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Abstract

Allelochemicals cause yield differences under various ecosystems worldwide. Studies were conducted at the
National Crops Resources Research Institute, Namulonge, Uganda during 2016 to investigate allelopathic
properties of bioactive compounds in upland rice (NERICA 1), Desmodium uncinatum, Zea mays (LONGE 6H)
and Mucuna pruriens root leachates. Studies involved pot screening, equal compartment agar experiments,
germination tests and growth of potted plants. Results under the pot study indicated that maize, rice and mucuna
leachates significantly (P < 0.05), reduced root lengths (49%-63%), plant heights (48%-66%) and biomass
(63%-75%) for Ageratum conyzoides, Bidens pilosa and Gallinsoga. parviflora weeds. G. parviflora root growth
was reduced (20%-41%) and stem growth declined (19%-42%) when maize, rice and mucuna leachates were
applied in the equal compartment agar study. Increased leachate concentrations (25%-75%) significantly (P <
0.05), increased the mean germination time (0.4-2.8 days) for mucuna, desmodium, rice and maize as seed
germination indices (SGI) were reduced (1.3%-49%). Potted mucuna, maize and desmodium reduced
(1.3%-49%) rice root length. Potting mucuna with maize reduced (32%) mucuna leaf width while desmodium
growth parameters were reduced (49%-64%) when potted with maize and mucuna. Potting maize with mucuna
or desmodium increased the maize leaf length (18%) and SGI (25). Application of higher (25%-75%) rice/maize
leachate concentrations similarly increased the maize leaf length (31%) and SGI (119). Allelopathic properties
affect seed germination, crop growth and development, and characterise ecosystems age structures. Strategic
management of crops under allelopathic ecosystems is critical.

Keywords: allelochemicals, leachates, maize, mean germination time, rice, seed germination indices
1. Introduction

The properties of bioactive compounds in allelopathic plants influence the productivity and lifespan of species
under various ecosystems. Several allelopathic interactions of agricultural importance have been reported
including crop to weed, weed to crop, crop to crop, plant to insect and plant to pathogen, thereby, affecting the
economical outcomes of plant production (Zohaib et al., 2016; Abbas et al., 2017). Allelopathic effects of poor
establishment and stunted crop growth due to auto-toxification, resulting from growing the same crop on the
same land in succeeding years have been observed in managed agricultural ecosystems (Singh et al., 1999).
Inhibitory effects on germination and establishment of crops and weeds caused by crop residues have been
reported (Zohaib et al., 2016; Ashraf et al., 2017). Effects on foliar enzyme activity, protein synthesis,
photosynthesis, respiration, cell division and enlargement were observed by several researchers (Nishida et al.,
2005; Cai & Mu, 2012; Esmaeili & Heidarzade, 2015), resulting in significant reductions in crop yields.

The properties of allelochemicals are expressed by the mode of action of a chemical and can be broadly divided
into a direct and an indirect action. The direct action involves the biochemical physiological effects of
allelochemicals on various important processes of plant growth and development. Effects through the alteration
of soil properties, nutritional status, population or activity of micro-organisms and nematodes represent the
indirect action (Rizvi et al., 1992). The authors further noted that allelochemicals are more concentrated in the
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leaves, stem or roots than in the fruits or flowers. Allelochemicals are released in four ways namely volatilization,
leaching, exudation, and decomposition of plant residues (Rice, 1984).

Allelopathic properties of allelochemicals have been reported on weeds, companion, and subsequent crops.
Pickett et al. (2010) observed a putative allelopathic mechanism for Desmodium uncinatum when an aqueous
solution from D. uncinatum plants was applied. Kong et al. (2008), observed reduced growth of Echinochloa.
Crus-galli in rice paddy fields and attributed it to allelochemicals released by the rice roots. Ayeni and Kayode
(2014) reported aqueous stem extracts from Sorghum bicolor and maize inhibited the okra (sci. name) seed
germination. Nwaichi and Edward (2010) reported suppression of plant growth indices on crops in companion
with mucuna due to allelopathic effects. Soares et al. (2014) reported that L-DOPA from the mucuna roots
reduced the growth of neighboring plants. Pieterse (2010) reported that allelochemicals could be used to
manipulate biosynthesis of putative compounds for weed management. Allelopathic properties of bioactive
compounds in maize, rice, desmodium and mucuna have not been established. Therefore, the objective of the
study was to determine the allelopathic properties of the bioactive compounds in these crops.

