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Weed control through allelopathic plants is a promising approach that may minimize many of negative consequences of synthetic herbicides. We have studied potential of Chrysanthemoides monilifera subsp. monilifera (boneseed) leaf extract for controlling growth of Lolium rigidum (annual ryegrass) in wheat (Triticum aestivum) fields. Both pre-and post-emergent ryegrass-control experiments were conducted in greenhouse using field soil. Treatments such as boneseed leaf extracts (5 and 10% for pre-emergent and 10 and 20% for post-emergent experiments) alone or as a mixture combined with different strength (¼ and ½ strength) of pre-emergent (boxer gold) and post-emergent (hussar OD) herbicides were applied on pre- and post-emergent ryegrass and wheat. The findings revealed that none of the boneseed leaf extracts alone or as mixture had significant inhibitory impact on pre-emergent ryegrass compared with herbicide alone. Although we observed significant inhibitory impacts on post-emergent ryegrass with boneseed leaf extracts alone (10 and 20%) compared with control, they were negligible compared to full strength herbicides. Mixtures had significant inhibitory impact on post-emergent ryegrass compared with herbicide alone with same doses and impact increased with herbicide concentration. Despite the greater impacts by higher herbicides concentration alone, findings suggest the use of mixture of ¼-strength herbicide and 10% boneseed leaf extract was able to control ryegrass successfully than the herbicide alone without adverse impacts on wheat. This study suggests that use of boneseed leaf extract mixed with lower doses of post-emergent herbicides may be effective in controlling ryegrass with concomitant reductions in expenses and ecological health risks linked with the practice of synthetic herbicides.
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INTRODUCTION

Weeds cause massive losses in crop production and threaten native species and forest ecosystems worldwide despite only comprising ~0.1% of the planet's flora (Singh et al., 2003). Australia is one of the top 10 wheat-producing countries in the world. The control of weeds in wheat fields in Australia, in particular Lolium rigidum (ryegrass) control, is becoming a challenge, as they are growing resistant to synthetic herbicides (Preston et al., 1999; Llewellyn and Powles, 2009; Seal et al., 2010). Infestation of ryegrass at 200 plants/m2 resulted huge yield loss (20–50%) in wheat that costs about $AU100–250/ha (Lemerle et al., 1995). Resistance by ryegrass to multiple synthetic herbicides including diclofop-methyl, clethodim, chlorosulfuron, sulfometuron, glyphosate, etc. were identified in wheat belts in Australia (Preston et al., 1999; Llewellyn and Powles, 2009; Owen and Powles, 2010). This problem is not unique to Australia, with mesosulfuron-resistant ryegrass also identified in wheat fields in the USA (Ellis et al., 2008). Recent studies using Boxer gold (Prosulfocarb 800 g/L + S-Metolachlor 120 g/L) at 2,300 g a.i ha−1 and Hussar OD (Iodosulfuron-methyl-sodium 100 g/L) 2 g a.i. ha−1 showed success in controlling pre-emergent and post-emergent ryegrass in wheat fields, respectively, though resistance has been reported for post-emergent (Ruchs, 2008; Hashem and Borger, 2014; Mahmood et al., 2016).

However, voices were being raised worldwide against the use of synthetic herbicides due to their potential threat to the plant community structure, environmental impacts and potential health hazards (Dayan et al., 1999; Fuhlendorf et al., 2009; Davis et al., 2013). In addition, evidence suggest that herbicides may also reduce the nutritional value of crops (Saghir and Bhatti, 1970). To exacerbate the issue, a number of herbicide-resistant weeds have emerged that again threaten agricultural productivity (Holt and Lebaron, 1990). The environmental and health concern of using synthetic herbicides has led to the impetus for agronomists and environmental scientists to investigate alternative strategies. Thus, searching for alternative, natural herbicides in controlling ryegrass in wheat field is of great interest.

