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Herbicide-resistance mutations may impose a fitness penalty in herbicide-free environments. Moreover, the fitness penalty associated with herbicide resistance is not a stable parameter and can be influenced by ecological factors. Here, we used two Brachypodium hybridum accessions collected from the same planted forest, sensitive (S) and target-site resistance (TSR) to photosystem II (PSII) inhibitors, to study the effect of agro-ecological parameters on fitness penalty. Both accessions were collected in the same habitat, thus, we can assume that the genetic variance between them is relatively low. This allow us to focus on the effect of PSII TSR on plant fitness. S plants grains were significantly larger than those of the TSR plants and this was associated with a higher rate of germination. Under low radiation, the TSR plants showed a significant fitness penalty relative to S plants. S plants exhibiting dominance when both types of plants were grown together in a low-light environment. In contrast to previous documented studies, under high-light environment our TSR accession didn’t show any significant difference in fitness compared to the S accession. Nitrogen deficiency had significant effect on the R compared to the S accession and was demonstrated in significant yield reduction. TSR plants also expressed a high fitness penalty, relative to the S plants, when grown in competition with wheat plants. Two evolutionary scenarios can be suggested to explain the coexistence of both TSR and S plants in the same habitat. The application of PSII inhibitors may have created selective pressure toward TSR dominancy; termination of herbicide application gave an ecological advantage to S plants, creating changes in the composition of the seed bank. Alternatively, the high radiation intensities found in the Mediterranean-like climate may reduce the fitness penalty associated with TSR. Our results may suggest that by integrating non-herbicidal approaches into weed-management programs, we can reduce the agricultural costs associated with herbicide resistance.
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INTRODUCTION

Since plants were first domesticated ∼10,000 years ago, crop plants have been exposed to recurrent infestations by weed plants. To date, weeds are the most important biotic factor affecting agriculture production and causing yield losses in various crops worldwide [e.g., Corylus avellana (Kaya-Altop et al., 2016), Zea mays (Soltani et al., 2016) and Oryza sativa (Chauhan and Johnson, 2011; Chauhan and Opena, 2012)]. Chemical control using herbicides is considered the most cost-effective and efficient method of weed management. However, the use of routine herbicide applications to reduce weed infestations also imposes continuous selective pressure on diverse weed populations and can lead to the evolution of herbicide resistance (Jasieniuk et al., 1996; Kaundun et al., 2012; Busi and Powles, 2013). Herbicide resistance had been reported in more than 240 weed species, including resistance to almost every known herbicidal mode of action (MOA; Heap, 2016).

Photosystem II (PSII) inhibitors include several herbicide chemistries (e.g., triazine, triazinone, and substituted urea). Herbicides that work via this MOA compete with the plastoquinone B (PQB) at the PQB binding site located on the D1 protein of the PSII complex enzyme (Arntzen et al., 1982), causing the formation of free radicals, which lead to plant death (Fuerst and Norman, 1991). Due to their effectiveness, PSII inhibitors are routinely used for weed control in agro-systems, forests, and roadsides. The first reported case of resistance to a PSII inhibitor in 1970 involved resistance to simazine in common groundsel (Senecio vulgaris; Ryan, 1970). Since then, resistance to PSII inhibitors has become widespread all over the world; 231 cases of resistance have been reported for atrazine alone (Heap, 2016). Mechanisms of resistance to PSII inhibitors in weeds typically involve an altered target site (TS; Heap, 2014). Several different point mutations in the psbA gene have been showed to confer TSR to PSII inhibitors (e.g., Hirschberg and McIntosh, 1983; Mengistu et al., 2005; Park and Mallory-Smith, 2006; Mechant et al., 2008; Perez-Jones et al., 2009; Thiel and Varrelmann, 2014). TS resistance is related to chloroplastic gene (psbA), which lead to maternally inheritance resistance (e.g., Plowman et al., 1999). Non-target site resistance to PSII inhibitors is less abundant, but there are some cases that have been reported over the years. Both chlorotoluron and isoproturon resistance was found to be related to enhanced metabolic activity [e.g., Alopecurus myosuroides (Hyde et al., 1996) and Phalaris minor (Singh et al., 1998), respectively].

Plants’ adaptation to environmental conditions is characterized by the selection of a natural population toward a phenotype that best suits the prevailing environmental conditions (Fisher, 1930). Moreover, alleles that confer higher adaptive value in one environment may have a detrimental impact on fitness in another environment (Orr, 2005). Fitness penalty under herbicide-free environments as result of gerbicide-resistance mutations was reported for several MOA’s such as acetyl-CoA carboxylase (Vila-Aiub et al., 2005), 5-enolpyruvylshikimate-3-phosphate synthase (Yanniccari et al., 2016) and photosystem II (Benyamini et al., 1991; Matzrafi et al., 2014) inhibitors. This can be associated with the fact that it alters the natural function of important biological processes in the cell (Ahrens and Stoller, 1983; Vermaas and Arntzen, 1983). The fitness penalty associated with resistance to PSII inhibitors is not a fixed parameter and its magnitude is influenced by ecological factors such as radiation (Holt and Radosevich, 1983), temperature (Vencill et al., 1987), inter-accession competition (Conard and Radosevich, 1979) and inter-species competition (Williams et al., 1995). It has also been suggested that fitness penalties may be more evident under stressful environmental conditions (Vila-Aiub et al., 2009).

The fitness penalty associated with TSR to PSII inhibitors has been reported to involve different physiological and biochemical aspects, such as significantly reduced photosynthetic potential (Holt et al., 1981; Ahrens and Stoller, 1983), reduced vegetative growth (e.g., Holt, 1988), delayed flowering (e.g., Beversdorf et al., 1988), reduced reproductive potential (e.g., Weaver and Warwick, 1982), decreased competitive ability (e.g., Conard and Radosevich, 1979) and more damage from photo-inhibition (e.g., Sundby et al., 1993). The magnitude of the fitness penalty associated with resistance to PSII inhibitors implies that in an herbicide-free environment, there will be strong selective pressure against mutations in the psbA gene. This subject had been modeled (Gressel and Segel, 1990) and validated in several different studies (Benyamini et al., 1991; Sibony and Rubin, 2003b).

