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Abstract. Combining the benefits of intercropping with arbuscular mycorrhizal fungi (AMF) can be an 

additional tool for managing the soil-borne diseases in sustainable land management systems. The present 

study was designed to investigate the influence of basil (Ocimum basilicum L.) as an intercropping 

partner and arbuscular mycorrhizal fungi (Rhizophagus intraradices: AMF) on tomato (Solanum 

lycopersicum L.) root morphology and exudation both in the presence and absence of Fusarium wilt 

(Fusarium oxysporum f. sp. lycopersici, FOL) disease stress. Experiments were conducted in a root 

compartment system. Our results indicated that intercropping tomato with basil did not only increase the 

plant biomass but also significantly reduced disease severity in tomatoes. Moreover, tomato plants 

intercropped with basil and co-inoculated with AMF and FOL had higher root lengths, volume and 

surface areas as compared to the plants in tomato-tomato combination. In vitro studies of FOL 

microconidia germination in tomato root exudates revealed significantly lower germination rate in the 

root exudates of AMF colonized tomatoes intercropped with basil than in exudates of tomato intercropped 

with tomato. In conclusion, intercropping basil with tomato successfully alleviates Fusarium wilt stress 

even without direct root contact. The addition of AMF increases the tolerance of the host plant towards 

Fusarium wilt by affecting tomato root morphology and exudation dynamics. 

Keywords: interspecific communication, soil fungi, intercropping, arbuscular mycorrhiza, biological control 

Introduction 

Fusarium wilt is a potent devastating factor for tomato (Solanum lycopersicum L.) 

cultivation all over the world. The wilting of tomato caused by a soil borne fungus 

Fusarium oxysporum f. sp. lycopersici (FOL) is responsible for massive crop losses all 

over the world. Yield losses due to Fusarium wilt vary between tomato cultivation 

systems and may reach up to 45%, as recently reported in India (Ramyabharathi et al., 

2012). As a result, sound and effective disease management strategies are needed to 

ensure maximum tomato production and protection without harming the environment. 

Intercropping or co-cultivation of two crops together has been utilized as a mean of 

subsistence farming in Asia, Latin and North America, Europe and Africa. It is being 
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largely practiced to promote organic gardening, increasing land use efficiency and as a 

part of integrated pest management strategies (Bomford, 2009). The emphasis of 

farmers and environmentalists on the chemical free approaches to control diseases by 

utilizing companion crops with stimulating and suppressing effects on plant growth and 

disease development, respectively, is growing as well (Fu et al., 2015). Intercropping 

different plant species has been proposed to offer benefits including increase in yield, 

protection from pest and diseases (Son et al., 2018); however, the scientific backing of 

these proposed benefits is lacking due to the small number of studies in this regard. 

The selection of a proper cropping partner is very important to avoid negative effects 

on the main crop. Basil (Ocimum basilicum L.) is an aromatic herb, when intercropped 

with tomato is suggested to improve tomato growth, yield and flavor, whereas other 

members of the family Brassicaceae, for instance Brussels sprout (Brassica oleracea 

L.) and tomato are antagonistic to each other (Riotte, 1975; Bomford, 2009). Salehi et 

al. (2018) reported an increase in water use efficiency of tomatoes growing with basil in 

the intercrop setting. Rice (1984) has termed the phenomenal influence of intercrops on 

each other by plant secondary metabolites or through the by-products of main metabolic 

pathways as allelopathy. There are also reports concerning allelochemicals acting as 

natural pesticides against fungal and bacterial pathogens (Farooq et al., 2011). For 

example, two allelochemicals 5,7,40-trihydroxy-30,50-dimethoxyflavone and 3-

isopropyl-5-acetoxycyclohexene-2-one-1 has been isolated from rice, which inhibited 

the germination of spores of two fungal pathogens Rhizoctonia solani and Pyricularia 

oryzae (Kong et al., 2004). However, the knowledge is limited about the consequences 

of companion crops such as basil on the main crop tomato in terms of protection against 

FOL. 

