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Abstract  18 

Background and aims The olive root endophyte Pseudomonas fluorescens PICF7 is an 19 

effective biocontrol agent of Verticillium wilt of olive (VWO). Colonization of olive 20 

roots either by strain PICF7 or by Verticillium dahliae triggers differential systemic 21 

transcriptomic responses, many of them related with defense-related genes. The aims 22 

were to develop an olive split-root system for assessing VWO development and 23 

biocontrol effectiveness of strain PICF7 in plants with a divided root architecture, and 24 
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for evaluating systemic defense responses during this tripartite interaction when strain 25 

PICF7 and V. dahliae are spatially separated. 26 

Methods An olive split-root system was generated and disease development, biocontrol 27 

effectiveness and systemic genetic responses in these plants upon strain PICF7 and V. 28 

dahliae colonization were compared to those reported and observed in olive plants 29 

grown under standard conditions (single pots). Specific defense-related genes, 30 

previously identified during PICF7- and/or V. dahliae-olive root interactions were 31 

selected and their expression patterns assessed in above-ground tissues by real-time 32 

qPCR analyses. 33 

Results Symptoms of VWO developed similarly both in split-root and single-root 34 

plants. However, even though PICF7 triggered systemic defense responses in aerial 35 

tissues prior to the infection by V. dahliae, effective biocontrol was not observed under 36 

these experimental conditions. While most of studied genes showed similar expression 37 

patterns along time in both systems (i.e. split root and single pot), some of them (e.g. the 38 

caffeoyl-O-methyltransferase coding gene) varied depending on whether strain PICF7 39 

and V. dahliae were spatially separated or shared the same compartment. 40 

Conclusions A successful split-root system was generated to investigate genetic events 41 

taking place during the tripartite interaction olive-V. dahliae-P. fluorescens PICF7. 42 

VWO biocontrol by strain PICF7 must rely on mechanisms other than induction of 43 

systemic resistance responses. The expression pattern of specific defense-related olive 44 

genes depended on whether or not the biocontrol agent and the pathogen share the same 45 

root/soil region. 46 

 47 
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Introduction 50 

Plant-microbe interactions occurring at the root/rhizosphere level are increasingly 51 

studied since the events (molecular, genetic, etc.) taking place in this extraordinary 52 

ecological niche are crucial for above-ground tissues, influencing plant’s health and 53 

productivity (Lakshmanan et al. 2014). The positive and negative effects observed in 54 

aerial tissues can be exerted by beneficial or pathogenic components present in the 55 

soil/root-associated microbiomes, or through their activities leading to litter 56 

decomposition, nutrients solubilization and cycling (Glick 1995), secretion of plant 57 

growth hormones (Ali et al. 2009; Mishra et al. 2009), antagonism of pathogens 58 

(Kloepper et al. 2004), and induction of the plant immune system (Rudrappa et al. 2008, 59 

2010). In nature, interactions between a single plant and individualized soil-borne 60 

microorganisms do not occur. On the contrary, complex multipartite relationships are 61 

dynamically established. These multitrophic scenarios are now increasingly investigated 62 

from holistic perspectives, although predominantly focusing on herbaceous plants 63 

(Narisawa et al. 2002; Li et al. 2011; Cwalina-Ambroziak et al. 2012; Gafni et al. 2015; 64 

Palazzini et al. 2016). However, studies on plant gene expression during the interaction 65 

of the host with both biological control agents (BCA) and pathogens are still limited 66 

(Gallou et al. 2009; Mejía et al. 2014; Mayo et al. 2016; Mgbeahuruike et al. 2017). 67 

Nowadays, it is becoming an increasingly widespread practice to add beneficial 68 

microorganisms (i.e. BCA and/or plant growth promoting rhizobacteria) to the soil to 69 

counteract the negative effects of some pathogens and to stimulate the plant growth 70 

(Bashan et al. 2014; Ciancio et al. 2016). However, when this strategy is implemented 71 

uneven distribution leading to reduced colonization of the soil and/or the plant roots by 72 
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the BCA may happen, especially in the case of woody plants with usually large radical 73 

systems. This may affect the effectiveness of the BCA, either because direct contact 74 

with the target pathogen is hampered or does not take place at all (i.e. failure of direct 75 

antibiosis or competition) or the effectiveness of defense systemic responses triggered 76 

by the BCA is attenuated.  77 

In the present work we focus our attention on a tripartite interaction involving 78 

olive (Olea europaea L.), the beneficial root endophytic bacterium Pseudomonas 79 

fluorescens PICF7, and the soil-borne fungal pathogen Verticillium dahliae Kleb., the 80 

etiological agent of Verticillium wilt of olive (VWO). This is one of the most important 81 

biotic constraints affecting this woody crop. During the last decades VWO has 82 

alarmingly spread within the Mediterranean Basin, the region where olive is mainly 83 

cultivated. Moreover, the disease is very difficult to manage because of a number of 84 

contributing factors (Tsror 2011), and no effective control measure is currently available 85 

when applied individually. Thus, the implementation of an integrated disease 86 

management strategy for the effective control of VWO is strongly recommended 87 

(López-Escudero and Mercado-Blanco 2011). A promising control tool within this 88 

holistic framework is the use of microorganisms showing effective biocontrol activity 89 

against V. dahliae. This holds particularly interesting when they are used as a preventive 90 

measure during the plant propagation stage at nurseries (Mercado-Blanco et al. 2004).  91 

Pseudomonas fluorescens PICF7 is a natural colonizer of olive roots (Martínez-92 

García et al. 2015), an effective in vitro antagonist against V. dahliae and an efficient 93 

BCA of VWO in nursery-produced olive plants (Mercado-Blanco et al. 2004; Prieto et 94 

al. 2009; Maldonado-González et al. 2015b). It has been demonstrated that strain PICF7 95 

is able to endophytically colonize olive root tissues under different experimental 96 

conditions (Prieto and Mercado-Blanco 2008; Prieto et al. 2011; Maldonado-González 97 
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et al. 2015b). Moreover, effective suppression of the disease requires the presence of the 98 

BCA at both the surface and the interior of olive roots prior to colonization by V. 99 

dahliae (Prieto et al. 2009). While our knowledge on PICF7 traits involved in 100 

endophytic lifestyle and biocontrol activity is still limited (Maldonado-González et al. 101 

2015a; 2015b), broad changes at the transcriptomic level have been earlier identified in 102 

olive tissues (roots and stems) upon root colonization by PICF7. Indeed, the presence of 103 

this bacterium in olive root tissues induced, among others, a range of defense responses 104 

at the local level (i.e. roots), including genes related to salicylic acid (SA) (e.g. acetone 105 

cyanohydrin lyase, [ACL]) and jasmonic acid (JA) (e.g. lipoxygenase [LOX] and 106 

transcription factor bHLH) signaling pathways, and phenylpropanoids biosynthesis 107 

(phenylalanine ammonia lyase [PAL]) (Schilirò et al. 2012). Systemic responses are also 108 

up-regulated in aerial tissues, many of them involved in plant defense responses to 109 

different stresses. For instance, genes involved in phenylpropanoids biosynthesis, JA, 110 

SA and ethylene (ET) signaling pathways (e.g. PAL, LOX-2, ACL, 1-111 

aminocyclopropane-1-carboxylate oxidase [ACO], etc.), oxidative stress (catalase [CAT]) 112 

and Ca2+ metabolism implicated in systemic defensive responses were induced in 113 

above-ground organs. Besides, expression of several transcription factors (TF) related to 114 

plant defense were also up-regulated (e.g. JERF, bHLH and WRKY) (Gómez-Lama 115 

Cabanás et al. 2014). 116 

Broad transcriptomic changes in olive aerial tissues upon root inoculation with 117 

the highly-virulent, defoliating (D) pathotype of the pathogen have also been reported. 118 

Many of the olive genes induced (e.g. calmodulin-binding family protein, ACL, or the 119 

TF GRAS1) or repressed (e.g. defensin or chloroplastic 6-phosphogluconolactonase) 120 

were involved in defense responses against diverse (a)biotic stresses, similarly to the 121 

situation observed during the interaction with strain PICF7. While most of the genetic 122 
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responses observed in olive tissues were distinctive for each olive-microorganism 123 

interaction, some of them were found to occur in both interactions (Schilirò et al. 2012; 124 

Gómez-Lama Cabanás et al. 2014, 2015). These studies have provided crucial 125 

information on genetic responses upon inoculation of olive roots with soil-borne 126 

microorganisms (either beneficial or deleterious), but so far only during dual 127 

interactions. However, there is a complete lack of knowledge on olive genetic responses 128 

when these two soil-borne microorganisms interact with their host at below ground level.  129 