Brachypodium, a Mediterranean temperate winter wild grass, has emerged as an attractive experimental model species for biotic and abiotic stress (Fursova et al., 2012; Tripathi et al., 2012; Benavente et al., 2013; Matzrafi et al., 2014; Shaar-Moshe et al., 2015). Recently, we identified a Brachypodium hybridum population in a planted forest that includes both individuals that are sensitive (S) to PSII inhibitors and individuals that exhibit TSR to those herbicides (Matzrafi et al., 2014). Here, we used two accessions, each exhibiting one of these phenotypes, to study the effect of ecological parameters on the fitness penalty associated with this TSR. By using accessions from the same habitat, we were able to minimize the genetic variation within the experiment (Cousens et al., 1997) and emphasize the fitness penalty associated with PSII TSR.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Sensitive (BrI-638, S) and resistant (BrI-637, TSR) Brachypodium hybridum accessions from the BrI Collection (Matzrafi et al., 2014) were used in this work. Both accessions were collected in the same habitat (planted forest), were atrazine was applied as a conventional practice to assist in the young trees establishment. Seeds from each accession were germinated in plastic trays (50 cm × 25 cm × 5 cm) filled with growth mixture (Tuff Marom Golan, Israel). The trays were placed in a dark, cold room (18°C) to break the seeds’ dormancy until germination. After emergence, young seedlings were transplanted as specified for each experiment below.

Herbicide Dose Response

Seedlings of the S and R accessions were transplanted into 0.2-L pots (6 cm × 6 cm × 6 cm), one per pot, filled with growth mixture (Tuff Marom Golan, Israel) and grown in an environmentally controlled chamber (16/10°C, day/night). Thirty-day-old plants (3–4 leaves) were exposed to increased rates (0, 1/8, 1/4, 1/2, 1, 2, 4, 8, 16, 32 and 64 kg ha-1) of atrazine (Atranex® 50% SC, ADAMA-Agan, 50% active ingredient) -X = 1000 g ha-1, using a chain-driven sprayer delivering 300 L ha-1, with four replicates. Twenty-one days after treatment (DAT), all of the aboveground tissue was harvested, oven-dried (80°C, 48°h) and weighed to obtain shoot dry weight (DW) data. Relative values were calculated by dividing the DW of the treated shoots by that of the control shoots.

Phenotypic Measurements

Seedlings of the S and R accessions were transplanted into 0.2-L pots filled with growth mixture (one per pot) and grown in a net house under approximately 90% radiation (100% = 1000–1100 μmol m-2 s-1), a day/night temperature of 20/9°C and short-day (10 h of light) conditions. For the analysis of chlorophyll content, the flag leaf (10 mg) was sampled 31 days after transplanting and immersed in 2 mL of N,N-dimethylformamide in the dark for 48 h at 4°C. The absorbance of the supernatant at 647 and 664 nm was measured using a spectrophotometer (ST-VS-723, LAB-KITS, Hong Kong) and chlorophyll a and b concentrations were calculated as described in Moran (1982). Plants were harvested 79 days after transplanting. At that point, all aboveground tissue was harvested, oven-dried (80°C, 48 h) and weighed to obtain shoot DW data.

Grain Shape and Emergence Rate

Subsamples of the S and TSR accessions (50 seeds per subsample) were weighed using an analytic scale (ED124S, Sartorius Weighing Technology GmbH, Germany), to obtain grain weight (GW) data. Grains were individually scanned using a flatbed scanner (HP Scanjet G2710, HP, USA) and grain length (GL), width (Gwid) and area (GA) were measured using the SmartGrain software (Tanabata et al., 2012). Emergence rates were then analyzed by planting 10 uniform seeds of each accession (S and TSR) 1 cm deep in 0.4-L pots (12 cm × 7 cm × 4 cm) filled with growth mixture. Ten pots of each accession were placed in a dark, cold room (18°C). Seedling emergence was recorded daily over 14 days.

Effects of Radiation and Competition on Plant Productivity

Seedlings of the S and TSR accessions were transplanted into 4.5-L pots (26 cm × 16 cm × 11 cm), one per pot, filled with a mixture of 80% field brown-red degrading sandy soil (Rhodoxeralf; 76% sand, 8% silt and 16% clay) and 20% growth mixture at high density level that mimics non-agricultural natural conditions (480 plants/m2, 20 plants per pot). The pots were placed in a phytotron under short-day conditions (10 h of light) and temperatures of 16/10°C (day/night) for 48 days and then subjected to long-day conditions (14 h of light) at 22/16°C, to mimic the natural Brachypodium growing conditions in the Mediterranean climate. Experiments were organized in a two-factorial completely randomized design with four replicates for each treatment. Different radiation levels; 100% (control) and 40% (low), were used in this experiment. The low radiation level was achieved using a black shading net. Competition ability was examined either intra-accession (by transplanting plants from each accession separately) or inter-accession (by growing them in a mixture in the same pot). Plants were harvested 113 days after transplanting and tillers and spikes number were counted. All aboveground biomass was harvested and oven-dried (80°C for 48 h) and shoot DW was determined.

Effect of Nitrogen Conditions on Plant Productivity

S and TSR seedlings were hydroponically grown in 15-L plastic tanks (35 cm × 29 cm × 15 cm) containing nutrient solutions (Supplementary Table S1) with two levels of nitrogen: 100% (control) and 6% (The lowest level that can be accurately measured in the system). The hydroponic solutions were continuously aerated and replaced every 7 days. Ten replicates of each treatment, with 16 plants in each plastic tank, were placed in a climate-controlled greenhouse (22/15°C day/night) under short-day conditions (10 h of light), in a completely randomized design. The plants were harvested at 56 days after transplanting, tillers and spikes were counted and all aboveground biomass was harvested, oven-dried (80°C for 48 h) and weighed to obtain shoot DW data.

