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SUMMARY 23 

 It is widely known that conventional agricultural practices, like tillage or 24 

monocropping, promote negative plant soil feedbacks (PSFs). However, the effect 25 

of crop domestication on PSF remain less clear. Evolution under cultivation 26 

changes crop genotypes, which might alter their interactions with soil organisms, 27 

including mutualists and antagonists, and lead to shifts in soil legacies and 28 

feedbacks. 29 

 30 

 We conducted a two seasons PSF experiment using ten crop species and their wild 31 

progenitors. In season one, we grew the wild and domesticated genotypes to train 32 

a common soil. In season two, we examined the effects of the soil training on 33 

arbuscular mycorrhizal and root-feeding nematodes and plant performance by 34 

growing the same genotypes on soils trained in season one. 35 

 36 

 Plants showed less mycorrhizal colonization and more nematodes infection in 37 

soils trained by domesticated plants. Moreover, domesticated plants were less 38 

colonized by mycorrhiza and more by nematodes than their wild progenitor. 39 

However, the reaction of plant biomass and PSF indexes to domestication varied 40 

among the crops. 41 

 42 

 Soil legacies differed between domesticated varieties and their wild progenitors, 43 

suggesting an impact of domestication on the recruitment of rhizosphere 44 

organisms through an overall negative effect on mycorrhizal mutualism and on 45 

plant resistance to herbivores. 46 

 47 

KEY WORDS: crop evolution, domestication, mycorrhizal colonization, nematode 48 

infection, plant soil feedbacks, root-associated microorganism, wild progenitors.  49 
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INTRODUCTION 50 

Plants influence the composition and diversity of soil communities through multiple 51 

pathways, including leaf litter inputs and rhizosphere interactions (Klironomos, 2002; 52 

Kulmatiski et al., 2008; Van der Heijden et al., 2008; Van der Putten et al., 2013). These 53 

plant-mediated changes in belowground organisms can in turn feedback to the plant, 54 

altering its performance and productivity. For instance, mycorrhizal fungi typically 55 

promote a positive feedback to the plant, while soil pathogens such as root-feeding 56 

nematodes may promote negative feedbacks (Van der Heijden et al., 2008). Plant soil 57 

feedbacks (PSFs) have attained increasing research attention in the last years, as they are 58 

key driving factor of plant species’ coexistence and ecosystem functioning in natural 59 

ecosystems (Van der Putten et al., 2007), where variation in the strength and direction of 60 

PSFs depends on a suite of biotic and abiotic factors (De Long et al., 2019). Conversely, 61 

in agricultural systems, farming practices such as high nutrient availability and low plant 62 

diversity promote the accumulation of negative feedbacks (Maron et al., 2011; Van der 63 

Putten et al., 2013; Zuppinger-Dingley et al., 2014). In this line, negative PSFs have been 64 

related with the long-term collapse of intensive crop monocultures (Van der Putten et al., 65 

2013; Mariotte et al., 2018). However, the phenotype of modern crops as compared with 66 

their wild progenitors has been conspicuously modified during plant domestication and 67 

further breeding (Milla et al., 2014). These domestication-induced changes in crop traits 68 

may reduce the crops’ ability to recruit beneficial organisms in the rhizosphere (Pérez-69 

Jaramillo et al., 2016). Although the role of farming practices as drivers of PSFs has been 70 

extensively studied (refs), the contribution of plant domestication to the accumulation of 71 

negative feedbacks in agricultural systems is virtually unknown. 72 

 73 

Previous studies have reported differences in the rhizosphere microbial community 74 

between domesticated plants and their wild progenitors for a number of crop species, such 75 

as wheat, beet, lettuce and bean (Mao et al., 2013; Zachow et al., 2014; Cardinale et al., 76 

2015; Pérez-Jaramillo et al., 2017). These shifts in rhizosphere community composition 77 

suggest that crop evolution could alter the outcome of plant soil biota interactions of a 78 

wide range of crops. However, whether domestication-mediated differences in 79 

rhizosphere microbes have functional consequences in plant-soil feedback is less known. 80 

Previous evidence showed that soils trained by domesticated tomatoes promoted more 81 

negative PSF than their relatives through shifts in microbial community composition 82 
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(Carrillo et al., 2019). Although few case studies have provided useful insights, a broader 83 

analysis about the functional consequences of domestication on PSF in crops is missing. 84 

 85 

Crop domestication might promote negative PSFs through several mechanisms. First, 86 

since crops are selected to improve yield, trade-offs between plant investment in growth 87 

vs. defense (Coley et al., 1985; Craine, 2009) has reduced crop resistance to aboveground 88 

herbivores in several crops (Chen & Welter, 2007; Turcotte et al., 2015; Whitehead et al., 89 

2016; Simpson et al., 2017). Belowground, under-investment in defense might trigger the 90 

proliferation of root-feeding nematodes in the rhizosphere of cultivated plants, which 91 

would promote negative feedbacks. Second, crops have evolved under high soil nutrient 92 

levels and under human-driven pest control, which might have altered the selective 93 

regime of plant defense and root mutualisms. For instance, soil fertilization deter plants 94 

from investing in associations with mycorrhizal fungi (Johnson, 1993; Mäder et al., 2000; 95 

