sony ILCE-QXI1 digital camera with an E PZ 16—
50 mm F3.5-5.6 OSS lens and a Cat 560 Smartphone
as a remote shutter release button controller. A tripod
was used to keep the position of the camera steady and
four photographs were taken of each plant; two from a
zenithal plane and two from a lateral plane, rotating
plants slightly for maximum stereoscopy. Images were
saved in a 3632 x 5456 pixel JPEG format. Different
properties of colour enabled the determination of green
area obtained from the images using the source
Breedpix 0.2 software adapted to JAVAS and integrated
as a plugin within FIJT (https://github.com/George-
haddad/CIMMYT), the final result per replicate being
the mean values derived from the 4 pictures taken. Plant
growth measurements were taken from the differences
in basal diameter between transplanting (day zero) and
the end of the experiment. Basal diameter was measured
with a digital calliper.

Foliar sampling and analyses

Twenty two days after Vd inoculation 5 plants per
treatment were randomly selected for sampling. For
each selected plant we sampled two mature leaves and
two young leaves that were formed during the 11 weeks
of growth after transplanting. Sampled shoots were la-
belled with a string. One hundred days after inoculation
leaves opposite to the leaf sampled as a young leaf were
established as mature leaves and sampled, while new
grown leaves at the tip of each selected shoot were
selected as young leaves. All leaves were rinsed with
deionized water to eliminate any nutrients held on the
leaf surface. Leaves were oven-dried at 70 °C for 48 h
and weighed.

Nutrient content in leaves, except for N, was deter-
mined after wet digestion with HNO; and HCIO,
(Zasoski and Burau 1977). All leaves were finely
ground in an agate mortar at room temperature. Ten-
40 mg of ground plant tissue was pre-treated with nitric
acid (HNOj; 69.5%) in borosilicate tubes and left over-
night. On the following day, all tubes were heated at

@ Springer

80 °C for an hour, let cool, and then 0.5 ml of perchloric
acid (HCIO,4 70%) was added before heating the sam-
ples to 180 °C for three hours. All digested samples
were filtered and made up to 10 ml volume with
deionised water. Element content (P, K, S, Ca, Mg) in
the extracts was determined by induced coupled plasma
(simultaneous ICP-OES, Perkin Elmer Optima 8300). N
content was determined by elemental analyser (Thermo
EA 108 CHNS-O, Carlo Erba Instruments) using 2.4—
2.8 mg of plant material per sample.

Differences in weight, nutrient content (ug leaf ')
and concentration (ug g ') between young leaves at
time 1 (day 22; T1) and mature leaves (opposite for
each leaf) at time 2 (day 100; T2) were used to elucidate
nutrient movement within the plant (Weetman and Wells
1990). Leaf nutrient input was calculated as the differ-
ence between leaf nutrient content at T2 minus T1.
Differences in leaf growth between inoculated and con-
trol plants were used as measures of disease and named
henceforth as decreased leaf growth.

Data analysis

Nutrient content in leaves and shoot growth was
analysed by factorial ANOVA with organic fertilisation,
mineral fertilisation and Vd inoculation as fixed factors
(SPSS, 24.0 version). The normality of residues was
tested by the non-parametric Kolmogorov-Smirnov test.
Variables were transformed by the arcsine square root
when needed to achieve normality and homogeneity of
variance before statistical analyses. Duncan multiple
range test (p < 0.05) was used for identifying significant
differences between organic amendments. Vd abun-
dance was tested by using a binomial analysis in SPSS
Generalized Linear Models (GLM) binomial with a
logarithm as link function.