Natural herbicides produced from allelochemicals tend to be more environmentally benign but their commercialization is challenging due to high segregation and processing costs (Duke et al., 2000, 2002; Bhowmik and Inderjit, 2003). Direct use of aqueous extracts of allelopathic plants in controlling weeds has been trialed as a suitable substitute technique for ecological and economic weed management (Cheema et al., 2003b; Javaid et al., 2006; Anjum and Bajwa, 2007; Haig et al., 2009; Meksawat and Pornprom, 2010; Omezzine et al., 2011). The mixture of allelopathic plant extracts with lower amount of herbicides was successfully used (Iqbal et al., 2009; Jabran et al., 2010) in controlling weeds to minimize uses of herbicides. The success in controlling other weed species in wheat fields using allelopathic plant extracts (Jamil et al., 2009) supports the strategy of using such extracts in controlling ryegrass. In addition, Haig et al. (2005) also explored alternate control strategy of ryegrass by using herbicidal potential of plant though the study was limited to bioassay in petri dishes only whereas field study is essential to draw more robust conclusion.

Chrysanthemoides monilifera subsp. monilifera (boneseed) has been considered as a noxious weed with a possession of national significance in Australia. Allelopathic phytotoxicity of boneseed through leaching (Harun et al., 2014), litter decomposition (Harun et al., 2015c), root exudates and volatilization (Harun et al., 2015a) have been observed. We have also recently identified specific phytotoxic phenolic compounds in boneseed tissues (Harun et al., 2015c) but that was absent in ashes after burning (Harun et al., 2015b). In the search for cheaper and more environmentally benign natural herbicides, the suitability of boneseed aqueous extracts needs to be investigated.

Hence, as a continuation of our previous research in studying the chemo-ecological properties of boneseed, we aimed to evaluate the herbicidal potential of boneseed aqueous extract in controlling both pre-emergent and post-emergent ryegrass in wheat fields.



MATERIALS AND METHODS


Sample Collection and Processing

In August 2013, boneseed leaves (at early flowering stage) and soil samples from boneseed unoccupied area were collected from You Yangs Regional Park, Victoria (37° 59′ 44′′ S, 144° 24′ 39′′ E), sealed in plastic bags and immediately transported to the laboratory. Boneseed leaves and soil were dried in air at room temperature to constant weights. Dried leaves were processed to prepare desired concentration of aqueous extracts following the same procedures that we published earlier (Harun et al., 2014). The supernatant was passed through a 0.22 μm filter before storage at −80°C. To control for possible extraneous effects, the pH of the extracts was neutralized using 1N NaOH solution (Fu and Viraraghavan, 2002). After drying, the soils were passed through a 0.5 mm mesh sieve before storage in sealed plastic bags at room temperature.



Seeds and Herbicides Collection

Triticum aestivum (SF adagio variety) and annual ryegrass seeds were sourced from AGF seeds and Stephen Pasture Seeds Pty Ltd, Victoria, respectively. Seeds were stored inside sealed plastic containers at room temperature (20°C) until use. Boxer gold and Hussar OD as pre-emergent and post-emergent herbicides were collected from Agrisolutions Australia Pty Ltd, Queensland and Bayer Crop Science Pty Ltd, Victoria, respectively. The herbicides were preserved in pre-packed sealed containers at room temperature (20°C) prior to use.