2. Materials and Methods

This study was conducted in the laboratory and screen house at the National Crops Resources Research Institutes
(NACRRI) Namulonge, Uganda during 2016.

2.1 Pot Screening Study

Desmodium uncinatum, Mucuna pruriens and Zea mays crops were screened for their allelopathic potential
against rice accessions in three subsequent stages. In the first preliminary non replicated screening stage, five
4-day old pre-germinated seeds, each of six upland rice accessions (NERICA 1, NERICA 4, NERICA 10,
NAMCHE 1, NAMCHE 2 and NAMCHE 3) were potted with five 4-day old pre-germinated seeds, each of
desmodium, mucuna and three maize accessions ( LONGE 6H, M17 and M25).

The 10 x 10 cm top diameter pots contained 300 g of sandy-loam soil (USDA classification system). Each of the
crops was also planted alone in similar pots as a control (Dayan et al., 2009). An initial watering of 80 ml
followed by 120 ml of tap water was applied to each pot every two days. At stage two, NERICA 1 and LONGE
6H maize were selected for stage three based on three growth parameter, namely leaf number, plant height and
length of roots on uprooted samples. The parameters were measured weekly for three consecutive weeks on each
rice and maize accession under a randomized complete block design (RCBD) with three replicates. At stage three,
NERICA 1, LONGE 6H, maize, mucuna and desmodium were used to demonstrate allelopathy on three receiver
common rice weeds, namely Gallinsoga parviflora, Bidens pilosa and Ageratum conyzoides. Similar pots,
arranged in RCBD with three replicates, were planted separately with pre-germinated seeds to raise rice (three
plants), maize (one plant), mucuna (one plant) and desmodium (five plants) per pot. The pots received 80 ml of
tap water initially and were leached with an additional 200 ml of water on day 4, 6, 8 and 10, respectively, and
the leachates were collected for subsequent use. Ten milliliter portions of the leachates collected on each of the
days were applied to the soil in pots with ten receiver weed seeds under three replicates. Weeds receiving tap
water at the same time intervals were used as controls.

2.2 Equal Compartment Agar Experiment

In the equal compartment agar experiment (Hilt et al., 2012), a piece of semi permeable vinyl acetate fiber was
inserted across the center and down the middle of a glass beaker pre-filled with 0.1% standard nutrient agar
solution. The fiber divided the beaker into two equal compartments, with the lower edge of the membrane kept
Icm above the agar surface. The composition for the nutrient solution at full strength in mol m™> was NOy’, 4.5;
S04, 2.0; [H,PO, + HPO,*] 0.08; Ca®', 2.0; NH4", 0.5; Mg, 0.4; K, 3.3. Five pre-germinated donor seeds of
each of the screened allelopathic plants; rice, desmodium and maize, including three pre-germinated mucuna
seeds were uniformly selected and separately sown on the agar surface in one-half of a glass beaker. The beakers
were kept under a controlled growth cabinet in the laboratory. After 7 days of seedlings growth, 10
pre-germinated seeds of each receiver weed species, namely Gallinsoga, Bidens, and Ageratum were sown in the
second half of the agar surface. This allowed the molecules to move between the donor and receiver plants, but
did not allow root to root contact. The beaker was placed back in the growth cabinet for seven more days when
the weeds were harvested.

2.3 Germination Test Experiment

The experiment was conducted at NaCRRI laboratories to determine the allelopathic effects of bioactive
compounds on germination of test plants. The stored leachates (100%) from maize, mucuna, rice, and
desmodium pot screening experiment conducted earlier were constituted to 25%, 50%, and 75% concentrations
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and used in this study with a control treatment with tap water. Ten seeds of test crops, namely rice, desmodium,
mucuna, and maize were washed with tap water and put in petri-dishes on Whatman No.1 filter paper in four sets
replicated three times under laboratory conditions. About 10 ml of the different leachate concentrations and tap
water were added daily to the sets of petri-dishes of test plants and the control, respectively for nine consecutive
days as described by Hagan et al. (2013).

