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In the absence of direct resource competition, the presence of aboveground neighbouring weeds
can trigger shade avoidance responses in soybean seedlings through the detection of light quality
changes by phytochromes. It was hypothesized that soybean seedling growing in the presence of
aboveground weeds would not express typical shade avoidance morphology when soybean seeds
were treated with thiamethoxam or calcium. Controlled environmental studies revealed that
thiamethoxam-mediated increase in overall growth and nitrogen level could be attributed to the
action of salicylic and jasmonic acids, while nodulation and isoflavonoid concentrations were
modulated through a yet unknown pathway(s). Treatment of seeds with calcium prevented stem
elongation and root growth inhibition in the presence of aboveground weeds when compared to
untreated soybeans. Intriguingly, both calcium and thiamethoxam seed treatments prevented
neighbouring weed-mediated induction of nitrate reductase activity. This study suggests that seed
treatments can be used as a tool to enhance soybean’s competitive ability against neighbouring
weeds.
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Chapter 1: Literature review
Crop-weed competition
Weed-mediated crop yield loss can occur very rapidly during the early growth stages of
crop development. Previous research with soybean (Glycine max (L.) Merr.) has determined that
a yield loss of more than 5 percent can occur unless the soybean crop is kept weed-free from an
emergence stage to fourth-trifoliolate stage in Ontario (Van Acker et al., 1993). Since greatest
yield loss can occur during the early stages of soybean development when the resource
competition between crop and weeds was considered to be minimal, the existence of resourceindependent competition was suggested.
Weeds were shown to reduce yields of Zea mays L. (maize) and soybean in the absence
of direct competition for resources (Page et al., 2010; Green-Tracewicz et al., 2011). In these
two studies, crops were placed near weeds but direct resource competition was avoided by
planting weeds (i.e., turfgrass) in a separate pot from the crop, and maintained through manual
clipping upon establishment. Neighbouring weeds significantly reduced kernel number per plant
and harvest index of maize (Page et al., 2010), and pod number, seed number and seed yield of
soybean (Green-Tracewicz et al., 2011). Neighbouring weeds also changed morphology of maize
and soybean by reducing root-to-shoot ratio, branching, and root biomass, but increasing shoot
height (Page et al., 2010; Green-Tracewicz et al., 2011, 2012; Afifi and Swanton, 2012). These
changes in morphology have been collectively referred to as the shade avoidance syndrome
(SAS). From very early stages, neighbouring weeds induced shade avoidance responses in
soybean and maize grown at high photosynthetic photon flux density 700 and 500 µmol m-2 s-1,
respectively (Green-Tracewicz et al., 2012; Afifi and Swanton, 2012).

1

Neighbouring weed-induced initiation of SAS response maybe responsible for rapid crop
yield loss during the early developmental stages of a crop (Rajcan and Swanton, 2001). This
inference was made from several observations of maize: plants were more prone to develop
water or nutrient stress symptoms under weedy conditions even when the soil water or nutrient
concentrations were equal or higher (Young et al., 1984; Tollenaar et al., 1997; Page et al.,
2011). Root growth inhibition by neighbouring weeds could have reduced maize’s ability to
draw water or nutrients from soil, which would have lowered crop yield. Hence, reversing this
shade avoidance morphology could increase crop’s competiveness with neighbouring weeds.

Red and far-red light as a key mediator of plant competition responses
SAS can be initiated by both shading and light that is rich in the far-red spectrum.
Because plants absorb most of blue and red (660-670 nm) light, but reflect far-red (730-740 nm),
light that is reflected off from leaves will be low in blue light and red-to-far-red light ratios
(R:FR), and is referred to as a low quality light. This reflected low R:FR is perceived by other
plants as potential future light competition signaling (Ballaré et al., 1990). Upon detecting low R
and FR ratios of light (R:FR), plants express shade avoidance responses. For this reason, plants
are sensitive to both intraspecific and intraspecific competition at early stages of development. In
fact, when maize plants were exposed to a high plant competition condition (i.e., high planting
density) from VE to V7, significant yield reduction per plant occurred even when maize stands
were thinned from V7 to match the low competition condition (Markham and Stoltenberg, 2010).
The soil moisture and nutrient availability were similar between two treatments, suggesting that
low R:FR may have played a significant role in reducing maize grain yield in this study.
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Red-to-far-red light ratio is detected by a phytochrome photoreceptor family.
Phytochromes transduce R:FR signals into plants signal transduction system through the
mechanism of activation and inactivation. A phytochrome family member PhyB is converted to
its active form (Pfr) by R, and to its inactive form (Pr) by FR irradiation (Devlin et al., 2003).
Therefore, high R:FR will shift the equilibrium of PhyB to the active side. The Pfr form can
enter the plant nucleus and degrade phytochrome-interacting factors (PIFs) through
phosphorylation. PIF7 is known to enhance auxin biosynthesis, and thereby plant elongation (Li
et al., 2012). Pfr also inhibits gibberellin acid (GA) activity, which repress DELLA proteins
responsible for inactivating PIFs (Keller et al., 2011). Studies with Arabidopsis thaliana
(Arabidopsis) mutants revealed that PhyB is responsible for mediating R signaling: phyB mutants
failed to inhibit stem elongation under R light (Halliday et al., 1999). In contrast, another
phytochrome member PhyA is responsible for mediating continuous FR light responses in
Arabidopsis (Whitelam et al., 1993; Casal et al., 2013). There are also other phytochrome family
members, with the total numbers varying from species-to-species. Grasses have three
phytochrome genes, whereas maize has six (Matthew and Sharrock, 1996; Sheehan et al., 2004;
Kulshreshtha et al., 2005). In silico study revealed that there are total of 8 Phy gene loci in
soybean: 4 PHYA, 2 PHYB, and 2 PHYE (Wu et al., 2013).
Soybean has a highly complex genome (Schmutz et al., 2010); hence, few studies have
attempted to delineate the soybean phytochrome signal transduction pathways. Nevertheless,
some studies were conducted to examine changes in soybean physiology under low R:FR
conditions. Continuous low R:FR was found to decrease soybean root growth (Green-Tracewicz
et al., 2011, 2012) and end-of-day far-red light irradiation significantly reduced nodule numbers
of soybean (Kasperbauere et al., 1984). In addition, end-of-day far-red light irradiation was
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reported to alter soybean root morphology and shoot isoflavonoid levels differed between
soybean cultivars (Kirakosyan et al., 2006).