Results
Effects on leaf growth, plant growth and green area

In all cases inoculated plants showed lower values
of leaf growth between T1 and T2 when compared
to non-inoculated plants, although values were only
significant in the soil-C2 treatment (Fig. 1). The
highest values of leaf growth were observed in
s0il-C2 regardless of mineral fertilisation and Vd
inoculation. Lower values were obtained in soil-C1
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Fig. 1 Leaf growth between T1 100
(22 days after inpculatiop) and T2 [r— | 0.033 (50,010
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followed by unamended soil. Green area at the end
of the experiment was taken as an indication of
biomass. A greater biomass was observed in C2
amended plants. Green area was higher in fertilised
plots, especially in unamended soils. Green area did
not show any effect of inoculation. Basal diameter
growth was highest in compost amended soils and
showed a positive effect of fertilisation. Vd inocula-
tion diminished diameter growth in comparison to
control only in C1 amended soils. In fertilised C2
amended soils increased diameter growth was ob-
served in Vd inoculated plants.

Measurements of disease

Isolation of Vd was highest in amended soils and lowest
in fertilised unamended soils. Unfertilised C2 amended
soils showed the highest values (Fig. 2).

Effects on leaf nutrient content
Leaf N levels in unamended soils were directly related
to mineral fertilisation, since values obtained were

higher than those obtained in non-fertilised treatments,
except for young leaves at T1, with values that were not
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Fig. 2 Percentage of isolation of = 50
V. dahliae from basal branches in R
inoculated treatments. F refers to 3
fertilised treatments, SC1 to soil + S 40 -
compost 1 and SC2 to soil + s
compost 2. Binomial test o) A B B
significance between fertilised ©
and non fertilised treatments is 8 304
shown by an asterisk. Different = *
letters show differences among g
substrates o
';E; 20 A
he]
N
Y
] 10 4
c
Xe]
©
]
K
O T T

significant when compared to unfertilised plants
(Fig. 3). A similar trend could be observed in C1
amended soil, since values for leaf N were significantly
higher in fertilised treatments, the only exception being
mature leaves at T1, showing a significant interaction
between fertilisation and inoculation. In this case, inoc-
ulation decreased N concentration only in fertilised
plants. In C2 amended soil, N values were higher in
fertilised plants at T1 (significant in mature leaves),
while at T2 no differences were observable in mature
leaves. However, young leaves showed an interaction
between inoculation and fertilisation, since values ob-
tained were higher in inoculated treatments when com-
pared to non-inoculated treatments in fertilised plants
while showing an opposite trend in unfertilised plants.
The effect of inoculation was not significant except in
the interactions with fertilisation that in this case in-
creased N concentration in fertilised plants. The lowest
values obtained corresponded to unfertilised treatments
in unamended soils and C1 amended soils, and present-
ed lower values at T2 when compared to T1.

Leaf phosphorous levels in compost amended soils
increased towards the end of the sampling in mature
leaves, while this effect was not observed in unamended
soil (Fig. 3). In unamended soils and C1 amended soils
leaf phosphorous levels were significantly higher at T2
in fertilised plants. In C2 amended soils an opposite
trend was observed, with lower values in fertilised treat-
ments in mature leaves at T2. At T2 in unamended soil,
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Soil+F SC1 SC1+F SC2 SC2+F

Growth substrate

Vd inoculation caused significantly higher leaf phos-
phorous levels in mature leaves. In C1 amended soil, a
similar trend could be observed in inoculated treatments,
showing higher levels in mature leaves at T1, while at
T2 results showed an opposite effect with significantly
lower values for inoculated treatments in both mature
and young leaves. Results obtained for young leaves at
T1 and mature leaves at T2 in C1 amended plants
showed an interaction between fertilisation and inocu-
lation, in which values were significantly lower in inoc-
ulated treatments, but only in fertilised plants.

In both C1 and C2 amended soils leaf potassium levels
were generally higher when compared to unamended
soils (Fig. 3). In all cases young leaves showed a notable
increase in potassium levels between T1 and T2, while
values obtained in mature leaves decreased, most notably
in C2 amended soils. The effect of fertilisation was
significant in mature leaves at T2 in unamended soil as
well as young leaves at T1 in C2 amended soil. An
interaction between fertilisation and inoculation was ob-
servable in unamended soils in mature leaves at T1, in
which values were lower in inoculated treatments in
unfertilised plants and higher in fertilised and inoculated
plants. In contrast, the interaction observed in young
leaves at T2 showed lower values in inoculated and
fertilised plants and no differences in unfertilised plants.
In young leaves at T2 in unfertilised inoculated C2
amended soils, values obtained were significantly higher
when compared to other treatments.
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Fig. 3 Mean and standard error 4.0