Defense-related genetic responses observed in aerial tissues upon olive root 130 

inoculation with strain PICF7 suggested that this endophytic BCA could trigger an 131 

induced systemic resistance response potentially effective against other phytopathogens. 132 

Moreover, results also showed that PICF7 was able to control infection by Botrytis 133 

cinerea De Bary. in leaves of Arabidopsis thaliana L. when the BCA was applied to the 134 

roots (Maldonado-González et al. 2015a). In contrast, the presence of strain PICF7 in 135 

olive roots does not prevent olive knot disease caused by Pseudomonas savastanoi pv. 136 

savastanoi (Maldonado-González et al. 2013). In view of these contradicting results the 137 

question arises whether defense responses triggered in above-ground olive tissues after 138 

root colonization by PICF7 are effective when this BCA and a given pathogen are 139 

spatially separated. Moreover, whether an induced resistance-based biocontrol 140 

mechanism, operating beyond the initially-colonized tissue, is responsible of the 141 

effective VWO control exerted by this BCA remains to be demonstrated. In this 142 

tripartite interaction, however, both microorganisms share the same ecological niche: 143 

the olive root/rhizosphere. Therefore, to demonstrate the existence of an effective 144 

defense response against V. dahliae occurring at long distances in the radical system, 145 

direct interaction between the two microorganisms must be ruled out. This can be 146 

achieved by ensuring spatial separation of the BCA and the pathogen, as demonstrated 147 
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for other pathosystems (Pieterse et al. 2014).  148 

Split-root systems have been designed and used to confirm the involvement of 149 

induced resistance mechanisms triggered by a range of BCAs effective against different 150 

phytopathogens, although most of the available examples are for herbaceous plants (He 151 

et al. 2002; Pozo et al. 2002; Siddiqui et al. 2002; Li et al. 2010; Aimé et al. 2013; 152 

Martínez-Medina et al. 2016). The implementation of the split-root approach in woody 153 

plants is more complicated because of inherent characteristics of these plants (Cazorla 154 

and Mercado-Blanco 2016). However, a few examples are available although those in 155 

which a split-root system has been particularly designed to study the interaction with 156 

soil-borne microorganisms in woody plants are scarce (Boukcim et al. 2006; Dry and 157 

Loveys 1999; Qiang-Sheng et al. 2016; Wang et al. 2016). In olive, a split-root system 158 

was used to evaluate different water regimes in cultivars Picholine Marocaine and 159 

Picholine Languedoc (Aganchich et al. 2007), Chetoui (Dbara et al. 2016) and Picual 160 

(García-Tejera et al. 2017). 161 

Considering the previous information and premises, the objectives of this study 162 

were: (i) to develop an olive split-root system to assess effectiveness of above-ground 163 

defense responses in olive upon PICF7 root colonization when this BCA and V. dahliae 164 

are spatially separated, (ii) to evaluate whether VWO symptoms develop in this system 165 

and whether PICF7 is able to control V. dahliae when both microorganisms are spatially 166 

separated and sequentially applied, (iii) to assess whether systemic responses triggered 167 

are similar regardless of whether or not both microorganisms are separated in the olive 168 

rhizosphere, and (iv) to check whether V. dahliae is able to move from inoculated to 169 

non-inoculated root compartments, firstly acropetally and then basipetally. We aimed to 170 

test the hypothesis that an induced resistance response is involved in the effective VWO 171 

biocontrol exerted by strain PICF7. 172 
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 173 

Materials and Methods 174 

Production of olive cuttings to set up a split-root study system 175 

Olive plant material was collected from healthy trees in a forty-year-old olive orchard 176 

located at Aguilar de la Frontera (Córdoba province, Southern Spain) and planted with 177 

cultivar Picual (highly susceptible to V. dahliae) (López-Escudero and Mercado-Blanco 178 

2011). Four V. dahliae-free olive trees were eventually selected in the orchard to collect 179 

plant material for further propagation. In these trees, five stems were collected at 180 

random from the canopy for assessing the absence of natural infections of the pathogen 181 

by PCR analysis (Mercado-Blanco et al. 2003) Additionally, V. dahliae was not detected 182 

in samples from the soil of the orchard that were examined by the wet sieving method 183 

(Huisman and Ashworth 1974) and culturing on a semi-selective modified sodium 184 

pectate agar (Butterfield and De Vay 1977). For this, an area of 400 m2 from where 185 

selected trees originated was analyzed. One 200 g soil sample was taken from the upper 186 

20 cm along the tree rows at 30 cm from the trunk of trees with a cylindrical (3.5 cm x 187 

22 cm) auger. Thereafter, collected sub-samples (a total of 25) were bulked, crumbled, 188 

and mixed. Young sprouts (60-cm long, approximately 1-cm wide), growing from the 189 

base of the main trunk of the selected olives trees were collected and preserved at 4ºC. 190 

Then, cuttings (15-cm long) were obtained by producing a longitudinal incision 191 

(approximately 5-cm deep, 2.5-mm wide) with a professional saw (Metabo BAS 260 192 

Swift Band, Herramientas Metabo, S.A., Boadilla del Monte, Madrid, Spain). Since no 193 

information on the rooting success rate was available for this material, a fair number of 194 

cuttings (>200) were initially prepared for propagation. Cuttings were rooted according 195 

to the technique of soft-wood under mist conditions (Caballero and Del Río 2010). First, 196 

cuttings were dipped by the incision end in a 40% (v/v) ethanol solution containing 197 
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indol-3-butyric acid (4 g/l) during 5 s. Each part of the cleft cutting was then inserted 198 

(up to 4-cm deep) into two adjacent plastic pots (Figure 1A) containing 40% peat, 60% 199 

silt, and a slow-release fertilizer (Nutricote Total T270 [15-9-10]), Arista Life Science, 200 

Dusselfdorf, Germany). These paired pots will eventually harbor two independent 201 

radical systems developed separately from each part of the cleft cutting. Double pots 202 

were maintained at 20-25ºC in a controlled chamber, with 90% of relative humidity 203 

provided by intermittent mist (Figure 1B). After two months, rooted double cuttings 204 

were transferred to benches in a greenhouse, and grown for 45 days under natural 205 

lighting until shoots produced around 50 pairs of leaves. Prior to PICF7 treatment, 206 

plants were acclimated for 3 weeks in the greenhouse where the experiment was 207 

performed. By this time, plants were ready for inoculation (root dipping) (Figure 1C). 208 

For each treatment (see below) five healthy plants with well-developed foliage were 209 

selected for the time-course of gene expression experiment, and 15 additional plants to 210 

assess VWO progress. 211 

 212 

Inoculation strategy of Pseudomonas fluorescens PICF7 and Verticillium dahliae D 213 

pathotype in the split-root system 214 

Five treatments were included in the split-root study system (Figure 2): T1) true control 215 

treatment; that is, plants non-manipulated at all; T2) plant manipulation control 216 

treatment; that is, radical systems developed in each compartment were dipped in 217 

10mM SO4Mg·7 H2O (15 min) or sterile distilled water (30 min) at the time each 218 

microbial inoculation (the BCA and/or the pathogen) was performed (see below); T3) 219 

BCA control treatment (plants inoculated only with strain PICF7); that is, roots of one 220 

compartment were dipped in a suspension of PICF7 cells and the roots of the other 221 

compartment in sterile distilled water; T4) Disease control treatment (plants inoculated 222 
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only with V. dahliae); that is, roots of one compartment were dipped in 10 mM 223 

SO4Mg·7 H2O and roots of the other compartment in a conidia suspension of V. dahliae; 224 

and T5) Plants inoculated with the BCA and the pathogen; that is, the radical system of 225 

one compartment was first dipped in a suspension of strain PICF7 cells, and seven days 226 

later the roots of the other compartment in a conidia suspension of V. dahliae. 227 

Plants used in the split-root system were inoculated with P. fluorescens PICF7 228 

and/or V. dahliae as previously described (Prieto and Mercado-Blanco 2008; Schilirò et 229 

al. 2012). The inoculation strategy of the BCA and the pathogen was as follows. Firstly, 230 

roots developed in one of the compartments (treatments T3 and T5) were carefully 231 

uprooted from the original substrate, thoroughly washed in tap water without intentional 232 

wounding (Figure 1D), and dipped in a suspension of PICF7 cells (10mM SO4Mg; 233 

1·108 cells ml−1) during 15 min. At the same time, radical systems for one of the 234 

compartments of treatments T2 and T4 were manipulated in the same way but dipped 235 

just in 10mM SO4Mg·7H2O. Then, roots of these compartments were transplanted into 236 

polypropylene pots containing a sterile sandy substrate (Prieto and Mercado-Blanco 237 