Other above-ground signals that contributes to plant competition
In addition to alterations in R:FR, plants can communicate with its neighbours through
volatile compounds and very-low-fluence blue-light at the above-ground level. A volatile
phytohormone ethylene was shown to be an important transducer of low R:FR-induced SAS
signaling pathway as stem elongation under low R:FR was absent in ethylene-insensitive
Arabidopsis mutants (Pierik et al., 2009). However, because exogenous ethylene
supplementation only had little effect on stem elongation of Arabidopsis (Millenaar et al., 2005;
Pierik et al., 2009), it was suspected that atmospheric ethylene detection only plays a minor role
in inducing SAS and plants use changes in R:FR as a primary cue to detect potential plant
competitions.
Phytochromes transduce low R:FR information through an equilibrium that is subject to
constant change depending on how much red and far-red is present in the surrounding light. For
this reason, phytochromes are not responsible for actual shade detection as shading can lower
both red and far-red present in light. The actual shading is indicated by the amount of blue-light
intensity present in incoming light (Keuskamp et al., 2012). There are two members of blue-light
detecting cryptochrome receptors: Cry1 and Cry2. Low blue-light deactivates Cry1, which is
involved in various plant processes including suppression stem elongation, induction of root
growth and chalcone synthase (CHS) gene expression (Long and Jenkins, 1998; Canamero et al.,
2006). Cry1 and PhyA/PhyB pathways were shown to interact in Arabidopsis. Cry1 promotes
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protein phosphatase 7 (PP7), which positively regulates blue-light signaling, but negatively
regulates nucleotide-diphosphate kinase 2 (NDPK2), which promotes phytochrome signaling and
induces Pathogenesis-related protein 1 (Genoud et al., 2008). In contrast to Cry1, Cry2 is
degraded under blue-light (Ahmad et al., 1998). Cry2 controls extension growth and interacts
with PhyB to control flowering times (Guo et al., 1998; Mas et al., 2000).
Blue light is also detected by another family of photoreceptor phototropins (Phot) which
regulate various plant processes such as chloroplast relocalization and phototrophism (Briggs
and Christie, 2001). Both Phot1and Phot2 are activators of Ca2+ channels in Arabidopsis
(Stoelzle et al., 2003), and mediate blue light-mediated increases in cytosolic Ca2+, which is a
key regulator for plant growth and development (Baum et al., 1999; Liscum et al., 2003). Ca2+
was found to be required for Phot1-mediated inhibition of hypocotyl growth in Arabidopsis
(Folta et al., 2003).
Phot1 is also responsible for detecting very low-fluence blue light that can reverse red
light-mediated stem elongation inhibition at dim-light environments (<10 µmol m-2 s-1) (Wang et
al., 2013). This very low-fluence blue light response was traditionally thought to be a green light
response (Folta, 2004; Kim et al., 2004; Zhang et al., 2011). A small amount of blue-light that is
reflected from plant (Meroni et al., 2009) can, therefore, induce several physiological changes in
neighbouring vegetation along with red and far-red light. In fact, several differences in
physiological responses were observed for maize plants grown under weedy and far-red filter
conditions (Afifi and Swanton, 2012). For example, H2O2 concentrations in maize crown roots
were higher under weedy conditions compared to far-red filter conditions. More study, however,
is needed to confirm the role very low-fluence blue-light in neighbouring vegetation detection.
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Seed treatments and plant health
Seed treatment is a technology used in agriculture, most widely for pest control purposes.
Fungicides and insecticides applied as seed treatments can protect crops against various pests
from very early stages. While this technology is extensively used to control pest populations, its
usage as a plant health enhancer is relatively unrecognized.
Seed treatments can cause drastic changes in plant physiology. Application of chitosan as
a seed treatment significantly increased germination index, shoot and root weights, as well as
gibberellic acid (GA) and indole acetic acid concentrations of maize (Hadrami et al., 2010). The
plant hormone GA applied as a seed treatment significantly increased shoot growth, but reduced
root growth, and leaf thickness of Eucalyptus regnans F. Muell and Eucalyptus pauciflora Sieber
ex Sprengel (Bachelard, 1967). Brassinosteroid seed treatment increased germination rate and
fresh weights of both root and shoot of tomato (Solanum lycopersicum L.) (Ahammed et al.,
2012). Salicylic acid (SA) seed treatment increased antioxidant enzymes activities of pea (Szalai
et al., 2011), and increased salinity stress tolerance of wheat (Triticum aestivum L.), Arabidopsis
(Arabidopsis thaliana (L.) Heynh) and Torreya grandis Fortune ex Lindl (Rajjou et al., 2006;
Dolatabadian et al., 2009; Li et al., 2014).
Plant nutrients applied as a seed treatment can enhance antioxidant enzyme activities in
plants. Pre-soaking rice seeds in potassium chloride solution increased seedling establishment,
flood-tolerance, and antioxidant enzyme activities (Ella et al., 2011). Wheat seeds germinated in
potassium nitrate solution had higher chlorophyll concentrations, carotenoid concentrations, and
antioxidant enzyme activities (Zheng et al., 2008). Sodium selenate applied as a seed treatment
increased catalase (CAT) and ascorbate peroxidase (APX) activities in wheat (Nawaz et al.,
2015). Canola seed treatment with CaCl2 increased enzyme activities of CAT, peroxidase (POD),
6

glutathione reductase, and APX under salinity stress condition (Abdel Latef, 2011). CaCl2 seed
treatment also increased shoot length, root length, and seed yield of soybean (Balur et al., 2010).
Calcium seed treatment also increased germination and growth of plants under various
stress conditions. Application of CaCl2 as a soil treatment increased germination of tomato seeds
at high seeding rates (Albrecht, 1941). CaCl2 increased germination rate of Urochondra setulosa
and tomato under salinity stress condition (Shaikh et al., 2007; Türkmen et al., 2007). When
flaxseeds (Linum usitatissimum) were pre-soaked with both GA and CaCl2, the plants had higher
leaf area index, dry weight, and seed yield compared to linseeds treated with GA alone (Khan et
al., 2010). The seed treatment also increased radicle root growth of cotton at low temperature
(Lehle, 1987).
Seed treatment with the insecticide thiamethoxam drastically changed the physiology of
various plants. Thiamethoxam seed treatment was shown to enhance germination of maize seeds,
soybean, spring wheat, bean (Calafiori and Barbieri, 2001; Cataneo et al., 2010; Larsen and Falk,
2013; Afifi et al., 2014). The study by Horri et al. (2007), however, did not find differences in
germination rates between thiamethoxam treated and untreated peas, maize, and soybean.
Thiamethoxam seed treatment increased root biomass of spring wheat and Brachiaria (Macedo et
al., 2011; Macedo et al., 2013a), but decreased root biomass of rice (Macedo et al., 2013b).
Thiamethoxam seed treatment also changed nitrate reductase activity in rice, spring wheat, and
brachiaria in dosage dependent manner (Macedo et al., 2011, 2013ab).

Thiamethoxam use pattern, mode of action in insects, and environment impacts
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Thiamethoxam is a second-generation neonicotinoid insecticide that is known to work
effectively against chewing and sucking insects (Maienfisch et al., 2001). It is commercially
available as foliar, soil and seed treatments. Since its first synthesis in 1991, it became widely
popular as it provided good control of pests even at low concentrations (Maienfisch et al., 2001).
It has relatively low toxicity to humans as its affinity for vertebrate nicotinic acetylcholine
receptors (nAChRs) is low (Matsuda et al., 2001). However, thiamethoxam acts as a very strong
agonist of insect nAChRs (Thany, 2011). Upon binding, thiamethoxam cannot be cleaved by
insect acetylcholinesterase, which results in insect paralysis from persistent depolarization of
neurons (Vo et al., 2013). In addition, the majority of thiamethoxam was shown to be cleaved to
clothianidin (CLO) in both insects and plants upon systemic uptake, which also act as a strong
agonist of insect nAChRs (Nauen et al., 2003).
Due to its high efficacy in pest control, and seedling growth promoting effects,
thiamethoxam was very widely used in grain crop production. Recently however, its usage in
agricultural field was restricted in several countries due to its potential negative effects on bee
colonies (Gill et al., 2012; Di Prisco et al., 2013).

Thiamethoxam as a plant stress tolerance enhancer
While thiamethoxam is highly toxic to certain insects, its use as a seed treatment was
reported to increase stress tolerance in plants. Thiamethoxam seed treatment enhanced sub-zero
temperature tolerance of spring wheat (Larsen and Falk, 2013), and increased germination of
soybean cultivar cv. Pintado under aluminum toxicity and water deficit conditions (Cataneo et al.,
2010, 2011). The treatment increased antioxidant enzyme gene expressions in first leaf and
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crown roots of maize including superoxide dismustase 2 (SOD2), APX, CAT3 (Afifi et al., 2014),
and also POD activities in soybean cv. Pintado embryo axis (Cataneo et al., 2011). However,
thiamethoxam did not alter SOD activity of soybean embryo axis under both control and
aluminum, salinity, and water stress conditions (Cataneo et al., 2011). Moreover, thiamethoxam
seed treatment significantly increased root growth of maize under weed stress conditions (Afifi
et al., 2014). Also, when six trials were carried out under field condition to examine the efficacy
of thiamethoxam and other fungicide seed treatments, the thiamethoxam seed treatment
increased wheat yields in four trials at the planting density of 120 kg/ha versus only one trial at
the planting density of 80 kg/ha, when planted using dry sowing method (Mulvaney et al., 2014).
These studies suggest that thiamethoxam may increase soybean’s tolerance to high plant
competition stress.
Thiamethoxam seed treatment has been shown to enhance stress tolerance of various
plants. Its stimulatory effect on maize growth under high plant competition stress condition was
documented in the past, but no study examined the effects of thiamethoxam seed treatments on
soybean growth under high competition condition. If thiamethoxam seed treatment can stimulate
the root growth of soybean under high competition condition, and the underlying mechanisms
behind this stimulation process can be understood, these new findings will increase the
understanding of which plant processes should be altered to increase plant growth under high
plant competition conditions.