2.4 Donor to Receiver Plants

In the donor to receiver experiment, pre-germinated seedlings of each of the receiver plants namely maize (1
seedling), mucuna (1 seedling) and desmodium (4 seedlings) were planted separately with rice (4 seedlings) in
the same pot as a donor to demonstrate the allelopathic potential of rice on receiver plants. The pre-germinated
seedlings were also planted as sole maize (1 seedling), mucuna (1 seedling), desmodium (4 seedlings) and rice (4
seedlings) as described by Dayan et al. (2009). Each pot received an initial watering of 80 ml followed by 200
ml of tap water every 2 days for 3 consecutive weeks and no fertilizers were applied.

2.5 Data Recording

In the pot screening study, leaves were counted, plant heights measured, and the longest roots were measured for
each rice and maize cultivar weekly, for three consecutive weeks to select crops for stage 2 of the research study.
In the potting and equal compartment agar studies, root and shoot lengths of the weeds were measured, and the
weed samples were oven dried at 80 °C for 12 hours until constant weight to determine the dry biomass. In the
germination study, radicle and plumule lengths, seed germination percentage (G%), and mean germination time
(MGT), taken as time from imbibition to radicle emergence, were determined for ten successive days. The
combined shoot and root dry weights were determined on the 11" day. Seed germination percentage was
calculated using the formula: G% = (a/b) x 100; where, a was the number of germinated seeds and b the total
number of seeds in treatment. Mean germination time (MGT) was calculated as: MGT = X (n x d)/N, where, n
was the number of seeds which germinated after each period in days (d) and N was the total number of seeds that
germinated at the end of the experiment (AOSA, 1983). The seed germination index (SGI) was also calculated as
described by AOSA (1983) using the following formula: SGI = Summation of number of germinated seeds/days
of first count up to observations under the last count. The crops were uprooted at 21 days after planting, shoot
and root length were measured and the plant materials oven dried at 80 °C for 12 hours until constant weight to
determine the dry matter biomass. In the donor to receiver plants in the same pot data was collected on root
length, plant height, dry biomass, leaf number, leaf length and leaf width of rice, maize, mucuna and desmodium.

2.6 Data Analysis

Collected data were subjected to analysis of variance (ANOVA) using Genstat statistical package (13" edition,
2013). The significant differences between treatment means were separated using Fischer's least significant
difference (LSD) test at P < 0.05.

3. Results
3.1 Effects of Crop Root Leachates on Growth and Development of Weeds

In the pot screening study, mucuna, desmodium, maize and rice leachates reduced the root length (49%-63%),
height (48%-66%) and plant biomass (63%-75%) of Ageratum conyzoides weeds (Table 1). Desmodium leachate
caused the greatest percentage reduction in Bidens pilosa weed root length (69%), stems (30%), and total
biomass (44%). Mucuna, rice and maize leachates, similarly, significantly (p < 0.05), reduced B. pilosa root
length and height. Mucuna, desmodium, rice and maize leachates reduced G. parviflora weed root length
(21%-39%) and plant height (20%-42%). Maize leachates reduced Gallinsoga root length (39%) but the rice
leachate had no effect on G. parviflora root length. Tap water produced the tallest G. parviflora weeds. In the
equal compartment agar study maize root exudates reduced the G. parviflora weed root length (41%) and stem
height (20%), while rice exudates reduced G. parviflora weed root and stem lengths (28%). Mucuna root
exudates reduced G. parviflora root length (32%) and stem height (31%) relative to the control. Gallinsoga
weeds did not influence the growth parameters of maize, rice, or mucuna. In the pot experiment and equal
compartment agar study, results indicated that root leachates controlled weed plant parts with different efficacy,
and the roots were more susceptible than shoots.
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Table 1. Root length, plant height and dry biomass of A. conyzoides, B. pilosa and G. parviflora weeds as
influenced by leachates from M. pruriens, D. uncinatum, Upland NERICA 1 and Z. mays (LONGE 6H)

Receiver Weeds

Leachate Type Ageratum conyzoides Bidens pilosa Gallinsoga parviflora

Root Length Plant Height Biomass Root Length Plant Height Biomass Root Length Plant Height Biomass