Effect of Competition with Wheat Plants on B. hybridum Productivity

S and TSR B. hybridum seedlings and bread wheat (Triticum aestivum, cv. Zahir) seedlings were transplanted into 15-L boxes (35 cm × 30 cm × 15 cm) filled with a mixture of 80% soil and 20% growth mixture. Each B. hybridum accession was arranged either alone (intra-accession competition) or together with wheat with equal number of plants (inter-species competition). A total of 28 plants were grown per box (to mimic normal field density of 266 plants/m2) in four replicates for each treatment, when both species were placed in the same box they were transplanted in a mixture. Plants were grown in a climate-controlled greenhouse (22/15°C day/night) under long-day (14 h of light) conditions, in a completely randomized design. At 60 days after transplanting, the numbers of tillers and spikes were recorded and all aboveground biomass was harvested, oven-dried (80°C for 48 h) and then weighed.

Statistical Analyses

JMP Pro ver. 12 software (SAS Institute Inc., Cary, NC, USA), was used for all statistical analyses. Differences between two treatments were examined using Student’s t-test at a significance level of P ≤ 0.05. Analysis of variance (ANOVA) was performed to examine the effect of each single variable and interaction term. Dose-response curves were constructed by plotting the shoot DW data (21 DAT) for the different accessions as a percentage of that of the untreated control. These data were analyzed using SigmaPlot (ver. 10) software (Systat Software Inc., San Jose, CA, USA) and ED50 (herbicide rate reducing shoot FW by 50%) values were extracted. A non-linear curve model (sigmoidal logistic, three parameters; Seefeldt et al., 1995) was adjusted to analyze the effects of the tested herbicides in the different experiments.
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In the model, if b > 0, then a describes the upper limit of Y. X0 = ED50 and b describes the slope of the curve in ED50. The resistance index (RI) was calculated as the ratio of the ED50 value of the resistant accession to the ED50 of the sensitive accession.

RESULTS

Plant Fitness Following the Application of Atrazine

Brachypodium hybridum accession BrI-637, previously shown to carry a mutation (A790→ G) in the chloroplast gene psbA (TSR, resistant), and BrI-638, which carries the WT gene (S, sensitive), (Matzrafi et al., 2014) were characterized for their response to PSII inhibitors. While the S accession was fully controlled by a 1/2X dose of atrazine, the TSR accession survived up to 64X of the recommended dose (Figure 1A; Supplementary Table S2; Supplementary Figure S1). Following herbicide application, the shoot DW of the R accession was significantly greater than that of the S accession, as assessed in terms of ED50 values (8.124 kg ha-1 vs. 0.161 kg ha-1, respectively).
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FIGURE 1. (A) A representative picture of sensitive (S, BrI-638) and resistant (TSR, BrI-637) Brachypodium hybridum accessions, 14 days after the application of atrazine (1 kg ha-1). (B) A representative picture of S and TSR plants grown in an herbicide-free environment, 130 days after transplanting. (C) Shoot dry weights of S and TSR accessions grown in an herbicide-free environment. (D) Time course showing the emergence rates of the S (open circles) and TSR (close circles) accessions. (E) Boxplot of the emergence rate of S and TSR accessions 60 days after sowing. Data are 1st, 2nd and 3rd quartiles and the minimum and maximum values among all of the data (n = 10). ∗ and ∗∗∗ indicate significant differences between accessions as determined by Student’s t-test at P ≤ 0.05 and P < 0.001, respectively.



Plant Fitness under Natural Conditions in an Herbicide-Free Environment

The two B. hybridum accessions were grown in a nethouse under Mediterranean-winter conditions (i.e., vegetative growth under short-day conditions, followed by long-day conditions to induce flowering). The TSR accession began to flower 7 days later than the S accession (85 days vs. 92 days, respectively; Figure 1B; Supplementary Table S3). The shoot DW of the TSR accession was significantly lower than that of the S accession (0.82 g plant-1 vs. 1.05 g plant-1, respectively; Figure 1C). An analysis of flag-leaf chlorophyll content revealed significantly (P < 0.0001) higher chlorophyll a and b content in the S accession, as compared to the TSR accession (2.52 mg g-1 vs. 1.74 mg g-1 and 0.78 mg g-1 vs. 0.53 mg g-1, respectively; Supplementary Table S4). Notably, the chlorophyll a/b ratio of both accessions was similar (3.26 vs. 3.34, S and TSR accessions, respectively).

Grain Shape and Emergence Rate

A time course of seed emergence revealed the significantly faster and greater emergence rate of the S accession, as compared with the TSR accession (Figure 1D). At the end of the experiment (14 days after transplanting), 84% of the S seeds had emerged, with only 20% emergence observed among the TSR seeds (Figure 1E).

Previous studies involving various plant species have reported a positive correlation between fitness penalties and reproductive biomass (Ahrens and Stoller, 1983; Holt, 1988). In this study, the grains of the S accession were larger than those of the TSR accession (Figures 2A–D). S grains showed a significant advantage over the R grains in terms of total weight (4.01 mg vs. 3.53 mg), area (6.96 mm2 vs. 5.96 mm2), length (7.07 mm vs. 6.67 mm) and width (1.26 mm vs. 1.15 mm; Figures 2C,D; Supplementary Table S5).
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FIGURE 2. Characteristics of the grain of the sensitive (S, BrI-638) and resistance (TSR, BrI-637) Brachypodium hybridum accessions. (A) A representative picture showing grain width (n = 20) and (B) grain length (n = 10). (C) Boxplot of the grain weight and (D) grain area of the S and TSR accessions. Data are 1st, 2nd and 3rd quartiles and the minimum and maximum values among all of the data (n = 10 and 50, respectively). ∗∗∗ indicates significant differences, as determined by Student’s t-test at P < 0.001.



Effect of Environmental Conditions on the Ecological Fitness Penalty

Solar radiation is a key element in the plant’s photosynthetic productivity. When both accessions were grown in a controlled environment (in the phytotron) under natural level of light intensity (i.e., 100%), both accessions showed similar shoot DW (Table 1). When grown under low-light (i.e., 40%) conditions that mimic a cloudy environment, the TSR accession exhibited significantly (P = 0.015) less shoot DW, as compared with the S accession (0.56 g vs. 0.79 g, respectively; Table 1).