Research hypothesis and objectives
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The purpose of this research is to determine if the SAS induction in soybean by the
presence of neighbouring weeds is altered by thiamethoxam applied as a seed treatment. The
hypothesis is formulated that soybean seedlings emerging from seeds treated with thiamethoxam
or calcium will have altered shade avoidance characteristics. The first objective of this research
is to characterize the response of seed treated soybean to weedy conditions by comparing 10
different phenotypic variables to untreated soybean. This will determine whether soybean growth
is altered by the seed treatments under weedy condition in anyway. The second objective was to
quantify the several key biomarkers involved in plant development to identify which
physiological processes are affected by the seed treatment. In summary, this research can give
insights into the physiological mechanisms underlying thiamethoxam seed treatment-mediated
promotion of root growth under high competition stress conditions.
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Chapter 2: Impact of thiamethoxam seed treatment on the responses of Glycine max to
weed stress
Abstract
The neonicotinoid insecticide thiamethoxam was reported to enhance plant vigour and stress
tolerance. The mechanism by which this occurs remains largely unexplored. Thiamethoxam has
been shown to increase salicylic acid concentrations while decreasing the precursor to the
synthesis of jasmonic acid. It was hypothesized in this study that thiamethoxam, when applied as
a seed treatment, alters typical shade avoidance characteristics of soybean seedlings. Under
controlled environmental conditions, the effect of thiamethoxam on soybean seedling growth and
development as affected by presence of aboveground weeds was investigated using a biological
weedy system that eliminated any aspect of direct resource competition. In the presence of
neighbouring weeds, seedlings emerging from seeds treated with thiamethoxam exhibited
increased seedling root growth, nodule numbers, isoflavonoid and nitrogen levels in a
developmental stage-specific manner compared to seedlings emerging from untreated seeds. The
stimulating effects of thiamethoxam on root growth and nitrogen level also closely resembled the
anticipated effects of treatments with salicylic acid. In sharp contrast, however, the stimulating
effects of thiamethoxam on root nodulation and isoflavonoid concentration seedlings grown in
the presence of neighbouring weeds were contrary to those of salicylic acid. These results
suggest that the positive effects of thiamethoxam on nodulation and isoflavonoid concentration
of soybean seedlings grown in the presence of neighbouring weeds is caused by an interaction
with as yet unknown pathway(s) that regulates both the salicylic and jasmonic acid signaling
pathways.
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Introduction
Crop plants are most vulnerable to yield loss from surrounding weeds during early stages of
development (Van Acker et al., 1993; Markham and Stoltenberg, 2010; Green-Tracewicz et al.,
2012). It has been shown that yield loss occurs most rapidly at early developmental stages, when
competitions for resources (e.g., water, nutrients, and light) between crops and weeds should be
minimal (Rajcan and Swanton, 2001). Although the mechanisms of yield loss from early-season
weed competition are largely unknown, both field and growth chamber studies have shown that
resource-independent competition between crops and weeds induces developmental responses
that are known collectively as the shade avoidance syndrome (SAS) (Page et al., 2009; GreenTracewicz et al., 2011, 2012). This syndrome is expressed in plants as they attempts to maximize
light interception (Ballaré et al., 1990; Smith and Whitelam, 1997). These developmental
responses include stem elongation, leaf hyponasty, reduced root biomass and stem diameter as
well as early flowering, and reduced yield (Ballaré et al., 1990; Smith and Whitelam, 1997;
Green-Tracewicz et al., 2011).
The main driver for initiation of SAS response is light quality, specifically red to far-red
ratio (R:FR), which is perceived by photoreceptors. In addition to photoreceptors, the volatile
plant hormone ethylene may play a minor role in SAS expression. Ethylene supplementation has
a minimal effect on stem elongation, whereas far-red supplementation causes rapid stem
elongation (Millenaar et al., 2005; Pierik et al., 2009). Far-red light enrichment by neighbouring
vegetation is detected by phytochrome photoreceptors (Casal, 2012).
Among the phytochrome (Phy) family members, PhyB is known to be involved in carbon
assimilation, root nodulation, and plant defense responses. For example, Arabidopsis phyB
mutants grown under high light (>380 µmol m-2s-1) had a lower net leaf CO2 exchange rate
12

compared to wild-type controls (Boccalandro et al., 2009). Moreover, tobacco plants grown
under low R:FR of light had reduced net stem CO2 uptake (Cagnola et al., 2012). Also, low R:FR
suppressed root-nodule numbers in soybean (Glycine max (L.) Merr.) and Japanese trefoil (Lotus
japonicus (Regel) K. Larsen) (Kasperbauer et al., 1984; Suzuki et al., 2011). Low R:FRmediated inactivation of PhyB has been shown to be a key factor in the suppression of rootnodule numbers (Suzuki et al., 2011). Promotion of nodulation by PhyB is partially mediated by
jasmonic acid (JA)-isoleucine (Ile), an active derivative of JA. Root-nodule numbers were found
to increase when JA-Ile was applied exogenously onto L. japonicus phyB mutants with reduced
JA-Ile levels (Suzuki et al., 2011). Both JA- and salicylic acid (SA)-mediated defense responses
were, however, impaired in Arabidopsis and Nicotiana longiflora Cav. plants grown under low
R:FR (Izaguirre et al., 2006; Cerrudo et al., 2012; de Wit et al., 2013). Phytochrome regulation
of SA signaling pathway has been reported in Arabidopsis. SA applied exogenously failed to
induce expression of pathogenesis-related protein 1 (PR1) mRNA in Arabidopsis phyAphyB
double mutant (Genoud et al., 2002). As well, treatment with SA did not induce expression of
PR1 in nucleotide diphosphate kinase 2 (ndpk2), which is involved in positive regulation of
PhyA and PhyB signaling pathways (Choi et al., 1999; Genoud et al., 2008). These results
suggest that reduced light quality, in particular low R:FR, not only alters plant morphology but
may also impact plant fitness by compromising plant responses to biotic stresses.
Salicylic acid also plays an important role in plant development and the response to
abiotic stresses. SA applied exogenously has been shown to enhance abiotic stress tolerance to
heavy metals, chilling, and heat in several crop plants (Mishra et al., 1999; Wang et al., 2010;
Rivas-San Vicente and Plasencia, 2011). Treatment with SA increased flavonoid concentrations
in ginger leaves (Zingiber officinale) and induced the expression of chalcone sythase (CHS) in
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safflower leaves (Carthamus tinctorius L.) (Ghasemzadeh et al., 2012; Dehghan et al., 2014),
but decreased the expression of isoflavone synthase (IFS) in soybean roots (Subramanian et al.,
2004). Isoflavonoids play a pivotal role in root-nodule formation. These compounds induce
expression of the nodD genes in symbiotic bacteria, which ultimately lead to the production of
nod factors that act as key signaling molecules during the initiation of nodules. (Sreevidya et al.,
2006; Subramanian et al., 2006; Ferguson et al., 2010). This evidence indicates that the SAmediated suppression of IFS expression can lead to reductions in root-nodule numbers. In fact,
suppression of SA accumulation in transgenic L. japonicum plants expressing SA-degrading
salicylate hydroxylase (NahG) resulted in an increase in root-nodule numbers (Martínez-Abarca
et al., 1998; van Spronsen et al., 2003; Stacey et al., 2006). Also, expression of NahG in
Arabidopsis increased the carbon (C) to nitrogen (N) ratio (C/N) during pre-reproductive stages
of development (Abreu and Munne-Bosch, 2007). While suppressed SA levels have been shown
to increase C/N in Arabidopsis, the effects of elevated SA on C/N in soybean remains unknown.
SA biosynthesis is actively induced by clothianidin, a metabolite of thiamethoxam (3-(2Chloro-5-thiazolylmethyl)tetrahydro-5-methyl-N-nitro-4H-1,3,5-oxadiazin-4-imine) (Nauen et
al., 2003; Ford et al., 2010, Szczepaniec et al., 2013). Although SA has been reported to enhance
stress tolerance to abiotic stresses such as drought and salinity (Fayez and Bazaid, 2013; Li et al.,
2014), it is still unclear whether this TMX-induced SA signaling pathway is responsible for the
previously observed enhancement of maize seedling vigour by TMX under weed stress (Afifi et
al., 2014). To gain insight into how low R:FR reflected from neighbouring weeds may alter the
mode of action of TMX in soybean, a combination of morphological, physiological and
biochemical approaches were tested. It was predicted that the morphological and physiological
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responses of soybean seedlings emerging from TMX treated seeds will be similar to responses
previously shown by plant seedlings with elevated SA.