Pre-emergent Ryegrass Control Experiment

Prior to the experimental set-up in August 2013, the germination rate of ryegrass was assessed in a growth chamber at 15/5°C (day/night) temperature and 9 h daylight. Suitable plastic pots (1L) were filled with 500 g field soil for evaluating the potential of boneseed leaf extract in controlling pre-emergent ryegrass. Boxer gold (Prosulfocarb 800 g/L + S-Metolachlor 120 g/L) herbicide was considered for pre-emergent experiment. Seven treatments were assessed along with a control (water only): Treatment 1) 5% boneseed leaf extract; Treatment 2) 10% boneseed leaf extract; Treatment 3) ¼ strength boxer gold herbicide; Treatment 4) ¼ strength herbicide in 10% extract; Treatment 5) ½ strength herbicide; Treatment 6) ½ strength herbicide in 10% extract; and Treatment 7) full strength boxer gold herbicide (2,500 mL/70 L water/ha) (Ruchs, 2008; Hashem and Borger, 2014). The concentration of boneseed leaf extract was decided based on our previous study (Harun et al., 2014) in which 5% leaf extract demonstrated tremendous inhibition to the test species. The soil was saturated with 225 mL dH2O with a total of 40 pots consisting of 5 replicates of each treatment being maintained in a greenhouse in a completely randomized design (CRD). The position of the pots was changed randomly on every other day. After 2 days, 20 ryegrass seeds were sown into each pot at 0.25 cm depth at equidistant spacing. On the same day, the appropriate treatment (herbicide/boneseed leaf extract/mixture or water) were sprayed at a rate of 70 L/ha using 500 mL triggered sprayer (model number PB-009, Oates, Australia). Equal quantities of water were applied regularly to moisten the soil to a depth of 3 cm starting from the next day of spraying. Other undesired species were removed from all pots weekly. At 19 days after sowing, the number of ryegrass germinations were counted and parameters including shoot and root length and weight, chlorophyll (a, b and total) and free proline content of ryegrass were measured. Three (03) randomly selected ryegrass seedlings were considered for the calculation of average biometric parameters. At 20 days after sowing, soil (of each treatment) from 1 cm depth was collected for measuring dehydrogenase activity (DHA). The same procedures were followed for wheat with the exception of the number and time of seeds sowed, specifically 15 wheat seeds were sown in each pot after 3 days of applying the treatment.

Chlorophyll content were measured by following the method of Inskeep and Bloom (1985). Free proline and soil DHA were measured following the method of Bates et al. (1973) and Gu et al. (2009), respectively with slight modification as mentioned in literature (Harun et al., 2015a).



Post-emergent Ryegrass Control Experiment

Hussar OD (Iodosulfuron-methyl-sodium 100 g/L) herbicide was considered for post-emergent experiment. Seven treatments consisting of: treatment 1) 10% boneseed leaf extract; treatment 2) 20% extract; treatment 3) ¼ strength herbicide (Hussar OD); treatment 4) ¼ strength herbicide in 10% extract; treatment 5) ½ strength herbicide; treatment 6) ½ strength herbicide in 10% extract; and treatment 7) full strength herbicide of recommended dosage (75 mL/65 L water/ha) (Bayer Crop Science Pty Ltd, 2008) were assessed along with a control (dH2O) during September 2013. The concentrations of boneseed leaf extract were increased to 10 and 20% as we found negligible herbicidal impact of lower doses of boneseed leaf extract (alone) for pre-emergent experiments. The pots were prepared following a similar method to the pre-emergent experiment, with the exception that 850 g soil was used in this experiment. After 2 days of moistening the soil (with 337.5 mL water/pot), 25 ryegrass seeds were sown in each pot. Nine days later, the seedlings were thinned to 15 per pot. Water was added to the pots to keep them moist and unwanted plants were removed regularly. After 18 days of sowing, the experimental treatment (herbicide/boneseed leaf extract/mixture/dH2O) was sprayed at a rate of 65 L water/ha. Plants were collected from the pots after 3, 21, and 42 days of spraying to measure the same parameters as those investigated in the pre-emergent experiments (above). After harvesting ryegrass on day 3 and day 21 the number of seedlings was thinned to 12 and 5 in each pot, respectively. Soil samples were also collected to measure DHA.

The same procedures were followed for assessing post-emergent wheat, with a few exceptions: 15 seeds were sown and seedlings were thinned to 9 after 10 days of sowing. The experimental treatments were sprayed after 4 weeks of sowing. Data were collected after 3 and 23 days of spraying. After the first data collection on day 3, the number of seedlings was thinned to 6 in each pot.