(+SE) of leaf N, P and K
concentrations in young (Y) and
mature (M) leaves sampled

22 days (T1) and 100 (T2) days
after inoculation. Young T1
(YT1) and mature T2 (MT2)
leaves were sampled from the
same verticil. V+ refers to inocu-
lated plants and V- to non-
inoculated plants. ANOVA sig-
nificant factors and interactions
within each substrate and leaf
type are shown. ‘I’ refers to
Verticillium dahliae inoculation

N (%)

—6— Unfertilized V-
@ Unfertilized V+
{ —%— Fertilized V-
~w- Fertilized V+

and F to mineral fertilisation.
Long dashed lines refer to limit of
sufficiency for young olive trees
(Fernandez-Escobar et al. 2016;
Jiménez-Moreno and Fernandez-
Escobar 2017) and dotted line for
adult olive trees (Villar and Villar
2016)

P (mg/g)

K (mg/g)

MT1 YT1

In unamended soils inoculated plants showed lower
levels of S both in mature leaves at T1 and young leaves
at T2 (Fig. 4). A similar trend was observed in CI
amended plants. In C2 amended soils mature leaves at
T1 showed very low levels of S especially in unfertilised
plants. In unamended soils the effect of fertiliser de-
creased Ca levels in young leaves at T2. A similar trend
could be observed in C1 amended plants. In C2
amended soils inoculated plants showed lower levels

Soil Soil+C1

MT2 YT2 MT1 YT MT2 YT2 MT1 YT1 MT2 YT2
Soil+C2

of Ca in mature leaves at T2. This effect was also
observed in young T2 leaves only in fertilised plants.
Organic amendments generally reduced foliar Ca levels.
In unamended soils inoculation decreased Mg levels at
T1 in mature leaves. This effect was also observed in C1
amended soils at T2 in young leaves and in C2 amended
soils at T2 in mature leaves. In all cases leaf Mg levels
decreased with time with the exception of unfertilised
and non-inoculated C2 amended plants.
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Fig. 4 Mean and standard error 4
(£SE) of leaf S, Ca and Mg in

young (Y) and mature (M) leaves ¢

sampled 22 days (T1) and 100

(T2) days after inoculation. 1

Young T1 (YT1) and mature T2
(MT2) leaves were sampled from
the same verticil. V+ refers to in-
oculated plants and V- to non-
inoculated plants. ANOVA sig-
nificant factors and interactions
within each substrate and leaf
type are shown. ‘I’ refers to
Verticillium dahliae inoculation
and F to mineral fertilisation.
Long dashed lines refer to limit of

S (mg/g)

—O6— Unfertilized V-
@ Unfertilized V+
—v— Fertilized V-
-~y Fertilized V+

sufficiency for young olive trees
(Fernandez-Escobar et al. 2016;
Jiménez-Moreno and Fernandez-
Escobar 2017) and dotted line for
adult olive trees (Villar and Villar
2016)

Ca (mg/g)

Mg (mg/g)

MT1 YT1

Leaf nutrient input and concentration change

Vd inoculation showed a general trend to reduce N, P, K
and S input as compared to control plants (Figs. 5 and
6). For N, K and S these reductions observed in inocu-
lated plants were especially relevant in C2 soils while in
the case of P they were especially relevant for C1 soils
and were not observed in unamended soils.
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Soil Soil+C1

MT2 YT2 MT1 YT1

MT2 YT2 MT1 YT1
Soil+C2

MT2 YT2

N concentration changes were not significantly dif-
ferent from zero in any case although they tended to
increase in both compost amended soils (Fig. 5). In
amended and inoculated plants, N concentration de-
creased over time in contrast to non-inoculated plants.
P concentration changes were clearly positive for organ-
ically amended plants and negative for the control treat-
ment in unamended soils. In the case of C1, fertilisation
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Fig. 5 Mean and standard error A
(£SE) of the leaf N, P and K input

and concentration change
between day 22 and day 100 in
each treatment. V+ refers to
inoculated plants and V- to non-
inoculated plants. ANOVA sig-