Arbuscular mycorrhizal fungi (AMF) form a symbiosis with approximately 80% of 

all land plants and thereby exhibit positive effects on their host plant (Brundrett, 2002; 

Smith and Read, 2008). The mycorrhizal association with tomato plant roots modifies 

root morphology, facilitates absorption of nutrients and most importantly induces 

systemic resistance against Fusarium oxysporum f. sp. lycopersici (Dehne and 

Schönbeck, 1979; Scheffknecht et al., 2006). Combining the positive effects of the 

proper intercropping partner with the application of AMF might be a promising 

additional tool in sustainable disease management strategies. Increased Fusarium wilt 

suppression in tomato using basil as intercropping partner has already been 

demonstrated (Hage-Ahmed et al., 2013a). However, root morphological traits and root 

exudation dynamics in the tomato-basil intercropping setting and their putative 

contribution to less diseased plants remain to be elucidated. Thus, in this work a root 

compartment system separated by a fine mesh (Ø 60 µm) allowing AM hyphae to pass 

was used to evaluate root morphological traits and their contribution to Fusarium wilt 

suppression in the tomato-basil intercropping setting. 

Materials and methods 

Plant material 

Tomato (Solanum lycopersicum L. cv. Roma) and basil (Ocimum basilicum L. cv. 

Genovese) seeds were surface sterilized by soaking in 50% commercial bleach (3.5% 

NaOCl) for 10 min, followed by rinsing with sterilized distilled water thrice. Afterwards, 

seeds were sown in a tray containing sterilized sandy loam soil having clay, silt and sand 

(18-23%, 52-57% and 23-25%, respectively). The trays were covered with polythene bags 
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to maintain humidity for optimum germination at 24 °C. Tap water was used for irrigating 

the pots. The seedlings were grown for four weeks before transplanting. 

 

Fungal culture 

Fusarium oxysporum f. sp. lycopersici isolate was provided by the First fungal 

culture bank of Pakistan, University of the Punjab Lahore, Pakistan. The fungus was 

cultivated at 24 °C for 15 days on Potato dextrose Agar medium (Merck KGaA, 

Darmstadt, Germany) in the dark. Microconidia suspension of FOL was prepared by 

flooding the culture plates with sterilized distilled water and rubbing the mycelium with 

spatula. The suspension was filtered through three layers of filter paper (filters, 150 μm 

pore diameter). For plant inoculation, the final concentration was adjusted to 1 × 105 

microconidia ml-1 by using a haemocytometer. For AMF inoculation, a commercially 

available inoculum containing Rhizophagus intraradices (Xtreme Gardening, 

HGC721205 Mykos Pure Mycorrhizal Inoculant) was used. 

 

Experimental design 

Pre-cultivated seedlings of tomato and basil were transferred to a modified 

compartment system (rhizobox) adopted from Vierheilig et al. (2000). Each rhizobox 

made up of wooden material and comprised of two compartments separated by a nylon 

membrane of 60 µm mesh size fixed on a dissector. The membrane can be passed by 

AM hyphae but excludes the roots. So, each box had two sub-compartments allowing 

only one intercropping combinations per rhizobox. The rhizoboxes were filled with an 

autoclaved mixture of sand, and soil at the ratio of 1:1 (v/v). The experimental setup 

consisted of two plant combinations (tomato-tomato and tomato-basil), along with the 

inoculation of plants with R. intraradices and F. oxysporum f. sp. lycopersici. The 

treatment plan was as followed: 1) tomato-tomato combination (TT), 2) tomato-tomato 

with AMF (TTM), 3) tomato-basil (TB) and 4) tomato-basil with AMF (TBM). The 

treatments were either inoculated with F. oxysporum f. sp. lycopersici (+Fol) or un-

inoculated (–Fol). The experiment was done in a random design with six replicates in 

two repeats for each treatment. The experiment was conducted at the greenhouse facility 

of Faculty of Agricultural Sciences, University of the Punjab (Lahore, Pakistan). 

For the AMF inoculation, 4 ml of the inoculum was mixed with the soil around the 

planting hole before seedling transplantation. In case of F. oxysporum f. sp. lycopersici 

inoculation, only tomato plants were inoculated by dipping the slightly clipped roots in 

conidial suspension (1 × 105 microconidia ml-1) for 5 min before transplanting, whereas 

in case of AMF inoculation, both tomato and basil transplants received the inoculum. 

The rhizoboxes with the plantlets were placed in the greenhouse for 6 weeks. The plants 

were irrigated with water according to the moisture requirements and fertilized once a 

week with a nutrient solution (Steinkellner et al., 2005). 