Materials and Methods
Plant Materials and Growth Conditions
Plants were grown in a controlled environment growth chamber (Model CMP 3244 Conviron,
Winnipeg, Canada) with a 16/8 h photoperiod, a day/night temperature of 26°C/19°C, and with a
relative humidity of 60 to 65 percent. The incoming light was supplied by cool white fluorescent
tubes (Sylvania) and 40W incandescent bulbs. Weed-free and weedy conditions were set up by
placing a plastic tube (8×18 cm, 1L) in the centre of a 3.36 L white plastic pot (Airlite Plastics
Company, Omaha, USA) around which was either filled with baked clay pallet (Turface MVP®,
Profile Products LLC, Buffalo Grove, IL, USA) or seeded with all-purpose grass seed blend with
35 percent creeping red fescue (Festuca rubra), 25 percent perennial ryegrass (Lolium perenne
cv. Fiesta 4) and 40 percent Kentucky blue grass (Poa pratensis) (John Vanderwoude Sod
Farms, Mount Hope, Canada) (see Green-Tracewicz et al., 2011). The grass was irrigated with
water and fertilized as described by Tollenaar (1989). Briefly, 160 g water soluble NPK (28-1414) fertilizer, 160 g water soluble NPK (15-15-30) fertilizer, 80 g NH4NO3, 160 g MgSO4 . 7H2O
and 12 g micronutrient mix (Plant Products, Ancaster, Ontario, Canada) were mixed with 19 L
water and used to fertilize plants at a ratio of 1:16 (fertilizer:water) via a venturi system. Weedfree and weedy pots were separated using a white opaque corrugated plastic to minimize light
interference between the two treatments.
Once the grass filled the area around the plastic tube, seeds of a University of Guelph
soybean cultivar (OAC Wallace) were planted in baked clay pallets in 355 mL plastic cups (8×10
15

cm) (Dart Container Corp., Mason, USA) and were placed inside the 1 L plastic tubes, which
eliminated physical contact and thus direct competition between the soybean plants and the
grass. For the nodulation experiments, soybean plants were fertilized once a week to avoid
suppression of nodulation by excessive nitrogen input. For seed treatment with TMX (Syngenta
Inc.), a powdered form of TMX was applied at the rate of 50 g active ingredient (a.i.) /100 kg of
soybean seed using a commercial method. Soybean plants were irrigated with water and
fertilized as described above for the weedy treatment.
Light Quantity and Quality Measurements
Photosynthetic Photon Flux Density (PPFD) and R:FR were measured at the beginning of
each experiment. The incoming PPFD was measured at the soil surface level using a line
quantum sensor LI-191 (LI-COR Biosciences Lincoln, NE, USA). The R:FR of incoming light
and reflected light were measured using a R:FR sensor (SKR 110, 660 nm/730 nm, Skye
Instruments, Llandrindod Wells, Powys, UK). The incoming and reflected light were measured 5
cm above the surface, positioning the sensor upward for the incoming light measurements, and
downward for the reflected light measurements. The R:FR of the reflected light from untreated
weed-free (UNWF), untreated weedy (UNW), TMX-treated weed-free (TWF) and TMX-treated
weedy (TW) treatments were 2.60±0.09, 1.32±0.09, 2.60±0.11, 1.37±0.09, respectively. The
R:FR and PPFD of the incoming light were not different among treatments (3.07±0.04, 691 ± 9.7
W/m2). The R:FR values within this experiment were higher than what was reported in previous
studies due to higher incoming R:FR (Page et al., 2009; Green-Tracewicz et al., 2011; Afifi et
al., 2012, 2014).
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Bacterial Inoculant
Soybean seeds were planted at a depth of 2 cm in a mixture of vermiculite (Therm-ORock East Inc., PA, USA) and baked clay pellets (1:1, v/v) and 2.5 mL of rhizobium inoculant
solution, Bradyrhizobium japonicum, was applied directly onto each seed using a 5 mL syringe.
The rhizobium inoculant solution consisted of 1 part peat inoculant (HISTICK N/T: Selfadhering peat, BASF Corporation, NC, USA) and 2 parts water (v/v). After the inoculation, the
cups containing soybean seeds were placed in the weed-free and weedy pots as described in
Section 2.1. In each treatment, the cups were randomly rotated throughout the experiments to
minimize experimental errors.
Morphological Analysis
Soybean seedlings were harvested 21 days after planting (DAP) at the third trifoliolate
stage. In addition, in order to analyze root nodule numbers, seedling roots were harvested at the
unifoliolate and first trifoliolate stages, 10 and 14 DAP, and root nodules were counted. Roots
were washed gently under tap water to remove baked clay particles and blotted with paper towel.
Stem length was measured with a ruler from the shoot tip to the bottom of the stem. Stem
diameter was measured with a caliper. Shoots were excised with scissors, placed between two
paper towels and dried at 80ºC until a constant weight. For measuring root morphological
variables, roots were placed on a transparent plexiglass tray (20×30 cm) containing a thin layer
of water, scanned with a scanner (Epson Expression 1000XL, 1.0, LA, USA) at a medium
resolution (200-400 dpi), and the images were analyzed using the WinRhizo software (v. 5.0;
Regent Instruments, QC, Canada). After scanning, roots were dried at 80ºC to a constant weight
prior to dry weight measurements (ML104\03, Mettler Toledo, Switzerland).
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Carbon and Nitrogen Analysis
Soybean seedlings were harvested at the unifoliolate and first-trifoliolate stage of
development (10 and 14 DAP), respectively. Root and shoot samples were analyzed for
morphological differences and dried as described above. The samples were then sent to
University of Guelph Laboratory Services for total C and N analyses. Total organic C level of
the dried tissue was determined by measuring CO2 evolution from burning tissue at 1350°C in a
Leco Carbon/Sulfur-Analyzer (Leco SC 444, LECO Corporation, MI, USA). Total organic N
level of the dried tissue was determined according to Dumas method (1826) by measuring the
nitrogen (N2) gas released from the combusted samples in a Leco Nitrogen protein analyzer
(Leco FP-428, LECO Corporation, MI, USA). Total organic C and N were expressed as a
percentage of dry weight.
Isoflavonoid Analysis

Isoflavonoid concentrations were determined using the protocol described by Roepke and
Bozzo (2013) with slight modifications. In order to determine isoflavonoid concentrations, roots
were excised from soybean seedlings in the first trifoliolate stage of development (14 DAP) and
gently washed with tap water. For each treatment, roots of three randomly selected plants were
pooled and ground in liquid N2 to a fine powder. Approximately 0.1g of the powder was
transferred to a pre-cooled 2 mL centrifuge tube and weighed to three decimal places using a
Mettler Toledo balance (ML104\03, Mettler Toledo, Switzerland). Extraction solution was
prepared with methanol-Milli-Q water-acetic acid (9:10:1, v/v). Samples were then homogenized
with 500 µL of the extraction solution with esculin added as an internal standard (0.5 mmol/L).
The homogenates were sonicated for 1 min in a bath sonicator (model G112SPIG, Laboratory
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Supplies Company, Inc., Hicksville, NY) and incubated at room temperature on a shaker for 20
min. The homogenates were centrifuged at 9000 rpm for 10 min at 4ºC and the supernatants were
transferred to fresh 1.5 mL centrifuge tubes. The supernatants were extracted twice more as
before and pooled. The pooled supernatants were vacuum dried and dissolved in 200 µl of eluent
A (10 percent acetonitrile containing 0.1 percent formic acid). The resulting solution was filtered
through a 0.45 µm Imsyringe filter and the metabolites were analyzed using an HPLC (Agilent
2000) that was coupled with a diode array detector (DAD) (Agilent Technologies, Missisauga,
ON, Canada). A 5 µL aliquot of each sample was injected into a Kinetex PFP column (100×4.6
mm, 2.6 mm Phenomenex, Torrence, CA). Isoflavonoids were eluted with a gradient of eluent B
(0.1 percent formic acid in acetonitrile) in eluent A (10-15 percent in 0-5 min, 15-20 percent in
5-10 min, 20-80 percent in 10-20 min, 80-100 percent in 20-25 min, 100 percent in 25-28 min) at
a flow rate of 0.8 mL/min . The wavelength for detection of the eluted isoflavonoids was set at
255 nm. Absorption spectra and retention times of isoflavonoids were compared with authentic
daidzein, daidzin, acetyldaidzin, malonyldaidzin, genistein, genistin and acetylgenestin standards
(LC laboratories, Woburn, MA, USA and Wako Chemicals USA Inc., Richmond, VA, USA).
The concentrations of the corresponding isoflavonoids in the samples were calculated using
calibration curves created from the peak areas of the standards in five different concentrations. A
preliminary HPLC analysis revealed the presence of high concentration of malonyl-daidzin in the
root samples. Therefore, further analyses of malonyl-daidzin in root samples were performed
using a 10× dilution of filtrated solutions.

UV-absorbing Phenolic Analysis
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UV-absorbing phenolics were determined using the protocol described by Mazza et
al. (2000). Root samples were prepared as described above. Approximately 0.1 g of the frozen
powder was transferred to a 2 mL pre-cooled centrifuge tubes and weighed to three decimal
places. The solution consisting of 1ml methanol-HCL (99:1, v/v) was added to the frozen root
samples, and vortexed immediately. The homogenates were then incubated in the dark for 48
hours at -20ºC. The absorbance values were read at 305 nm, and then standardized by weight.