Leaf N input (ug/leaf)

S 0.001
I 0.000

i0.009

nificant factors and interactions

S 0.002 SxF0.055 L 3.50
overall (upper case letters) and I 0.002 Sxl0.002 L 275
within (lower case letters) each L 2.00
substrate are shown. ‘I’ refers to 10.067 L 1.25
Vd inoculation, S to substrate and r 0.50
F to mineral fertilisation. Capital i '?'gg
letters show significant differ- |- 175
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Soil Soil +C1 Soil + C2
T 400
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w 1004 ﬁ
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§o) mHAl |1
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increased P concentration change while it decreased it in
C2. In all cases inoculated plants showed lower in-
creases of P concentration. In the case of K, in Vd
inoculated C2 treatments there was a large decrease in
concentration change. Similar to P, K concentration
change in fertilised plants was much lower than in
unfertilised plants.

F- F- F+ F+
Soil

——
F- F- F+
Soil +C1

T

F+

F- F- F+ F+
Soil +C2

N concentration change (%)

P concentration change (ug/g)

K concentration change (ug/g)

S concentration changes were higher in C1 and C2
amended soils (Fig. 6). In C2 amended plants non-
inoculated plants showed the largest increases in con-
centration changes especially when no fertilised. In such
plants, Vd inoculation largely reduced S concentration
change. C1 amended plants did not show any effect of
inoculation. Similar results were observed for Mg. S in

@ Springer



202 Plant Soil (2019) 436:193-209
Fig. 6 Mean and standard error S g0 J] W V- S 0006
of leaf S, Ca an inpu S 1 - | )
+SE) of leaf S, Ca and Mg input g = T 0002 oo T
and concentration change § 150 4 T
between day 22 and day 100 for < 1201 B
each treatment. V+ refers to 2 901
inoculated plants and V- to non- » 607 A A
inoculated plants. ANOVA sig- T 304 i i =)
nificant factors and interactions - o0 10,0008 — i
overall (upper case letters) and ls g_'ggg B 0.077 [ 1600 &
within (lower case letters) each iuoml F 1200 &
substrate are shown. ‘I’ refers to L so0 ©
. . c
Vd inoculation, S to substrate and A B B F 400 9
F to mineral fertilisation. Capital Lo S
letters show significant differ- ! L 400 §
ences between substrates R ———— 5
F- F- F+ F+ F- F- F+ F+ F- F- F+ F+ P
Soil Soil + C1 Soil + C2
[
S 900 - S 0.000 )
= 800 4 10.055
2 700 B
= 600 T
2 500 B
£ 400 4
T 300
© 200 A =
& 100 ®
i B =
i F 9000 o
S 0.001 i 0.013
I F 0.098 L foorr 8000 &
L7000 &
A L6000 ©
o0
L3000 £
k2000 §
1000 2
: : : Lo ]
F- F- F+ F+ F- F+ F- F- F+ F+ ©
Soil 30| +C1 Soil + C2 ©
[}
3 S 0.001 i 0001
[0 4
> 100 F 0045 L
= 80 A I 0005 A
= S* 0.003
2 60
£
o> 40
2 20 G
= 7 ~
g i e — 5
a0 E
F 0.007 Sxl 0.0001 T r 1500 ©
0.016 Fxl 0.079 i 0.0001 L 1200 %
f 0.030 L g0 &
[&]
A F 600 &
IE L e §
. ro S
@ L300 &
L-600 &
F- F- F+ F+ F- F- F+ F+ F- F- F+ F+ o
Soil Soil + C1 Soil + C2 =

mature leaves at T1 negatively correlated to isolation of

amended plants (Fig. 6).

In C2 amended plants,

the pathogen from basal branches and to leaf growth
decrease (Fig. 7). Leaf growth decrease in inoculated
plants correlated positively to leaf N, P and Mg input
and negatively to K, S and Ca leaf input (Table 2).