(cm) (cm) (€3] (cm) (cm) (€3] (cm) (cm) (€3]
Control (Tap Water)  3.15a 5.54a 0.08a 4.36a 9.57a 0.27a 3.23a 5.05a 0.12a
Rice 1.38b 1.89d 0.02b 2.33¢ 7.10¢ 0.27a 3.28a 3.97b 0.05a
Maize 1.22b 2.50¢ 0.02b 2.45¢ 8.28b 0.27a 1.98d 4.03b 0.31a
Desmodium 1.51b 3.03b 0.03b 1.35d 6.73d 0.15b 2.05¢ 3.85¢ 0.09a
Mucuna 1.61b 2.88b 0.02b 3.69b 7.16¢ 0.26a 2.60b 2.93d 0.04a

Povalie - <0005 <0001 <0001 <0001 <000 <000l <000l <0001 046

LSD (P<0.05) 0.90 0.22 0.02 0.10 0.12 0.03 0.06 0.11 NS

Note. NS = Not significant.

3.2 Effects of Crop Root Leachate Concentration on Seed Mean Germination Time

M. pruriens, D. uncinatum, Upland NERICA 1 and Z. mays (LONGE 6H) seed germination was not influenced
by changes in the concentrations of different leachates. However, the mean germination time (MGT) at 75%
concentration under rice + desmodium mixed leachate significantly (P < 0.05) increased for seeds of mucuna
(0.4 days), desmodium (0.9 days), rice (2.1 days) and maize (0.6 days) relative to the control (Table 2). The
MGT similarly increased at 75% concentration under rice + mucuna mixed leachate for seeds of mucuna (1.0
days), desmodium (0.4 days), rice (2.3 days) and maize (2.1 days) relative to the control. The MGT for
desmodium (0.8 days), rice (0.6days) and maize (2.8 days) seeds at 75% rice + maize mixed leachate
concentration was also greater than under the control. Rice + mucuna mixed leachates recorded greater MGT for
mucuna, desmodium and maize seeds than rice + desmodium mixed leachates. The MGT for rice seeds under
rice + maize mixed leachates was greater than under rice + mucuna and rice + desmodium mixed leachates.
MGT for maize seeds under rice + maize mixed leachates was less than under rice + desmodium and rice +
mucuna mixed leachates.

Table 2. Mean germination time for mucuna, desmodium, rice and maize under Rice + Desmodium, Rice +
Mucuna and Rice + Maize mixed leachates at different concentrations

Mixed Leachate
Concentration (%) Rice + Desmodium Rice + Mucuna Rice + Maize
Mucuna Des  Rice Maize Mucuna Des Rice Maize Mucuna Des Rice Maize

Mean Germination Time (days)

75% 4.90a 7.60a 6.80a 7.70a 5.90a 8.00a 6.90a 7.90a 4.90a 7.80a 7.70a 6.90a
50% 4.80b 7.10b  4.90b 7.60b 5.00b 7.90a 4.90b 7.50b 4.90a 7.50b 7.60b  4.90b
25% 4.60c 7.30b  4.90c 7.20¢c 4.90c 7.40b  4.90b 7.10¢c 4.80b 7.30b 7.20¢c 4.70c
0% (Control) 4.50d 6.70c  4.70c 7.10d 4.90c 7.60b  4.70b 7.10¢c 4.90b 7.00c 7.10d  4.10d
P-valie <0001 0012 <0001 <0001  <0.001 <0001 <0001 <0001 <0001 <0001 <0001 <0.001
LSD (P<0.05) 0.04 049  0.08 0.05 0.05 0.37 0.49 0.04 0.03 0.27 0.05 0.15

Note. Des = Desmodium.

3.3 Effects of Concentration of Mixed Leachates on Seed Germination Indices

Increased concentrations (25%-75%) of rice + desmodium leachate significantly (P < 0.05), reduced the seed
germination indices (SGI) for mucuna (30%), desmodium (6%) and rice (25%). An increase in the rice + mucuna
leachate concentration (25%-75%) reduced the SGI for desmodium (24%), rice (28%) and maize (43%). The
SGI was reduced with an increase (25%-75%) in rice + maize leachate concentration for mucuna (7%),
desmodium (26%), and rice (4%) an in Table 3. The SGI for maize increased at higher (25%-75%) rice +
desmodium (4%) and rice + maize (18%) leachate concentration relative to the control. Mucuna seeds SGI was
not influenced by mixed rice + mucuna leachate concentrations, but reduced relative to the control. Rice + maize

195



jas.ccsenet.org Journal of Agricultural Science Vol. 13, No. 9; 2021

mixed leachate lowered the SGI for desmodium seeds relative to rice + desmodium and rice + mucuna mixed
leachates between 25% and 75% leachate concentrations.