Statistical Analyses

Statistical analyses were conducted using IBM SPSS 21.0. All data were presented as mean ± standard error (SE). The impact of herbicide, boneseed leaf extracts and mixtures on both ryegrass and wheat (pre-emergent and post-emergent) were evaluated using one-way ANOVA followed by post-hoc Dunnett's test. The difference between the impact shown by herbicide alone and mixture of herbicide and boneseed leaf aqueous extract was evaluated using independent T-Test (2-tailed). Significant differences between the means were determined at a 5% level of probability (p ≤ 0.05). Linear regression was adopted to express the relationship among different parameters in both pre-emergent and post-emergent experiments.




RESULTS


Pre-emergent Ryegrass Control

The boneseed leaf extracts alone (Treatment 1 and 2) had no impact on germination of ryegrass while Treatment 3 and 4 significantly (p = 0.000) inhibited the germination of ryegrass, compared with control (Table 1). No germination has been observed at treatment 5, 6, and 7 because those treatments might be more effective to control weed. The boneseed leaf extracts alone slightly stimulated the shoot length and weight compared with control while Treatment 3 and 4 significantly (p = 0.000) inhibited shoot length and weight. Compared with control, Treatment 1 had negligibly stimulatory impact on root length and weight but treatment 2 inhibited the same parameters of ryegrass by 13 and 16%, respectively. Compared with the impact on shoot, the treatment 3 and 4 had more inhibitory impact on root length and weight, and the impact was significant (p = 0.000) (Table 1).


Table 1. Effects of boneseed extract, herbicide, and mixtures on pre-emergent ryegrass. Data was collected at 19 days after sowing and presented as average ± SE.
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Boneseed leaf extracts alone had no/negligible impact on chlorophyll content of ryegrass while treatment 3 and 4 significantly inhibited chlorophyll a (p = 0.000), chlorophyll b (p ≤ 0.05) and total chlorophyll (p = 0.000) content (Figure 1). The impact of boneseed leaf extracts alone on the free proline content of ryegrass was not significant but treatment 3 and 4 tremendously increased proline content in ryegrass by 293 and 252% compared with control (Figure 1). Neither of the treatments had significant impact on soil DHA though treatment 1, 2 and 4 had slight stimulatory impacts while treatment 3 had slightly inhibitory impact (Figure 1). Resilient relationships (r = 0.93) between total chlorophyll content and shoot length, and chlorophyll content and root length (r = 0.95) of ryegrass were found (Supplementary Figure 1). Proline content of ryegrass leaf exhibited a resilient negative correlation with both shoot (r = −0.96) and root (r = −0.92) length (Figure 2). None of the treatments had significant impacts on wheat except for full strength herbicide that significantly destroyed chlorophyll content and amplified proline content in wheat (Supplementary Table 1).
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FIGURE 1. Effects of boneseed extracts, herbicide and mixture on pre-emergent ryegrass. The x-axis denotes the treatment types (5% aqueous extract of boneseed leaf, 10% extract, ¼ strength herbicide, and mixture of ¼ strength herbicide with 10% extract). Values on y-axis denote the impact (% of control) on chlorophyll a (chl a) (solid line with square marker), chlorophyll b (chl b) (round dot line with diamond marker), total chlorophyll (T chl) (square dot line with triangular marker) and proline (pro) (long dash line with circle marker) content of ryegrass, and soil dehydrogenase activities (DHA) (long dash dot dot line with cross marker). The error bar indicates the standard error.
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FIGURE 2. Correlation between proline content and shoot/root length of ryegrass (pre-emergent). The x-axis denotes proline content of leaf (μg/g) and y-axis denotes shoot and root length (mm) of ryegrass. The trend line with filled circle marker represents correlation between proline content and shoot length while trend line with non-filled circle marker represents correlation between proline content and root length.