Ca concentration changes were always positive and
the lowest concentration changes were observed in C1
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fertilisation decreased Ca concentration changes. This
reduction due to fertilisation also occurred for other
nutrients such as Mg, K, P and N. Inoculation reduced
the concentration change for all nutrients in C2 amended
plants, while in C1 amended plants this was only the
case for P (and marginally for N).
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Fig.7 Linear regressions between levels of S in mature leaves 22 days after inoculation and leaf growth decrease and isolation of V. dahliae
from basal branches. S refers to soil, SC1 soil + compost 1, SC2 soil + compost 2 and F to fertilised soils

Discussion
Foliar diagnosis of olive plants

The limits of sufficiency of leaf nutrients were
established by critical levels reported in the literature
in young olive trees (Fernandez-Escobar et al. 2016;
Jiménez-Moreno) and also for adult trees (Villar and
Villar 2016). We did not observe any deficiency symp-
toms in our experiment despite the fact that N levels in
mature leaves at T2 were somewhat low in soil and C1
amended unfertilised treatments (Fig. 3). By growing
young plants under severe deficiencies Fernandez-
Escobar et al. (2016) observed deficiency symptoms
under 1.28% of N. Our soil unfertilised plants showed
even lower values at the end of the experiment without
any visual symptoms. Indeed, foliar N was always
higher than the local limit of sufficiency.

Foliar levels of P and K were well above all limits of
sufficiency throughout the experiment. In contrast, Ca
levels were in all cases under the general limits of
sufficiency and in many cases they were lower than
the limit for visual deficiency symptoms of 6.8 mg/g

(Fernandez-Escobar et al. 2016). However, no apparent
visual symptoms were observed in our plants. Finally,
Mg levels in all soils were below the limits of sufficien-
cy at the end of the experimentation period. The lowest
levels of Ca and Mg were found in C1 amended soils.

Plant growth and nutrient availability in non-inoculated
plants

C2 amended soils showed the highest impact on plant
growth as indicated by leaf growth, green area and basal
diameter growth. In contrast, N poor C1 compost only
improved basal diameter growth compared to unamend-
ed soils. Positive effects of mineral fertilisation on plant
growth were only observed in unamended soils. How-
ever, the impact of the C2 was greater than that of
adding mineral nutrients suggesting that this compost
had the greatest fertilising capacity. Distinct fertilising
capacities of different composts have been reported in
other studies (Lopez-Lopez et al. 2016). The low C/N
ratio (14.5) of C2 may have contributed to increasing N
supply to a greater extent than in C1. Both C1 and C2
present an adequate C/N ratio for composted material

Table2 Pearson correlations and significance level of leaf growth decrease and leaf nutrient input between days 22 and 100 after Verticilium

dahliae inoculation (n = 30)

Leaf N input Leaf P input

Leaf K input

Leaf S input Leaf Ca input Leaf Mg input

Leaf growth decrease 0.431 (0.019) 0.448 (0.013)

—0.641 (0.0001)

—0.453 (0.012)  —0.369 (0.045)  0.399 (0.029)
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(Mathur et al. 1993; Huerta et al. 2010). Despite the
relatively high C/N ratio in the C1 substrate, plants
grown in this treatment showed sufficient N. This may
be due to the fact that the olive mill compost we used
was providing sufficient N for plant growth, since olive
mill composted materials have been characterized to
release N as they mature (Muktadirul Bari Chowdhury
etal. 2013). As the lowest levels of foliar N were found
in unamended soils and were close to the limits of
sufficiency, we suggest that both compost amendments
may have contributed to N supply and plant growth
from the onset of the experiment. Unlike N, other nutri-
ents such as P, K or S showed high levels towards the
end of the experiment suggesting no limitation of such
nutrients to plant growth. The extremely low Ca levels
observed in compost amended soils are suggestive of Ca
limitations to plant growth. This appears to be the case
despite the fact that Ca plays a key role in plant growth
and development (Hepler 2005).