 

Plant assays 

For harvesting, the plants were gently uprooted after 6 weeks. The roots were washed 

with running tap water. Tomato roots were submerged in autoclaved acetate buffer 

(25 mM; pH = 5.5) for 6 h to collect root exudates. For each exudate two plants were 

pooled. The concentration of the exudates was adjusted according to 20 ml buffer per 

one gram of root fresh weight, filtered through 0.22 µm sterile filters (Thomas 

Scientific, USA) and stored at –80 °C. Thereafter, root and shoot fresh weights were 
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determined. The disease severity and incidence was assessed both visually and by 

incubating a 0.5 cm long slice from the shoot base on potato dextrose agar media plates 

amended with 10 mg L-1 of streptomycin (Akhter et al., 2016; Hage-Ahmed et al., 

2013b). For mycorrhizal assessment, the root samples of 1 cm length were collected 

2 cm below the base of shoot. To assess AMF root colonization, root samples were 

cleared by boiling with 10% KOH and stained afterwards with a 5% ink-vinegar 

solution (Vierheilig et al., 1998). The percentage of root colonization was determined 

according to the gridline intersect method (Newman, 1966; Giovannetti and Mosse, 

1980). Roots morphological parameters (root diameter, surface area, cumulative root 

length and volume) were determined with the software WinRHIZO PRO (Regent 

Instruments QC, Canada). For this purpose, the digitized root images were obtained 

using an optical scanner. Specific root length depicting a ratio between root length and 

mass was calculated as well. 

 

In vitro effect of root exudates on F. oxysporum f. sp. lycopersici 

The 96-well plates were used to determine the F. oxysporum f. sp. lycopersici 

microconidia germination rate in the root exudates. For each treatment six root exudates 

were analyzed in three replicates. To each well of a plate 175 µl of root exudates were 

poured along with 35 µl of a conidial spore suspension (1 × 107 microconidia ml-1). The 

plates were incubated without light on a rotary shaker at 200 rpm for 20 h, at 24 °C. 

Microconidia germination rate (%) was determined microscopically after 20 h by 

observing 200 spores for the presence of germ tubes from each well. 

 

Statistical analysis 

The data analysis was performed by using PASW Statistics 18 (Version 18.0.0, IBM, 

Armonk, NY, USA) software. A one-way analysis of variance (ANOVA) was used to 

determine the treatment effects. Equality of variance was tested by the Levene’s test. The 

percentage data was transformed before analysis. The treatment means were compared 

using Tukey’s honestly significant difference (HSD) test, at a significance level of 5%. 

Results 

Plant growth assessment 

It became evident through data that tomato plant growth has been significantly 

increased by the intercropping partner. The details of statistical analysis have been 

summarized in Table 1. We documented an increase in root and shoot dry weight for 

tomato plants intercropped with basil (Fig. 1a, b). The tomato-basil combination has 

produced maximum root and shoot dry weights (1.25 and 1.97 g, respectively) in un-

inoculated control treatments. In addition, the plants cope with F. oxysporum f. sp. 

lycopersici induced reduction in plant growth better, when tomato plants were 

intercropped with basil. Among F. oxysporum f. sp. lycopersici inoculated plants, root 

and shoot dry weights of the TB combinations increased by 40% and 43.80%, 

respectively, compared to plants from the TT combinations. Co-inoculation of AMF and 

F. oxysporum f. sp. lycopersici showed a significant average increase of 31% in plant 

growth in the TB combination as compared to the TT combination. Moreover, tomato 

plants had produced higher shoot lengths in the TB combination with the maximum of 

31 cm and 28.9 cm in un-inoculated and F. oxysporum f. sp. lycopersici inoculated 
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treatments, respectively (Fig. 1c). However, in the TT combination shoot length was 

minimum in F. oxysporum f. sp. lycopersici inoculated plants and plants received AMF 

and F. oxysporum f. sp. lycopersici together (21 cm and 23.5 cm, respectively). 

