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Assessment of induced allelopathy 
in crop‑weed co‑culture 
with rye‑pigweed model
Waseem Mushtaq 1,3*, Marie‑Laure Fauconnier 1,3 & Caroline de Clerck 2,3

This study evaluates induced allelopathy in a rye‑pigweed model driven by rye’s (Secale cereale L.) 
allelopathic potential as a cover crop and pigweed’s (Amaranthus retroflexus L.) notoriety as a weed. 
The response of rye towards pigweed’s presence in terms of benzoxazinoids (BXs) provides valuable 
insight into induced allelopathy for crop improvement. In the 2 week plant stage, pigweed experiences 
a significant reduction in growth in rye’s presence, implying allelopathic effects. Rye exhibits increased 
seedling length and BXs upsurge in response to pigweed presence. These trends persist in the 4 week 
plant stage, emphasizing robust allelopathic effects and the importance of different co‑culture 
arrangements. Germination experiments show rye’s ability to germinate in the presence of pigweed, 
while pigweed exhibits reduced germination with rye. High‑performance liquid chromatography with 
diode‑array detection (HPLC‑DAD) analysis identifies allelopathic compounds (BXs), 2,4‑dihydroxy‑
1,4‑benzoxazin‑3‑one (DIBOA) and 2,4‑dihydroxy‑7‑methoxy‑1,4‑benzoxazin‑3‑one (DIMBOA) in rye. 
Rye significantly increases BX production in response to pigweed, age‑dependently. Furthermore, 
pigweed plants are screened for possible BX uptake from the rhizosphere. Results suggest that 
allelopathy in rye‑pigweed co‑cultures is influenced by seed timing, and age‑dependent dynamics of 
plants’ allelopathic compounds, providing a foundation for further investigations into chemical and 
ecological processes in crop‑weed interactions.

We live in a world where agricultural productivity plays a pivotal role in ensuring food security and environ-
mental sustainability. In this context, managing the interactions between crop plants and weeds takes center 
stage, and understanding the mechanisms governing these interactions is of paramount importance. Resource 
competition and chemical interference are two mechanisms of interaction among plants that can have nega-
tive effects on their performance and coexistence. Resource competition refers to the negative impact that one 
organism has on another by using up a shared resource, such as food or  space1. This can lead to a decrease in the 
performance of the affected organism, as it has less access to the resources it needs to survive and grow. On the 
other hand, chemical interference refers to the negative effects that one organism has on another through the 
release of chemical  compounds1. This can occur through allelopathy, where one species alters the abundance 
or distribution of another species through the release of chemicals (allelochemicals), allowing its population to 
increase and negatively affect other  species2. While competition between plants for resources can trigger allelo-
pathic responses, allelopathy itself is a broader phenomenon where plants release chemicals to influence other 
organisms, not just in competitive  scenarios2. Allelopathy serves various ecological roles, including defence 
mechanisms, resource allocation, and ecosystem regulation. The allelochemicals released by a plant (donor) may 
interfere with physiological functions or impede seed germination, root growth, or other processes in nearby 
plants (recipient). Recently, allelopathy induced by the presence of weeds has been described in wheat, sorghum, 
rice and  buckwheat2,3. Allelopathy can be induced by different means including competitor weeds’ root  exudates4. 
Molecules from root exudates such as jasmonic acid, methyl jasmonate and (–)-loliolide have been shown to 
induce allelopathy in wheat paired with several common  weeds5. Such induced allelopathy in crop plants can 
consume less energy by synthesizing herbicidal molecules only when the plant needs it.

Among allelochemicals, there’s a group known as benzoxazinoids (BXs), which are released by the 
roots of certain grass  species6. BXs serve a dual purpose: they protect the plant from pests and dis-
eases while also inhibiting the growth of neighbouring  plants7. When released, BXs start as glucosides 
and then turn into aglycones, like the BXs 2,4-dihydroxy-(2H)-1,4-benzoxazin-3(4H)-one (DIBOA), 
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2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one (DIMBOA) and 6-methoxy-benzoxazolin-2-one 
(MBOA) which are more potent allelochemicals in crops like wheat, maize, and  rye8,9. However, even though it is 
known that BXs can affect weed growth, information is lacking about their release from plant roots and whether 
neighbouring plants’ roots can take them up. These compounds, which exist in glycosylated or free form, exhibit 
significant diversity and are readily degradable both biotically and abiotically.