Table 3. Seed germination indices for mucuna, desmodium, rice and maize under mixed leachates

Mixed Leachates

Concentration (%) Rice + Desmodium Rice + Mucuna Rice + Maize

Mucuna Des Rice Maize Mucuna Des Rice Maize Mucuna Des Rice Maize

Seed Germination Indices

75% 5.00d 6.60c  5.70d 4.50a 7.60b 5.70d 5.70b 2.50c 6.80d 3.20c 5.10¢c 7.90a

50% 6.10c 7.00b  7.50c 4.50a 7.60b 7.00c  7.90a 4.30b 7.10c 4.40b 5.20c 7.80b

25% 7.20b 7.00b  7.60b 4.30b 7.60b 7.50a  7.90a 4.40a 7.30b 4.30b 5.30b 6.70c

0% (Control) 7.70a 7.60a 7.70a 3.60c 7.70a 7.30b  7.90a 4.40a 7.70a 6.80a 7.70a 3.60d
Povalue <0001 0001 <0001 <001 <0001 0001 <000 <0001 <0001 <0001 <0.001 <0.001

LSD (P <0.05) 0.64 0.05 0.05 0.03 0.05 0.07  0.05 0.04 0.06 0.1 0.11 0.06

CV (%) 0.5 0.5 0.3 0.5 0.4 0.4 0.5 0.5 0.4 0.6 0.9 0.5

Note. Values with different letters in a column are significantly different at P < 0.05. Des = Desmodium.

Rice + maize mixed leachate reduced the SGI for desmodium more than rice + desmodium and rice + mucuna
mixed leachates between 25% and 75% concentrations.

3.4 Effects of Leachate Concentrations on Maize Growth and Biomass

An increase in rice + mucuna and rice + desmodium leachate concentration (25%-75%) had no effect on maize
root length and dry biomass. However, increasing the rice + maize leachate concentration from 25% to 75%
significantly (P < 0.05) increased the maize root length and biomass by 37% and 61%, respectively. Maize root
lengths under rice + maize leachate (8.60 cm) and tap water were similar. The maize biomasses under tap water,
25% and at 50% rice + maize leachate concentration were also similar. A significantly greater maize biomass of
3.60 g was recorded at a 75% increased concentration of rice + maize leachate. Maize plant height was not
influenced by types of leachates and changes in their concentrations. Increasing rice + maize and rice +
desmodium leachate concentrations and potting maize with mucuna or desmodium raised the maize seed
germination indices, growth and development.

3.5 Effects of Potting Rice, Maize, Mucuna and Desmodium of Crop Growth

Root length for rice was reduced (30%-46%) due to potting with mucuna, maize and desmodium. But, potting
maize with mucuna and desmodium increased maize leaf length (15%-24%). Mucuna leaf width were reduced
(32%) when potted with maize while, potting maize with mucuna and desmodium reduced (49%-64%) the
desmodium root length, leaf number, leaf length, leaf width, and plant height.