 

 

Figure 1. Effect of cropping partner and AMF on root dry weight (a), shoot dry weight (b) and 

shoot length (c) of tomato plants intercropped with tomato (TT) and basil (TB), either 

inoculated with F. oxysporum f. sp. lycopersici (+Fol) or un-inoculated (–Fol) and/or with the 

AMF ‘R. intraradices’ (M) (mean ± S.E.). Bars with different letters show significant differences 

according to Tukey’s HSD test (P < 0.05) 
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Table 1. ANOVA results presented as degrees of freedom (DF), F and P values for tomato 

plant growth, disease severity, mycorrhizae root colonization and Fusarium oxysporum f. sp. 

lycopersici microconidia germination assay 

Parameters DF F P 

Root dry weight 7 12.1 ** 

Shoot dry weight 7 15.3 ** 

Shoot height 7 25.3 ** 

Root diameter 7 4.75 ** 

Root volume 7 38.1 ** 

Root surface area 7 27.1 ** 

Root length 7 37.2 ** 

Specific root length 7 2.41 * 

Disease severity 3 15.4 ** 

Mycorrhizal root colonization 3 29 ** 

Fol microconidia germination 4 135 ** 

*P ≤ 0.05; **P < 0.001 

 

 

Root morphology assessment 

The intercropping partner as well as AMF had no significant effect on root diameter 

(Fig. 2a). However, both minimum (0.68 cm) and maximum (0.99 cm) root diameter 

was recorded in TT combination received no inoculation and co-inoculated with AMF 

and F. oxysporum f. sp. lycopersici, respectively. Apart from root diameter, other root 

morphological parameters such as root volume, surface area and root length were 

significantly altered depending on the intercropping partner as well as on the 

inoculation of AMF and F. oxysporum f. sp. lycopersici (Fig. 2b, c, d; Table 1). 

Intercropping tomato with basil had a positive impact on the root surface area, volume 

and length when F. oxysporum f. sp. lycopersici was not present. The incorporation of 

AMF in the TT combination (in the absence of F. oxysporum f. sp. lycopersici) resulted 

in the reduction of the root volume, surface area and length. On the contrary, in the TB 

combination with AMF the root surface area and volume remained unaltered; however, 

a significant reduction in root length was recorded. In the TT combination, plants 

inoculation with F. oxysporum f. sp. lycopersici has decreased root surface area, volume 

and length in comparison with their un-inoculated counterparts. The inoculation with F. 

oxysporum f. sp. lycopersici in the TT combination reduced root volume and root 

surface area compared to the un-inoculated TT combination, in the absence of AMF. 

Moreover, addition of AMF had a non-significant impact on minimizing the F. 

oxysporum f. sp. lycopersici induced reduction in above mentioned root morphological 

measurements in TT combination. However, the tomato plants in the TB combination 

co-inoculated with AMF and F. oxysporum f. sp. lycopersici had sustained higher root 

volume (0.72 cm3), than plants from the TB combination without AMF (root volume; 

0.55 cm3). 

The minimum specific root length (0.68 cm/mg) was recorded in plants of TB 

combination in the presence of F. oxysporum f. sp. lycopersici; however, no significant 

differences were observed in specific root length of tomato plants grown in combination 

with either tomato or basil, in the absence of F. oxysporum f. sp. Lycopersici, both with 

and without AMF (Fig. 3). 
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Figure 2. Effect of cropping partner and AMF on root diameter (a), volume (b), surface area 

(c) and root length (d) of tomato plants intercropped with tomato (TT) and basil (TB), either 

inoculated with F. oxysporum f. sp. lycopersici (+Fol) or un-inoculated (–Fol) and/or with the 

AMF ‘R. intraradices’ (M) (mean ± S.E.). Bars with different letters show significant differences 

according to Tukey’s HSD test (P < 0.05) 

 

 

 

Figure 3. Effect of cropping partner and AMF on the specific root length of tomato plants 

intercropped with tomato (TT) and basil (TB), either inoculated with F. oxysporum f. sp. 

lycopersici (+Fol) or un-inoculated (–Fol) and/or with the AMF ‘R. intraradices’ (M) 

(mean ± S.E.). Bars with different letters show significant differences according to Tukey’s HSD 

test (P < 0.05) 
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Mycorrhizal root colonization 

Six weeks after plantation, plants were harvested and root sections were stained to 

assess the root colonization (Fig. 4). Mycorrhizal root colonization of tomato plants was 

higher in TB than TT combination. Maximum root colonization (46.33 and 43.83%) was 

observed in TB, where plants were inoculated with FOL and TB combination in the 

absence of FOL, respectively. However, F. oxysporum f. sp. lycopersici inoculated plants 

from TT combination has the lowest (25.85%) rate of root colonization. Basil plants were 

also assessed for root colonization; an increase in basil root colonization was observed 

when corresponding tomato plants received co-inoculation of AMF and F. oxysporum f. 

sp. lycopersici as compared to basil grown with –Fol tomato plants (data not shown). 