TABLE 1. Analysis of variance of the effect of Brachypodium hybridum accessions [sensitive (BrI-638) and resistant (BrI-637)], competition (intra- and inter-accession), and radiation level [high (100%) and low (40%)] on dry weight biomass production, number of tillers and number of spikes, under an herbicide-free environment.
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Nitrogen deficiency has a crucial effect on photosynthetic capacity and carbon fixation in plants (Khamis et al., 1990). Significant differences in shoot DW were observed between S and TSR plants grown hydroponically in nitrogen-rich (100%) and nitrogen-poor (6%) solutions. In the presence of an adequate (100%) nitrogen supply, TSR plants developed less shoot DW than S plants. The same trend was observed under deficient nitrogen conditions (6%). Another parameter of plant productivity is the number of spikes produced by the plant. Relative to the adequate (100%) nitrogen concentration, it appears that nitrogen deficiency (6%) had a greater effect on the production of spikes among the R plants (2 vs. 0.6, 100% vs. 6%, respectively) than among the S plants (9.9 vs. 6.6, 100% vs. 6%, respectively) plants (Table 2).

TABLE 2. Analysis of variance of the effect of Brachypodium hybridum accession [sensitive (BrI-638) and resistant (BrI-637)] and level of nitrogen [high (100%) and low (6%)] on dry weight biomass production, number of tillers and number of spikes, in an herbicide-free environment.
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Competition between Weed Species

Competition among plants of a single species can be divided into two types: intra-accession competition and inter-accession competition (Wiederholt and Stoltenberg, 1996). We examined both types of competition to gain a better understanding of the interaction between S and TSR plants under field conditions. Under intra-accession competition, plants from both S and TSR accessions had similar shoot DW levels (1.06 g vs. 0.91 g, respectively). In contrast, under inter-accession competition, TSR plants showed significantly less shoot DW than S plants (0.88 vs. 1.35, respectively; Figure 3; Table 1). Similar trends were noted for other parameters such as number of tillers and number of spikes (Supplementary Table S4).
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FIGURE 3. Radar chart comparing the productivity parameters of the sensitive (S, BrI-638, dashed line) and resistant (TSR, BrI-637, full line) Brachypodium hybridum accessions (n = 4). The data was analyzed using one-way ANOVA followed by Student’s t-test. ∗ and ∗∗ indicate significant differences between accessions; P ≤ 0.05 and P < 0.01, respectively.



Competition between Wild Weeds and a Domesticated Crop

Competition between two different species in the same habitat can significantly affect plant fitness. We investigated the competition of a wild weed (B. hybridum) with a domesticated cereal crop (T. aestivum) bred for uniformity and productivity (Borlaug, 1983). Comparisons of the S and TSR accessions grown in competition with wheat showed that all growth parameters of both accessions were affected by that competition (Figure 4). Examination of the agro-ecological performance of the S and TSR accessions revealed that the TSR plants were more negatively affected by competition than the S plants. Significantly less biomass (0.19 g vs. 0.33 g), shorter plants (30.7 cm vs. 44.6 cm) and fewer tillers (2.46 vs. 2.94) were observed among the TSR plants, as compared to the S plants, when each accession was grown in competition with wheat (Figure 4; Supplementary Table S6). The wheat plants showed similar levels of growth and productivity when grown in competition with the S and TSR weeds (Figures 4C–E; Supplementary Table S6).
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FIGURE 4. Effect of intra- and inter-species competition between sensitive (S, BrI-638) and resistant (TSR, BrI-637) Brachypodium hybridum accessions and bread wheat (W, cv. Zahir) on plant phenology and productivity. Representative pictures of (A) S plants, (B) TSR plants, (C) wheat plants, (D) competition between S and wheat plants (S + W) and (E) competition between TSR and wheat plants (R + W). Pictures were taken 60 days after transplanting. Comparison between S (F–H) and TSR (I–K) plants grown in competition with each other and in competition with wheat. (F,I) Biomass production, (G,J) plant height and (H,K) number of tillers. ∗, ∗∗, and ∗∗∗ indicate significant differences between accessions at P ≤ 0.05, P < 0.01, and P < 0.001, respectively.



DISCUSSION

Photosystem II inhibitors have been used as primary herbicides to control weeds in agro-ecological systems since the 1950s’. Over-use and misapplication have resulted in the evolution of increasing numbers of resistant weeds (Heap, 2016). Most cases of TSR to PSII inhibitors involves a single substitution of Gly264 (Heap, 2014). The fitness penalty caused by this mutation has been demonstrated in various resistant biotypes (Sundby et al., 1993; Arntz et al., 2000), as in the current study (Figure 1B). Reductions in photosynthetic efficiency (Ireland et al., 1988; Arntz et al., 2000), reproductive ability (Conard and Radosevich, 1979) and seed production (Park and Mallory-Smith, 2006) have all been reported to be correlated with PSII TSR.

Light intensity is a major factor limiting photosynthesis, affecting carbohydrate production and eventually growth (Mauseth, 2014). It has been suggested that under both low (Schonfeld et al., 1987) and high-light intensities (Hart and Stemler, 1990; Alfonso et al., 1996), the fitness of the mutated plants (TSR) is reduced relative to S plants. Accordingly, under lower radiation (400–450 μmol m-2 s-1), the S accession exhibited a significant advantage in biomass (74% vs. 61%, respectively; Table 1). The chlorophyll content of the R plants was less than that of the S plants, corresponding to the observed differences in biomass. However, in our high-radiation (∼1000 μmol m-2 s-1) treatment, there were no significant differences between the two accessions in terms of biomass. This experiment was repeated four times to validate these results.

Nitrogen is important for the production of chlorophyll and photosynthesis (Vos et al., 2005). While the S accession exhibited an advantage in terms of biomass production under control and low N conditions, the two accessions reacted similarly to the low-N treatment (82% of the control biomass vs. 79% of the control biomass for the S and TSR accessions, respectively; Table 2). These results suggest that the fitness penalty of the TSR accession can be associated with the efficiency of the photosynthetic apparatus (due to structural modification of the D1 protein), and less with chlorophyll density.