Post-emergent Ryegrass Control

No ryegrass died after 3 days of spraying herbicide/boneseed leaf extracts/mixtures. Compared with control, none of the treatments had significant impact on the shoot length and weight of ryegrass with the exception of the impact of full strength herbicide that inhibited them significantly (p = 0.005) after 3 days of spraying (Table 2). Root length and weight of ryegrass was not affected significantly by any of the treatments compared with control though most of the experiments slightly inhibited them (Table 2). After 3 days of spraying, boneseed leaf extracts alone had no significant impact on the chlorophyll a, chlorophyll b and total chlorophyll content of ryesgrass compared with control (Figure 3). Treatments 4–7 inhibited the chlorophyll a and total chorophyll content of ryegrass significantly (p ≤ 0.05) compared with control while chlorophyll b content was inhibited significantly (p ≤ 0.05) by the treatments 5–6 (Figure 3). All the treatments except 1 and 2 (boneseed leaf extracts alone) increased the free proline content of ryegrass significantly (p ≤ 0.001) compared with control (Figure 3). None of the treatments had significantly inhibitory impacts on the soil DHA except for treatment 6 and 7 that significantly (p ≤ 0.05) inhibited it compared with control (Figure 3).


Table 2. Effects of boneseed extract, herbicide, and mixtures on post-emergent ryegrass. Data was collected after 3, 21, and 42 days of spraying.
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FIGURE 3. Effects of boneseed extracts, herbicide and mixture on post-emergent ryegrass (3 days after spray). The x-axis denotes the treatment types (10% aqueous extract of boneseed leaf, 20% extract, ¼ strength herbicide, mixture of ¼ strength herbicide with 10% extract, ½ strength herbicide, mixture of ½ strength herbicide with 10% extract and full-strength herbicide). Values on y-axis denote the impact (% of control) on chlorophyll a (chl a) (solid line with square marker), chlorophyll b (chl b) (round dot line with diamond marker), total chlorophyll (T chl) (square dot line with triangular marker) and proline (pro) (long dash line with circle marker) content of ryegrass, and soil dehydrogenase activities (DHA) (long dash dot dot line with cross marker). The error bar indicates the standard error.


The 8, 15, 32, 37, and 38% of the ryegrasses died after 21 days of spraying at treatment 3, 4, 5, 6, and 7, respectively, but no ryegrasses died by the application of 10 and 20% boneseed leaf extracts (data not shown). After 21 days of spraying, treatment 1 did not exhibit significant impact on shoot lentgh of ryegrass compared with control while all other treatments significantly (p ≤ 0.05) inhibited the shoot length of ryegrass (Table 2). All the treatments significantly (p = 0.000) inhibited shoot weight of ryegrass except for the boneseed leaf extracts alone (treatment 1 and 2). The root length and weight of ryegrass were significantly (p ≤ 0.05) inhibited at the treatment 3–7 compared with control after 21 days of spraying (Table 2). All the treatments significantly (p = 0.000) inhibited chlorophyll a, chlorophyll b and total chlorophyll compared with control (Figure 4). The above treatments greatly increased free proline content in ryegrass and that were significant (p ≤ 0.05) at all the treatments with the exception of treatment 1. All the treatments significantly (p = 0.000) inhibited chlorophyll a, chlorophyll b and total chlorophyll compared with control (Figure 4). Although treatment 1 and 2 stimulated soil DHA by 15 and 29% compared with control after 21 days of spraying, all other treatments inhibited soil DHA and that were significant for treatments 3, 5, 6, and 7 (Figure 4). The 28, 84, 88, 100, and 100% of ryegrasses were died after 42 days of spraying at treatment 3–7, respectively, but no ryegrass died when sprayed with 10% or 20% extracts (data not shown). After 42 days of spraying all the tretaments where ryegrass existed in necessary number for calculaing parameters (treatments 2–4) had significant (p = 0.000) inhibitory impacts on shoot and root length, and weight compared with control. However, the inhibition by treatment 1 was significant for shoot weight and root length (Table 2) only. Treatments 1–4 significantly (p ≤ 0.005) inhibited chlorophyll a, chlorophyll b and total chlorophyll compared with control (data not shown).