Nijjer et al., 2010), which reduces the proliferation of these organisms in the soil. In 96 

addition, mycorrhizal fungi less mutualistic under fertile conditions (Johnson & Pfleger, 97 

1992; Tawaraya, 2003; Johnson, 2010; Remigi et al., 2016), reducing mycorrhizal 98 

benefits in domesticated plants under such circustances (Kiers et al., 2002; Martín-Robles 99 

et al., 2018). Finally, plants holding different resource-use strategies promote contrasting 100 

PSFs (Baxendale et al., 2014; Kardol et al., 2015; Faucon et al., 2017; De Long et al., 101 

2019), with acquisitive plant species accumulating more negative feedbacks than those in 102 

the conservative side of the plant economic spectrum (Lemmermeyer et al., 2015; 103 

Laliberté, 2017). Although both modern crops and wild progenitors are resource-104 

acquisitive plants (Milla et al., 2015; Roucou et al., 2018; Martín-Robles et al., 2019), 105 

crops show trait values that are even more biased towards this fast-growing strategy 106 

(García-Palacios et al., 2013; Milla et al., 2018). Thus, there are several reasons to expect 107 

that modern crops promote more negative feedbacks than their wild progenitors.  108 

 109 

In this work, we investigated whether crop domestication has modified the strength and 110 

direction of PSFs through modifications in the interactions with root-associated 111 

mutualists (arbuscular mycorrhizal fungi, AMF) and antagonists (plant parasitic 112 

nematodes). To do that, we set up a classic PSF experiment with a taxonomically diverse 113 

set of ten herbaceous crops. In a first phase, we grew ten domesticated species and each 114 

of their wild progenitors to train a common soil. In a second phase, we examined the 115 

effects of the soil training on mycorrhizal and root-feeding nematodes and aboveground 116 
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biomass by growing the same plant genotypes on soils previously trained by themselves 117 

or by its domesticated or wild progenitor counterpart (Fig. 1). We specifically tested two 118 

hypotheses: (i) plants in soils previously trained by the domesticated will have lower 119 

mycorrhizal root colonization but higher infection of root-feeding nematodes than their 120 

wild progenitor counterpart; and (ii) plant biomass will be reduced in soils previously 121 

trained by domesticated plants, and this reduction in plant biomass will be greater in 122 

domesticated plants than in wild progenitors.  123 

 124 

MATERIALS AND METHODS 125 

Study system and experimental design 126 

We selected ten phylogenetically diverse herbaceous crop species (Table 1) comprising 127 

the most relevant families of herbaceous crops for global agriculture 128 

(www.fao.org/statistics). The choice of study species was made to include a wide range 129 

of variability in the domestication process, such as different target organs of selection 130 

(leaves, seeds and fruits) and diverse origins and antiquity of domestication (Table S1, 131 

Sauer, 1952; Hancock, 2004). For each crop, we obtained seed lots from two accessions: 132 

one belonging to a common domesticated cultivar and another of its recognized wild 133 

progenitor. See Table S1 for further information about the criteria for assigning wild 134 

progenitors, seed accessions identifiers and seed donors. 135 

 136 

We conducted a feedback experiment in the glasshouse consisting of two consecutive 137 

phases (i.e. Bever 2003; Kulmatiski et al., 2008). In the training phase, we grew plants of 138 

the 20 accessions (Table 1) in separate pots filled with the same common soil (Fig. 1). At 139 

the end of the training phase we got soil samples of each pot, which are expected to 140 

accumulate a genotype-specific suite of soil organisms. The soil organisms’ feedback 141 

effects on plant biomass of these trainings were tested in a subsequent phase (Fig. 1). In 142 

the feedback phase, new plants were grown in sterilized soil inoculated with soil samples 143 

of the training phase. We measured the aboveground biomass, and the root colonization 144 

by mycorrhizal fungi and root-feeding nematodes in the plants of the feedback phase. 145 

 146 

Training phase 147 

The set of wild progenitors and domesticated crops (Table 1) was grown from March to 148 

June 2014 in the glasshouse of the Rey Juan Carlos University, located in Móstoles, 149 

central Spain (40º18´48´´N, 3º52´57´´W, 632 m above sea level). Each accession was 150 
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replicated three times, resulting in 60 pots (10 crops x 2 domestication status x 3 151 

replicates) set up in a randomized design. We used fresh soil from a nearby roadside 152 

grassland characterized by high organic matter content, microbial functional diversity and 153 

fungal: bacterial ratio (Table S2, García-Palacios et al., 2013). The soil was collected at 154 

15-30 cm depth, sieved at 2mm to remove coarse root fragments and homogenized before 155 

filling the pots for sowing. All seeds were surface-disinfected in 70% ethanol solution for 156 

3 min and pre-germinated on petri dishes on filter paper soaked with sterilized water in 157 

dark and cold (4ºC) conditions. Pre-germinated seeds were transplanted into pots (6l 158 

volume, 20x20x23 cm). Five to 10 seeds were sown per pot, depending on the size of the 159 

plants of each species. Pots were watered through automatic water sprinkling to maintain 160 

soils near field capacity and rotated every two weeks to control variation in the 161 

glasshouse. The mean temperature in the glasshouse varied along the experiment (from 162 