In natural environment, plants compete for resources such as water, light, and space. Vigorous plants that use resources more efficiently will eventually produce more seeds and dominate the population. When TSR and S accessions were grown together (inter-accession competition), the S biomass increased and the TSR biomass decreased, as compared to the biomass levels observed when the accessions were grown apart from one another (intra-accession competition; 1.35 g vs. 1.06 g and 0.88 g vs. 0.91 g, for the S and R, respectively; Table 1). Our results, as well as theoretical models (Gressel and Segel, 1990), indicate that in herbicide-free environments, the proportion of R plants in a population will decrease due to their low productivity in a highly competitive environment. Likewise, reductions of more than 30% in the reproductive ability of PSII TSR Senecio vulgaris and Bromus tectorum (Holt, 1988; Park and Mallory-Smith, 2005) were observed when those plants were grown in competition with S plants of the same species.

Following the examination of the competition between the TSR and S accessions, we also examined their relative fitness in a situation involving inter-species competition (B. hybridum / T. aestivum), to model an actual agricultural system. When these plants were grown in competition with wheat, reduced fitness penalties was observed for all of the examined growth parameters (biomass: -33% S vs. -55% TSR, height: -9% S vs. -25% TSR, number of tillers: -51% S vs. -56% TSR, respectively; Figure 4; Supplementary Table S6). Herbicide applications are usually carried out during the periods in which crop plants are most sensitive to the damage caused by weeds (Knezevic et al., 2002). In the current study, we observed a substantial reduction in the biomass and height of TSR plants under competitive conditions, which may indicate a lower competitive ability. By using non-herbicidal techniques such as crop competition, we can reduce the frequency of TSR seeds to a negligible level in the seed bank. These results are in accordance with those of other studies that have suggested the rapid extinction of TSR individuals under high field densities (reviewed by Vila-Aiub et al., 2015). One can assume that due to the high fitness penalty found in the current study, the TSR plants would be eliminated from this habitat. The presence of both TSR and S plants in the same habitat can be explained by two scenarios. The first scenario is as follows: The strong selection pressure of repeated PSII application resulted in a population shift that enriched the seed bank with R seeds, giving the R seeds/plants an advantage over the S seeds/plants (Rubin et al., 2004). The herbicide concentration required to control the R accession (BrI-637) was 50-fold higher than that needed to control the S accession (BrI-638; Supplementary Figure S1). As a consequence, under repeated herbicide applications, the TSR accession exhibited greater fitness (Figure 1A). Exclusion of these herbicides from the ecosystem (i.e., an herbicide-free environment created a shift toward S seed, due to the strong agro-ecological fitness penalty of the TSR accession. Due to seed bank enrichment with TSR seeds, this transition is still in progress and we are now witnessing the decline of TSR individuals in the population.

The second scenario is as follows: In Mediterranean environments, light intensities are very high (1000–1500 μmol m-2 s-1), compensating for the deficiency in the photosynthetic activity of TSR plants. These high levels of radiation can explain the abundance of TSR plants, due to the lower fitness penalty seen under high-light intensities. This can also explain the relative abundance of other PSII TSR mutant plants (e.g., Conyza canadensis; Matzrafi et al., 2015), as well as PSII TSR mutants of C4 plant species such as Amaranthus retroflexus (Van Oorschot and Van Leeuwen, 1984) and Amaranthus blitoides (Sibony and Rubin, 2003a), whose photosynthetic apparatus is more efficient than that of C3 plants.

CONCLUSION

Both accessions examined in this study were collected from a planted forest in which multiple applications of PSII inhibitors were made in the past (to help the young trees establishment), but discontinued at least 20 years ago. The fitness penalty exhibited by TSR plants under competitive conditions can be exploited in efforts to overcome herbicide resistance with non-herbicidal techniques. The development of integrated weed management practices that increase competition such as the use of vigorous cultivars, shading crops and controlled mineral deficiency could help control resistant weeds and contribute to further reductions in their seed production.

AUTHOR CONTRIBUTIONS

EF, MM, BR, and ZP designed the experiments. EF and MM conducted the experiment. EF, MM, BR, and ZP analyzed data and wrote the paper. All authors read and approved the manuscript.

FUNDING

This study was supported by the Chief Scientist of the Israel Ministry of Agriculture and Rural Development (grants 837-0150-14 and 12-02-0023).

ACKNOWLEDGMENT

The authors would like to thank Yaron Gadri, Itamar Vilan and Dr. Ruchama Hayouka for their valuable assistance with the experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.00094/full#supplementary-material

REFERENCES

Ahrens, W. H., and Stoller, E. W. (1983). Competition, growth rate, and CO2 fixation in triazine-susceptible and-resistant smooth pigweed (Amaranthus hybridus). Weed Sci. 31, 438–444.

Alfonso, M., Pueyo, J. J., Gaddour, K., Etienne, A., Kirilovsky, D., and Picorei, R. (1996). Induced new mutation of D1 serine-268 in soybean photosynthetic cell cultures produced atrazine resistance, increased stability of S2QB and S3QB states, and increased sensitivity to light stress. Plant Physiol. 112, 1499–1508. doi: 10.1104/pp.112.4.1499

Arntz, A. M., Delucia, E. H., and Jordan, N. (2000). From fluorescence to fitness: variation in photosynthetic rate affects fecundity and survivorship. Ecology 81, 2567–2576. doi: 10.1890/0012-96582000081[2567:FFTFVI]2.0.CO;2

Arntzen, C. J., Pfister, K., and Steinback, K. E. (1982). “The mechanism of chloroplast triazine resistance: alterations in the site of herbicide action,” in Herbicide Resistance in Plants, eds H. M. Lebaron and J. Gressel (New York, NY: Wiley), 185–214.

Benavente, E., Carrillo, J. M., and Quemada, M. (2013). Thermographic imaging: assessment of drought and heat tolerance in Spanish germplasm of Brachypodium distachyon. Procedia Environ. Sci. 19, 262–266. doi: 10.1016/j.proenv.2013.06.030

Benyamini, Y., Schickler, H., Schonfeld, M., and Rubin, B. (1991). “Relationship between light intensity and growth parameter in triazine-resistant Amaranthus hybridus and A. blitoides,” in Herbicide Resistance in Weeds and Crops, eds J. C. Caseley, G. Cussans, and R. Atkin (London: Butterworths), 420–421.