Statistical analysis

The experiment was designed as a split-plot. The main plot factor was light quality (i.e.,
R:FR ratio, reflected from above ground neighbouring weeds). The sub-plot factor was TMX
applied as a seed treatment. The experiments were replicated over time in a single growth
chamber four times. Statistical analyses were performed using a mixed model (PROC MIXED)
procedure with SAS 9.4 (SAS Institute, Cary, NC, USA). To test for the normality of samples,
the Shapiro-Wilk statistic was used, as the sample size in all experiments was smaller than 2000,
and when required, values were transformed for analyses. Outliers were detected and removed
using Lund’s Test of Studentized Residuals (Lund, 1975). Significant differences among
treatments were analysed using Tukey’s Honestly Significant Difference (HSD) test.

Results
TMX applied as a seed treatment stimulated soybean growth but did not prevent stem
elongation of seedlings grown in the presence of weeds
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Seedlings emerging under weedy conditions from untreated seeds expressed typical shade
avoidance responses in both shoot and root by the third-trifoliolate stage (21 DAP) of
development (see Fig. 1.1). Average stem length for seedlings grown under weedy conditions
was 11.1 cm compared to 10.0 cm for seedlings grown under weed-free conditions (Table 1.1).
Associated with the increased in stem length was the reduction in stem diameter from 4.45 to
4.29 mm for seedlings growing under weed-free and weedy conditions, respectively. Despite
these changes in morphology, no differences were detected in total shoot dry weight. Under
weedy conditions, treatment of seeds with TMX increased seedling stem diameter, and shoot dry
weight, but did not alter stem length when compared to untreated seedlings. Root dry weight,
total surface area and total volume decreased under weedy conditions (Table 1.1, 1.2). For
example, root dry weight decreased from 0.62 to 0.55g per plant, and total surface area from
486.4 to 472.3 cm2 under weed-free and weedy conditions, respectively. Treatment of seeds with
TMX, however, increased all root variables measured with the exception of average root
diameter. These results demonstrated that TMX applied as a seed treatment stimulated soybean
growth under weedy conditions but did not prevent the classic shade avoidance response of rapid
stem elongation.

TMX increased root-nodule number on first-trifoliolate seedlings which had emerged
under weedy conditions compared to untreated seedlings
Soybean seedlings emerging from seeds treated with TMX had more root-nodules under weedy
conditions than untreated seedlings at the first-trifoliolate stage; however, these differences were
not detected at the unifoliolate stage of development. At the unifoliolate stage, root-nodule
numbers were reduced for seedlings emerging under weedy conditions from untreated seeds, and
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this reduction was not restored by TMX application (Fig. 1.2a). At this stage, TMX applied as a
seed treatment decreased root dry weight under both weed-free and weedy conditions compared
to untreated seedlings (Table 1.3). At the first-trifoliolate stage of development, nodule numbers
were decreased by 14 percent under weedy conditions compared to the weed-free controls (Fig.
1.2b). By this stage, however, TMX applied as a seed treatment resulted in an increase in the root
nodule numbers under weedy conditions by 12 percent compared to untreated weedy. No effect
of TMX was observed on root dry weight under both weed-free and weedy conditions (Table
1.3). Interestingly, TMX had no effect on root-nodule number under weed-free conditions. The
fact that TMX applied as a seed treatment increased root-nodule numbers at the first-trifoliolate
stage only under weedy condition suggested that the effects of TMX on root nodulation were
developmental stage-specific and could be altered by the presence of neighbouring weeds.

TMX applied as a seed treatment increased root isoflavonoid but decreased UV-absorbing
phenolic concentrations of soybean seedlings grown in the presence of neighbouring weeds
TMX applied as a seed treatment increased the root isoflavonoid concentration under weedy
conditions, but decreased the level under weed-free conditions at the first trifoliolate stage.
Preliminary measurements of root isoflavonoid concentration using HPLC-DAD revealed that
daidzin, genistin and their malonyl glycosylated forms were the most abundant isoflavonoids in
the roots of the soybean cultivar. OAC Wallace at the first trifoliolate stage of development (data
not shown). Therefore, these four compounds were further measured using authentic standards.
Under weed-free conditions, TMX applied as a seed treatment decreased daidzin, genistin, and
malonyl-genistin concentrations compared to untreated controls (Table 1.4). In contrast, under
weedy conditions, TMX increased malonyl-daidzin and malonyl-genistin concentrations. In
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addition, soybean seedlings emerging from seeds treated with TMX and grown under weedy
conditions had lower UV-phenolic absorbance (Fig. 1.4). These opposing effects of TMX on root
isoflavonoid and UV- phenolic concentrations under weed-free and weedy conditions clearly
indicated that the presence of above ground weeds and possibly the role of low R:FR reversed
the mode of action TMX on the phenylpropanoid biosynthetic pathway.