Plant growth and nutrient availability in inoculated
plants

A reduction on leaf growth was the most prominent
effect of Vd inoculation. However, as this reduction
was not observed for the green area index, it appears
that it was compensated by general plant growth. In-
deed, inoculation reduced basal diameter growth only in
C1 amended soils and somewhat surprisingly increased
it in C2 fertilised soils.

Leaf growth reduction in inoculated plants was more
noticeable in high N and P environments such as C2
amended soils. As a result, in C2 soils Vd reduced leaf
nutrient input of all studied nutrients, while in C1 soils
such reductions only affected N, P, K and S leaf input,
with no significant effects observed in plants grown in
unamended soils. These findings suggest reduced leaf
nutrient uptake in inoculated treatments was greatest in
C2. In our experiment, the effects of Vd inoculation in
young olive trees were observed in a period spanning 3
to 14 weeks during which plants were visually asymp-
tomatic. Other studies carried out with young olive trees
growing in sterilized soils coincide in showing effects of
Vd in similar time frames (Calderdn et al. 2014). How-
ever, in our case, no visual symptoms of Verticillium
wilt were observed during this time period. This lack of
visual symptoms may be due to the fact that during early
stages of infection (biotrophic phase) Vd does not cause
severe reductions in plant performance other than
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competing for nutrients. Indeed Vd has been described
as a hemibiotrophic fungi (Scholz et al. 2018). It has
been shown that certain substrates (including soil and
compost) may be suppressive to Verticillium wilt ex-
pression by reducing pathogen soil proliferation
(Malandraki et al. 2008) or microsclerotia concentration
(Goicoechea 2009; Castafio and Avilés 2013; Avilés and
Borrero 2017). Specifically, Avilés and Borrero (2017),
working with different batches of the same compost
sources as in our study found that C1 was able to
quantitatively reduce Vd microsclerotia to a greater
extent than C2. We present evidence of the presence of
Vd in all inoculated substrates, with the strongest effects
of Verticillium wilt being found in C2 plants. C2 infect-
ed plants, growing in conditions of high nutrient avail-
ability, may try to overcome infection by developing
new vessels, thus increasing basal diameter growth.

Nutrient availability and Verticillium wilt

Nutrient availability can either increase or decrease in-
cidence and severity of fungal diseases. Disease man-
agement is complex and multifactorial and includes the
direct effects of mineral nutrient levels on the pathogen,
on plant growth and on mechanisms of plant resistance
(Walters and Bingham 2007).

Nitrogen

An excess of N can generally favour the presence of
fungal diseases in plants (Marschner 2012) and this phe-
nomenon has been specifically described in Verticillium
wilt (Pegg and Brady 2002). In our experiment, the
effects of Verticllium wilt, although plants have remained
visually asymptomatic, have been more intense in soils
with high N availability, as indicated by the positive
correlation between leaf growth decrease and leaf N
input. This supports the idea that high N availability
may favour Vd disease. It is known that Vd as a vascular
pathogen can block N transport within plants and de-
crease the availability of N and plant growth (Wheeler
and Johnson 2016). However, in our experiment growth
of C2 fertilised plants increased after inoculation. As
these plants showed high N levels in T2 young leaves
we suggest a strong N mobilization to the shoot tips may
have also involve to a lesser extent other nutrients, as was
the case of S and P. N and S are both components of
proteins. Increased production of proteins involved in
cell-wall remodelling in Vd infected plants, growing
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below established levels for N sufficiency, has been
reported in the literature (Chu et al. 2015). Cell-wall
remodelling in our fertilised C2 plants may have been
enhanced N levels in plant as well as mobility of other
nutrients. Such increased nutrient mobilization in our
infected plants may have contributed in overcoming the
effects of Verticillium wilt on plant growth. Other studies
have also found reductions of Verticillium wilt incidence
in N and P fertilised plants (Davis et al. 1994).