Beversdorf, W. D., Hume, D. J., and Daonnelly-Vanderloo, M. J. (1988). Agronomic performance of trianzine-resistant and susceptible reciprocal spring canola hybrids. Crop Sci. 28, 932–934. doi: 10.2135/cropsci1988.0011183X002800060012x

Borlaug, N. E. (1983). Contributions of conventional plant breeding to food production. Science 219, 689–693. doi: 10.1126/science.219.4585.689

Busi, R., and Powles, S. B. (2013). Cross-resistance to prosulfocarb and triallate in pyroxasulfone-resistant Lolium rigidum. Pest Manag. Sci. 69, 1379–1384. doi: 10.1002/ps.3516

Chauhan, B. S., and Johnson, D. E. (2011). Growth response of direct-seeded rice to oxadiazon and bispyribac-sodium in aerobic and saturated Soils. Weed Sci. 59, 119–122. doi: 10.1614/WS-D-10-00075.1

Chauhan, B. S., and Opena, J. (2012). Effect of tillage systems and herbicides on weed emergence, weed growth, and grain yield in dry-seeded rice systems. Field Crop Res. 137, 56–69. doi: 10.1016/j.fcr.2012.08.016

Conard, S. G., and Radosevich, S. R. (1979). Ecological fitness of Senecio vulgaris and Amaranthus retroflexus biotypes susceptible or resistant to atrazine. J. Appl. Ecol. 16, 171–177. doi: 10.2307/2402736

Cousens, R. D., Gill, G. S., and Speijers, E. J. (1997). Comment: number of sample populations required to determine the effects of herbicide resistance on plant growth and fitness. Weed Res. 37, 1–4. doi: 10.1111/j.1365-3180.1997.tb01816.x

Fisher, R. A. (1930). The Genetical Theory of Natural Selection: a Complete Variorum Edition. Oxford: Oxford University Press.

Fuerst, E. P., and Norman, M. A. (1991). Interactions of herbicides with photosynthetic electron transport. Weed Sci. 39, 458–464.

Fursova, O., Pogorelko, G., and Zabotina, O. A. (2012). An efficient method for transient gene expression in monocots applied to modify the Brachypodium distachyon cell wall. Ann. Bot. 110, 47–56. doi: 10.1093/aob/mcs103

Gressel, J., and Segel, L. A. (1990). Modelling the effectiveness of herbicide rotations and mixtures as strategies to delay or preclude resistance. Weed Technol. 4, 186–198.

Hart, J. J., and Stemler, A. (1990). High light-induced reduction and low light-enhanced recovery of photon yield in triazine-resistant Brassica napus L. Plant Physiol. 94, 1301–1307. doi: 10.1104/pp.94.3.1301

Heap, I. (2014). Global perspective of herbicide-resistant weeds. Pest Manag. Sci. 70, 1306–1315. doi: 10.1002/ps.3696

Heap, I. (2016). The International Survey of Herbicide Resistant Weeds. Avaliable at: http://www.weedscience.com

Hirschberg, J., and McIntosh, L. (1983). Molecular basis of herbicide resistance in Amaranthus hybridus. Science 222, 1346–1349. doi: 10.1126/science.222.4630.1346

Holt, J. S. (1988). Reduced growth, competitiveness, and photosynthetic efficiency of triazine-resistant Senecio vulgaris from California. J. Appl. Ecol. 25, 307–318. doi: 10.2307/2403628

Holt, J. S., and Radosevich, S. R. (1983). Differential growth of two common groundsel (Senecio vulgaris) biotypes. Weed Sci. 31, 112–120.

Holt, J. S., Stemler, A. J., and Radosevich, S. R. (1981). Differential light responses of photosynthesis by triazine-resistant and triazine-susceptible Senecio vulgaris biotypes. Plant Physiol. 67, 744–748. doi: 10.1104/pp.67.4.744

Hyde, R. J., Hallahan, D. L., and Bowyer, J. R. (1996). Chlorotoluron metabolism in leaves of resistant and susceptible biotypes of the grass weed Alopecurus myosuroides. Pestic. Sci. 47, 185–190. doi: 10.1002/(SICI)1096-9063(199606)47:2<185::AID-PS403<3.0.CO;2-O

Ireland, C. R., Telfer, A., Covello, P. S., Baker, N. R., and Barber, J. (1988). Studies on the limitations to photosynthesis in leaves of the atrazine-resistant mutant of Senecio vulgaris L. Planta 173, 459–467. doi: 10.1007/BF00958958

Jasieniuk, M., Brûlé-Babel, A. L., and Morrison, I. N. (1996). The evolution and genetics of herbicide resistance in weeds. Weed Sci. 44, 176–193.

Kaundun, S. S., Hutchings, S.-J., Dale, R. P., and McIndoe, E. (2012). Broad resistance to ACCase inhibiting herbicides in a ryegrass population is due only to a cysteine to arginine mutation in the target enzyme. PLoS ONE 7:e39759. doi: 10.1371/journal.pone.0039759

Kaya-Altop, E., Haghnama, K., Sariaslan, D., Phillippo, C. J., Mennan, H., and Zandstra, B. H. (2016). Long-term perennial weed control strategies: economic analyses and yield effect in hazelnut (Corylus avellana). Crop Prot. 80, 7–14. doi: 10.1016/j.cropro.2015.10.022

Khamis, S., Lamaze, T., Lemoine, Y., and Foyer, C. (1990). Adaptation of the photosynthetic apparatus in maize leaves as a result of nitrogen limitation relationships between electron transport and carbon assimilation. Plant Physiol. 94, 1436–1443. doi: 10.1104/pp.94.3.1436

Knezevic, S. Z., Evans, S. P., Blankenship, E. E., Van Acker, R. C., and Lindquist, J. L. (2002). Critical period for weed control: the concept and data analysis. Weed Sci. 50, 773–786. doi: 10.1614/0043-17452002050[0773:CPFWCT]2.0.CO;2

Matzrafi, M., Gadri, Y., Frenkel, E., Rubin, B., and Peleg, Z. (2014). Evolution of herbicide resistance mechanisms in grass weeds. Plant Sci. 229, 43–52. doi: 10.1016/j.plantsci.2014.08.013

Matzrafi, M., Lazar, T. W., Sibony, M., and Rubin, B. (2015). Conyza species: distribution and evolution of multiple target-site herbicide resistances. Planta 242, 259–267. doi: 10.1007/s00425-015-2306-4

Mauseth, J. D. (2014). Botany: An Introduction to Plant Biology. Burlington, MA: Jones & Bartlett Publishers.