To increase knowledge in this field, we have decided to work on the plant pair rye: pigweed, using sandglass 
as a growing medium to mimic soil while avoiding the adsorption of BXs to soil particles. The crop we chose to 
focus on, rye (Secale cereale L.) is well-known for its allelopathic  properties10. Rye produces allelochemicals nota-
bly through its root exudates (e.g. phenolics and benzoxazinoids)9–12. On the other side, pigweed (Amaranthus 
retroflexus L.) is a notorious weed that can outcompete crops, leading to yield  losses13–15. Its ability to suppress 
the growth and lower the yield of plants of agronomic significance has been investigated and demonstrated in 
field tests, such as those involving sugar beet (Beta vulgaris)16, red kidney bean (Phaseolus vulgaris)17, and maize 
(Zea mays)18. Investigating the allelopathic interactions between these two species can offer valuable insights 
into strategies for weed management and crop yield improvement. In the initial stage of our study, we aimed to 
determine the conditions under which pigweed growth was affected most by the presence of rye or when rye 
imposes its maximum allelopathic potential in rye-pigweed co-culture at different growth stages. We also sought 
to find the co-culture patterns in which pigweed induces allelopathy in rye. We are curious to know if the sowing 
time of seeds may impact the allelopathic potential of rye by affecting the timing of the allelochemical release, 
which can suppress pigweed growth. Optimizing sowing time in a crop-weed model can enhance allelopathic 
interactions, leading to improved weed suppression and overall crop productivity. Moreover, we investigated 
changes in the concentration of BXs in the rye plant in response to co-cultivation with pigweed. Furthermore, we 
explored the root uptake of BXs by pigweed and their transport to the shoot. This multi-faceted approach allowed 
us to comprehensively explore the allelopathic dynamics within this co-culture system. This study establishes a 
foundation for further investigations into the chemical and ecological processes at play in crop-weed interactions, 
ultimately contributing to our understanding of these complex agricultural systems.

Results
Seedling length and dry biomass allocation of 2 week‑old plants
After 2 weeks of growth, we did not see any difference in pigweed root length in any modality except for AAR-
Rafter which showed improved growth (Fig. 1a), and a reduction in its shoot length in AARRear when compared 
to control (AAAA) (Fig. 1b). Surprisingly, AARRafter shows improved growth (both root and shoot) (Fig. 1a,b). 
On the contrary, rye shows more or less improved seedling length (SL) in all modalities when compared with 
the control (RR) (Fig. 1a,b) with AARRemoval showing maximum root growth (Fig. 1a).

In terms of dry biomass, we observed a significant reduction in pigweed root in all modalities in co-culture 
with rye, in comparison to its control (AAAA). However, for shoots biomasses were significantly higher for AAR-
Rear and AARRfter (Fig. 1c) with AARRafter showing maximum growth which is in line with the observations 

Figure 1.  Growth comparison between 2 week-old pigweed and rye Plants: (a) Root and (b) Shoot Lengths (c) 
Dry biomass of pigweed plants (d) Dry biomass of rye plants. Values on the graphs represent means (average 
values) from five samples, with error bars showing standard errors (SE). Different letters above the columns 
indicate significant differences among different modalities, with significance at p < 0.05 according to the Tukey 
test.
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in Fig. 1b,d shows the dry biomass allocation in rye wherein AARRemoval shows the highest root shoot biomass 
among all modalities.

Seedling length and dry biomass allocation of 4 week‑old plants
A reduction in pigweed root length is observed in all modalities except AARRafter in contrast to control (AAAA). 
Pigweed shoot length displays similar results. Almost, the same trend was observed at the 2 week-old stage 
wherein AARRafter showed the highest growth.