 

 

Figure 4. AMF colonization rate of tomato plants intercropped with tomato (TT) and basil 

(TB), inoculated with F. oxysporum f. sp. lycopersici (+Fol) or un-inoculated (–Fol) 

(mean ± S.E.). Bars with different letters show significant differences according to Tukey’s HSD 

test (P < 0.05) 

 

 

Disease assessment 

Table 2 summarizes the FOL disease incidence and severity on tomato plants. The 

pathogen F. oxysporum f. sp. lycopersici successfully infected the plants either grown in 

combination of TT or TB but the degree of infection varied depending on intercropping 

partner. For the plants grown in TT combination, there was maximum disease incidence 

and disease severity (91.67 and 32.75 ± 8.95%, respectively). However, with the 

incorporation of AMF, a trend in reduction (26.82 ± 6.46%) in disease severity was 

recorded in TT combination. The disease incidence of tomato plants intercropped with 

basil was 66.67 and 58.33% in the F. oxysporum f. sp. lycopersici only and co-

inoculated (AMF with FOL) treatments, respectively. Disease incidence in TB 

combination was lower than in TT combination. The co-inoculation of plants with AMF 

and F. oxysporum f. sp. lycopersici resulted in a significant reduction in disease severity 

(59.61%) as compared to the co-inoculated plants of TT combination. 
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Table 2. F. oxysporum f. sp. lycopersici disease incidence and severity on tomato plants 

intercropped with tomato (TT) and basil (TB). +AMF’ corresponds to the plants inoculated 

with R. intraradices (mean ± S.D.) 

 Disease incidence1 (%) Disease severity2 (%) 

TT + Fol –AMF 91.67 32.75 ± 8.95a 

TB + Fol –AMF 66.67 19.21 ± 3.57bc 

TT + Fol +AMF 75 26.82 ± 6.46ab 

TB + Fol  +AMF 58.33 10.83 ± 3.28d 

1Disease incidence was calculated for the total number of plants in each treatment 
2Mean values with different letters show significant differences according to Tukey’s HSD test 

(P < 0.05) 

 

 

Microconidia germination of Fusarium oxysporum f. sp. lycopersici in root exudates 

The F. oxysporum f. sp. lycopersici microconidia germination rate in tomato root 

exudates and PDA broth are shown in Figure 5. Potato dextrose broth control has 

shown maximum (69.65%) microconidia germination rate. The pH of root exudates was 

in the range of 5.65 to 5.83. The tomato root exudates had a variable influence on 

microconidia germination depending on the cropping partner and AMF. The exudates 

from AMF colonized plants from TT (+M) combination showed a higher germination 

rate (61.50%) in comparison to respective non-mycorrhizal counterparts [TT (–M); 

35.75%]. However, there was a reduction of 24% in germination rate in the exudates 

from mycorrhizal plants in TB (+M) combination as compared to the non-mycorrhizal 

(–M) plants of the same combination. The lowest germination rate (34.48 and 35.75%) 

was recorded in TB (+M) and TB (–M) combination, respectively. 

 

 

Figure 5. F. oxysporum f. sp. lycopersici (Fol) microconidia germination rate (%) in the root 

exudates of tomato plants intercropped with tomato (TT) and basil (TB), inoculated with ‘R. 

intraradices’ (+M) or un-inoculated (–M). Bar with pattern represents microconidia 

germination in Potato dextrose broth (PDA broth; control) (mean ± S.E.). Bars with different 

letters show significant differences according to Tukey’s HSD test (P < 0.05) 
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Discussion 

In this study a tomato-basil intercropping setting was investigated for its impact on 

Fusarium wilt suppression, root morphology and exudation by using a rhizobox 

compartment system. 