2008). Plants were maintained in a controlled growth chamber (23 ± 1ºC, 60–90% 238 

relative humidity, 14- h photoperiod of fluorescent light at 360μE m−2) until pathogen 239 

inoculation. One week later, inoculation of the other compartments with V. dahliae 240 

isolate V937I (representative of the D, highly virulent pathotype) (Maldonado-González 241 

et al. 2015a; 2015b) was carried out for treatments T4 and T5 by immersion of the roots 242 

in a conidia suspension (30 min, 1·107 conidia ml−1), as described by Mercado-Blanco 243 

et al. (2002). Radical systems developed in the corresponding compartments of 244 

treatments T2 and T3 were dipped in water. Non-manipulated plants (treatment T1) 245 

were used as genuine controls (no manipulation, no inoculation). Plants were cultured 246 

under conditions indicated above during 80 days. 247 
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 248 

Olive-Pseudomonas fluorescens PICF7-Verticillium dahliae bioassay using single 249 

pots 250 

To evaluate whether some of the early- and medium-term systemic responses triggered 251 

by strain PICF7 and PICF7/V. dahliae, respectively, followed the same expression 252 

pattern when the BCA and the pathogen share the same ecological niche (i.e. the olive 253 

rhizosphere), a complementary experiment in which P. fluorescens PICF7 and V. dahliae 254 

were inoculated in the same pot was carried out. The microorganisms were applied in 255 

the same temporal sequence (i.e. first the BCA and 7 days later the pathogen). The 256 

standard bioassay routinely performed in our group was conducted (i.e. Prieto et al. 257 

2009; Maldonado-González et al. 2015b) but with minor modifications. Briefly, five-258 

month-old, nursery-produced potted ‘Picual’ plants were used and three treatments were 259 

included: i) Control plants (non-manipulated, non-inoculated), ii) strain PICF7-260 

inoculated plants, and iii) PICF7- and V. dahliae-inoculated plants. PICF7 suspension 261 

cells and V. dahliae conidia inoculum were prepared as described above. In this case, 262 

however, inoculation was performed by adding 150 ml per pot, first with a PICF7 cells 263 

suspension and seven days later with a V. dahliae conidia suspension. Control plants 264 

were watered with the same volume of 10mM SO4Mg·7H2O and sterile distilled water.  265 

 266 

Assessment of Verticillium wilt of olive progress 267 

To evaluate VWO progress in inoculated plants, disease was assessed twice a week over 268 

a period of 73 days severity using a 0 to 16 rating scale. This scale estimated percentage 269 

of affected tissue using four main categories or quarters (≤25, 26-50, 51-75, and 76-270 

100%) with four values per each category. Thus, each scale value represents the number 271 

of sixteenths of affected plant area. The scale values (X) were linearly related to the 272 
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percentage of affected tissue (Y) by the equation: Y = 6.25X - 3.125 (Varo et al. 2017). 273 

The relative area under the disease progress curve (RAUDPC) was calculated from the 274 

disease severity values by the trapezoidal integration method (Campbell and Madden 275 

1990) after 80 days of PICF7 inoculation (73 days after V. dahliae inoculation) for 276 

SO4Mg/V. dahliae and PICF7/V. dahliae inoculated plants (treatments T4 and T5, 277 

respectively). RAUDPC data of treatments were analyzed using ANOVA and significant 278 

differences among means were compared using the Fisher’s Least Significant 279 

Difference (LSD) test (P <0.05). ANOVA were performed with Statistix 9.0 (Statistix 280 

for Windows Manual. 1985-2008. Analytical Software.Version 9.0, Tallahasse FL, 281 

2008). In addition, the disease incidence or percentage of symptomatic plants and 282 

percentage of dead plants were recorded to assess the intensity of the reactions (López-283 

Escudero et al. 2004). 284 

 285 

In planta molecular detection of Verticillium dahliae 286 

In order to check effective infection by V. dahliae in the root compartments where the 287 

pathogen was inoculated, as well as to assess either accidental (i.e. cross contamination) 288 

or active (i.e. effective movement of V. dahliae throughout the vascular system of the 289 

plant) transfer of the fungus to the adjacent compartment in the split-root system, root 290 

samples were examined for the presence of V. dahliae DNA by qualitative real time 291 

PCR assays. Roots sampled from both compartments of six ad hoc selected plants (three 292 

of them showing severe VWO symptoms and three only displaying moderate/null 293 

disease symptoms) were collected at the end of the experiment, 73 days after 294 

inoculation (DAI) with the pathogen. Plants were uprooted from the pots, their roots 295 

washed under tap water to remove soil particles, lyophilized and ground to a fine 296 

powder in 2-ml tubes with glass beads using a MM 301 mixer mill (Retsch GmbH, 297 
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Haan, Germany). DNA was extracted from ground roots using the DNeasy Plant Mini 298 

Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. DNA 299 

purity and concentration were determined by using a ND-1000 Spectrophotometer 300 

(NanoDrop Thermo Fisher Scientific Technologies, Wilmington, DE, USA) and Qubit 301 

® 2.0 Fluorometer (Invitrogen, UK) and DNA solutions were stored at −20°C until used. 302 

PCR experiments and analyses were done in a thermal cycler iQ5 Real-Time PCR 303 

System (BioRad, Hercules, CA, USA) and PCR reactions were performed containing 25 304 

ng of DNA, 0.1μM of V. dahliae specific primers DB19 (Carder et al. 1994) and 305 

espDEF01 (Mercado-Blanco et al. 2003), 2x iQ™ SYBR Green Supermix (BioRad) and 306 

H2O up to a total volume of 20 μL. PCR protocol was: a denaturation step for 4 min at 307 

95ºC, followed by 50 cycles of 1 min at 94ºC, 45 s at 59ºC and 45s at 72ºC and a final 308 

extension step of 10 min at 72ºC. Melting curves of products were assessed from 59ºC 309 

to 100ºC with a 0.5ºC transition rate every 10s with an initial denaturation step of 5 min 310 

at 95ºC to confirm the presence of single PCR amplicons. For each root compartment, 311 

presence of V. dahliae DNA was verified twice in independent experiments, and three 312 

replicates per plate were included.  313 

 314 

mRNA purification and time-course expression of selected olive genes by real-time 315 

qPCR 316 

The olive tissue sampling strategy was as follows. For plants used in the split-root 317 

experiment, above-ground tissues (leaves) were sampled at different DAI either with 318 

strain PICF7 or V. dahliae. Thus, aerial tissues from treatment T2 (manipulated control 319 

plants) and T3 (PICF7 control plants) were sampled at 1, 7, 8 and 14 DAI. T4 (V. 320 

dahliae control plants) and T5 (double-inoculated plants) were collected at 7, 8 and 14 321 

DAI. Each sample (treatment/time-point) consisted of a pool of leaves collected from 322 
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five different plants for each treatment. Moreover, two different pools were collected for 323 

each treatment/time-point (i.e. two biological replicates).  324 

For plants used in the single-pot experiment, leaves were collected as follows: i) 325 

Non-manipulated control plants were sampled at the beginning of the assays (day 0), ii) 326 

samples from PICF7 control plants were collected at 1 DAI, and iii) leaves from 327 

PICF7/V. dahliae inoculated plants were collected at 7 DAI with the pathogen (i.e. 14 328 

DAI with strain PICF7). Two biological replicates were also collected, consisting of 329 

pool of leaves from two different plants for each treatment/time-points. 330 

Isolation of total RNA from each sample was performed using easyBLUETM 331 

(iNtRON Biotechnology Inc, Sangdaewon-Dong, South Korea), following the 332 

manufacturer's protocol for plant tissues. Genomic DNA in samples was removed by 333 

DNaseI treatment (Roche Applied Science, Mannheim, Germany) according to the 334 

manufacturer’s recommendations. Purity and quality of RNA samples were checked by 335 

agarose gel electrophoresis, spectrophotometry using a ND-1000 Spectrophotometer 336 

(NanoDrop Thermo Fisher Scientific Technologies, Wilmington, DE, USA) and Qubit 337 