TMX did not prevent a weed-induced reduction in C/N in unifoliolate soybean seedlings
At the unifoliolate stage of development, the C/N was reduced in soybean seedlings emerging
from both untreated or TMX treated seeds under weedy conditions. In addition, TMX reduced
C/N in seedlings emerging under weed-free conditions. The carbon level of soybean roots was
not different across all treatments (Fig. 1.3a), whereas root N level was increased in seedlings
grown under weedy conditions and exaggerated by the TMX seed treatment (Fig. 1.3b). This
increase in root N level resulted in a subsequent lowering of the root C/N in UNW, TWF, and
TW treatments (Fig. 1.3c). In contrast to roots, the shoot C level decreased under weedy
conditions regardless of the seed treatment (Fig. 1.3a). The shoot N level was increased by TMX
seed treatment under weed-free condition and was exaggerated under weedy condition (Fig 1.3b).
In these treatments, the lower C and higher N level caused a decrease in shoot C/N compared to
untreated control (Fig. 1.3c). Taken together, the presence of weeds reduced the C/N in seedlings
at the unifoliolate stage, and this reduction was exaggerated by the TMX seed treatment. In sharp
contrast to the unifoliolate stage, the presence of weeds and TMX seed treatment did not have an
impact either on the C or the N level of roots and shoots at the first trifoliolate stage (see
Appendix Table A1.1).
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Discussion
This study aimed to investigate the effects of TMX applied as a seed treatment on the
morphological and physiological responses of soybean seedlings grown in the presence of
neighbouring weeds. Morphological analysis revealed that several characteristics of TMXtreated soybean seedlings resemble those reported for SA-treated Arabidopsis (Yang et al., 2013).
It is known that in Arabidopsis, clothianidin, the metabolite of TMX, upon entry into cell
increased SA levels (Nauen et al., 2003; Ford et al., 2010). In addition, SA applied exogenously
promoted growth of soybean, wheat and maize in a dosage- and developmental stage-dependent
manner (Gutierrez-Coronado et al., 1998; Shakirova et al., 2003; Gunes et al., 2007; Rivas-San
Vincente and Plasncia, 2011). In a similar manner, TMX treatment promoted the growth of
sugarcane and spring wheat (Pereira et al., 2010; Macedo et al., 2011). Also, SA applied
exogenously promoted root dry weight of barley and Chinese nutmeg under cadmium and
salinity stress, respectively (Metwally et al., 2003; Li et al., 2014). In this study, measurements
of root morphological variables revealed that TMX seed treatment increased root length,
decreased root diameter, but did not affect root dry weight under weed-free conditions. These
observations suggested that TMX applied as a seed treatment increased overall root length by
increasing the number of secondary roots under weed-free conditions. In a similar manner, SA
applied exogenously promoted lateral root formation in Arabidopsis (Yang et al., 2013). Given
that low R:FR down-regulates both the SA and JA signaling pathways (Izaguirre et al., 2006;
Cerrudo et al., 2012; de Wit et al., 2013), the analogous effects of SA and TMX on plant
morphology supported the hypothesis that the growth stimulatory effects TMX on soybean
seedlings grown in the presence of neighbouring weeds is partly mediated by activation of the
SA signaling pathway.
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Analogous effects of TMX and SA on C/N
Analysis of the nitrogen level of roots and shoots revealed that TMX applied as a seed treatment
increased the N level of soybean roots and shoots under both weed-free and weedy conditions.
Similarly, SA applied exogenously increased the root nitrate and the leaf N level of chickpea
plants (Hayat et al., 2012). Also, the SA-deficient Arabidopsis mutant, NahG, displayed lower
leaf N level compared to wild-type (Abreu and Munné-Bosch, 2009). However, SUMO E3 ligase
siz1-2 mutants of Arabidopsis, which have elevated leaf SA concentration, displayed reduced N
concentration and nitrate reductase (NR) activity (Park et al., 2011). These contrasting effects of
SA on the leaf N level may be due to the differences in SA concentrations in these two mutants.
Likewise, treatment of rice and spring wheat with lower concentrations of TMX resulted in
enhanced NR activity whereas treatments with higher concentrations of TMX resulted in
decreased NR activity (Macedo et al., 2011, 2013). Low R:FR reflected from aboveground
weeds did not affect the N level of soybean shoots at the unifoliolate stage of development. In
sharp contrast, it was observed that low R:FR decreased the total leaf N per unit leaf area in wild
walnut (Frak et al., 2002). These findings suggested that the effects of low R:FR on shoot N
level may be species-specific. Also, it was found that low R:FR increased the root N level and
this increase was exaggerated in unifoliolate soybean seedlings emerging from seeds treated with
TMX. In contrast, low R:FR reflected from neighbouring weeds did not change the shoot N level
at the unifoliolate stage, however, it significantly reduced the shoot C level. This is in agreement
with the reported low R:FR-induced reduction in photosynthetic capacity of walnut leaves as
well as the reduction in carbon assimilation of Arabidopsis and tobacco leaves (Frak et al., 2002;
Boccalandro et al., 2009; Cagnola et al., 2012). Overall, in this experiment, the presence of
neighbouring weeds decreased both shoot and root C/N in soybean at the unifoliolate stage. In
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contrast, low R:FR had no effect on leaf C/N in wild tobacco (Izaguirre et al., 2006). In addition,
presence of weeds had no effect on both shoot and root C/N of soybean at the first-trifoliolate
stage (see Appendix A1.2). These results strongly suggested that the effects of low R:FR on C/N
are both species-specific and developmental stage-specific.
Contrasting effects of TMX and SA on soybean root nodulation and isoflavonoid levels
Analysis of root nodulation revealed that under weed-free conditions, TMX-seed treatment does
not affect root-nodule numbers at the unifoliolate or at the first trifoliolate stage. These results
differed from those obtained with SA treatments on soybean, where SA was applied exogenously
to roots and resulted in the inhibition of nodule formation (Sato et al., 2002). Moreover, the SAdeficient mutants of Lotus japonicus and Medicago truncatula (nahG) displayed increased root
nodule numbers (Stacey et al., 2006). The discrepancy between the effects of TMX and SA on
soybean nodulation was more apparent in soybean seedlings grown in the presence of
neighbouring weeds. It is well recognized that low R:FR represses root-nodulation (Kasperbauer
et al., 1984; Suzuki et al., 2011; Gal, 2014). Hence, the combination of TMX and weed-induced
low R:FR was expected to further decrease root-nodule numbers. Strikingly, this combination
increased root nodule numbers. While the presence of neighbouring weeds reduced root-nodule
numbers at the first-trifoliolate stage, TMX applied as a seed treatment significantly enhanced
root-nodule formation in the presence of weeds,. The fact that TMX can partially restore rootnodule numbers under weedy conditions suggested the involvement of an unknown mechanism(s)
in the regulation of this response.
Isoflavonoids such as genistein and daidzein are known to play crucial roles during
soybean nodulation (Subramanian et al., 2004). Under weed-free conditions, TMX applied as a
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seed treatment reduced the isoflavonoid concentration of soybean roots at the first-trifoliolate
stage. This result is in line with the effect of SA on suppression of isoflavone synthase (IFS)
expression in soybean roots (Subramanian et al., 2004), which encodes a key enzyme in the
genistein and daidzein biosynthesis pathways. In contrast, in the presence of weeds, TMX
applied as a seed treatment increased the malonyl-daidzin and malonyl-genistin concentrations of
soybean seedling roots at the first-trifoliolate stage. The effects of TMX on root isoflavonoid
level and nodule number of soybean seedlings grown under these conditions sharply contrasted
with the reported effects of SA on these same two processes studied under stress-free conditions
(Sato et al., 2002; Subramanian et al., 2004; Stacey et al., 2006). These contrasting effects of
TMX may be caused by the low R:FR-induced alterations of SA functions in soybean seedlings
grown in the presence of weeds. It has been reported that a subset of Arabidopsis genes, which
were not involved directly in plant defense responses, were expressed only when the treatment of
SA was combined with low R:FR (de Wit et al., 2013). Low R:FR repressed the SA-mediated
defense responses (de Wit et al., 2013), but the effects of low R:FR on the SA-mediated plant
growth and developmental responses were largely unexplored. One plausible explanation for the
contrasting effects of TMX and SA on soybean root nodulation is that low R:FR may suppress
the SA-mediated defense responses (e.g. PR1 expression) but enhance the non-defense-related
responses such as increased root nodulation and isoflavonoid concentration.
Potential role of JA in TMX signaling
Root Growth
Recent research has shown that TMX applied as a seed treatment increased SA
concentration and decreased levels of the JA precursor, 12-oxo-phytodienoic acid (OPDA) in
cotton leaves (Ford et al., 2010; Szczepaniec et al., 2013). It is also shown that low R:FR
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repressed expression of JA-responsive genes including Plant Defensin1.2, Ethylene Response
Factor1 and Anthranilate Synthaseα1 (Cerrudo et al., 2012). Given the negative impact of JA on
Arabidopsis root growth (Staswick et al., 1992), it seems plausible that the positive effect of
TMX on root growth of soybean seedlings grown in the presence of weeds was through downregulation of the JA and up-regulation of the SA signaling pathway.
Nodulation, Isoflavonoids, and Nitrogen levels
Root nodulation in legumes is known to be enhanced by JA applied exogenously (Suzuki
et al., 2011). It was shown that suppression of JA biosynthesis in soybean shoots reduced rootnodule numbers (Kinkema and Gresshoff, 2008). JA applied exogenously partially restored rootnodule numbers in L. japonicus phyB mutants (Suzuki et al., 2011). Also, JA applied
exogenously induced nod factor secretion by B. japonicum (Mabood et al., 2006), and enhanced
isoflavonoid synthesis (Katagiri et al., 2001; Goyal and Ramawat, 2008). Despite the reported
negative impact of TMX on OPDA synthesis (Szczepaniec et al., 2013), TMX applied as a seed
treatment increased root-nodule numbers and isoflavonoid concentration of roots of soybean
seedling grown in the presence of weeds, where low R:FR would be expected to down-regulate
the JA signaling pathway (Cerrudo et al., 2012). These contrasting effects of TMX and JA
suggests a possible existence of an unknown pathway(s) that positively regulate root-nodule
number and isoflavonoid concentration in soybean seedlings under weedy conditions. Recently,
Gomez et al. (2010) reported that methyl jasmonate (MeJA) applied exogenously increased
export of N out of tomato leaves and allocation of N to roots. However, Bosch et al., (2014)
showed that JA deficiency did not impact the N level of tomato leaves. These contrasting results
of JA on the N level of tomato leaves suggested that JA may alter N level of tomato shoots and
roots only at high concentrations, whereas, at low concentrations JA may not be effective in
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altering shoot and root N level. Given that seed treatment of TMX decreased levels of OPDA in
leaves of several plants (Szczepaniec et al., 2013), the positive effects of TMX on the N level of
soybean shoot appears to be independent of the JA biosynthesis/signaling pathway.
UV-absorbing Phenolics
Far red enriched light is known to reduce the magnitude of the JA-mediated increase in
the phenolic concentrations of Arabidopsis leaves (Cerrudo et al., 2012). It was also shown that
FR-enriched light inhibited herbivory-induced accumulation of UV-absorbing phenolic
compounds in Nicotiana longiflora leaves (Izaguirre et al., 2006). In a similar manner, low
R:FR-mediated suppression of the JA signaling pathway as well as the TMX-mediated decrease
in levels of OPDA, may work additively to reduce the leaf phenolic concentrations of TMXtreated soybean seedlings grown in the presence of weeds.
TMX may interact with an unknown pathway that enhances SA signaling but represses JA
signaling
It is well known that the SA receptor NPR1 (nonexpressor of pathogenesis-related proteins 1)
suppresses the JA signaling pathway (Spoel et al., 2003; Wu et al., 2012). Transgenic tobacco
plants deficient in SA accumulation, however, displayed lower OPDA compared to wild-type
controls upon inoculation with Pseudomonas syringae pv. phaseolicola (Mur et al., 2006). These
studies suggested that OPDA synthesis was not suppressed by NPR1, and that SA may be a
positive regulator of the OPDA biosynthesis pathway. A hypothesis that could be inferred from
these studies is that TMX-mediated elevation of SA should increase OPDA level in plants.
Recent evidence, however, reported that TMX reduced OPDA levels in cotton leaves
(Szczepaniec et al., 2013). It was also shown that upon entry into cell, TMX was metabolized
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into approximately 20 different compounds (EFSA, 2012). Each of these compounds may exert
their effects on plants by influencing different pathways. In this study, the effects of TMX on
root-nodule number and isoflavonoid concentration in soybean seedlings grown in the presence
of neighbouring weeds sharply contrasted with the established roles of SA and JA in these two
processes. If TMX had been metabolized to SA in soybean plants, then the SA-mediated
suppression of JA signaling pathway would have decreased root nodule numbers under weedy
conditions. In contrast, TMX applied as a seed treatment increased root-nodule numbers under
weedy conditions. In a similar manner, if TMX increased the level of SA, then IFS expression
and isoflavonoid synthesis would have been suppressed in seedlings grown under weedy
conditions. In contrast to this expectation, TMX applied as a seed treatment increased
isoflavonoid concentration in seedlings grown under weedy conditions. These results strongly
support the existence of an unknown pathway(s) that regulates both the SA and JA signaling
pathways.
In conclusion, the results of this study suggested that the TMX applied as a seed
treatment to soybean seedlings grown in the presence of weeds stimulated growth, reduced C/N
and UV-absorbing phenolic compounds, and this could be due to activation of the SA signaling
pathway. The observed promotion of root-nodulation and isoflavonoid concentration also
suggested the role of yet unknown pathways in TMX-mediated responses in soybean. A
proposed model of the mode of action of TMX in soybean seedlings grown in the presence of
neighbouring weeds is presented in Figure (1.5).
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Tables
Table 2.1. Effect of TMX on stem length, stem diameter, and dry weight of soybean seedlings as
influenced by the presence of neighbouring weeds. UNWF and UNW refer to soybean seedlings
originating from untreated seeds and grown under weed-free and weedy conditions, respectively.
TWF and TW refer to soybean seedlings emerging from TMX treated seeds and grown under
weed-free and weedy conditions, respectively. Treatment means (corrected) ± S.E, followed by
different letters indicate significance at P ≤ 0.05 according to a Tukey's HSD test.