Rye did not show any major changes in root length in all modalities except AARRs.t showing improved growth 
when compared with the control (RR) (Fig. 2a). Moreover, AARR s.t shows the maximum shoot length (Fig. 2b).

Reduction in dry biomass of pigweed root was observed in all modalities except in AARRafter (Fig. 2c), 
Moreover, the shoot shows improved biomass with AARRafter which coincides with our results of the 2 week-
old experiment. Rye in AARRear shows the highest root biomass followed by AARRemoval in contrast to the 
control (Fig. 2d). Similarly, AARRemoval (and control) shows the highest shoot biomass which coincides with 
our results of the 2 week-old experiment.

Germination experiments
In the co-germination test, rye shows a 100% germination rate (GR) both in control (R control) and in the pres-
ence of pigweed (represented by R′) (Fig. 3a,b). Moreover, rye shows improved vigour index (VI) and SL in the 
presence of pigweed. However, pigweed which showed 75% GR in control (A control) did not germinate in the 
presence of rye (A′).

On exposure to some 2 week-old exudates (ED2, ED3, ED5) and extracts (ET4) pigweed seeds did not ger-
minate (Fig. 3a). Pigweed showed the highest GR in control (75%) followed by ED1 = ET1 (63%), ET5 = ET6 
(38%), ED4 = ET2 = ET3 (25%) and ED6 (13%) (Fig. 3a). In general, mean germination time (MGT) tends to 
increase while germination index (GI) and vigour index (VI) decrease when pigweed is exposed to exudates and 
extracts when compared with control.

Figure 3b represents the germination indices of the 4 week germination experiment. Pigweed shows no 
germination when exposed to exudates (ED2, ED3, ED5) and extracts (ET3, ET4), very similar to the 2 week 
germination experiment. Pigweed shows the highest GR in control (75%) followed by ED1 = ET1 (63%), ED4 = 
ET2 (25%), and ED6 = ET5 = ET6 (13%). It appears that plant extracts from 4 week-old samples have stronger 
inhibitory potential than their 2 week-old counterparts. MGT, GI and VI follow a similar trend as observed with 
the 2 week germination experiment. ED1 and ET1 (corresponding to the modality AAAA) both at the 2 week 
and 4 week stages showed no significant difference statistically in pigweed germination indices when compared 
to the control. Moreover, the observed value of osmotic potential (OP) of plant extracts had no significant impact 
on pigweed germination (Table S1 and Fig. S3).

Figure 2.  Growth comparison between 4 week-old pigweed and rye Plants: (a) Root and (b) Shoot Lengths (c) 
Dry biomass of pigweed plants (d) Dry biomass of rye plants. Values on the graphs represent means (average 
values) from five samples, with error bars showing standard errors (SE). Different letters above the columns 
indicate significant differences among different modalities, with significance at p < 0.05 according to the Tukey 
test.
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HPLC‑DAD analysis
In our study, we focused on the analysis of BXs (DIBOA, DIMBOA and MBOA) in the context of allelopathic 
interactions between rye and pigweed. No BXs were detected in the root exudates of both 2 week and 4 week-
old samples. It may be because BXs were below our LOD (5.00 μg/g for DIBOA, 12.00 μg/g for DIMBOA and 
6.05 μg/g for MBOA) or altogether not present.

In the plant material, there were no BXs detected in the control group of pigweed (AAAA). Moreover, MBOA 
was not detected in any of our plant samples. DIBOA (shown in Fig. 4a) was found in all 2 week and 4 week-
old rye plants. The concentration of DIBOA was higher in the shoots than in the roots. In addition, there was 
a statistically significant increase in the concentration of DIBOA in 4 week-old root samples compared to the 
2 week-old samples. The modality “AARRemoval” had the highest concentration of DIBOA in the shoots at the 
4 week-old stage.