® 2.0 Fluorometer (Invitrogen, UK). 338 

Selection of olive genes for time-course expression analysis was done based on 339 

our previous results from the PICF7-olive (Schilirò et al. 2012; Gómez-Lama Cabanás 340 

et al. 2014) and V. dahliae-olive (Gómez-Lama Cabanás et al. 2015) interactions. Seven 341 

genes related to defense responses (Table 1) were thus selected to examine their 342 

expression pattern within a 14-day interval in plants used in the split-root system: PAL, 343 

14-3-3 and brassinosteroid up-regulated gene (BRU1) (up-regulated in olive roots and 344 

stems [PAL], stems [14-3-3] and roots [BRU1] during the interaction with strain PICF7), 345 

CAT (up-regulated in olive roots and stems during the interaction with PICF7 but down-346 

regulated in olive stems upon V. dahliae inoculation), caffeoyl-O-methyltransferase 347 
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(CO-MT, up-regulated in olive roots inoculated with PICF7 and in olive stems upon V. 348 

dahliae olive roots inoculation), WRKY2 transcription factor (WRKY2, down-regulated 349 

in olive stems during the V. dahliae-olive interaction) and ACO (down-regulated in 350 

stems during the V. dahliae-olive interaction but up-regulated during PICF7-olive 351 

interaction) (Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014, 2015). Four of 352 

these genes (14-3-3, ACO, WRKY and CO-MT) were chosen for their evaluation in 353 

plants used in the single-pot experiment at one DAI with strain PICF7, for assessing 354 

early-term responses against BCA colonization, and at seven DAI with V. dahliae (i.e. 355 

14 DAI with PICF7), for comparing medium-term responses. 356 

The “CLC Main Workbench 6.8.1” (CLC bio, Aarhus, Denmark) software was 357 

used to design specific primer pairs for WRKY2, 14-3-3 and BRU1 olive gene sequences 358 

(accession numbers JZ844803, AAY67798 and ACJ85040, respectively) deposited in 359 

Genbank database from EST libraries previously identified (Schilirò et al. 2012; 360 

Gómez-Lama Cabanás et al. 2014) (Table 1). Performance of these primer pairs was 361 

empirically tested by conventional PCR (temperature range 53º–63ºC). Primer pair 362 

sequences for CO-MT, PAL, CAT and ACO olive genes have been previously reported 363 

(Gómez-Lama Cabanás et al. 2014) (Table 1). To determine the range of concentrations 364 

at which target cDNA and cycle thresholds (Ct) values were linearly correlated and to 365 

estimate PCR efficiencies, specific real-time qPCR assays were conducted using 366 

cDNAs synthesized from 10-fold serially diluted (1 µg, 100 ng, 10 ng, 1 ng, 100 pg) 367 

RNA samples. Standard curves were generated for each selected transcript using reverse 368 

transcribed cDNA from serial dilutions (20 ng, 2 ng, 200 pg and 20 pg). Synthesis of 369 

cDNA was performed from 100 ng of total RNA of PrimeScript™ RT Master Mix 370 

(Takara, Kyoto, Japan) following the manufacturer’s instructions. Real-time qPCR 371 

experiments and analyses were performed in a thermal cycler iQ5 Real-Time PCR 372 
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System (BioRad) equipped with a 96-well sample block. Relative expression for each 373 

studied gene was repeated at least once for each biological replicate (i.e. different olive 374 

above-ground tissue pools) in independent Real-time qPCR assays (plates), and three 375 

technical replicates per sample and per plate were routinely included. All real-time 376 

qPCR experiments were carried out containing 2 µL of cDNA, 0.5 mM of each primer, 377 

and 10 µL of SYBR® Green Supermix (BioRad) and dH2O up to a total volume of 20μL. 378 

The following thermal cycling profile was used for all PCR reactions: 94ºC for 5 min, 379 

50 cycles of 94ºC for 30 s, 55ºC for 30 s (except for gene BRU1, 58ºC) and 72ºC for 40 380 

s. Linear equations, correlation coefficients (R2) and PCR efficiencies were calculated in 381 

all cases (Table 1). Melting curves of real-time qPCR products were assessed from 55ºC 382 

to 95ºC to verify specificity of the reactions, under the following conditions: initial 383 

denaturation for 5 min at 95ºC, cooling to 55ºC and melting from 55ºC to 95ºC with a 384 

0.5ºC transition rate every 10 sec. Data resulting from real-time qPCR were normalized 385 

to the O. europaea 60S-RBP L18-3 gene (coding for 60S ribosomal protein L18-3) (Ray 386 

and Johnson 2014). Ct values and the logarithm of cDNA concentrations were linearly 387 

correlated for each of the examined genes and PCR efficiencies were calculated by iQ5 388 

optical system software v.2.1 (BioRad, Hercules, CA). Relative expression (RE) level 389 

values (log2-fold-change values) were calculated according to the 2−ΔΔCt method Livak 390 

and Schmittgen (2001). The average of each expression gene fold change was 391 

categorized as follows: “low” ≥ −1.0 to ≤ 1.0; “medium” ≥ −2.0 to < −1.0 or > 1.0 to ≤ 392 

2.0; and “high,” < −2.0 or > 2.0 (Kim et al. 2008). All RE data within a 14-day interval 393 

for each gene were graphically represented as means ± STD of at least two separate 394 

experiments, each performed with triplicate samples. Paired sample T-test was 395 

performed to determine whether there were significant differences between average 396 

values of each relative gene expression in independent experiments (plates), and 397 
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between treatments at each time-point studied. Paired T-test analysis was performed 398 

using the Statistix software (Version 10 for Windows). 399 

 400 

Results 401 

 402 

Production of olive cuttings for the split-root study system 403 

The process here developed for producing olive plants with split-root systems was 404 

complex but successful. A high-moderate percentage in rooting rate (62%) at both sides 405 

of the cleft cutting was achieved. Throughout the whole process of plant production, 17% 406 

of cuttings eventually did not root at all. In some of these plants, production of small 407 

shoots, likely arising from the reserves present in the stem cutting, was observed. 408 

However, they became wilted and necrotic in a few weeks. Finally, a single-root system 409 

formed only at one of the two sides of the cleft was observed in 21% of the plants. In 410 

some of these cases, rooting failure was likely due to clefts performed in an off-center 411 

manner. The lack of the radical system in one of the compartments of the cutting was 412 

confirmed by removing the substrate of the pot. Plants in which radical system was 413 

formed at both sides showed a normal vegetative growth and produced healthy shoots. 414 

Prior to the inoculation procedure, direct observation in a sub-sample of plants, by 415 

carefully removing the substrate of the two pots, proved that roots were indeed properly 416 

developed at both sides of the cutting (Figure 1D). In addition, the plants were robust 417 

and mechanically stable, what facilitated their handling during inoculation. None of the 418 

plants showed damage symptoms as the result of the two-step inoculation process. 419 

 420 

Verticillium wilt of olive development in the split-root study system 421 

As expected, no VWO symptoms were observed in non-manipulated control plants (T1), 422 
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manipulated control plants (T2) and plants inoculated only with strain PICF7 (T3). The 423 

disease, however, developed in V. dahliae-inoculated plants although average values of 424 

final symptom severity were not very high, neither for T4 (average disease severity 3.2) 425 

nor for T5 (3.68) treatments. No plant died at the end of the experiment, and disease 426 

severity was always lower than 12 (0-16 symptoms severity scale; data not shown). 427 

Analysis of variance (ANOVA) showed no significant differences (P > 0.05) in 428 

RAUDPC between SO4Mg/V. dahliae (treatment T4) and PICF7/V. dahliae (treatment 429 

T5) (mean values 9.403 and 11.104, respectively) plants. Therefore, no effective 430 

biocontrol of VWO was observed under experimental conditions used here, although 431 

final disease incidence was slightly higher in T4 (86.7%) than in T5 (73.3%) plants. 432 

Remarkably, a frequently-observed phenomenon in VWO affected plants was that 433 

defoliation mostly occurred on stems located close to the compartment where the 434 

pathogen was inoculated (Figure 3).  435 

 436 

Verticillium dahliae does not translocate between root compartments 437 

Qualitative real-time PCR assays demonstrated the presence of pathogen DNA in all 438 

root samples from compartments inoculated with V. dahliae (73 DAI with the pathogen), 439 

regardless of whether plants ad hoc selected for molecular detection analysis from 440 

treatments T4 and T5 showed severe (severity values 11, 10 and 6) or moderate (1, 2 441 

and 3) VWO symptoms (data not shown). On the contrary, roots sampled from 442 

compartments non-inoculated with the pathogen always yielded negative results (data 443 

not shown). These results confirmed the absence of accidental cross contamination 444 

events between adjacent compartments in the split-root system. Furthermore, active 445 

movement of V. dahliae throughout the plant vascular system from the pathogen-446 

inoculated compartment to the non-inoculated, adjacent one can be ruled out. 447 
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 448 