4. Discussion
4.1 Effects of Crop Root Leachates on Growth and Development of Weeds

The reduced A. conyzoides, B. pilosa and G. parviflora weed root length, stem height, and biomass may be
attributed to allelopathic inhibitory influences of secondary metabolites in root leachates and exudates of mucuna,
rice, maize and desmodium crops, possibly stimulated by allelochemicals from the weeds and released via roots
to weeds. Kaiira et al. (2019) profiled 2-ethylhexanol phenol, one alkane named 2,3-dimethylundecane, two
terpenoids identified as tert-amylbenzene and 1-sec-butyl-4methylbenzene and a furan called 2-pentylfuran in
root exudates of both rice (NERICA 1) and Desmodium uncinatum. Rice also pre-dominantly released other
terpenoids identified as 1,2-dimethyl-3-ethyl benzene, 1-methyl-2-(2-propenyl)benzene, 1,3-di-tert-butylbenzene
and pentamethylbenzine. Desmodium and maize solely released 2-Ethyl-p-xylene terpenoid and p-ethyltoluene
was exudated by desmodium alone. The researchers also identified in maize (LONGE 6H) root exudates
metabolites that included six terpenoids namely m-ethyl toluene; 1,2,4-trimethylbenzene, O-dichlorobenzene,
1,2,3-trimethyl benzene, 1-methy-2-(2-propenyl) benzene and 2-ethyl-p-xylene. One furan called
2-n-pentylfuran was commonly found in rice and desmodium root exudates. The researchers also noted Mucuna
pruriens to release seven organic compounds in the root exudates that included five terpenoids namely
naphthalene,  1,2-dimethyl-4-ethylbenzene, 1-ethyl-3-methyl-benzene, 1,3-ditertiarybutylbenzene  and
1,3-dichloro-benzene. The latter metabolite was also released by rice crop. Mucuna also released an alkane
called n-tetradecane and a phenol identified as dihydrocarveol in the root exudates. The terpenoids that
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dominated the test plants root exudates together with the alkanes, furans, and phenolic compounds could have
inhibited protein, lipid and amino acid synthesis, respiration and photosynthesis, reducing weed growth.

Allelochemicals have been reported to influence the physiological and biological processes of plants especially
cell division. Crop roots have been reported as more susceptible than other plant parts. Li et al. (2010) observed
inhibited root growth, damaged seed cell membrane systems for mitochondria and chloroplasts, increased cell
permeability, and consequently reduced crop growth rates by allelochemicals from of seedlings of M. pruriens
and other crop species. Esmaeili and Heidarzade (2015) indicated that rice root exudates recorded the greatest
inhibitory effects on chlorophyll, leaf area, root growth, and nitrogen content. Hooper et al. (2015) reported root
exudates of D. uncinatum inhibited weed growth.

The differences in weed control observed in results may be attributed to different modes of action, concentration
and efficacy of the different secondary metabolites identified in root exudates of desmodium, rice, maize and
mucuna crops. The results are supported by Namkeleja et al. (2013) who reported leaf and seed extracts of
allelopathic plants reduced seed germination, root and shoot length, fresh weight and dry weight of weed species.
The research findings from this study suggest the high possibility of developing bio-herbicides from the
bio-active compounds in mucuna, desmodium, maize, and rice. Datta and Saxena (2001) indicated allelopathic
crop species as a potential resource with phytotoxic properties against a broad range of weeds.

4.2 Effects of Concentrations of Mixed Leachates on Seed Germination

Mean germination time (MGT) for mucuna, desmodium, rice, and maize seeds increased and seed germination
indices (SGI) were reduced with increases in concentrations of the mixed rice + desmodium, rice + mucuna, and
rice + maize leachates. Delayed seed germination with both type and leachate concentrations may be attributed
to increased molecular interactive effects of mixed molecules of the compounds in root leachates at higher
concentrations on processes that affect germination of seed such as seed respiration and apical development.
Kaiira et al. (2019) profiled three terpenoids namely tert-Amylbenzene, p-ethyltoluene, 1-Sec-butyl-4-
methylbenzene, an alkane identified as 2,3-Dimethylundecane and one furan called 2-n-Pentylfuran as common
secondary metabolites in the root exudates of upland NERICA1 and Desmodium uncinatum. The researchers
also profiled 1,2-Dimethyl-4-ethyl benzene and 1,3-Ditertiarybutylbenzene terpenoids as common compounds in
root exudates of upland rice NERICA 1 and Mucuna pruriens. Rice and LONGE 6H maize were reported to
release in common 1-Methyl-2-(2-propenyl) benzene and 2-n-Pentylfuran terpenoids in their root exudates. The
profiled secondary metabolites could have negatively interacted additively at higher concentrations of the
mixtures on crop processes that promote seed germination, reducing the seed germination rates, and delaying the
time to germination of the seedlings. Nishihara et al. (2005) and Xu et al. (2010) observed a correlation between
radicle growth inhibition, seedling development, and the concentration of root diffused allelochemicals.
Esfandiar et al. (2012) observed higher effects of increasing extract concentrations on germination percentage of
crops and roots of crop species were more affected than the shoots. Kato-Noguchi (2011), Cai and Mu (2012)
and Aliloo et al. (2015) observed that higher concentration extracts, inhibited primary root elongation and lateral
root development, decreased root hair length and density, and thus inhibited cell division in root tips. Blouin et al.
(2004), Li et al. (2010), and Farooq et al. (2011) have reported effects of molecular biological exchange rates to
occur additively, synergistically, or antagonistically under allelopathic interactions.