The concentration of DIBOA in rye increases as the plant biomass increases (Fig. 2d). It’s interesting to note 
that rye seems to benefit from increasing DIBOA concentration. DIBOA was detected in some 4 week-old 
pigweed samples in the modality “AARRear”. This indicates that pigweed may have taken up BXs, suggesting 
a possible interaction between DIBOA and pigweed. We have mixed results with DIMBOA. Unlike DIBOA, 
DIMBOA (shown in Fig. 4b) was not found in any pigweed samples that were grown together with rye and 
was not found in all rye plant samples. However, like DIBOA, in some rye root samples, DIMBOA was more 

Figure 3.  Germination indices of rye-pigweed co-germination and pigweed germination against (a) 2 week-old 
exudates and extracts (b) 4 week-old exudates and extracts. Values plotted are means (n = 5) ± standard errors 
(SE). R′ represents rye germination compared to its control ‘R control’ and A′ represents pigweed germination 
compared to its control ‘A control’ in the co-germination test. All other treatment groups ranging from ‘ED1 to 
ED6’, and ‘ET1 to ET6’ represent pigweed germination indices compared to their control ‘A control’. ‘*’ above 
columns represent significant differences in treatment groups from control at p < 0.05, applying Dunnett’s test.
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concentrated at the 4 week growth stage. In the modalities, AARRs.t and AARRemoval, DIMBOA were only 
detected in 4 week-old rye shoots.

Discussion
Rye has been previously shown to produce and exude benzoxazinoids (BXs)10–12, however, the extent of their 
mediation in plant-plant interactions remains unclear. In the initial phase of our study (2 week stage), we 
observed intriguing patterns in pigweed and rye SL and biomass allocation. Despite no reduction in pigweed 
root length in any modality, shoot length decreased when rye was introduced earlier (AARRear) compared to the 
control (AAAA). Since the plants were continuously supplied by Hoagland solution, we can eliminate resource 
competition and consider chemical interference in our study, indicating allelopathic effects on pigweed SL 
aligning with previous research on rye’s impact on neighbouring  plants19,20. Rye’s allelopathic impact on pigweed 
seems to primarily affect above-ground growth at this early stage. Rye is known for reducing the plant growth of 

Figure 4.  Concentration of BXs (a) DIBOA and (b) DIMBOA in the plant material. Values plotted are means 
(n = 5) ± standard errors (SE). Columns with different letters indicate significant differences among two and 
5 week-old samples at p < 0.05 according to the Tukey test. Columns with no letters indicate the presence of 
DIMBOA only at the 4 week stage.
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its neighbours by releasing  BXs21. This reduction is associated with BXs inhibiting mitotic activity and disrupt-
ing nucleus, mitochondria and chloroplast  functions22. Interestingly, the AARRafter modality shows improved 
growth in pigweed, especially in shoot length, highlighting the nuanced influence of timing in seed sowing on 
crop-weed interactions. The influence of seed-sowing timing on crop-weed interactions is a well-explored area 
in agricultural  research23. On the contrary, rye shows more or less improved SL in all modalities when compared 
with the control (RR) (Fig. 1a,b) especially in the AARRemoval modality (Fig. 1a), indicating a potential case of 
induced allelopathy in rye after a brief introduction of pigweed (further supported by increased BXs concentra-
tion in rye exposed to pigweed, discussed later). As the experiment progressed to the 4 week stage, the trends 
observed in SL and biomass allocation continued to offer insights into the dynamics of the rye-pigweed inter-
action. Pigweed root length reduction persisted across modalities, except for AARRafter (Fig. 2a), while shoot 
length variations mirrored those of the 2 week stage, with AARRafter displaying the highest growth (Fig. 2b). 
This consistency in results across different growth stages highlights the robustness of the allelopathic effects of 
rye on pigweed and the importance of differential seed-sowing  time17. Rye, once again, displayed no significant 
changes in root length across modalities, with AARRs.t showed improved growth compared to the control. 
The significant growth of pigweed observed in the AARRafter configuration is intriguing and deserves further 
investigation to understand the underlying mechanisms.