Gene expression patterns of ACO, CO-MT, WRKY2, 14-3-3, BRU1, PAL and CAT 449 

genes in ‘Picual’ plants grown in a split-root system 450 

Relative expression patterns of selected genes involved in defense responses during the 451 

tripartite interaction were assessed at 1, 7, 8 and 14 DAI with PICF7 under three 452 

different situations: PICF7/H2O (treatment T3), SO4Mg/V. dahliae (T4) and PICF7/V. 453 

dahliae (T5). The parameters of these real-time qPCR experiments are shown in Table 1. 454 

Results from RE for each gene/situation are shown in Figure 4.. Data collected from 455 

these experiments allowed us to confirm that systemic defense responses are triggered 456 

in aerial olive tissues upon root colonization by strain PICF7 and V. dahliae in plants 457 

grown in a split-root system, as previously reported for olive plants grown under 458 

standard conditions (i.e. single pot) during dual interactions (i.e. olive/PICF7 and 459 

olive/V. dahliae). Overall, results from time-course gene expression analysis showed a 460 

consistent trend for each gene, treatment and time-point evaluated (Figure 4). However, 461 

results from each biological replicate tested (i.e. two different pools of leaves sampled 462 

from five plants) occasionally showed variable RE levels resulting in some cases in 463 

large STD values (Figure 4). No significant difference (P>0.05) between experiments 464 

was found except for the PAL gene (P=0.0319). The vast majority of RE fold changes 465 

were assigned to medium (> +1.0 to ≤ + 2.0 or < − 1.0 to ≥ − 2.0) or low (≥−1.0 to 466 

≤+1.0 or ≤1.0 to ≥−1.0) categories of differential expression. Differential responses 467 

were found depending on the tested gene. Thus, the expression pattern of some genes 468 

was not affected independently of the microbial input (e.g. 14-3-3 gene). Some showed 469 

opposite expression patterns related to the time PICF7 or V. dahliae were inoculated (e.g. 470 

the TF WRKY2). Finally, others only responded upon the presence of the pathogen (e.g. 471 

BRU1 and CO-MT genes). Complete results concerning RE of all tested genes are 472 
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shown in Figure 4 (and in Table 3 and in Supplementary Table 1). Some of the most 473 

interesting observations are now summarized. For instance, when PICF7 is the only 474 

microorganism introduced in the split-root system, no significant variation was 475 

observed in the RE of BRU1 gene, its expression remaining virtually unaltered along the 476 

time interval analyzed (Figure 4; PICF7/H2O treatment). However, a strong up-477 

regulation was observed at 1 DAI with V. dahliae, independently of whether the 478 

pathogen was the only microorganism introduced in the system (Figure 4; SO4Mg/V.d 479 

treatment) or the BCA was already present in the adjacent compartment (Figure 4; 480 

PICF7/V.d treatment). Nevertheless, the up-regulation of BRU1 was transient, returning 481 

to normal RE levels 14 DAI with PICF7 (i.e. 7 DAI with V. dahliae) (Figure 4). 482 

Changes were also observed in the RE of CO-MT gene (Figure 4; PICF7/H2O 483 

treatment); that is, a shift from moderate up-regulation at 1 and 7 DAI to down-484 

regulation from 8 to 14 DAI with PICF7. In this case, introduction of the pathogen in 485 

the system caused a constant medium-level up-regulation regardless of whether or not 486 

the BCA was present (Figure 4; PICF7/V.d and SO4Mg/V.d treatments). PICF7 487 

inoculation led to a down-regulation in the RE of CAT gene from 7 to 14 DAI (Figure 4; 488 

PICF7/H2O treatment). Conversely, the presence of V. dahliae transiently induced the 489 

RE of CAT gene at medium-level (Figure 4; SO4Mg/V.d treatment), an up-regulation 490 

that was attenuated by the early presence of PICF7 (Figure 4; PICF7/V.d treatment). 491 

Increasing down-regulation of the ACO gene was observed from 7 to 14 DAI with 492 

PICF7 (Figure 4; PICF7/H2O treatment) whereas no significant variation was observed 493 

when V. dahliae was inoculated in control plants (Figure 4; SO4Mg/V.d treatment). 494 

Interestingly, one DAI inoculation with V. dahliae in plants where PICF7 was already 495 

present, a medium-level up-regulation was scored (Figure 4; PICF7/V.d treatment). 496 

Finally, the RE pattern of WRKY2 gene varied depending on the time PICF7 or V. 497 
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dahliae were inoculated. Indeed, a slight up-regulation was observed upon immediate V. 498 

dahliae inoculation (Figure 4; SO4Mg/V.d treatment). However, when both 499 

microorganisms are introduced in the system (Figure 4; PICF7/V.d treatment) a 500 

pronounced down-regulation when PICF7 was already present was evidenced (Figure 4; 501 

PICF7/H2O treatment).  502 

 503 

Gene expression patterns of selected defense response genes in olive cv. Picual 504 

grown under standard conditions 505 

In order to assess whether the expression pattern of defense-related genes in above-506 

ground tissues differs between olive plants grown under split-root (i.e. no direct contact 507 

between the BCA and the pathogen) and standard conditions (i.e. both microorganisms 508 

coexisting in the root/rhizosphere), a real-time qPCR time-course study was carried out. 509 

In this case, four genes representative of the different expression patterns observed in 510 

the split-root experiment (namely, ACO, CO-MT, WRKY2 and 14-3-3) were selected for 511 

evaluation in ‘Picual’ plants growing under standard conditions (single pot). The 512 

parameters of these PCR experiments are shown in Table 2. The RE averages for each 513 

gene at different time-point/treatment situations evaluated are indicated in Table 3. The 514 

most relevant observations are now summarized. Unlike in the split-root system, the RE 515 

of ACO gene showed up-regulation 1 DAI with PICF7 (Table 3; PICF7 treatment). After 516 

seven days of PICF7 and V. dahliae coexistence (Table 3; PICF7/V.d treatment), a slight 517 

down-regulation of the ACO gene was observed. The RE of the 14-3-3 gene did not 518 

show major differences for the two growing systems. Up-regulation of the WRKY2 gene 519 

was observed in both treatments and time points (Table 3; PICF7 and PCF7/V.d), 520 

although to a lower extent than that observed in the split-root system. Finally, the most 521 

relevant difference found between both systems was that observed for the CO-MT gene. 522 
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While this gene showed as slightly up-regulated at 1 DAI with the BCA in both 523 

situations (Table 3; PICF7 treatment), opposite RE patterns depending on the growing 524 

system were observed upon prolonged presence of V. dahliae (i.e. 7 DAI with the 525 

pathogen; Table 3; PICF7/V.d treatment). Indeed, this gene was repressed in the single-526 

pot system but clearly induced when the BCA and the pathogen where spatially 527 

separated.)… 528 

 529 

Discussion 530 

Plants do not live as hermetic compartments but as systems in which complex 531 

interactions are dynamically established with their associated microbiomes which 532 

include both pathogenic and beneficial organisms. The use of beneficial 533 

microorganisms is gaining attention as an alternative and sustainable practice to control 534 

phytopathogens. However, our current information on how BCAs exert their beneficial 535 

effects under natural conditions (i.e. mechanisms involved) against deleterious agents, 536 

and what responses are triggered in the target host as consequence of the multipartite 537 

interactions that can be established are still limited. This situation is even more complex 538 

in an ecological niche such as the rhizosphere.  539 

One of the possible mechanisms deployed by BCA is the induction of resistance 540 

and/or defense responses in the host which can be effective against a range of pathogens 541 

at long distances (e.g. ISR and SAR responses). Alternatively, mechanisms such as 542 

antibiosis and/or competition for nutrients and niches are operative as well. These 543 

mechanisms are not mutually exclusive, and a BCA can exert their beneficial effects by 544 

a combination of them. Moreover, these mechanisms can be influenced by different 545 

(a)biotic factors present in the ecological niche where they are deployed, modifying 546 

their performance and effectiveness along time and space. 547 
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Our previous works have shown that the olive root endophyte P. fluorescens 548 

PICF7 is an effective BCA against VWO (Prieto et al. 2009; Maldonado-González et al. 549 

2015b). Colonization of olive roots by PICF7 triggers a set of defensive responses in 550 

olive at both local (roots) and systemic (aerial tissues) level upon root colonization 551 