[image: Figure 4]
FIGURE 4. Effects of boneseed extracts, herbicide and mixture on post-emergent ryegrass (21 days after spray). The x-axis denotes the treatment types (10% aqueous extract of boneseed leaf, 20% extract, ¼ strength herbicide, mixture of ¼ strength herbicide with 10% extract, ½ strength herbicide, mixture of ½ strength herbicide with 10% extract and full-strength herbicide). Values on y-axis denote the impact (% of control) on chlorophyll a (chl a) (solid line with square marker), chlorophyll b (chl b) (round dot line with diamond marker), total chlorophyll (T chl) (square dot line with triangular marker) and proline (pro) (long dash line with circle marker) content of ryegrass, and soil dehydrogenase activities (DHA) (long dash dot dot line with cross marker). The error bar indicates the standard error.


The strong positive correlations between chlorophyll content and shoot length (r = 0.93) and chlorophyll content and root length (r = 0.83) were profound (Supplementary Figure 2). There was a very strong negative correlation between proline content and shoot length (r = −0.96), and proline content and root length (r = −0.83) of ryegrass (Figure 5). In case of post-emergent wheat, none of the mentioned parameters were inhibited significantly by the treatments (Supplementary Table 2) with the exception for the proline content that was increased significantly compared with control by the treatment 7 after 3 days of spraying, and by the treatment 3, 5, 6, and 7 after 21 days of spraying (Supplementary Table 2).
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FIGURE 5. Correlation between proline content and shoot/root length of ryegrass (post-emergent). The x-axis denotes proline content of leaf (μg/g) and y-axis denotes shoot and root length (mm) of ryegrass. The trend line with filled circle marker represents correlation between proline content and shoot length while trend line with non-fill circle marker represents correlation between proline content and root length.





DISCUSSION

As a continuation of our previous study on boneseed that identified four phenolic compounds (catechin, p-coumaric acid, ferulic acid, and phloridzin) in boneseed organs and litter (Al Harun et al., 2015) this study investigated the impact of boneseed leaf extract in controlling ryegrass minimizing herbicidal load to the ecosystem. Previously, we found high concentration of ferulic acid compared with other allelochemicals that is a well-known for herbicidal potential (Putnam, 1988; Reigosa et al., 2001; Durán-Serantes et al., 2002). The evidence of high concentration of total phenolics in boneseed when compared to other allelopathic species (about 3 times more than both Pueraria montana and Phragmites australis) (Rashid et al., 2010; Uddin et al., 2012) indicates the boneseed allelopathy as herbicidal potential.

Boneseed leaf extract alone had negligible herbicidal impacts on the germination and growth parameters of ryegrass in both pre-emergent and post-emergent experiment, however, as a mixture with lower concentration of herbicides had a substantial impact on ryegrass. To our knowledge, this is the first study of assessing the use of a plant extract in controlling pre-emergent weeds, although there have many studies investigating the control of post-emergent weeds (Cheema and Khaliq, 2000; Farooq et al., 2011). The non-significant impact of the boneseed leaf extracts alone to pre-emergent ryegrass length and biomass compared with herbicide alone indicates that boneseed leaf extract at the tested concentrations was not effective in controlling ryegrass. We did not conduct a pre-emergent experiment with more highly concentrated extracts (e.g., 20% or more) which may inhibit the germination, growth and biochemical parameters of ryegrass as has been found in the post-emergent experiment in this study and in the literature on other species (Javaid et al., 2006). However, as an interesting aside, we found that boxer gold at half of the recommended concentration was effective at preventing germination in the conditions investigated during this study.