14ºC in March to 25ºC in June).  163 

 164 

We harvested the soils twelve weeks after transplanting, once soils were extensively 165 

colonized by roots, which indicates that soil organisms should have interacted extensively 166 

with the rooting systems. The soil of each pot was cleaned of visible root fragments, 167 

sieved to 2 mm and homogenized. 10 soil samples (200 ml of homogenized soil) were 168 

taken per pot. The soil samples were stored for eight months at 4ºC until the start of the 169 

feedback phase as performed in previous PSFs experiments (refs). In addition, two soil 170 

subsamples were collected per pot and frozen at -20ºC, to characterize the changes in 171 

microbial biomass and organic matter content after the training phase (Methods S1). 172 

 173 

Feedback phase 174 

During the feedback phase, the soil samples (= inocula) of the training phase were used 175 

to test soil biota feedback effects on aboveground plant biomass. Each accession was 176 

grown in sterilized background soil mixed with one of three different soil inocula 177 

generated at the training phase: (1) soil inocula trained by the wild progenitor of the crop 178 

(hereafter “progenitor soil”), (2) soil inocula trained by the domesticated accession of the 179 

crop (hereafter “domesticated soil”) and (3) a sterilized mixture of domesticated and 180 

progenitor soil inocula (hereafter “control”) (Fig. 1). This set up was replicated ten times. 181 

In total, we used 600 pots (10 crops x 2 domestication statuses x 3 soil trained types x 10 182 

replicates) in the feedback phase. 183 

 184 
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To prepare the substrate for this phase, we mixed the soil inocula obtained in the training 185 

phase with sterilized background soil in a 10 vs 90% proportion, respectively. This 186 

approach is commonly used in PSF experiments where the trained soil typically ranges 187 

from 1 to 50% of total volume, and the remainder is sterilized soil (Brinkman et al., 2010). 188 

The sterilized background soil was prepared by autoclaving a mixture of 75% sand and 189 

25% standard topsoil (topsoil: 93% sand, 5% silt and 1% clay, 0.38% organic matter; 190 

pH=8.3). On March 2015, seeds of all accessions were pre-germinated in dark and cold 191 

(4ºC) conditions. Pre-germinated seeds were individually planted in 2l pots 192 

(22x10.5x10.5 cm), placed randomly in the glasshouse. At the beginning of the 193 

experiment, all plants were fertilized with 16g of slow release fertilizer (8 g l-1; 16%N, 194 

8%P and 12%K; Basacote Plus 6M, Compo) to prevent nutrient limitation in the sandy 195 

substrate. During the growing season, all pots were watered through automatic water 196 

sprinkling to maintain soil near field capacity and were randomly rearranged in the 197 

glasshouse every two weeks to minimize glasshouse micro-site effects on plant 198 

performance. Before flowering, six-seven weeks after sowing, we harvested five to ten 199 

randomly-chosen plants per accession and per treatment. We harvested the aboveground 200 

biomass of each plant, oven-dried it at 60ºC for 72 hours and weighted it (g).  201 

 202 

Plant interactions during the feedback phase with root-associated mutualists (AMF) 203 

and antagonists (plant parasitic nematodes) 204 

We washed the fresh roots of harvested plants and selected fine root fragments at random 205 

(c. 80 fresh mg per sample). Root fragments were cleared with 10% KOH at 90ºC and 206 

transferred to 1% HCl solution to eliminate root pigmentation. After rinsing the root 207 

samples in clear water, roots were stained in a staining solution (50% acid lactic, 25% 208 

glycerol) with fuchsine 1g l-1 at 90ºC and rinsed in a distaining solution identical to the 209 

staining solution but without fuchsine (Baker & Gowen, 1996). Clearing, staining and 210 

distaining times varied among species to optimise the procedure for the different root 211 

types (eg thicker vs thinner or more vs less pigmented roots). Once stained, mycorrhizal 212 

colonization and nematode infection rates were measured using the gridline intersect 213 

method at x35 magnification (Giovanetti & Mosse, 1980). We quantified AMF 214 

colonization (%) and root-feeding nematode infection (%) as the percentage of intercepts 215 

of root colonized by hyphae, vesicles and arbuscules, or adults and eggs of nematodes 216 

(respectively) from 250 intercepts per sample.  217 

 218 
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The observed vermiform, migratory root-feeding nematodes were identified as belonging 219 

to the genus Pratylenchus, which was confirmed by extracting and identifying nematodes 220 

from the rhizosphere soil used in the experiment. Although Pratylenchus spp. is a 221 

polyphagous nematode (Jones & Fosu-Nyarkoref, 2014), host status of all plant species 222 

used in this experiment to Pratylenchus spp. was checked to discard any effect of plant 223 

traits other than those related to domestication. Most of our species were described as 224 

susceptible to Pratylenchus spp. (Table S1) and several unknown conditions of wild 225 

species. Since host status are on occasions based on few nematode species and limited 226 

information is available, nematode infection was measured in all wild and domesticated 227 

plants. Our results do not show any relation between described host condition and % of 228 

nematode infection, and such variable was not considered in the analyses. 229 

 230 

Calculation of plant soil feedback index 231 

We calculated a plant soil feedback (PSF) index for each plant to evaluate the effects of 232 

soil biota legacies in the training phase on aboveground plant biomass in the feedback 233 

phase. PSF index was calculated as PSF= (Mi-Mni)/Mni, where Mi is the biomass (log 234 

transformed) of species grown in soil that received a biologically active soil inoculum 235 