(Schilirò et al. 2012; Gómez-Lama Cabanás et al. 2014). Additionally, when this BCA 552 

is applied to A. thaliana roots it is also able to control the leaf pathogen Botrytis cinerea. 553 

This result supports the idea that strain PICF7 triggers effective systemic resistance 554 

against this foliar pathogen (Maldonado-González et al. 2015b). Moreover, this may 555 

suggest that PICF7 could be an effective BCA against other olive pathogens by means 556 

of inducing resistance in the host, although additional biocontrol mechanisms (i.e. 557 

antibiosis, nutrient competition) cannot be discarded. Indeed, strain PICF7 effectively 558 

antagonized another relevant olive pathogen, Pseudomonas savastanoi NCPPB 3335 559 

(Psv). Moreover, when both microorganisms were co-inoculated in stems, developed 560 

tumors showed an altered anatomy and pathogen cells tended to be confined in the 561 

interior of the hyperplasic tissue. However, in planta bioassays in which the pathogen 562 

and the BCA were spatially separated (PICF7 inoculated in roots and Psv in stems) 563 

showed that PICF7 was unable to hamper knots development (Maldonado-González et 564 

al. 2013). This suggests that systemic defense responses induced by PICF7 are not fully 565 

effective; at least against Psv.  566 

Regarding the olive-V. dahliae interaction, defense-related responses were also 567 

found in host aerial tissues upon root colonization by the pathogen, some of them being 568 

common to those observed during the interaction with PICF7 (Gómez-Lama Cabanás et 569 

al. 2015). Most of the studies focused on dual interactions, either involving the host 570 

plant with the BCAs (e.g. Conn et al. 2008; Bordiec et al. 2011) or with the pathogen 571 

(e.g. Zheng et al. 2006). In this present work, we developed a successful strategy to 572 
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study a tripartite interaction involving a relevant woody species, a beneficial endophytic 573 

rhizobacterium, and a soil-borne fungal pathogen. We have particularly focused on the 574 

expression of specific genes involved in plant defense response triggered in above-575 

ground tissues upon preventive application of the BCA. Since both microorganisms 576 

naturally share the same ecological niche (i.e. the olive rhizosphere), and in order to 577 

assess whether systemic resistance responses are involved in the biocontrol exerted by 578 

strain PICF7 against VWO, spatial separation of the BCA and the pathogen must be 579 

guaranteed. To achieve that split-root systems are extremely useful. However, the 580 

development of these study systems for woody plants poses difficulties because of their 581 

inherent characteristics. For olive, only a few examples are available in the literature but 582 

none of them devoted to the study of plant-microbe interactions. The process leading to 583 

obtain a fair number of plants with suitable split-root systems was time consuming and 584 

complex. On the one hand, some stem cuttings to which incisions were made failed to 585 

produce well-developed and similar radical systems in both adjacent compartments 586 

(pots), or did not produce roots at all in one of the compartments. On the other hand, not 587 

all plants developed suitable and enough foliage either for the scheduled leaf sampling 588 

process or for the VWO symptoms development assessment. Percentage of cuttings 589 

producing satisfactory root systems (around 62%) was lower than the rooting ability 590 

reported in soft-wood cuttings for cv. Picual grown under standard conditions (79.2%) 591 

(Caballero and Del Río 2010). This fact could be due to the thickness (1 cm in diameter) 592 

of the cuttings used in this work, considerably wider than those used in standard 593 

production systems (2-3 mm; 15 cm long). In favor of using thicker cuttings, greater 594 

amount of reserves may help in further development of new tissues as well as better 595 

counteract damages provoked by incisions. It is also worth mentioning that this plant 596 

architecture likely helped to overcome damages caused by transplanting during the two-597 
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step inoculation process since no visible symptoms were observed in any of the plants. 598 

Damages during transplanting and manipulating are commonly observed when cuttings 599 

with a standard root system are used. This usually implies that young olive plants used 600 

for this type of experiments need to be protected from direct light exposure to avoid 601 

excessive stress during the first days after inoculation (Gómez-Lama Cabanás et al. 602 

2014), a strategy that was not necessary to implement in our study. In fact, during 603 

inoculations of olive trees in evaluation programs of resistance to Verticillium wilt of 604 

olive, transplanting damages usually occur in percentages between 10-20% of plants, 605 

depending on the cultivar (López-Escudero et al. 2004; Martos-Moreno et al. 2006). A 606 

possible explanation for this outcome is that split-root plants can much better overcome 607 

stress during manipulation since during the double inoculation procedure one of the two 608 

root compartments remained protected by the substrate.  609 

The use of the olive split-root system allowed several important observations. 610 

Firstly, the VWO epidemics in plants grown in this system developed similarly to the 611 

pattern observed when standard growing conditions are used (i.e. Mercado-Blanco et al. 612 

2004; Prieto et al. 2009; Maldonado-González et al. 2015b). However, severity of 613 

symptoms was moderate on average and usually affected only one half of the plant. 614 

Indeed, defoliation of green leaves (the representative symptom of infection by D 615 

isolates) was mostly observed in stems which were closer to the root compartment 616 

where V. dahliae had been inoculated (Figure 3). This is explained by the fact that olive 617 

plants/trees are highly sectored, showing direct vascular connection of specific roots and 618 

shoots. This explains that infection of a major root by the pathogen usually leads to 619 

severe symptoms in one part of the tree canopy while other sectors remain symptomless 620 

(Lavee 1996; Levin et al. 2003; López-Escudero and Mercado-Blanco 2011). This 621 

phenomenon is frequently observed on trees infected under natural conditions. The use 622 
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of the split-root system developed here can easily visualize and demonstrate this fact.  623 

Secondly, V. dahliae was only detected in those compartments inoculated with 624 

the pathogen. This demonstrated that no propagule of the fungus was able to translocate 625 

to roots located in the adjacent compartment from vascular vessels of above-ground 626 

tissues, even though some of the plants analyzed showed severe VWO symptoms. Thus, 627 

there was no evidence of basipetal movement of V. dahliae propagules (i.e. conidia and 628 

hyphae) from infected aerial vascular tissues toward non-infected roots, confirming that 629 

spread of V. dahliae in olive plants always proceeded via acropetal movement from 630 

initial infection sites in the roots (Hiemstra and Harris 1998; Pegg and Brady 2002). In 631 

addition, molecular tests also confirmed that there was no cross contamination during 632 

the bioassay conferring great solvency and robustness to the olive split-root system here 633 

developed.  634 

A third conclusion was that no biocontrol of VWO was observed under 635 

experimental conditions used in our split-root system. That is, strain PICF7 was not 636 

effective when inoculated in sectors of the olive roots where the pathogen was not 637 

present, even though the BCA was introduced in the system seven days earlier than the 638 

pathogen, thereby providing enough advantage to PICF7 in terms of root colonization 639 

(Prieto et al. 2009) and triggering of defense-related responses (Schilirò et al. 2012; 640 

Gómez-Lama Cabanás et al. 2014). These results suggested that induction of systemic 641 

defense responses in distant olive root tissues does not take place or is not involved (at 642 

least in a decisive way) in the effective biocontrol of VWO by PICF7, which is, 643 

consistently demonstrated in single-pot bioassays under a range of experimental 644 

conditions where both microorganisms share the same niche (Mercado-Blanco et al. 645 

2004; Prieto et al. 2009; Maldonado-González et al. 2015b). Thus, while a range of 646 

defense responses are triggered at the local and systemic level, the hypothesis that an 647 
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induced resistance response is involved in the effective VWO biocontrol by strain 648 

PICF7 is not supported by our results. Alternatively, defense responses triggered by this 649 

BCA are not effective enough to control V. dahliae under experimental conditions here 650 

used. Effective VWO biocontrol by PICF7 must thus rely on other modes of action (e.g. 651 

competition for space and/or nutrients, antibiosis, etc.) and/or triggering of host-652 

mediated defense mechanisms are only effective under specific spatial or temporal 653 

circumstances (see below). 654 

Fourth, although PICF7 did not show effective control of VWO in plants grown 655 

in the split-root system, time-course expression of selected olive genes related to 656 

defense responses confirmed our previous results on the ability of V. dahliae and PICF7 657 

to trigger systemic responses in above-ground olive tissues (Gómez-Lama Cabanás et al. 658 