Phosphorus

High P in plants may counteract the effects of fungal
diseases by inducing systemic resistance (Orober et al.
2002; Walters and Bingham 2007). Indeed, it has been
shown that adequate P levels can suppress Verticillium
wilt in potato plants. In our experiment, the P levels
were in most cases well above the limit of sufficiency.
Moreover, both tested composts increased leaf P at the
end of the experiment and Verticillium wilt effects were
highest in unfertilised C2 treatments, showing extreme-
ly high levels of P in infected mature leaves. Conse-
quently, it appears that in our experimental conditions of
P sufficiency, increasing P availability did not reduce the
incidence of Verticillium wilt. Similar to N, Vd inocu-
lation hindered P supply to leaves throughout all studied
treatments. However, high P and N availabilities in-
creased the effects of inoculation on leaf growth.

As expected, mineral fertilisation increased foliar P in
plants grown in unamended soils and in soil amended
with nutrient poor Cl. Interestingly, plants growing in
soils amended with nutrient rich C2 showed decreased P
availability after adding mineral nutrients. This may be
due to an increased microbial demand for P triggered by
adding mineral nutrients to soil and may indicate a nutri-
ent limitation to soil microbiota in C2 amended soils.

Potassium

It has been shown that both an excess of K or a deficit of
K can decrease plant resistance to Verticillium wilt
(Burge and Simmons 1982). On the other hand,
Verticillium wilt may reduce K supply to plants, since
certain studies have found K deficiencies in cotton
plants infected with Vd (Devay et al. 1974). In our
experiment, foliar K levels were well above the limit
of sufficiency (4 mg g ' according to Fernandez-
Escobar et al. 2016) in all cases, and in contrast to N
and P, leaf K input was negatively correlated with

decreased leaf growth as a result of Vd inoculation. This
indicates that leaf K input was highly reduced in plants
showing greater incidence of Verticillium wilt. Howev-
er, in spite of such reductions, K levels in young leaves
at the end of the experiment were very high, suggesting
no K shortages even in inoculated plants. Inoculated
unfertilised C2 amended plants showed the largest
post-inoculation decreases in leaf growth and clearly
showed increased levels of K at T2 in young leaves as
compared to other treatments. This may suggest a high
capacity of Vd inoculated plants to mobilize K up to the
shoot tips.

Olive mill composts are generally a source of K for
olive trees (Alburquerque et al. 2004). In our experi-
ment, high levels of foliar K occurred in compost
amended plants, with C1 amended plants showing the
highest levels of K.

Sulphur

It has been determined that S is an essential element for
soil fungi and that such fungi have developed enzymatic
systems to obtain and assimilate S (Marzluf 1997). S
interchanges between soil bacteria involved in sulfonate
desulphurization and soil fungi have been described
(Gahan and Schmalenberger 2015). The use of S rich
specific proteins is required by Vd to grow within the
xylem vessels (Hoppenau et al. 2014) in which the
access of S and other nutrients is limited (Singh et al.
2010). On the other hand, it is known that elemental S
can induce plant resistance of Verticillium wilt (Resende
et al. 1996) or other fungal diseases (Williams and
Cooper 2003). Thus, it appears that plant-pathogen
competition for S may be crucial in early phases of Vd
infection. We observed a consistent reduction of leaf S
concentration in mature leaves soon after Vd inoculation
except in unfertilised C2 plants, in which S levels were
very low even in controls. As during the first weeks after
inoculation foliar S differences between infected and
uninfected plants were large and consistent, it appears
Vd utilized part of the S supply at the expense of the
plant. This suggests a competition between plant and
pathogen occurring during the first three weeks after
inoculation. Low levels of S in mature leaves in C2 soils
at the beginning of the experiment could be observed in
both inoculated and non-inoculated soils, suggesting a
high demand of S by amended soil microbiota. High
microbial demand is also supported by the lack of
response to the addition of mineral S in C2 amended
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plants. Somewhat surprisingly, C2 was much richer in S
than C1. High levels in young leaves of S in C2 plants at
T1 suggests that plants mobilized S from mature to
young leaves in response to the high demand of S by
Vd and other soil microbiota. Plant-pathogen competi-
tion for S was still observed at the end of the experiment
only in non-amended and C1 soils. C2 plants showed
high S levels irrespective of our treatment, suggesting
microbiota in C2 amended soil released S during the
course of the sampling period. Therefore, the effect of
these two olive mill composts in enhancing microbial
competition may delay the use of S by plants while not
producing long lasting shortages of S.