Rice + mucuna mixed leachates recorded higher MGT than rice + desmodium and rice + maize mixed leachates.
This may be attributed to additive and antagonistic effects by secondary metabolites in leachates of the crops.
Kaiira et al. (2019), reported 1,3-ditertiarybutylbenzene and 1,2-dimethyl-4-ethyl benzene as common terpenoids
in the rice and mucuna crops root exudates. The two terpenoids could have additively inhibited germination
processes and by synergy with three terpenoids released in M. pruriens root exudates namely naphthalene,
1-ethyl-3-methyl-benzene and 1,3-dichloro-benzene delayed the seed germination. The two common terpenoids
in rice and mucuna root exudates could have also by synergy interacted with the five terpenoids profiled
exclusively in NERICA 1 root exudates as 1,2-dimethyl-3-Ethylbenzene, 1-methyl-2-(propenyl) benzene,
tert-Amylbenzene, 1-sec-butyl-4 methylbenzene and pentamethylbenzine by Kaiira et al. (2019), to reduce the
seed germination.

Rice and desmodium exudated 2,3-dimethylundecane, 1-sec-butyl-4-methylbenzene, tert-amylbenzene,
2-ethyl-p-xylene and 2-pentylfuran as common metabolites in the root exudates. The metabolites could have
interacted additively and by synergy with 1,2-dimethyl-3-ethylbenzene, 1-methyl-2-(propenyl) benzene and
pentamethylbenzine of rice reduced the germination of mucuna, desmodium, rice and maize seeds. The effects of
molecular biological exchange rates were lower than under rice + mucuna mixed leachates. Rice and maize
released 2-n-pentylfuran, 1-methyl-2-(2-propenyl) benzene and 2-Ethyl-p-xylene as common terpenoids that
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could have expressed lower additive biological exchange rates than exhibited by rice + desmodium mixed
extracts, resulting into higher germinations expressed by lower MGT and higher SGI. The terpenoids identified
as m-ethyltoluene, o-dichlorobenzene; 1,2,4-trimethylbenzene and 1,2,3-trimethyl benzene of maize could have
also interacted by weak synergistic molecular biological exchange rates with 1,2-dimethyl-3-ethylbenzene and
pentamethylbenzine terpenoids profiled in the root exudates of rice to reduce the seed germination of mucuna,
desmodium, rice and maize. The effects of molecular biological exchange rates were lower than under rice +
desmodium and rice + mucuna mixed leachates.

The reduced maize seed germination time and reduced SGI for desmodium seed under rice + maize leachates
relative to other treatments, higher SGI for maize than for the control at increased rice + desmodium and rice +
maize leachate concentration is attributed to antagonistic effects on the interactions of molecules in the rice +
maize and rice + desmodium mixed leachates. This is a form of hormesis, a condition of stimulated growth due
to low concentrations of an allelochemical similar to auxin hormones. Kaiira et al. (2019) profiled four
metabolites namely 1,2,4-trimethylbenzene, 1,2,3-trimethyl benzene, o-dichlorobenzene and m-ethyltoluene in
maize root exudates while rice root exudates had nine different metabolites identified as seven terpenoids namely
1-sec-butyl-4 methylbenzene, tert-amylbenzene, 1,3-di-tert-butylbenzene, pentamethylbenzine; 1,2-dimethyl-3-
ethylbenzene, 1-methyl-3-propylbenzene, 2-ethyl-3-propylbenzene and two alkanes called 3,5 dimethyloctane
and 2,3-dimethylundecane. Six of the terpenoids namely pentamethylbenzine, 1-methyl-2-(2-propenyl)benzene,
1-methyl-3-propylbenzene, 1,3,di-tert-butylbenzene, 1,2-dimethyl-3-ethyl benzene, 2-ethyl-3-propylbenzene and
an alkane called 3,5-dimethyloctane identified in rice root exudates were not profiled in desmodium which
exudated three terpenoids namely 1-sec-butyl-4-methylbenzene, tert-amylbenzene, 2-ethyl-p-xylene, one alkane
named 2,3-dimethylundecane and a furan called 2-pentylfuran in the root exudates. The allelopathic effects of
molecular biological exchange rates under rice + maize and rice + desmodium root leachates antagonistically
stimulated maize seed germination.