(from domesticated or wild progenitor trained soil) and Mni is the arithmetic mean of 236 

biomass (log transformed) of plants that received a sterilized soil inoculum, i.e. control 237 

plants (Kardol, 2007; Brinkman et al., 2010). PSF index is positive if biologically active 238 

inoculum increases plant biomass, and negative if biomass decreases. This approach 239 

provides an estimate of PSFs that it is independent of plant size and that allows comparing 240 

the direction and strength of the feedback between species and environments (Brinkman 241 

et al., 2010). 242 

 243 

Statistical analyses 244 

Prior to data analysis of the feedback phase, we excluded one pot with an extremely high 245 

plant biomass value, and 18 control pots that were accidentally contaminated and 246 

colonized, even if at low rates, by mycorrhizas or nematodes. These contaminated control 247 

plants represented 16% of 110 controls and were randomly distributed across accessions. 248 

All subsequent analyses were done with 470 plants and performed with R software v.3.3.0 249 

(R Core Team, 2016). 250 

 251 
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To assess whether crop domestication and type of soil training have affected the plant 252 

ability to interact with beneficial and detrimental root-associated organisms, we used 253 

generalized linear mixed-effect models. The differences in mycorrhizal colonization and 254 

nematode infection among plants were quantified with binomial error distribution; using 255 

the logit link function in the mycorrhizal colonization model and clog-log link function 256 

in the case of nematode infection model to deal with numerous zeros (Zuur et al. 2009). 257 

These models contained mycorrhizal colonization or nematode infection as dependent 258 

variables and domestication status (wild progenitor vs domesticated variety), type of soil 259 

training (the domestication status that trained the soil in the training phase: “progenitor 260 

soil” and “domesticated soil”) and the interaction between them as fixed effects 261 

predictors. The model with mycorrhizal colonization as dependent variable included 262 

nematode infection as fixed effects and vice versa. Both models included crop identity 263 

(Table 1) as a random effect over the intercept (random intercept term) and as a random 264 

effect over the domestication status parameter (random slope term, analogous to an 265 

interaction term in a fixed effects model). In addition, training-pot identity of each soil 266 

inoculum in the training phase was included in the random structure of the models. 267 

Specifically, training-pot identity was nested in crop identity as a random intercept effect, 268 

to account for the variation between training pots within each crop. Generalized linear 269 

mixed-effects models were fitted with glmer function of the “lme4” package (Bates et al., 270 

2007). 271 

 272 

To assess whether plant biomass and PSF index changed with crop domestication and 273 

type of soil training we used mixed effect models. Plant biomass data were log-274 

transformed to meet normality assumptions and homogeneity of variance of the model´s 275 

residuals. Both models included domestication status, type of soil training, the interaction 276 

between them, mycorrhizal colonization and nematode infection as fixed effects. The 277 

random structure was as described previously for mycorrhizal and nematode models. 278 

Linear mixed-effect models were fitted with lme function of the “nlme” package 279 

(Pinheiro et al., 2015). 280 

 281 

In all models, statistical significance of the fixed factors was calculated with type III 282 

analysis of variance, obtained with the mixed function of the “afex” package (Singman et 283 

al. 2015). We estimated the pseudo-R2 of mixed effects models using the marginal R2 284 

(R2m, variance explained by fixed factors) and conditional R2 (R2c, variance explained 285 
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by fixed and random factors) following Johnson (2014), using the r.squaredGLMM 286 

function of the “MuMIn” package (Barton, 2014). The r.squaredGLMM function is not 287 

applicable to models with clog-log link function. Therefore, to estimate the marginal R2m 288 

of the nematodes model we used an equation with the deviance of the model and the null 289 

model, but R2C was not estimated. Finally, to calculate the significance and least square 290 

means of the interaction of domestication and soil training, we conducted post-hoc Tukey 291 

pairwise comparisons with the lsmeans function of the “lsmeans” package (Lenth, 2016).  292 
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RESULTS 293 

Plants modified the soil parameters during the training phase. Overall, the soil training 294 

promoted the microbial biomass and reduced the organic matter content (Fig. S1). 295 

Although the training effect on soil parameters varied among domestication status and 296 

accessions, domesticated plants tended to accumulate more microbial biomass in the soil 297 

than wild progenitors (Fig. S2). 298 

 299 

Effects of plant domestication and type of soil training on mycorrhizal colonization 300 

and nematode infection in the feedback phase 301 

In the feedback phase, domesticated plants were less colonized by arbuscular mycorrhizal 302 

fungi (AMF) and showed more root-feeding nematodes than their wild progenitors, 303 

irrespective of the type of soil training (P< 0.0001, Table 2). In addition, soil training 304 

significantly altered mycorrhizal colonization and nematode infection rates (P< 0.01 and 305 