The biomass allocation results add depth to the understanding of the allelopathic  interactions24. The reduc-
tion in pigweed’s root biomass in all modalities at the 2 week stage (Fig. 1c) indicates that rye’s presence might 
primarily affect the root system of  pigweed25. This could be due to thinning of pigweed roots (which explains 
no significant reduction in root lengths). This contrasts with the increased root biomass observed in the rye, 
particularly in AARRafter and AARRemoval (Fig. 1d), further suggesting the concept of induced  allelopathy23. At 
the 4 week stage, the biomass allocation results mirrored those of the 2 week stage, with pigweed’s root biomass 
reduced in all modalities except AARRafter, while shoot biomass did not show any decline when compared to 
control, aligning with the 2 week results (Fig. 2c). Our findings related to rye’s biomass allocation in AARRear 
and AARRemoval are noteworthy (Fig. 2d). These modalities exhibit increased root and shoot biomass, indicat-
ing a complex interplay of allelopathic effects. The variation in the presence of pigweed in the growth medium 
proves to be another significant factor that has influenced the interactions and outcomes of our co-culture26.

In the germination experiments, rye exhibited 100% germination regardless of the presence of pigweed. 
This suggests that rye’s germination is not affected by the presence of pigweed. While there are studies showing 
pigweed plant extracts inhibiting crop-germination27,28, however, there is no report of crop-germination inhi-
bition in crop-pigweed co-culture. In contrast, pigweed, with a 75% GR in control, failed to germinate in the 
presence of rye. Exposure of pigweed seeds to 2 week-old exudates and extracts revealed inhibitory effects on 
germination, with varying germination rates across treatments. The 4 week germination experiment reinforced 
these findings, showing stronger inhibitory potential in plant exudates and extracts collected from 4 week-old 
samples compared to their 2 week counterparts. This aligns with previous studies demonstrating rye’s potent 
inhibitory effect on pigweed  germination29,30. Another study shows inhibition of radish seed germination due to 
the absorption of BXs released by  rye31. This consistency in results suggests that rye can detect its neighbours as 
early as at the germination stage and releases certain substances in response that inhibit their  germination29–31. 
Several studies have reported seed germination inhibition due to BXs inhibiting α-amylase  activity7,32,33. The 
absence of significant differences in pigweed germination indices between ED1 = ET1 and the control suggests 
that the observed germination inhibition is due to rye BXs and not pigweed autotoxicity. Moreover, in our study, 
the MGT tended to increase while GI and VI decreased when pigweed was exposed to exudates and extracts 
compared to control conditions. This trend indicates a delay in germination and reduced seedling vigour when 
pigweed interacts with rye exudates/extracts.

HPLC-DAD analysis provides insights into chemicals (BXs) potentially responsible for the above-discussed 
reduction in pigweed growth and germination. No BXs were found in the root exudates of either 2 week or 
4 week-old samples. However, the results from the germination experiments establish their allelopathic potential. 
This suggests that root exudates may have BXs below the LOD and our system could not detect them. DIBOA 
was detected in all rye plants, with a significant increase in co-cultivation with pigweed, supporting the con-
cept of induced allelopathy. Moreover, this increase in DIBOA concentration aligns with the observed positive 
effects on rye growth. Our observation is consistent with the results of Hazrati et al.12 who showed increased BX 
production in rye in response to cocultivation with Vicia villosa L. Furthermore, the concentration of DIBOA is 
higher in the rye shoots than in the roots, suggesting more synthesis of this compound in shoots or its vigorous 
transport from root to shoot. This finding is supported by the results of Rice et al.34 which shows DIBOA to be a 
shoot-dominant compound in rye. The “AARRemoval” modality had the highest concentration of DIBOA in the 
rye shoots at the 4 week-old stage, indicating that removing pigweed after its brief exposure to rye may trigger 
increased production of allelopathic compounds, emphasizing the dynamic nature of these interactions. The 
age-dependent dynamics of allelopathic compounds in rye were evident in the increase in DIBOA concentration 
from 2 week to 4 week  samples34. The presence of DIBOA in some 4 week-old pigweed samples in the modality 
“AARRear” suggests pigweed may take up BXs produced by  rye12, indicating a potential interaction between 
DIBOA and pigweed. DIMBOA was not found in all rye samples, suggesting it may not play a significant role in 
allelopathic interactions in this co-culture.