UNWF

Stem
length
(cm)
10.0 B

Stem
diameter
(mm)
4.45 B

UNW

11.1 A

TWF
TW

Shoot Dry
Weight (g)

Root Dry
Weight (g)

Total Dry
Weight (g)

1.05 AB

0.62 A

1.68 AB

4.29 C

1.04 B

0.55 B

1.61 B

10.1 B

4.60 A

1.06 AB

0.61 A

1.69 AB

11.5 A

4.58 A

1.11 A

0.61 A

1.74 A

n=46, 4 replications, harvested at the third trifoliolate stage (21 DAP).
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Table 2.2. Effect of TMX on soybean root variables as influenced by the presence of
neighbouring weeds. The variables were measured using WinRhizo by analyzing scanned root
images. UNWF and UNW refer to soybean seedlings originating from untreated seeds and grown
under weed-free and weedy conditions, respectively. TWF and TW refer to soybean seedlings
emerging from TMX treated seeds and grown under weed-free and weedy conditions,
respectively. Treatment means (corrected) ± S.E, followed by different letters indicate
significance at P ≤ 0.05 according to a Tukey's HSD test.

UNWF

Total
Surface
Area (cm2)
486.4 B

7.47 B

Total
Length
(cm)
2532 C

Average
Diameter
(mm)
0.618 A

UNW

472.3 C

7.18 C

2482 C

0.608 AB

TWF

497.0 B

7.47 B

2691 B

0.594 B

TW

524.9 A

7.79 A

2832 A

0.593 B

Total Volume
(cm3)

n=46, 4 replications, harvested at the third trifoliolate stage (21 DAP).
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Table 2.3. Effect of TMX on root dry weight and nodule number per gram of root dry weight of
soybean seedlings at the unifoliolate and first-trifoliolate stage of development as influenced by
the presence of neighbouring weeds. UNWF and UNW refer to soybean seedlings originating
from untreated seeds and grown under weed-free and weedy conditions, respectively. TWF and
TW refer to soybean seedlings emerging from TMX treated seeds and grown under weed-free
and weedy conditions, respectively. Treatment means (corrected) ± S.E, followed by different
letters indicate significance at P ≤ 0.05 according to a Tukey's HSD test.

UNWF

Unifoliolate Stage
Nodule
Root dry
number per
weight (g)
(g) of root
dry weight
0.080 A
270 B

First-Trifoliolate Stage
Nodule
Root dry
number per
weight (g)
(g) of root
dry weight
0.157 A
477 AB

UNW

0.070 B

265 B

0.146 A

437 B

TWF

0.074 B

307 A

0.152 A

486 A

TW

0.060 C

310 A

0.145 A

485 A

Unifoliolate stage (n=54-56), first trifoliolate stage (n=39-42), 4 replications.

33

Table 2.4. HPLC analysis of isoflavonoid concentration expressed as nmol/µg of root tissue of
inoculated soybean roots at the first-trifoliolate stage of development. UNWF and UNW refer to
soybean seedlings originating from untreated seeds and grown under weed-free and weedy
conditions, respectively. TWF and TW refer to soybean seedlings emerging from TMX treated
seeds and grown under weed-free and weedy conditions, respectively.

UNWF

Daidzin
6.82 A

MalonylDaidzin
120.6 A

Genistin
0.315 A

MalonylGenistin
5.92 A

UNW

6.16 AB

108.8 B

0.271 AB

5.05 C

TWF

5.96 B

113.4 AB

0.274 B

5.28 BC

6.58 AB

122.6 A

0.277 AB

5.54 AB

TW

a-c treatment means followed by the same letter are not significantly different
according to a Tukey's HSD test (P≤0.05). n=4, 4 replications.
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Figures

Figure 2.1. A representative picture of soybean seedlings at the third trifoliolate stage of
development (21 DAP). UNWF and UNW refer to soybean seedlings originating from untreated
seeds and grown under weed-free and weedy conditions, respectively. TWF and TW refer to
soybean seedlings emerging from TMX treated seeds and grown under weed-free and weedy
conditions, respectively.

35

(A)

A
B

20
10

A
=
/
a

80
70
60
50
40

B

N

Nodule no. per plant

30

U…

0
UNWF

UNW

TWF

TW

Nodule no. per plant

(B)
80

A

AB

70

B
C
B

60
50
40
0

UNWF

UNW

TWF

TW

Figure 2.2. Nodule numbers per plant at the (A) unifoliolate and (B) first-trifoliolate stage of
soybean seedling development, 10 DAP and 14 DAP, respectively. UNWF and UNW refer to
soybean seedlings originating from untreated seeds and grown under weed-free and weedy
conditions, respectively. TWF and TW refer to soybean seedlings emerging from TMX treated
seeds and grown under weed-free and weedy conditions, respectively. Different letters indicate
significant difference at P ≤ 0.05 (Tukey's HSD test). Unifoliolate stage (n=54-56), first
trifoliolate stage (n=39-42), 4 replications.
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Figure 2.3. Percent (A) carbon, (B) nitrogen, and (C) C/N of soybean shoots and roots as
affected by TMX-seed treatment and weedy condition at the unifoliolate stage. UNWF and
UNW refer to soybean seedlings originating from untreated seeds and grown under weed-free
and weedy conditions, respectively. TWF and TW refer to soybean seedlings emerging from
TMX treated seeds and grown under weed-free and weedy conditions, respectively. Different
letters indicate significant difference at P ≤ 0.05 (Tukey's HSD test). n=54-56, 4 replications.
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Figure 2.4. Total soluble UV-absorbing phenolics of soybean roots at the first-trifoliolate stage
of development. UNWF and UNW refer to soybean seedlings originating from untreated seeds
and grown under weed-free and weedy conditions, respectively. TWF and TW refer to soybean
seedlings emerging from TMX treated seeds and grown under weed-free and weedy conditions,
respectively. Different letters indicate significant difference at P ≤ 0.05 (Tukey's HSD test). n=4,
4 replications.
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Nodule
Isoflavonoid
Root
Growth