P< 0.0001 respectively, Table 2), and this effect differed between domesticated varieties 306 

and wild plants. Wild progenitors were more colonized by AMF when grown in 307 

progenitor soils than when grown in domesticated soils, whereas domesticated plants did 308 

not show significant differences on mycorrhizal colonization between the types of soil 309 

training (domestication status x type of soil training P< 0.001, Table 2, Fig. 2a). The 310 

number of nematodes increased in domesticated plants and wild progenitors when grown 311 

on domesticated soils; conversely, nematode infection decreased in plants grown in 312 

progenitor soils (Fig. 2b). The response pattern to domestication and type of soil training 313 

was common to most species in the experiment, although we found substantial variation 314 

in overall mycorrhizal colonization and nematode infection rates among the set of species 315 

(Fig. 3a-d). Root colonization by AMF ranged between 20-80% depending on crop 316 

identity, domestication status and type of soil training (Fig. 3a,b). For instance, maize 317 

showed higher mycorrhizal colonization rates (50-80%) than white clover (10-20%; Fig. 318 

3a,b). Similarly, root infection by nematodes was different among crops, domestication 319 

statuses and type of soil training, ranging between 0-5% (Fig. 3c,d). For instance, chards 320 

were more infected by nematodes than other crops, like leek (Fig. 3c,d). Finally, we did 321 

not find significant interactions between mycorrhizal colonization and nematode 322 

infection rates (interaction term P> 0.05, Table 2). 323 

 324 

Effect of plant domestication and type of soil training on plant biomass and plant 325 

soil feedback  326 
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Aboveground plant biomass in the feedback phase was not affected by domestication 327 

status and type of soil training (P= 0.17 and P= 0.8 respectively, Table 2). Wild 328 

progenitors and domesticated plants did not show significant differences in plant biomass 329 

(Fig. 2c). Similarly, the plant biomass was not significantly different in domesticated and 330 

progenitor soils (Fig. 2c). The biomass of wild progenitors in soils trained by themselves 331 

and domesticated plants was not significantly different to sterilized controls (Fig. S3). 332 

However, the effect of domestication and type of soil training on plant biomass varied 333 

among crops, as informed by the high variance associated with the random term in the 334 

plant biomass model (indicated by R2m and R2c, Table 2). In addition, plant biomass also 335 

varied among crops, ranging from 0.5 g, in crops such as leek or white clover, to 5g, in 336 

crops such as barley and maize (Fig. 3e,f). Finally, aboveground plant biomass was not 337 

affected by either mycorrhizal colonization or nematode infection rates (Table 2, Fig. S4). 338 

 339 

Plant soil feedback index, in line with results on plant biomass, was not affected by 340 

domestication status and type of soil training (P= 0.89 and P= 0.94 respectively, Table 341 

2, Fig. 2d). PSF indexes were generally low, ranging from -0.5% to 2% depending on the 342 

domestication status, type of soil training and crop identity (Fig. 3g,h). Similarly, the 343 

response to type of soil training differed between crops and domestication statuses (Fig. 344 

3g,h). For instance, PSF index increased in response to domesticated soils for crops as 345 

amaranth or tomato and decreased in domesticated soils for crops as white clover. Finally, 346 

mycorrhizal and nematode infection rates neither influenced the direction or strength of 347 

the PSF index scores (Table 2, Fig. S4).  348 
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DISCUSSION 349 

Using ten independent domestication events, we investigated the domestication effect on 350 

the strength and direction of PSF through modifications in the interactions with root-351 

associated mutualists and antagonists. In support of our first hypothesis, both wild 352 

progenitors and domesticated plants showed less AMF and more root-feeding nematodes 353 

in soils previously trained by domesticated plants (Fig. 4), indicating that soil biota 354 

legacies differed between domestication statuses of the training plants. These results 355 

suggest a conspicuous impact of plant domestication on the recruitment of rhizosphere 356 

organisms through an overall negative effect on mycorrhizal mutualism and on plant 357 

resistance to parasitic root nematodes. We also hypothesized that such shifts in soil biota 358 

legacy would trigger negative feedbacks on plant performance. However, plants did not 359 

show lower aboveground biomass in domesticated soils, and the response of such biomass 360 

to microbial feedbacks was diverse among species.  361 

 362 

Domesticated plants of the feedback phase were less colonized by AMF than wild 363 

progenitors, suggesting that crop domestication had a negative impact on mycorrhizal 364 

symbiosis. A reduction in AMF colonization with domestication has been reported for 365 

crops as wheat, breadfruit and sunflower (Hetrick et al., 1993; Xing et al., 2011; Turrini 366 

et al., 2016). Plants tend to constrain mycorrhizal colonization under conditions of low 367 

dependence on the mycorrhizal symbiosis (Graham et al., 1991). Thereby, the reduction 368 

of mycorrhizal colonization might be a consequence of unintended selection for 369 

domesticated species less dependent on the mycorrhizal symbiosis (Kiers & Denison, 370 

2014; Pérez-Jaramillo et al., 2016). Likewise, the reduction in mycorrhizal dependence 371 

with domestication has been reported for several crops (Baon et al., 1993; Hetrick et al., 372 

1993; Zhu et al., 2001; Tawaraya, 2003; Xing et al., 2011; Turrini et al., 2016), with few 373 

exceptions (Lehmann et al., 2012). Less mycorrhizal-dependent plants may be favored in 374 

agriculture because fertilization decreases mycorrhizal diversity in soils (Mäder et al., 375 