Conclusively, the juxtaposition of growth patterns and biomass allocation at the 2 week and 4 week stages in 
the rye-pigweed co-culture, along with the scrutiny of BXs concentration and germination evaluation, empha-
sizes the enduring allelopathic impact of rye on pigweed. The identified trends in growth patterns and biomass 
allocation yield a comprehensive grasp of the dynamic nature of these interactions, suggesting potential enhance-
ments in crop-weed dynamics within agroecosystems. The association with BX concentration reinforces the 
concept of induced allelopathy, opening avenues for prospective investigations into the mechanisms governing 
the production and absorption of allelopathic compounds. The AARRafter and AARRemoval configurations 
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emerge as promising avenues for deeper exploration into the underlying mechanisms. These revelations enrich 
our comprehension of allelopathic dynamics in agroecosystems, carrying practical implications for weed control 
strategies and crop enhancement.

Methods
Experimental design
Pigweed (A) and rye (R) seeds were treated with a 0.2% sodium hypochlorite solution for 10 min and washed 
three times with distilled water to prevent  contaminations34. Then, both types of seeds were allowed to germi-
nate and grow in different arrangements and combinations (Fig. S1): (i) pigweed alone (4 seeds) (AAAA), (ii) 
rye alone (2 seeds) (RR), (iii) rye (2 seeds) and pigweed (2 seeds) sown at the same time (AARR s.t), (iv) rye (2 
seeds) sown 3 days earlier than pigweed (2 seeds) (AARRear), (v) rye (2 seeds) sown 3 days after pigweed (2 
seeds) (AARRafter), and (vi) pigweed (2 seeds) sown first, removed after one week, and then rye (2 seeds) sown 
(AARRemoval). Seeds were sown in plastic tubes (Empty SPE 60 mL cartridge with two pre-inserted 20 µm frits 
by  Agilent®) covered with black tape for opacity. The tubes were filled with sandglass (BlasterGlass (granulometry 
250–425 µm, no free silica)) and were moisturized with 5 mL of half-strength Hoagland solution every alternate 
day until 2 days before analysis (to allow the drying of the medium and thus avoid as much as possible the extrac-
tion of nutritive residues). The entire set-up was maintained in a Phytotron conditioned to 12 ho day/12 h night 
photoperiod, 21 °C day/18 °C night thermoperiod and 70% relative humidity. Analyses were conducted after 2 
and 4 weeks of growth. Monitoring at 2 and 4 weeks allows us to capture dynamic changes (SL dry biomass, BX 
production) over time in an age-dependent manner.

Fifteen replicates were maintained for each modality. Five of them were used for root exudate collection (as 
described in “Collection of root exudates” section) followed by SL, and dry biomass analysis (“Seedling length and 
dry biomass” section) (Fig. S1). Five replicates were used for aqueous extract collection (“Preparation of aqueous 
extracts” section). The collected root exudates and aqueous extracts were also used in the subsequent germination 
tests (“Germination test” section). The remaining 5 replicates were used for quantification of benzoxazinoids 
(BXs) by high-performance liquid chromatography coupled to UV absorption detector and diode array detec-
tor (HPLC-UVD) analysis (“Sample preparation for HPLC-UVD analysis”, Quantification of benzoxazinoids in 
plant material and root exudate by HPLC-UVD analysis” sections).