Our greenhouse experiment has shown that intercropping basil with tomato 

significantly reduced the development of Fusarium wilt in tomatoes compared to tomato 

intercropped with tomato. Previous studies have documented as well the suppressive 

effect of interspecific plant interactions against soil borne pathogens (Yang et al., 2014; 

Ren et al., 2008). Earlier, Fu et al. (2015) reported that companion cropping of tomatoes 

with potato and onion has reduced the incidence and severity of tomato Verticillium 

wilt (Verticillium dahliae). The reduction of disease incidence and severity in 

intercropping settings could be attributed to many factors such as changes in the 

rhizospheric microbial communities, activation of host defense mechanisms along with 

allelopathic inhibition of pathogens by root exudates and other signaling compounds 

from the intercropping partner or by the antifungal activity of host root exudates 

(Fierro-Coronado et al., 2013; Gómez-Rodrıguez et al., 2003; Fu et al., 2015). While, 

Kadoglidou et al. (2020) reported that even the soil incorporation of aromatic spearmint 

enhanced the tomatoes tolerance against wilt inducing FOL and Verticillium dahliae. 

In contrast to the AMF - Fusarium oxysporum f. sp. basilici interaction (Toussaint et 

al., 2008), AMF did not confer a clear bioprotective effect against FOL. In this work, 

the addition of AMF did not reduce disease severity further but alleviated negative 

effects of Fusarium oxysporum f. sp. lycopersici on tomato root morphology. Root 

morphology parameters provide important information about plant physiology and 

nutrient uptake efficiency (Marques et al., 2016) and are therefore valuable additional 

indicators for the vitality status of plants challenged by soil-borne pathogens. The 

alterations in root morphology in response to AMF are not always comparable 

(Schroeder and Janos, 2005; Berta et al., 1993). AMF induced reduction in root volume, 

surface area and cumulative root length in the tomato-tomato combination might be due 

to the competition of AMF with roots for nutrients (Berta et al., 1993). In addition to 

that the AMF ability to take over the root function of nutrient retention from the soil can 

also contribute to the alterations in the root architecture (Hetrick, 1991). However, in 

the tomato-basil combination no greater changes in root morphology were observed in 

the absence of F. oxysporum f. sp. lycopersici. The influence of AMF on root 

morphological traits (root diameter, length, volume and surface area) was more 

prominent in F. oxysporum f. sp. lycopersici inoculated plants indicating disease 

alleviating effects. Earlier, Morauf and Steinkellner (2015) attributed any reduction in 

the root surface area, volume, length and weight to the F. oxysporum f. sp. lycopersici 

inoculation in tomato plants. These alterations critically influence the ability of the plant 

to acquire nutrients from soil (Hodge et al., 2009). Among co-inoculated plants, tomato 

plants intercropped with basil had higher root length, volume and surface area as 

compared to their respective controls indicating greater access to nutrient reservoirs in 

the soil (Casper and Jackson, 1997). 

Furthermore, plant biomass was increased when tomato was intercropped with basil 

even under disease stress as compared to tomato-tomato combination. The addition of 

AMF did not significantly impact on tomato plant biomass. Previous studies are 

contradictory concerning the influence of AMF on plant growth in intercropping 

settings (Hage-Ahmed et al., 2013a; Schroeder-Moreno and Janos, 2008; Lee et al., 

2014). Hashem et al. (2021) reported an increase in photosynthetic and anti-oxidant 
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activity of tomato plants with enhanced growth and resistance against FOL. While, 

Schroeder-Moreno and Janos (2008) documented the negative effect of AMF on chili, 

maize and zucchini plant biomass in inter- as well as intra-specific density settings, 

whereas, Lee et al. (2014) found that AMF inoculum consisting of a mixture of Glomus, 

Gigaspora, and Scutellospora sp. has significantly improved the Microstegium 

vimineum biomass production and P uptake. Van der Heijden et al. (2003) showed the 

dependence of the outcome of interspecific plant competition on the diversity of AMF 

species. Different AMF species depict contrasting ability of N and P uptake (George et 

al., 1995) and these differences become more prominent at genus rather than at species 

level (van der Heijden et al., 2003). Our results also indicate that the plant growth 

response was dependent on the intercropping partner but not on AMF, which contrasts 

with the findings of Hage-Ahmed et al. (2013a). This might be due to the fact that, in 

this study, we utilized a different experiment setup than Hage-Ahmed et al. (2013a) i.e. 

by employing a nylon membrane to avoid direct root contact of intercropping partners 

with each other and AMF inoculum consisting of only one species (R. intraradices) 

instead of six different species. Thus, competition for nutrients and space for the 

development of roots has been minimized between intercropping partners. Therefore, 

allelopathic influence of basil root exudates on disease suppression and tomato plant 

growth promotion is likely. 