2000; Oehl et al., 2003; Verbruggen & Kiers, 2010). Moreover, high fertile conditions 376 

promote mycorrhizal fungi with less cooperative traits (Kiers & Van der Heijden, 2006; 377 

Nijjer et al., 2010; Chagnon et al., 2013), decreasing the benefits of the symbiosis to the 378 

plant (Verbruggen & Kiers, 2010; Verbruggen et al., 2015). Also, under fertile conditions 379 

plants are less dependent upon the symbiont´s contribution to meet nutrient requirements 380 

(Johnson, 2010). Mycorrhiza are carbon expensive to the plant (Graham et al., 1991; 381 

Johnson, 2010), which under high nutrient availability may invest less in mycorrhiza 382 
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symbiosis (Graham & Eissenstat, 1994). Thus, low mycorrhizal abundance and diversity 383 

with less mutualistic properties, in combination with less dependence on mycorrhiza for 384 

resource acquisition likely reduces the mycorrhizal dependence of domesticated plants. 385 

In turn, this can lead to a poor buildup of the AMF inoculum in our soils, reducing AMF 386 

root colonization in subsequently grown plants. 387 

 388 

Domesticated plants of the feedback phase were also more infected by root feeding 389 

nematodes, regardless of the type of soil inoculum received, which suggests that crop 390 

domestication has reduced the ability of plants to defend from nematode infection. It is 391 

known that evolution under cultivation may decrease the resistance of plants to 392 

aboveground herbivores (reviewed in Macfadyen & Bohan, 2010; Whitehead et al., 393 

2016). For instance, domestication decreased resistance to caterpillars in sunflower (Chen 394 

& Welter, 2007) and to leafhoppers in maize (Dávila-Flores et al., 2013). However, the 395 

consequences of domestication for belowground herbivory have been rarely addressed, 396 

especially across multiple crop species. The few studies available to date also suggest that 397 

modern cultivars get more infected by root-feeding nematodes than wild progenitors 398 

(Rivera et al., 2016), landraces cultivars (Sheedy & Thompson, 2009) or weeds (Roberts 399 

et al., 1981; Trudgill & Blok, 2001). The reduction of herbivory resistance with crop 400 

domestication might be explained by the resource-availability hypothesis. This 401 

hypothesis states that species in resource rich environments invest more in growth than 402 

in defense (Coley et al., 1985; Herms & Mattson, 1992; Lemmermeyer et al., 2015). 403 

Specifically, domestication may have compromised the defense ability of modern crops 404 

in order to increase resources investment in plant growth and yield (Rosenthal & Dirzo, 405 

1997). In this line, previous studies have found trade-offs between resource allocation to 406 

mechanical or chemical defense and growth rate in several crop species (Massei & 407 

Hartley, 2000; Van der Putten et al., 2006; Kempel et al., 2011; Rodriguez-Saona et al., 408 

2011; Turcotte et al., 2014; Simpson et al., 2017). Thus, breeding for high yield and 409 

palatability may have unintended consequences, such as reduced ability to resist root-410 

feeding nematodes, leading to the proliferation of nematodes in the rhizosphere and 411 

making soil less suitable for the next crop. 412 

 413 

Plants grown in soils trained by domesticated plants were less colonized by mycorrhiza 414 

and more infected by nematodes (Fig. 4), indicating that soil microorganism recruited by 415 

plants likely differed between domesticates and wild progenitors. Our results, linked with 416 
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the fact that mycorrhizal and nematode colonization in the feedback phase differed among 417 

domestication statuses, suggest that the rhizosphere of domesticated plants in the training 418 

phase promoted less mycorrhizal fungi and more nematodes, which may in turn promote 419 

a negative plant-soil feedback upon plant biomass. Previous studies found differences in 420 

the training of the rhizosphere microbial communities between domesticated plants and 421 

wild progenitors for few crops (Zachow et al., 2014; Bulgarelli et al., 2015; Cardinale et 422 

al., 2015; Szoboszlay et al., 2015; Leff et al., 2016; Iannucci et al., 2017; Pérez-Jaramillo 423 

et al., 2017). Nevertheless, whether these shifts in rhizosphere microbial communities 424 

can affect the outcome of plant soil feedbacks is less studied, with a few exceptions. For 425 

instance, Carrillo et al. (2019) found that soils trained by domesticated tomatoes promote 426 

more negative feedbacks than its wild progenitors, and that was associated with shifts in 427 

the microbial biomass. Similarly, Miller & Menalled (2015) found negative feedbacks in 428 

plants growing in soils previously trained by crops, in comparison with plants growing in 429 

soils trained by wild species. The proliferation of negative feedbacks under domesticated 430 

plants might be a consequence of their resource strategy. The development of negative 431 

feedbacks is often observed in plants with acquisitive strategies, which are more 432 

susceptible to herbivores and pathogens (Baxendale et al., 2014; Cortois et al., 2016; 433 