Mechant, E., De Marez, T., Hermann, O., Olsson, R., and Bulcke, R. (2008). Target site resistance to metamitron in Chenopodium album L. J. Plant Dis. Prot. 21, 37–40.

Mengistu, L. W., Christoffers, M. J., and Lym, R. G. (2005). A psbA mutation in Kochia scoparia (L) Schrad from railroad rights-of-way with resistance to diuron, tebuthiuron and metribuzin. Pest Manag. Sci. 61, 1035–1042. doi: 10.1002/ps.1079

Moran, R. (1982). Formulae for determination of chlorophyllous pigments extracted with N,N-dimethylformamide. Plant Physiol. 69, 1376–1381. doi: 10.1104/pp.69.6.1376

Orr, H. A. (2005). The genetic theory of adaptation: a brief history. Nat. Rev. Genet. 6, 119–127. doi: 10.1038/nrg1523

Park, K. W., and Mallory-Smith, C. A. (2005). Multiple herbicide resistance in downy brome (Bromus tectorum) and its impact on fitness. Weed Sci. 53, 780–786. doi: 10.1614/WS-05-006R1.1

Park, K. W., and Mallory-Smith, C. A. (2006). psbA mutation (Asn266 to Thr) in Senecio vulgaris L. confers resistance to several PS II-inhibiting herbicides. Pest Manag. Sci. 62, 880–885. doi: 10.1002/ps.1252

Perez-Jones, A., Intanon, S., and Mallory-Smith, C. A. (2009). Molecular analysis of hexazinone-resistant shepherd’s-purse (Capsella bursa-pastoris) reveals a novel psbA mutation. Weed Sci. 57, 574–578. doi: 10.1614/WS-09-089.1

Plowman, A. B., Richards, A. J., and Tremayne, M. A. (1999). Environmental effects on the fitness of Brassica rapa and Chenopodium album in the absence of herbicide. New Phytol. 141, 471–485. doi: 10.1046/j.1469-8137.1999.00351.x

Rubin, B., Tal, A., and Yasuor, H. (2004). The significance and impact of herbicide resistant weeds-a global overview. Acta herbologica 13, 277–288.

Ryan, G. F. (1970). Resistance of common groundsel to simazine and atrazine. Weed Sci. 18, 614–616.

Schonfeld, M., Yaacoby, T., Ben-Yehuda, A., Rubin, B., and Hirschberg, J. (1987). Triazine resistance in Phalaris paradoxa: physiological and molecular analyses. Z. Naturforsch C 42, 88–91. doi: 10.1515/znc-1987-7-806

Seefeldt, S. S., Jensen, J. E., and Fuerst, E. P. (1995). Log-logistic analysis of herbicide dose-response relationships. Weed Technol. 9, 218–227.

Shaar-Moshe, L., Hübner, S., and Peleg, Z. (2015). Identification of conserved drought-adaptive genes using a cross-species meta-analysis approach. BMC Plant Biol. 15:111. doi: 10.1186/s12870-015-0493-6

Sibony, M., and Rubin, B. (2003a). Molecular basis for multiple resistance to acetolactate synthase-inhibiting herbicides and atrazine in Amaranthus blitoides (prostrate pigweed). Planta 216, 1022–1027.

Sibony, M., and Rubin, B. (2003b). The ecological fitness of ALS-resistant Amaranthus retroflexus and multiple-resistant Amaranthus blitoides. Weed Res. 43, 40–47. doi: 10.1046/j.1365-3180.2003.00315.x

Singh, S., Kirkwood, R. C., and Marshall, G. (1998). Effect of ABT on the activity and rate of degradation of isoproturon in susceptible and resistant biotypes of Phalaris minor and in wheat. Pestic. Biochem. Physiol. 59, 143–153. doi: 10.1006/pest.1998.2318

Soltani, N., Dille, A. J., Burke, I. C., Everman, W. J., VanGessel, M. J., Davis, V. M., et al. (2016). Potential corn yield losses due to weeds in North America. Weed. Technol. 30, 979–984. doi: 10.1614/WT-D-16-00046.1

Sundby, C., Chow, W. S., and Anderson, J. M. (1993). Effects on photosystem II function, photoinhibition, and plant performance of the spontaneous mutation of serine-264 in the photosystem II reaction center D1 protein in triazine-resistant Brassica napus L. Plant Physiol. 103, 105–113. doi: 10.1104/pp.103.1.105

Tanabata, T., Shibaya, T., Hori, K., Ebana, K., and Yano, M. (2012). SmartGrain: high-throughput phenotyping software for measuring seed shape through image analysis. Plant Physiol. 160, 1871–1880. doi: 10.1104/pp.112.205120

Thiel, H., and Varrelmann, M. (2014). Identification of a new PSII target site psbA mutation leading to D1 amino acid Leu218Val exchange in the Chenopodium album D1 protein and comparison to cross-resistance profiles of known modifications at positions 251 and 264. Pest Manag. Sci. 70, 278–285. doi: 10.1002/ps.3556

Tripathi, P., Rabara, R. C., Langum, T. J., Boken, A. K., Rushton, D. L., Boomsma, D. D., et al. (2012). The WRKY transcription factor family in Brachypodium distachyon. BMC Genomics 13:270. doi: 10.1186/1471-2164-13-270

Van Oorschot, J. L. P., and Van Leeuwen, P. H. (1984). Comparison of the photosynthetic capacity between intact leaves of triazine-resistant and -susceptible biotypes of six weed species. Z Naturforsch C 39, 440–442.