Using a rhizobox compartment system also offers the possibility to study AMF 

colonization preferences between the different intercropping partners, indirect effects 

mediated by common mycorrhizal networks (CMNs) and putative influence on root 

exudation. Tomato intercropped with basil has shown an increase in AM root 

colonization in comparison to plants from the tomato-tomato (– F. oxysporum f. sp. 

lycopersici) and tomato-tomato (+F. oxysporum f. sp. lycopersici) combination by 

32.57% and 166.23%, respectively. The plants under stress not only modify their root 

exudate chemistry which in turn attracts beneficial soil microflora by following a cry 

out for help hypothesis as proposed by Rolfe et al. (2019). Interestingly, we also found a 

higher rate of AM root colonization of basil (data not shown) when neighboring tomato 

plants were inoculated with F. oxysporum f. sp. lycopersici, suggesting a possible 

mechanism of belowground communication between plants through CMNs or root 

exudates. Such CMNs may contribute to the more efficient transfer of signaling and 

root exudate compounds from basil to tomato plants which might result into activation 

of induced systemic resistance against Fusarium wilt of tomato. The activation of 

secondary metabolic pathways in response to plant –AMF interaction contribute 

significantly in alleviating the effects of biotic as well as abiotic elements faced by the 

plants (Kaur and Suseela, 2020). Song et al. (2010) revealed that the CMNs established 

by AMF induced the expression of defense related genes in un-infected tomato plants 

neighboring Alternaria solani infected tomato plants. However, further experiments are 

necessary to clarify the role of CMNs in this tomato-basil intercropping setting. 

In addition to CMNs, root exudates play a crucial role in determining the fate of 

below ground plant–microbe as well as plant–plant interactions (De-la-Pena et al., 2008; 

Haichar et al., 2014). Alterations in the composition of root exudates are dependent on 

the plant species, soil type and environment. Root exudates not only influence but also 

determine the outcome of tripartite plant–microbe–plant interactions (Badri and 

Vivanco, 2009; Xu et al., 2015). Presumably, plant species in intercropping settings 

depict root exudates-mediated allelopathic effects on the nearby plants and also 

influence the microbial communities in the rhizosphere (Ainalidou et al., 2021; Farooq 
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et al., 2011). Recently, it has been shown that wheat root exudates have antifungal 

properties against F. oxysporum f. sp. niveum in wheat-watermelon companion cropping 

(Xu et al., 2015), and in another study Yu (1999) reported that the tomato intercropped 

with Chinese chive (Allium tuberosum L.) inhibits Pseudomonas solanacearum. While, 

Li et al. (2021), documented the bio-protective effect of AMF against Ralstonia 

solanacearum in tomatoes through enhanced production of phenolic compounds and 

defense associated enzymes in the rhizosphere. 

In this study, F. oxysporum f. sp. lycopersici microconidia germination was not only 

influenced by the root exudates of tomato plants but also by the intercropping partner 

(basil). We found that there was a strong inhibition of microconidia germination in 

tomato (intercropped with basil) root exudates co-inoculated with F. oxysporum f. sp. 

lycopersici and AMF; however, no such inhibition was observed in the tomato-tomato 

combination and in the tomato-basil combination in the absence of AMF. Hage-Ahmed 

et al. (2013b) associated the F. oxysporum f. sp. lycopersici microconidia germination 

inhibition to the F. oxysporum f. sp. lycopersici and AMF co-inoculation of tomato 

plants intercropped with cucumber. Fu et al. (2015) also documented the V. dahliae 

spore germination inhibition in tomato root exudates grown with potato onion. Our 

results suggest that apart from F. oxysporum f. sp. lycopersici and AMF, the 

intercropping partner also significantly contributes to the plant response and the 

pathogen behavior in the root exudates. 

Conclusion 

In conclusion, intercropping basil with tomato successfully alleviates Fusarium wilt 

stress even without direct root contact. The addition of AMF increases the tolerance of 

the host plant towards Fusarium wilt further by affecting tomato root morphology and 

exudate dynamics. Thus, the combination of intercropping and AMF application 

represent an additional tool in sustainable agricultural management practices to reduce 

the soil-borne pathogen F. oxysporum f. sp. lycopersici. Further studies are required to 

analyze the variations in the tomato root exudate chemistry in response to different 

intercropping partners and to determine the consequence of interaction between plant 

(tomato)-plant (basil)-AMF and F. oxysporum f. sp. lycopersici and other rhizosphere 

inhabitants. 
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