Mucuna seeds SGI was not influenced by mixed rice + mucuna leachate concentrations, but were reduced
relative to the control. The result is attributed to antagonistic molecular exchange effects, since rice and mucuna
had no common secondary metabolites to additively reduce the germination of mucuna seeds. The molecular
exchange effects were however higher than under the control because of possible synergistic negative molecular
effects on seed germination by the profiled terpenoid metabolites, namelyl-sec-butyl-4 methylbenzene,
tert-amylbenzene, pentamethylbenzine, 1,3,di-tert-butylbenzene and 1-methyl-2-(2-propenyl)benzene with rice
and naphthalene, 1-ethyl-3-methyl-benzene, n-tetradecane, 1,3-ditertiarybutylbenzene, 1,3-dichloro-benzene and
1,2-dimethyl-4-ethyl benzene profiled in the root exudates of mucuna by Kaiira et al. (2019).

4.3 Effects of Leachate Concentrations on Maize Growth and Biomass

The increased maize seed germination indices, growth and development due to higher rice + maize and rice +

desmodium leachate concentrations and potting maize with mucuna or desmodium may be attributed to hormesis

common with allelochemicals. Hormesis is the stimulation of growth at suboptimal levels of allelochemical

concentrations common in herbicides which mimic the growth hormone auxin but lethal at higher doses (Farooq

et al., 2011). The growth condition possibly resulted from antagonistic interactions in modes of action for the

metabolites of different classes namely 3-dimethyloctane alkane of rice, p-Ethyltoluene terpenoid of desmodium

and four terpenoids of maize namely o-dichlorobenzene, 1,2,4-trimethylbenzene, m-ethyltoluene and

1,2,3-trimethyl benzene. Mucuna root exudates were reported to release five terpenoids namely naphthalene;

1,2-dimethyl-4-ethylbenzene, 1,3-ditertiarybutylbenzene, 1-ethyl-3-methyl-benzene and 1,3-dichloro-benzene,

an alkane called n-Tetradecane and a phenol identified as dihydrocarveol (Kaiira et al., 2019). Abbas et al. (2017)
reported that application of allelopathic water extracts for weed control boosted crop growth directly or indirectly.
Glyphosate has been reported to cause 30% increased growth in both soybean and maize by Velini et al. (2008).

Cedergreen and Olesen (2010) similarly reported hormesis where glyphosate promoted crop growth. Kaya et al.

(2009) attributed hormesis to enhancement of physiological processes such as photosynthesis, respiration,

increased gaseous exchange and stabilization of the plants photosynthetic pigment system. Belz and Duke (2014)

remarked that the studies with herbicides are not done in sufficient detail to measure hormesis. Therefore, in

many experiments hormesis has not been found, reported, or has been even disregarded as outlier data.

4.4 Effects of Potting Rice, Maize, Mucuna and Desmodium of Crop Growth

The root, stem, and leaf growth for rice, mucuna, maize and desmodium were influenced by potted companion
crops. This is attributed to influences of the different secondary metabolites in the root exudates of the crops on
processes such as synthesis of lipids, proteins, amino acids, respiration, and photosynthesis needed for crop
growth and development.
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5. Conclusions

The study demonstrated crop allelopathic properties expressed as reduced weed and crop growth using mucuna,
desmodium, maize, and rice leachates in the pot screening experiment and with root exudates of mucuna, maize
and rice in the equal compartment agar study. Rice, mucuna, and desmodium growth were reduced as
donor-receiver crops in the same pots. The relative growth changes may lead to late crop establishment and
reduced crop competitive advantage, resulting in the formation of different crop age structures within the
populations under mixed cropping systems. Crops with age structures are characterised by low productivity
levels. Herbicide hormesis was observed, but it lacks wide practical implementation. Therefore, more research is
needed to understand how to exploit herbicide hormesis potential benefits and to minimize possible harmful
effects in crop production. Hormesis is a potential area for further allelopathic investigations with rice, maize,
and mucuna crop interactions. The properties identified in this study indicate the need for strategic management
of sole crops, component crops, and crops under succession in different ecosystems.
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