Post-emergent treatments had substantial impacts in controlling ryegrass compared with pre-emergent treatment. We considered only one spray of the treatment in the current study, however, spraying the treatment twice at a specific time intervals may control ryegrass growth more effectively, as addressed in other studies (Cheema et al., 2003a). Similar techniques of using plant extract and herbicide mixtures have been successfully adopted in other studies to reduce herbicide use and herbicide-related hazards (Cheema and Khaliq, 2000; Chon et al., 2003; Anjum and Bajwa, 2007; Farooq et al., 2011). However, there is also evidence to support the use of aqueous extracts of plants alone in successfully controlling weeds (Haig et al., 2009). Over the longer period (42 days after spraying) the observed significant increase in herbicidal activity on ryegrass by the mixture of herbicide and boneseed leaf extract compared with herbicide (at the same concentration) alone, suggests that boneseed leaf extract is useful in controlling ryegrass when used as a mixture with diluted herbicides. Furthermore, the mixture with reduced doses of herbicide concentration was almost as effective as the full-strength herbicide in controlling the ryegrass. Increasing concentration of boneseed leaf extract demonstrated higher inhibitory impacts on weed revealing the allelopathic potential of boneseed leaf extract as herbicidal use. Further, the boneseed leaf extract together with herbicide showed substantial impact in post-emergent ryegrass control which might be due to the presence of high concentration of ferulic acid in boneseed leaf extract that is well-known allelochemicals and have herbicidal potential (Putnam, 1988; Reigosa et al., 2001; Durán-Serantes et al., 2002). It is important to note that our experiment was limited to the greenhouse with lower doses of extracts and does not consider the weed-crop competition that exists in the field. Anjum and Bajwa (2007) have addressed the potential of concentrated sunflower leaf extracts (80–100%) in controlling Rumex, overcoming weed-crop competition despite the result that the extracts did not kill 100% of the weeds. In addition to the significant impact showed by the boneseed extracts compared with control, the significant inhibition by the mixture to biometric and biochemical parameters (e.g., shoot, root, chlorophyll) compared with herbicide alone may reveal how the boneseed leaf extract enhances the effectiveness of the herbicide in retarding the growth of ryegrass. Although the mixture of ½ strength herbicide in 10% extract had similar impacts to full strength herbicide in ryegrass control and the mixture of ¼ strength herbicide in 10% extract had slightly less impact, our findings suggest the use of a mixture of ¼ strength herbicide and 10% extract as it created no stress condition in wheat (in terms of proline content) as created by full strength herbicide and the ½ strength mixture. However, field studies are critical to draw more rigorous conclusions and to more authentically demonstrate the impact of the tested weed control strategies on wheat yield as there is evidence that in the case of sorghum aqueous extracts their application reduced weed biomass with a simultaneous increase in crop yield (Cheema and Khaliq, 2000) in field conditions. Though this study has not found any significant impact on soil DHA for pre-emergent experiments but it was significantly decreased at few of the post emergent experiments. Soil dehydrogenase activity (DHA), an indicator of soil quality and microbial activity is substantially reduced by pesticides and other pollutants as mentioned in literature (Xie et al., 2009; Tejada et al., 2010). Dehydrogenases play a significant role in the biological oxidation of organic matter by transferring hydrogen from organic matter to inorganic acceptors (Zhang et al., 2010).

Inhibition of photosynthesis in target species has been identified as one of the modes of action induced by phytotoxic allelochemicals (Einhellig et al., 1993; Einhellig, 1995). Although we did not directly identify the allelopathic impact on photosynthesis, the decreasing chlorophyll level in ryegrass exposed to boneseed leaf extracts and mixtures may reduce photosynthesis and ultimately retard plant growth as suggested in another study (Singh et al., 2002). Evidence also supports the direct impact of allelochemicals on photosynthesis of target species (Reigosa et al., 2001; Wang et al., 2013). Fluorescence, another important plant parameters in denoting the impact of herbicide on target species (Christensen et al., 2003) has not been studied at this paper but would be worthy in future study. The strong positive correlation between chlorophyll content and shoot/root length both in pre-emergent and post-emergent experiments suggest that inhibition of chlorophyll content is one of the mechanisms that might retard growth of ryegrass. Although we didn't study other modes of action of allelopathic plant extracts on this occasion, several studies, including our previous study on boneseed, suggested excessive reactive oxygen species (ROS) production that enhances lipid peroxidation and electrolyte leakage and damages macromolecules like proteins, nucleic acids, etc., may be an important mechanism underpinning the phytotoxic nature of the allelochemicals (Weir et al., 2004; Batish et al., 2006; Harun et al., 2014).