2014, 2015), that were further supported by results here obtained in the single-pot 659 

experiment (Table 3). In order to compensate for possible differences in gene expression 660 

levels among plants in the split-root experiment, pools of leaves from five different 661 

plants were collected at each time-point. This sampling strategy aimed to ‘buffer’ or 662 

avoid the effects that differences on root colonization ability of the BCA and/or the 663 

pathogen, or varying amounts of the pathogen within plant tissues due to the usual non-664 

homogenous distribution of V. dahliae biomass in the plant, may cause on the gene 665 

expression patterns among sampled plants. Indeed, differences in RE patterns have 666 

occasionally been found in biological replicates (i.e. individual olive plants) in previous 667 

studies (Gómez-Lama Cabanás et al. 2014), regardless of whether plants originated 668 

from the same propagation batch at the nursery and inoculation procedures were 669 

performed with all cautions. This sampling strategy has been also used to increase 670 

reliability of in planta V. dahliae molecular detection procedures (Karajeh and Masoud 671 

2006; Keykhasaber et al. 2016). Even though some of the RE patterns here obtained 672 
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would require a deeper knowledge of defense responses in olive for proper explanation, 673 

the development of the olive split-root system offered for the first time the possibility to 674 

study systemic responses triggered during a tripartite interaction taking place at the 675 

belowground level. In addition, it enables to investigate the potential mode(s) of action 676 

of PICF7-mediated VWO biocontrol. Results of RE patterns showed differential 677 

responses depending on the studied gene. Thus, in the split-root system, some genes 678 

only significantly responded upon the presence of the pathogen. For instance, the olive 679 

BRU1 gene (coding for an endotransglycosylase/xyloglucan hydrolase and regulated by 680 

brassinosteroids; Bourquin et al. 2002; Sharmin et al. 2012) could be considered as an 681 

early-term responsive gene against V. dahliae attack. Another example is the CO-MT 682 

gene, involved in the phenylpropanoids biosynthesis, with an early/medium-term 683 

response against V. dahliae. Other genes were not affected regardless of the microbial 684 

input, e.g. the 14-3-3 gene (Robert et al. 2002; Manosalva et al. 2011). Finally, other 685 

genes showed opposite expression patterns depending on the moment the BCA or the 686 

pathogen were inoculated. This was the case of the WRKY2 gene that belongs to a 687 

superfamily of TF playing important roles in plant growth, development and responses 688 

to (a)biotic stresses (Zheng et al. 2006; Kjellin 2012; Chi et al. 2013) and plant defense 689 

signaling (Pandey and Somssich 2009).  690 

Remarkably, some genes varied in their RE pattern depending on whether the 691 

two microorganisms were spatially separated (split-root system) or shared the same 692 

compartment (single-pot system). In this regard it is worth discussing the RE patterns of 693 

the olive CO-MT and ACO genes since RE patterns of the 14-3-3 and WRKY2 genes did 694 

not show remarkable differences. Indeed, one of the most relevant results concerned the 695 

CO-MT gene that was consistently up-regulated along time in response to pathogen 696 

inoculation under split-root conditions, regardless of whether or not the BCA was 697 
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present in the adjacent compartment. However, when both microorganisms were in the 698 

same compartment (single pot) the expression of this gene was repressed (Table 3). This 699 

observation deserves attention since the expression of some defense-related genes may 700 

differ depending on whether soil/root-borne microorganisms share or not the same niche. 701 

The RE of the olive ACO gene also showed a variable pattern depending on whether or 702 

not the root was divided (Table 3). This gene codes for an enzyme responsible of ET 703 

synthesis, a plant hormone involved, among other processes, in the complex cross talk 704 

established among signaling pathways regulating plant defense responses to microbial 705 

infection. For instance, reduced ET production caused by virus-induced silencing of the 706 

ACO gene in Nicotiana benthamiana Domin affected the susceptible plant response to 707 

infection by Colletotrichum orbiculare Berk. & Mont. (Shan and Goodwin 2006). It is 708 

tempting to speculate that negligible level of ACO gene expression scored for above-709 

ground tissues in plants grown in the split-root system compared to that observed for 710 

single-pot plants (1 DAI with PICF7; Table 3) could be due to the fact that only half of 711 

the whole root system was in contact with PICF7, thereby causing lower stress to the 712 

plant. On the contrary, in plants grown in single pots, the entire root system was 713 

susceptible of being endophytically colonized by strain PICF7, a scenario potentially 714 

causing higher stress to the plant (Mercado-Blanco and Lugtenberg 2014) leading to 715 

increased RE of the ACO gene. The low systemic RE of the ACO gene might explain, at 716 

least partially, the lack of VWO biocontrol observed in the split root system. However, 717 

this hypothesis will need further experimental evidence. 718 

 719 

Conclusions 720 

We succeeded in generating olive plants with suitable root architecture to 721 

investigate the olive-V. dahliae pathosystem. This poses novelty degree since split-root 722 
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systems are not frequently developed for woody plant research. We have been able to 723 

demonstrate a normal development of VWO epidemics when the plant is attacked by 724 

the pathogen only in one section of the radical system, a scenario closer to field 725 

conditions (i.e. large root systems and uneven distribution of pathogen’s propagules in 726 

the soil). Moreover, strong compartmentalization of symptoms was found, explained by 727 

the vascular connection existing between the roots inoculated with the pathogen and the 728 

stems showing symptoms located above that compartment, a situation frequently 729 

observed in naturally-infected olive trees. The split-root system here developed was also 730 

helpful for assessing above-ground genetic responses triggered by V. dahliae and an 731 

endophytic biocontrol rhizobacterium when both colonized the olive root system but are 732 

spatially separated and sequentially applied. This enabled us to study for the first time 733 

this tripartite interaction with the aim to demonstrate whether the induction of resistance 734 

responses triggered by strain PICF7 mediate biocontrol against V. dahliae when the 735 

pathogen attacks distant roots. Results obtained may also have relevant practical 736 

implications related to the way this BCA should be applied under field conditions, 737 

considering the huge radical systems developed by woody hosts such as olive. Since 738 

strain PICF7 was not able to control VWO under split-root conditions here used, its 739 

application in olive orchards (e.g. by dripping systems) must ensure coverage of most of 740 

the tree’s radical system. The olive split-root system allowed us to conclude that while 741 

strain PICF7 is able to induce a range of systemic responses, many of them related to 742 

defense to different stresses, they were not effective or powerful enough to control 743 

subsequent attacks by V. dahliae occurring at other sections of the olive radical system. 744 

Consequently, VWO control by strain PICF7 must rely at least partially on mechanisms 745 

other than induction of systemic resistance responses, at least under the experimental 746 

conditions here used. Differences found in RE patterns of some olive genes depending 747 
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on whether the BCA and the pathogen were spatially separated (split-root system) or not 748 

(single-root system) was also an interesting outcome. While most of the olive genes 749 

here assessed showed similar RE patterns regardless of whether strain PICF7 or V. 750 

dahliae coexist in the same portion of the olive rhizosphere, a few of them (e.g. CO-MT) 751 

showed differential RE patterns. This highlights the importance that contact between the 752 

BCA and the pathogen might have in triggering specific defense responses in the host. 753 

The significance of being spatially separated or not during this tripartite interaction to 754 

explain effective VWO biocontrol by PICF7 warrants more in-depth studies in the 755 

future. 756 
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Table 1. List of genes whose relative expression (RE) pattern over time was studied by real-time qPCR experiments in aerial tissues of olive 1059 

plants (cv. Picual) grown under split-root conditions and upon Pseudomonas fluorescens PICF7 and/or Verticillium dahliae V937I inoculation. 1060 

   Real-time qPCR parameters 

Olive gene Process Primer pair Linear equation R2 PCR efficiency 

1-Aminocyclopropane-1-carboxylate oxidase (ACO) Ethylene biosynthesis 
Fw: CTCAAGTTGATCCCCAAT 

Rv: GCATTCCATGGCTCTAAA 
y=-3.448x+20.179 1.00 95.0 % 

Caffeoyl-o- methyltransferase (CO-MT) Phenylpropanoids biosynthesis 
Fw: ACCAGAGGCCATGAAAGAAC  

Rv: ATTGCCAAAATCTTCCCATC 
y=-3.522x+20.687 0.99 92.3 % 

Transcription factor WRKY2 (WRKY2) 
Signal transduction defense 

response 

Fw: CAAGCCCCTCATACACTA 

Rv: GCAACGACTCCAAGAACA  
y=-3.436x+20.771 0.99 95.0 % 

14-3-3 protein (14-3-3) 
Regulator of metabolism and 

defense response 

Fw: CACTTCAAAACCCGAATCT 

Rv: ACGCCTTATAACTGACTCT 
y=-3.475x+22.954 0.99 94.0 % 

Phenylalanine ammonia-lyase (PAL) Phenylpropanoids biosynthesis 
Fw: ACATAGGAGGACCAAACAA 