Collection of root exudates
Root exudates were collected according to the protocol of Hazrati et al.12 using a customised device as shown 
in Fig. S2. This method was adopted to mimic the leaching of allelochemicals from root surfaces under natural 
conditions. A solvent containing 70% methanol (v/v) (HPLC grade > 99%) (Honeywell, France) and 0.2% formic 
acid (v/v) (Sigma Aldrich, Germany) was used for root exudate extraction. The choice of the solvent at 70% is 
to avoid the extraction of intracellular  compounds35 and therefore does not enter the frame of this work. Fifteen 
millilitres of extraction solution were injected manually with a syringe into the top of the tube in 30 s with a 
flow rate of 1 mL/s in a way to avoid contact with the stem of the plants. Each extraction was carried out under 
a vacuum of 780 mbar held for one minute to accelerate the flushing of the solution. The freshly collected root 
exudates were filtered through a 0.22 μm cellulose acetate syringe filter. A part of the collected exudates was 
transferred into glass vials before HPLC analysis and the other half was kept for germination tests.

Seedling length and dry biomass
After exudate collection, the seedlings were carefully taken out of the plastic tubes and soaked in stirred deion-
ized water for approximately one minute. This step allows the glass beads to detach from the roots and helps the 
roots of plants in co-culture to separate from each other as well. Thereafter, the growth parameters (root/shoot 
length) of each plant were measured using a meter scale before cutting it using scissors just above the root collar 
to segregate root and shoot systems. Collected samples were then dried in an electrical oven at 60 °C for 48 h 
and their dry mass was determined by weighing.

Preparation of aqueous extracts
The seedlings were carefully taken out of the plastic tubes and soaked in stirred deionized water for approxi-
mately one minute. The entire plant, along with roots and shoots from all co-cultured plants, was subjected to 
freeze-drying using liquid nitrogen, followed by lyophilization for 48 h. 4% aqueous extracts of each modality 
were prepared following the methodology described by Mushtaq et al.36. In modalities where two different plants 
(rye and pigweed) were growing together, an equal amount of both plant types in a 1:1 weight ratio was used to 
make aqueous extracts. This method was adopted to mimic the release of allelochemicals from entire plant tissue 
(including intracellular compounds) after plants die and decompose under natural conditions.

Moreover, the OP of extracts was determined using the formula: OP = 0.36 × Conductivity (mS) (Table S1). 
The conductivity was measured using a digital conductivity meter (Consort K610, Belgium) by immersing its 
electrode into each extract.

Germination test
Two types of germination tests were performed:

Co-germination of rye and pigweed. Rye and pigweed (5 seeds each) were allowed to germinate in the same 
Petri dish and in separate Petri dishes (to serve as control) lined with filter paper.
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Allelopathic impact of root exudates and extracts on pigweed germination. Pigweed (5 seeds) were placed in 
Petri dishes lined with filter paper sprinkled with 5 mL of different exudates and extracts collected earlier (“Col-
lection of root exudates” and “Preparation of aqueous extracts” sections) at 2 week and 4 week stages given in 
Table 1. This is to establish if any differences in the allelopathic potential between exudates and extracts collected 
at different growth stages.

All the Petri dishes from both types of germination experiments (“Co-germination of rye and pigweed” and 
“Allelopathic impact of root exudates and extracts on pigweed germination” sections) were sprinkled with 10 ml 
of half-strength Hoagland solution, wrapped with black tape and maintained in an incubator at 25  ±  0.5 °C and 
85% humidity. For each treatment, five replicates were made and the whole setup was retained in a completely 
randomized block design (CRBD). Two millilitres of Hoagland solution were added every 48 h to maintain the 
humidity of the filter paper in the Petri dish. The number of the germinated seeds was counted from the second 
day after treatment and the count lasted for one week. In addition, the root length, stem length and biomass of 
each germinated seedling were also measured.

The GR, MGT, GI and VI were calculated using the following  equations37: 

where Ni is the number of germinated seeds on the 7th day, N is the total seed number in the petri dish, Nt is 
the number of germinated seeds when the daily germination number reaches the peak, d is the number of seeds 
emerging on a given day, n is the time after setting the seeds for germination. Moreover, SL is also measured at 
the end of the 7th day as the sum of radicle length and plumule length.