Vencill, W. K., Foy, C. L., and Orcutt, D. M. (1987). Effects of temperature on triazine-resistant weed biotypes. Environ. Exp. Bot. 27, 473–480. doi: 10.1016/0098-8472(87)90028-1

Vermaas, W. F. J., and Arntzen, C. J. (1983). Synthetic quinones influencing herbicide binding and photosystem II electron transport. The effects of triazine-resistance on quinone binding properties in thylakoid membranes. Biochim. Biophys. Acta 725, 483–491. doi: 10.1016/0005-2728(83)90189-5

Vila-Aiub, M. M., Gundel, P. E., and Preston, C. (2015). experimental methods for estimation of plant fitness costs associated with herbicide-resistance genes. Weed Sci. 63, 203–216. doi: 10.1614/WS-D-14-00062.1

Vila-Aiub, M. M., Neve, P., and Powles, S. B. (2009). Fitness costs associated with evolved herbicide resistance alleles in plants. New Phytol. 184, 751–767. doi: 10.1111/j.1469-8137.2009.03055.x

Vila-Aiub, M. M., Neve, P., Steadman, K. J., and Powles, S. B. (2005). Ecological fitness of a multiple herbicide-resistant Lolium rigidum population: dynamics of seed germination and seedling emergence of resistant and susceptible phenotypes. J. Appl. Ecol. 42, 288–298. doi: 10.1111/j.1365-2664.2005.01017.x

Vos, J., van der Putten, P. E. L., and Birch, C. J. (2005). Effect of nitrogen supply on leaf appearance, leaf growth, leaf nitrogen economy and photosynthetic capacity in maize (Zea mays L). Field Crops Res. 93, 64–73. doi: 10.1016/j.fcr.2004.09.013

Weaver, S. E., and Warwick, S. I. (1982). Competitive relationships between atrazine resistant and susceptible populations of Amaranthus retroflexus and A. powellii from southern Ontario. New Phytol. 92, 131–139. doi: 10.1111/j.1469-8137.1982.tb03369.x

Wiederholt, R. J., and Stoltenberg, D. E. (1996). Similar fitness between large crabgrass (Digitaria sanguinalis) accessions resistant or susceptible to acetyl-coenzyme A carboxylase inhibitors. Weed Technol. 10, 42–49.

Williams, M. M., Jordan, N., and Yerkes, C. (1995). The fitness cost of triazine resistance in jimsonweed (Datura stramonium L.). Am. Midl. Nat. 133, 131–137. doi: 10.2307/2426354

Yanniccari, M., Vila-Aiub, M. M., Istilart, C., Acciaresi, H., and Castro, A. M. (2016). Glyphosate resistance in perennial ryegrass (Lolium perenne L.) is associated with a fitness penalty. Weed Sci. 64, 71–79. doi: 10.1614/WS-D-15-00065.1

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Frenkel, Matzrafi, Rubin and Peleg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-08-00094-t001.jpg
Accession

Brl-638
Brl-637
Brl-638
Brl-637
Brl-638
Brl-637

Source

Accession (A)
Competition (C)
Radiation (R)
AxC

AxR

CxR
AxCxR
Error

Total

Competition

Intra-accession
Intra-accession
Intra-accession
Intra-accession
Inter-accession
Inter-accession

d.f!

24
31

Radiation

High
High

Dry weight, g

1.06 +0.03
0.91 £ 0.09
0.79 £ 0.03*
0.56 + 0.08
1.35 £0.11**
0.88 £ 0.05

0.668***
0.088
0.890***
0.078
0.004
0.005
0.031
0.693
2.457%**

No. of tillers

53+0.21
4.6 +0.48
38+0.29
31+£021
6.7 £0.36***
4.8+0.17

Sum of square

7.031%**
0.587
30.681***
1.263
1.125
0.681
0.347
7.431
49.135%**

1-d.f, degrees of freedom. *, **, and ***indicate significance levels of P < 0.05, P < 0.0 and P < 0.001, respectively.

No. of spikes

5.8+ 0.34
5.0+ 0.46
39+0.28*
356+0.13
6.9 £ 0.34**
50+0.14

8.168***
1.918*
26.584***
0.834
0.459
0.945
0.5643
7.715
47.166**





OPS/images/fpls-08-00094-t002.jpg
Accession

Brl-638
Brl-637
Brl-638
Brl-637

Source

Accession (A)
Nitrogen (N)
AxN

Error

Total

Nitrogen

High
High

30

33

Dry weight, g

0.93 £ 0.03***
0.58 £ 0.03
0.71 £ 0.02***
0.46 £ 0.03

0.774%*
0.252%*
0.017
0.182
1.355%*

1a.f, degrees of freedom. ***indicate significance differences at levels of P < 0.001.

No. of tillers

10.4 £0.54
9.5+053
8.0+£0.19
8.1£0.35

Sum of square

1.074
31,1128
1.843
49.003
85.882%**

No. of spikes

9.9 & 0.41%**
2.0+049
6.6 £ 0.53"**
0.6+0.24

400.973**
44338

7.871*
44.775

537.882***





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fpls-08-00094-g001.jpg
Accession

ko
S
bR

I T T T T T T T

T
[o\] - — =) «Q Lo = g S g =]
- S S o = e~ 0 o
ueld 8 ‘yysrom Aap jooyg % 9)ed UITIWY
*
*
®
4
°
T T
o n o
[Tp} o

% 9.1 UISIIW

12

10

Accession

Days after sowing





OPS/images/fpls-08-00094-g002.jpg
> IR
(ORI oo

-5% (P=0.01)

C skesfeosk D

4.2 - 12 - SEE
=) ~
£ é E9
E" 39 -+ I
® P —
z 1 ~
= ] R=
-§ 3.6 = 5 .
& &)

I
33 0
S R S R

Accession Accession





OPS/images/fpls-08-00094-g003.jpg
%

Biomass weight
150

*

Spikes weight Tillers weight

sk sk

Spikes number - “Tillers number





OPS/images/fpls-08-00094-i001.jpg





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-00094-g004.jpg
FP=51%

FP=56%

ek

0

%

FP=25

(und) yysroy

50
40 1

(un) yysy

0

FP=33%

eokeok

%o

FP=55