Bardgett, 2017; Laliberté, 2017) and less colonized by AMF (Cortois et al. 2016). Recent 434 

evidence suggests an evolution of plant´s strategies towards acquisitive strategies with 435 

crop domestication (Milla et al., 2018; Roucou et al., 2018). Based on acquisitive 436 

strategies and associated plant traits, domesticated plants are expected to accumulate 437 

more detrimental than beneficial organisms that drive negative feedbacks, whereas the 438 

opposite would be expected for their progenitors (Mariotte et al., 2018). However, the 439 

marked response in the plant interactions with root-associated mutualists and antagonists 440 

found in our study did not feedback to the plant biomass. 441 

 442 

In our study soil training did not influence plant growth, even though mycorrhizal 443 

colonization and nematode infection varied between soils and domestication statuses. The 444 

fact that differential colonization of root mutualists and antagonists did not impact on 445 

plant performance could be due to diverse causes. Environmental conditions, such as 446 

nutrient availability or competition, play a relevant role in determining the strength and 447 

direction of the feedback (Kardol et al., 2013; Bezemer et al., 2018). For instance, 448 

fertilization decreased the positive feedbacks of soil biota on eight woody species (Luo 449 

et al., 2017). Similarly, mycorrhiza can decrease plant growth under high nutrient 450 
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availability, suggesting that the assumption that mycorrhiza provide positive feedbacks 451 

does not hold under certain environmental conditions. Thus, the relatively high nutrient 452 

levels in our experiment might have suppressed positive mycorrhizal effects on plant 453 

growth. Another explanation might relate to the initial density of organisms in the soil in 454 

the feedback phase. In our experiment, the soil biota in the feedback phase were provided 455 

in a small proportion of the total soil volume, i.e. 10%. Low densities of symbionts and 456 

pathogens reduce the strength of feedbacks, particularly in short-term experiments 457 

(Brinkman et al., 2010). Moreover, pathogen effects on plant growth are strongly density 458 

dependent (Laliberté et al., 2015). Therefore, low density of root-feeding nematodes in 459 

the soil at the start of the feedback phase could account for the low infection rates as well 460 

as the lack of effects on plant biomass. 461 

 462 

 463 

CONCLUSION 464 

Plants grown in soils previously trained by domesticated plants showed less mycorrhizal 465 

colonization and more nematode infection than when grown in soil from wild progenitors. 466 

Moreover, domesticated plants were less colonized by arbuscular mycorrhizal fungi and 467 

more infected by root-feeding nematodes than their wild progenitors. Altogether, these 468 

results indicate an impact of crop domestication on the recruitment of rhizosphere 469 

organisms, probably through an overall reduction association with AMF and plant 470 

resistance to herbivores. However, in spite of such legacies, plants grown in soils 471 

previously trained by domesticated plants did not show a generalized growth depression 472 

in our experiment. This knowledge highlights the importance to undertake plant breeding 473 

strategies to optimize the profitable functions of plant-soil interactions for sustainable 474 

agriculture.  475 
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Figure 1. Experimental design to test the effects of plant domestication on plant-soil 786 

feedbacks. In the training phase, wild progenitors (up left) and domesticated varieties 787 

(down left) of ten crops were grown in separate containers filled with the same common 788 

soil. Thereafter, the trained soils were used for growing a new generation of plants in the 789 

subsequent feedback phase (right). In this phase, domesticated plants and wild 790 

progenitors of each crop were individually grown in soils trained by wild progenitors 791 

(yellow solid line and pots), domesticated plants (brown solid line and pots) and in 792 

sterilized soil (dashed lines and beige pots). 793 

 794 

Figure 2. Responses of domesticated varieties (black lines) and wild progenitors (grey 795 

lines) to soil trained by wild progenitors or by domesticated plants. The responses were 796 

measured as root colonization by mycorrhizal fungi (a), root-feeding nematodes (b), plant 797 

biomass (c) and plant soil feedback (PSF) index (d); PSF index= (log biomass in active 798 

soil - log biomass in sterilized soil)/log biomass in sterilized soil. The symbols, error bars 799 

(standard error) and letters show the least squares means (9 replicates per treatment) and 800 

95% confidence interval of wild progenitors (squares, n= 187) and domesticated plants 801 

(circles, n= 173), obtained by mixed models. 802 

 803 

Figure 3. Effects of soil training (trained by wild progenitor: “Progenitor soil”, or 804 

domesticated plant: “Dom. Soil”) on mycorrhyzal colonization (a and b), nematodes 805 

infection (c and d), plant biomass (e and f) and plant soil feedback index (PSF, g and h) 806 

of wild progenitors (a,c,e and g, n=158) and domesticated plants (b,d,f and h, n=173). 807 

PSF index = (log biomass in active soil  ̶  log biomass in sterilized soil)/log biomass in 808 

sterilized soil. The symbols show the mean score of each wild progenitor (squares) and 809 

domesticated plants (circles). Colors of the points correspond to crop species. 810 

 811 

Figure 4. Conceptual diagram summarizing the main results of this study. During the 812 

feedback phase, wild progenitors and domesticated plants were grown in soils trained by 813 

their corresponding wild progenitor (a) and its domesticated plant (b) to test the effect of 814 

soil legacies in plant performance. Domesticated plants (on the right) accumulated more 815 

root feeding nematodes (black dashes) than wild progenitors (on the left), and this pattern 816 

was more pronounced in soils trained by domesticated plants (b). In addition, wild 817 

progenitors were more colonized by arbuscular mycorrhizal fungi (tangle of blue thick 818 

lines) than domesticated plants, and the pattern was stronger in soils trained by wild 819 
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progenitors (a). Nevertheless, the effect on plant microorganism interactions did not 820 

impact on plant performance, which were similar irrespective of the type of soil training. 821 

Yet with several plant-soil feedback cycles impacts on plant performance might occur.  822 



Martín-Robles et al. 29 

 

29 
 

  823 

Supporting information 

 

Additional supporting information may be found in the online version of this article. 