Rv: GTAGGATAAAGGGACAAGA 
y=-3.245x+19.056 0.99 103.3 % 

Brassinosteroid up-regulated (BRU1) Cell Wall process 
Fw: CCCAGGATCTCTACGATT 

Rv: TCTGGAGCATCTTGTCAT 
y=-3.443x+17.806 1.00 95.2 % 

Catalase (CAT) Oxidation-reduction 
Fw: CCCAGGATCTCTACGATT 

Rv: TCTGGAGCATCTTGTCAT 
y=-3.440x+20.714 0.99 95.3 % 

Olea europea 60S ribosomal protein L18-3 (RBP) Ribosomal protein 
Fw: ACGGCATACTACTTATCTTC 

Rv: CCCTTGCCTTGAGTAAACA 
y=-3.343x+22.046 0.99 99.1 % 

For all transcripts, RE analysis was repeated at least two times in independent real-time qPCR experiments (see text and Figure 4). Gene names, 1061 

processes, linear equations, correlation coefficients (R2) and PCR efficiencies are indicated. Fw: forward; Rv: reverse. 1062 

 1063 

 1064 

 1065 

 1066 

 1067 
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Table 2. List of genes whose relative expression (RE) was analyzed in aerial tissues of olive plants 1068 

(cv. Picual) grown under standard conditions (single pot) and submitted to dual and sequential root 1069 

inoculation, first with Pseudomonas fluorescens PICF7 and seven days later with Verticillium 1070 

dahliae.  1071 

 Real-time qPCR parameters 

Olive gene Linear equation R2 PCR efficiency 

1-Aminocyclopropane-1-carboxylate oxidase (ACO) y=-3.450x+16.015 0.99 94.9 % 

Caffeoyl-o-methyltransferase (CO-MT) y=-3.328x+19.623 0.99  99.7 % 

Transcription factor WRKY2 (WRKY2) y=-3.301x+19.960 0.99 100.9 % 

14-3-3 protein (14-3-3) y=-3.542x+20.734 0.99 91.6 % 

Olea europea 60S ribosomal protein L18-3 (RBP) y=-3.441X+18.519 0.99 95.3 % 

For all transcripts, RE analysis was repeated at least two times in independent real-time qPCR 1072 

experiments. Gene names, linear equations, correlation coefficients (R2) and PCR efficiencies are 1073 

indicated. 1074 

 1075 

Table 3. Relative expression (RE) averages for ACO, 14-3-3, WRKY2 and CO-MT genes in above-1076 

ground tissues of olive plants (cv. Picual) grown under split-root or standard conditions (single pot). 1077 

 Gene relative expression (RE)2 

 Split-root system Single-pot system 

Treatment and sampling time (T)1 ACO 

PICF7 [T1] 0.09 ±0.08 1.17± 0.03 

PICF7/V. dahliae [T14/T7] 0.20± 0.22 -0.65±0.50 

 14-3-3 

PICF7 [T1] 1.02± 0.25 1.08±0.17 

PICF7/V. dahliae [T14/T7] 0.57± 0.29 -0.51±0.67 

 WRKY2 

PICF7 [T1] 0.98± 0.12 0.14±0.003 

PICF7/V. dahliae [T14/T7] 0.49 ±0.12 0.19±0.07 

 CO-MT 

PICF7 [T1] 0.43 ±0.08 0.90±0.12 

PICF7/V. dahliae [T14/T7] 1.47 ±0.28 -1.06±0.36 

 1078 
1 T1: One day after inoculation (DAI) with Pseudomonas fluorescens PICF7; T14/T7: 14 DAI with 1079 

P. fluorescens PICF7 and 7 DAI with Verticillium dahliae V937I. 2 RE averages ± standard 1080 

deviations of two biological replicates for each treatment and sampling time combination (see text 1081 

for details). Major differences in gene relative expression according to the scale by Kim et al. 1082 

(2008) between the two radical systems studied are indicated in bold type. 1083 

 1084 

 1085 

 1086 

 1087 
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Fig 1. Olive cuttings (cv. Picual) manipulated to develop a split-root study system (see Materials 1088 

and Methods for details). (a) Close-up of an olive cutting showing the longitudinal incision and 1089 

inserted between two adjacent pots; (b) General appearance of the cuttings after 45 days, (c) 1090 

Appearance of a representative ‘Picual’ plant grown in the split-root system at the time first 1091 

inoculation was performed; (d) Representative radical system developed in one of the compartments 1092 

in the split-root system after washing and prior to inoculation. Plants must show similar radical 1093 

systems in each compartment (i.e. good development, enough biomass) before each inoculation, 1094 

otherwise they were discarded.  1095 

 1096 

Fig 2. Scheme of the split-root study system showing treatments and time (days) each compartment 1097 

was manipulated/inoculated. (T1) Non-manipulated control plants, (T2) manipulated control plants, 1098 

(T3) Pseudomonas fluorescens PICF7-inoculated control plants, (T4) Verticillium dahliae 937I-1099 

inoculated (V.d) control plants, and (T5) PICF7/V. dahliae-double inoculated plants.  1100 

 1101 

Fig 3. An olive cv. Picual plant (from treatment T4; see Materials and Methods for details) grown in 1102 

the split-root system and showing the typical severe symptom (defoliation of green leaves) of 1103 

Verticillium wilt. Defoliation was mainly observed in stems located above the compartment where 1104 

Verticillium dahliae V937I was inoculated 35 days earlier. The white label indicates the 1105 

compartment to which SO4Mg was added, and the pink label corresponds to the V. dahliae-1106 

inoculated compartment. 1107 

 1108 

Fig 4. Relative expression (RE) average of seven ad hoc chosen defense response-related genes in 1109 

above-ground tissues of olive (cv. Picual) plants grown in a split-root system at different time points 1110 

after Pseudomonas fluorescens PICF7 and/or Verticillium dahliae V937I (V.d) inoculation in roots 1111 

(see main text and Figures 1 and 2 for details on the split-root system setup). BRU1, 1112 

endotransglycosylase/xyloglucan hydrolase enzyme, CO-MT, caffeoyl-o-methyltransferase; 14-3-3, 1113 
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14-3-3 protein; WRKY2, WRKY2 transcription factor; PAL, phenylalanine ammonia lyase; ACO, 1-1114 

aminocyclopropane-1-carboxylate oxidase; and CAT, catalase. Error bars represent the SD from at 1115 

least two independent qRT-PCR experiments. RE values (log2-fold-change values) were calculated 1116 

according to the 2−ΔΔCt method (Livak and Schmittgen 2001). Day 1: one day after PICF7 1117 

inoculation; Day 7: seven days after PICF7 inoculation; Day 8: eight days after PICF7 inoculation 1118 

and one day after V. dahliae inoculation; Day 14: fourteen days after PICF7 inoculation and seven 1119 

days after V. dahliae inoculation. 1120 
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Table S1. P-values for the comparison of treatments at each time-point (Paired sample T-test). 

  
GENES 

TIME 

(days) 
Compared treatments BRU CO-MT 14-3-3 WRKY2 ACO CAT 

 

PICF7 vs V. dahliae NS 0.0287 NS 0.0394 NS 0.0214 

7 V. dahliae vs PICF7/ V. dahliae NS NS NS 0.0292 NS NS 

 PICF7 vs PICF7/ V. dahliae 0.0253 0.0303 NS 0.0177 NS NS 

 PICF7 vs V. dahliae 0.0086 0.002 NS NS NS 0.0021 

8 V. dahliae  vs PICF7/ V. dahliae NS NS NS NS NS NS 

 PICF7 vs PICF7/ V. dahliae 0.0053 0.0132 NS NS 0.0260 NS 

 PICF7 vs V. dahliae NS 0.0211 NS NS 0.0212 NS 

14 V. dahliae vs PICF7/ V. dahliae 0.0468 NS NS NS NS NS 

  PICF7 vs PICF7/ V. dahliae NS 0.0366 NS NS 0.0237 0.0387 

 

NS, non significant differences. Only significant differences (P<0.05) are shown. PICF7, 

Pseudomonas fluorescens PICF7-inoculated control plants. V. dahliae, Verticillium dahliae 

937I- inoculated control plants. PICF7/V. dahliae, double inoculated plants (see text for 

details). 
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