The effect of Vd inoculation in young olive trees
increased in plants showing low S levels in the early
stages of Vd growth. Both, abundance of Vd in basal
branches and decreases in leaf growth due to
Verticillium inoculation were higher in plants that
showed the lowest levels of S in mature leaves at the
onset of the experiment. This may indicate a strong
competition for S in early phases of Vd growth within
the plant and a greater incidence of disease under con-
ditions of low S availability. Low foliar S levels, soon
after Vd inoculation, may have contributed to spread Vd
in such plants as high S levels have been reported to
impair the spread of Vd in infected plants (Bollig et al.
2013). Increased levels of foliar S towards the end of the
experiment may have helped plants to counteract the
effects of Vd. Indeed, several works have pointed out
the beneficial effects of sulphur as a component of
defence against fungal diseases. Sulphur supply has
been shown to enhance Vd resistance by the synthesis
of Sulphur containing defence compounds (Williams
and Cooper 2003; Fu et al. 2016).

Calcium

Calcium was the only element for which an effect of
inoculation was not observable on leaf input during leaf
growth. A reduction of Ca in inoculated plants was only
observable in the compost 2 treatment. Despite of show-
ing very large contents on Ca, ranging from 7 to 9%,
both composts reduced the availability of Ca as indicat-
ed by the low levels of Ca in mature leaves and by the
reduced leaf Ca input in organically amended plants.
The Ca reduction in plants amended with compost was
highest in compost 1 and lasted for the whole experi-
ment. Compost 2 was richer in Ca and plants growing in
C2 amended soils recovered their Ca levels towards the
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end of the experiment. It is known that composts and
other organic amendments rich in P are typically high in
Ca (Vandecasteele et al. 2017), as is the case of com-
posts used in this experiment. Decreased Ca availability
on applying compost may be related to reduced solubil-
ity of Ca at alkaline pH (Monem Balba 1995) as well as
microbial processes. Indeed, in calcareous areas with
high abundance of basic soils it has been proposed that
the addition of phosphogypsum to olive mill compost
may improve the supply of both Ca and P to plants and
thus enhance crop growth (Kammoun et al. 2017).

Magnesium

Magnesium levels tended to decrease towards the end of
the experimental period and in many cases were well
below the limit of sufficiency (in control and compost 1
plants), suggesting that plants grew under conditions of
Mg limitation. This is further supported by the fact that
addition of mineral Mg did not improve foliar Mg in
most cases. Moreover, in compost amended plants Vd
inoculation reduced foliar Mg levels at the end of the
experiment and reduced leaf Mg inputs and concentra-
tion changes mainly in C2 plants. Despite the fact that
foliar Mg in inoculated plants was generally low and
tended to decrease during the experimental period, leaf
Mg input increased with leaf growth decrease. This may
suggest that Mg was not likely to be the main driver of
Vd effects on leaf growth. Although other authors have
found decreases in leaf Mg due to Vd (Goicoechea et al.
2004), we have not found any information in the litera-
ture linking Verticillium wilt with Mg metabolism.

Conclusions

Vd activity was detected in all inoculated treatments
three months after inoculation as indicated by reductions
in leaf growth and N, K and S leaf inputs. However,
plant growth parameters were only negatively affected
by Vd in low/medium fertility treatments but not in the
most fertile treatment in which high N and the mobility
of other nutrients to shoot tips may help the plant to
overcome the effects of infection. Reduced S availabil-
ity may favour disease development. Vd inoculated
plants showed large reductions in leaf K input over the
three months post inoculation.

Olive mill compost amendments may decrease N and
S availability over the first three months after compost
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application. However, this effect was transient as they
favoured N, P, K and S availabilities during the following
months. In contrast, they decreased the availability of Ca
throughout the experiment, likely due to increased pH.
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