 

Figure S1 Soil microbial biomass and soil organic matter change promoted by wild 

progenitors and domesticated plants during the training phase. 

 

Figure S2 Effect of crops on microbial biomass (a) and soil organic matter change (b) 

during the training phase. 

 

Figure S3 Effect of soil training on plant biomass. 

 

Figure S4 Scatter plot of root colonization by mycorrhiza (a,b) and nematodes (c, d) 

in the feedback phase with plant soil feedback index (PSF index). 

 

Table S1 Detailed information of each of the 10 crops used in this experiment, and 

reference sources for wild progenitor assignment. 

 

Table S2 Field location and characteristics of the soil employed in the training phase. 

 

Methods S1 Measurement of the effects of the training phase on soil microbial biomass 

and soil organic matter change. 
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Table 1. Common and botanical names of domesticated and wild progenitor taxa of the 824 

crops used in the experiment. See Supporting Information Table S1 for more detailed 825 

information, particularly on bibliographic references used for assigning wild progenitors 826 

for each crop.  827 
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 828 

Botanic family 

Crop 

common 

name 

Wild progenitor Domesticated taxa 

Alliaceae leek Allium ampeloprasum L. Allium porrum L. 

Amaranthaceae 
amaranth Amaranthus hybridus L. Amaranthus cruentus L. 

chard Beta vulgaris L. Beta vulgaris L. 

Asteraceae cardoon Cynara cardunculus L. Cynara cardunculus L. 

Fabaceae white clover Trifolium repens L. Trifolium repens L. 

Poaceae 

barley Hordeum spontaneum K.Koch Hordeum vulgare L. 

maize Zea mexicana (Schrad.) Kuntze Zea mays L. 

sorghum Sorghum bicolor (L.) Moench 
Sorghum drummondii (Nees ex 

Steud.) Millsp. & Chase 

Solanaceae 
pepper 

Capsicum annuum var. 

glabriusculum (Dunal) Heiser & 

Pickersgill 

Capsicum annuum L. 

tomato Solanum pimpinellifolium L. Solanum esculentum Dunal 

  829 
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Table 2. Results of mixed-effects models testing the effect of soil training and plant 830 

domestication status on plant traits in the feedback phase, where wild progenitors and 831 

domesticated plants from 10 crops were grown in soils previously trained by the different 832 

wild progenitors and domesticated plant species (training phase). The models tested if 833 

root colonization by mycorrhiza and nematodes in the feedback phase were affected by 834 

the type of soil training, domestication status (Dom) and the interaction; and if plant 835 

biomass and plant soil feedback (PSF) index were affected by the type of soil training, 836 

domestication status, their interaction, and AMF colonization and nematode infection 837 

rates. The table shows the estimated values and standard errors (SE), F and P scores of 838 

each variable. The significant p-values (P < 0.05) are marked in bold. Percentage of 839 

variance explained by the fixed effects of the models is indicated by R2marginal (R2m), 840 

and the variance explained by both the fixed and random effects is indicated by 841 

R2conditional (R2c). 842 
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 Mycorrhizal colonization (%)  Nematode infection (%)  Plant biomass (g)  PSF index 

  estim value (SE) F 1,360 P  estim value (SE) F 1,360 P   estim value (SE) F 1,360 P   estim value (SE) F 1,360 P 

Intercept -1.57 (0.11) - -  -5.24 (0.17) - -   0.09 (0.195) - -   0.01 (0.06) - - 

Type of soil training -0.29 (0.11)  6.56      0.01  0.93 (0.11) 51.54 <.0001   -0.01 (0.021) 0.07 0.8   -0.04 (0.06) 0.01 0.94 

Domestication status -0.35 (0.04)  43.22   <.0001  0.48 (0.09) 31.21 <.0001   0.08 (0.06) 2.21 0.17   -0.01 (0.06) 0.02 0.89 

Mycorrhizal colonization - - -  -0.5 (0.66) 0.58 0.45   -0.31 (0.22) 1.72 0.19   0.01 (0.29) 0.10 0.76 

Nematodes infection 0.08 (2.09) 0.00   0.97  - - -   1.19 (1.61) 0.5 0.48   -2.72 (10.00) 0.00  >.99 

Dom x Type soil training 0.15 (0.04)  10.73    0.001  0.11 (0.07) 2.46 0.12   0.01 (0.01) 0.3 0.58   -0.01 (0.06) 0.01  0.93 

R2m 0.055  0.08   0.032   0.008 

R2c 0.232  -   0.903   0.008 

The dependent variable Plant biomass was log transformed. Domestication and Type of soil training were factors. Interactions are indicated by x 843 