Along with the significant increase in proline content in ryegrass treated with boneseed leaf extract compared with control, the large increase in storage of proline in ryegrass exposed to mixture compared with herbicide alone, again, supports the impact of boneseed leaf extract in pushing ryegrass into a stressed condition with a more substantial impact in post-emergent experiment (30–55 times more proline at treatment 3–7 compared with control). Furthermore, the strong negative correlation between proline content and shoot/root length both in pre-emergent and post-emergent experiments suggest that proline content is a decent measure of stress intensity in ryegrass. The excessive proline storage in test species due to application of both commercial herbicides and allelochemicals has also been reported earlier (Reigosa et al., 2001).

Overall, the study found that boneseed leaf extract as a mixture in lower doses of herbicides had potential role in controlling ryegrass with a comparatively stronger role for post-emergent ryegrass control that might enhance sustainable agriculture while minimizing health and environmental impacts. Though the herbicidal treatments had not significant impact on biometric parameters of wheat but the decrease of chlorophyll level and increase of proline level in wheat is still an important concern in identifying whether the herbicides have any phytotoxicity on wheat grains. Hence, field studies are important to investigate the impact of suggested mixtures in that environment and on crop yield to draw more rigorous conclusions regarding the herbicidal potential of boneseed.



CONCLUSIONS

This study suggests that boneseed leaf extract was more effective in controlling post-emergent ryegrass compared with pre-emergent ryegrass. The use of mixture of boneseed leaf extract and herbicide had more impact that is substantial on post-emergent ryegrass control compared with boneseed leaf extract or herbicide alone. The inhibition was profound in terms of shoot & root length and weight, chlorophyll content and soil DHA. The strong positive correlation between chlorophyll content and shoot/root length both in pre-emergent and post-emergent experiments suggests that inhibition of chlorophyll content is one of the mechanisms that retarded the growth of ryegrass. Furthermore, the strong negative correlation between proline content and shoot/root length both in pre-emergent and post-emergent experiments suggest that proline content represents a good measure of stress intensity in ryegrass. In particular, the use of ¼-strength herbicide in 10% boneseed leaf extract appears to be promising as it showed levels of ryegrass inhibition only slightly below that of full-strength herbicide, while appearing to produce less stress in the wheat crop. This study builds our understanding of the use of boneseed leaf extract with lower doses of herbicides in controlling ryegrass that might enhance sustainable agriculture while minimizing health and environmental impacts.
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Control: water only; Treatment 1: 5% boneseed leaf extract; Treatment 2: 10% boneseed leaf extract; Treatment 3: Y strength boxer gold herbicide; Treatment 4: % strength herbicide
in 10% extract; Treatment 5 % strength herbicide; Treatment 6: % strength herbicide in 10% extract; and Treatment 7: fullstrength boxer gold herbicide (2.5 L/70 L water/ha).
TG, total germination; SL, shoot length; RL, root length; SDVW, shoot dry weight; RDW, root dry weight.
measuring paramefers were not possible as no germination occurred. The asterisks indicate the significant variation compared with control. SE, Standard error
*Significant (p = < 0.05).
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Control: water only; Treatment 1: 10% boneseed leaf extract; Treatment 2: 20% boneseed leaf extract; Treatment 3: % strength herbicide (Hussar OD); Treatment 4: % strength herbicide in 10% extract; Treatment 5: % strength herbicide;
Treatment 6: % strength herbicide in 10% extract; and Treatment 7: full strength herbicide of recommended dosage (75mL/65 L water/ha).

“Significant (p < 0.05) compared with control, blank means not significant.
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aSignificantly varied compared with the % strength herbicide alone. ©Significantly varied compared with the % strength herbicide alone.

Data collection was not possible due to lack of sufficient number of ryegrass.
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