Similarly, in a parallel experiment, we prepared mannitol solutions with corresponding OPs to that of plant 
extracts (from Table S1) and assessed their impact on pigweed germination against distilled water as a control 
(Fig. S3). Five replicates were maintained for each treatment. Mannitol was used in this study because it has been 
previously demonstrated to act as an inert osmotic medium for such  studies38.

Sample preparation for HPLC‑UVD analysis
HPLC analyses were performed on root exudates collected as described in “Collection of root exudates” section 
but also directly with plant material. In this second case, after having carefully taken out the seedlings of the 
plastic tubes, they are soaked and stirred in deionized water for approximately one minute to separate the roots 
of plants in co-culture and get rid of attached glass beads. In each modality, the root was separated from the stem 
of all seedlings as explained in “Seedling length and dry biomass” section. The plant material was immediately 
freeze-dried using liquid nitrogen followed by lyophilization for 48 h before sample preparation for analysis.

A weight of 25 mg of the plant material was crushed and placed in Eppendorf tubes. To this, 1 mL of extraction 
solvent (a mix of methanol, water, and formic acid in the ratio 50:50:1, v/v/v) was added along with four glass 
beads (each smaller than 1 mm). The mixture was agitated for 1 h using a Heindolph Multireax Agitator set at 
2000 rpm. After agitation, the solid phase was separated using an Eppendorf MiniSpin centrifuge at 13,400 rpm 
for 8 min The supernatant was then drawn with a syringe, filtered through a 0.45 μm PTFE filter into a vial, and 
stored at 4 °C before analysis. The root exudates collected in “Collection of root exudates” section shall be used 
as such for the analysis.

Quantification of benzoxazinoids in plant material and root exudate by HPLC‑UVD analysis
The benzoxazinoids quantification was done on an Agilent 1200 HPLC System. Separation was done on an Agi-
lent Poroshell C18 column and using Solution A (methanol/water/ortho-phosphoric acid 85%; 10/90/0.1; v/v/v) 
and Solution B (methanol/ortho-phosphoric acid 85%; 100/0.1; v/v) as eluents. The injection volume was 10 μL. 
Quaternary pump programming is given in Table S2. Before each run of samples, a set of standard solutions was 

(1)(%) = Ni/N × 100

(2)MGT =

∑
(d × n)/

∑
n

(3)GI =

∑
(d/n)

(4)VI = GR × (LR + LP)

Table 1.  List of root exudates and aqueous extracts corresponding to their modalities used in germination 
experiments.

Modality Root exudate name Aqueous extract name

AAAA ED1 ET1

RR ED2 ET2

AARR s.t ED3 ET3

AARRear ED4 ET4

AARRafter ED5 ET5

AARRemoval ED6 ET6
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injected to confirm retention times. The standards used are DIBOA, DIMBOA and MBOA (6-methoxy-benzo-
xazolin-2-one) purchased from Sigma-Aldrich. Absorption was measured at 250 nm; 280 nm and 288 nm for 
DIBOA, DIMBOA and MBOA respectively. The standard deviation (S) of the measured concentrations was cal-
culated for each compound, the limit of detection (LOD) was determined as 3 × S, and the limit of quantification 
(LOQ) as 10 ×  S12. Quantifications of BXs in plant material and root exudates were done based on the standard 
curves prepared for our standard compounds. Data points of the standard curves were weighted according to  x–1.

Statistical analysis
All data analysis was performed with RStudio software (Version 2023.09.0+463). To compare the SL, dry biomass 
and concentration of BXs between treatments, a T-test and one-way analysis of variance (ANOVA) were applied 
followed by the Tukey honestly significant difference (HSD) test at a significance level of 95% to compare each 
group with the other groups. The data were checked for a normal distribution. For germination parameters, the 
data was fitted into a binomial GLM (generalized linear model) with a logit link function (Fig. 3), and Dunnett’s 
test was applied at a significance level of 95%.

Ethical approval
We had permission to buy/collect seeds used in this study. All the methods used in this study were carried out 
in accordance with relevant guidelines and regulations.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).
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