Figure 2.5. Hypothetical model of whole plant processes regulated by TMX in soybean
seedlings grown in the presence of neighbouring weeds. Previously reported roles of salicylic
and jasmonic acid are summarized in this diagram based on the assumptions that TMX will
increase salicylic acid but decrease OPDA concentrations in soybean. These assumptions were
made from the fact that TMX and its metabolite clothianidin increased SA associated gene
expressions in Arabidopsis and cotton, but decreased OPDA concentration in cotton. Effects of
neighbouring weeds and TMX on soybean growth as observed from this study is also
summarized in this diagram. Arrows indicate positive regulation and bar ends indicate negative
regulation. SA = salicylic acid, N = total plant nitrogen, nodule = nodule number per plant,
isoflavonoid = isoflavonoid concentration per plant, root growth = increase in root dry weight,
OPDA = 12-oxo-phytodienoic acid, JA = jasmonic acid, and phenolic = UV-absorbing phenolics.
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Chapter 3: Impact of calcium applied as a seed treatment on shade avoidance responses of
soybean

Abstract
Soybean seedlings grown in the presence of neighbouring weeds exhibit typical shade avoidance
characteristics of stem elongation and root inhibition. These responses are well known to be
regulated by photoreceptor signaling pathways. Calcium, a plant secondary messenger, is known
to regulate photoreceptor signaling pathways, as well as gene expression under various stress
conditions. No previous research, however, has explored if calcium applied exogenously to
soybean seeds can increase soybean seedlings tolerance to neighbouring weeds. Controlled
environment and laboratory studies were undertaken to test the hypothesis that calcium applied
as a seed treatment suppresses the shade avoidance response and increase nitrate reductase
activity in soybean seedlings exposed to low red to far-red ratios reflected from neighbouring
weeds. Calcium applied as a seed treatment prevented stem elongation and increased root growth
of soybean seedlings grown in the presence of neighbouring weeds. This result suggested a direct
involvement of calcium in the phytochrome-regulated plant morphology processes. Moreover,
both calcium and thiamethoxam, a neonicotinoid insecticide, applied as a seed treatment
prevented the weed induced elevation of nitrate reductase activity in soybean seedlings.
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Introduction
The presence of neighbouring weeds can cause significant yield reduction in crops in the
absence of direct competition for resources (Page et al., 2010, 2011; Green-Tracewicz et al.,
2011). Aboveground neighbouring weeds can reflect light in low red to far-red ratios (R:FR) and
very low-fluence blue light which can be detected by plant photoreceptors and trigger shade
avoidance responses in seedlings such as stem elongation and root growth inhibition (Page et al.,
2010; Green-Tracewicz et al., 2011; Wang et al., 2013).
Photoreceptor signaling pathways are known to be regulated by Ca2+, a plant secondary
messenger that is capable of regulating gene expression in response to various stresses (Tuteja
and Mahajan, 2007; McAinsh and Pittman, 2008; Whalley and Knight, 2013). In phytochrome
(Phy)-deficient mutants of tomato (aurea), microinjection of Ca2+ and cyclic guanosine 3’,5’cyclic monophosphate (cGMP) restored chloroplast development and anthocyanin biosynthesis
(Bowler et al., 1994). In Arabidopsis, Ca2+ positively modulated protein phosphatase 7 (PP7)
activity, which repressed the PhyA/PhyB interacting protein nucleotide diphosphate kinase 2
(NDPK2) (Genoud et al., 2008). Also, Ca2+ positively regulated Arabidopsis mitogen-activated
protein kinase 3/6 (MPK3/6) activity, which physically interacted with NDPK2, and positively
regulated expression, the gene for encoding pathogenesis-related protein 1 (PR1) gene
expression (Moon et al., 2002; Zhao et al., 2014). While PP7 functions as a repressor of
phytochrome pathway, it promotes cryptochrome (Cry)-mediated blue light responses (Genoud
et al., 2008). Also, Ca2+ binds to short-under-blue-light 1 (SUB1), which is repressed by
cryptochromes, and negatively modulates PhyA and long-hypocotyl 5 (HY5). Moreover, Ca2+ is
required for phototropin 1 (Phot1)-mediated suppression of hypocotyl elongation and it has also
been shown that phototropins regulate Ca2+ channels (Shinkle and Jones, 1988; Folta et al., 2003;
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Stoelzle et al., 2003). This regulation by calcium of photoreceptor pathways may have additional
consequences as phytochromes are known to regulate both salicylic acid (SA) and jasmonic acid
(JA) signaling pathways.
SA and JA pathways can be regulated by both phytochrome and Ca2+ (Izaguirre et al.,
2006; Cerrudo et al., 2012; de Wit et al., 2013). In Arabidopsis, binding of Ca2+ to signalresponsive 1 (AtSR1) protein is required for the repression of enhanced-disease susceptibility 1
(EDS1). EDS1 promotes the SA signaling pathway while repressing the JA-responsive plant
defensin 1.2 (Brodersen et al., 2006; Du et al., 2009). Recently, it has been determined that Ca2+
plays an additional role in the JA signaling pathway (Hettenhausen et al., 2013). This study
showed that Ca2+-dependent protein kinases 4/5 (CDPK4/5) act as negative regulators of JA and
12-oxo-phytodienoic acid (OPDA) biosynthesis in Nicotiana attenuate.
OPDA level in cotton has been shown to decrease with the neonicotinoid insecticide
thiamethoxam (TMX) applied as a seed treatment (Szczepaniec et al., 2013). In addition, TMX is
also known to promote early seedling growth (Pereira et al., 2010; Macedo et al., 2011), which
may occur via promotion of SA biosynthesis (Ford et al., 2010). Recent evidence indicates that
Ca2+ may play a role in TMX action because the TMX metabolite clothianidin can induce
expressions of genes encoding Ca2+ binding proteins, calmodulin-related proteins, and Ca2+ATPase in Arabidopsis (Ford et al., 2010). Whether OPDA repression by TMX is Ca2+mediated is unknown.
Despite the involvement of Ca2+ in many photoreceptor signaling pathways, no study to
date has investigated the effects of Ca2+ on the response of soybean to changes in light quality
such as low R:FR of light. It has been shown that Ca2+ applied exogenously inhibited stem
elongation of oat (Montague, 1993) and promoted root growth of pea and corn (Takahashi et al.,
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1992; Hepler, 2005). In addition, blue light mediated inhibition of stem elongation is known to
involve Ca2+ (Stoelzle et al., 2003; Folta et al., 2003). Specifically, increase in cytoplasmic Ca2+
ion concentration through activation of calcium-permeable channels by Phot1 is required to
inhibit stem growth upon detecting blue light (1-1000 µmol m-2) (Folta et al., 2003). Hence, it
was predicted that increase in cytoplasmic Ca2+ ion concentrations by Ca2+ applied exogenously
will exaggerate blue light signalling in soybean seedlings that will suppress shade avoidance
characteristics. It was hypothesized that Ca2+ applied as a seed treatment will suppress typical
shade avoidance characteristics of soybean seedlings that were grown in the presence of
neighbouring weeds.

Materials and Methods
Plant Materials and Growth Conditions
The soybean cultivar OAC Wallace (University of Guelph, ON) was raised in two controlled
growth cabinet chambers with a 16/8 h photoperiod, a temperature of 26°C/19°C. The incoming
light was supplied by white fluorescent tubes (Sylvania) and 40W incandescent bulbs. Weed-free
and weedy conditions were set up by placing a plastic tube (8×18 cm, 1L) in the centre of a 3.36
L white plastic pot (Airlite Plastics Company, Omaha, USA) around which was either filled with
Turface MVP® (Profile Products LLC, Buffalo Grove, IL, USA) or seeded with all-purpose grass
seed blend with 35 percent creeping red fescue, 25 percent Fiesta 4 perennial ryegrass and 40
percent Kentucky blue grass (John Vanderwoude Sod Farms, Mount Hope, Canada) (see GreenTracewicz et al., 2011). The grass was irrigated with water and fertilized as described by
Tollenaar (1989). Briefly, 160 g water soluble NPK (28-14-14) fertilizer, 160g water soluble
NPK (15-15-30) fertilizer, 80g NH4NO3, 160 g MgSO4 . 7H2O and 12 g Micronutrient Mix
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(Plant Products, Ancaster, Ontario, Canada) were mixed with 19 L water and used to fertilize
plants at a ratio of 1:16 (fertilizer : water) via a venturi system. Weed-free and weedy pots were
separated using a white opaque corrugated plastic to minimize light interference between the two
treatments. Once the grass filled the area around the plastic tube, seeds of a University of Guelph
soybean cultivar (OAC Wallace) were planted in Turface MVP® (Profile Products LLC, Buffalo
Grove, IL, USA) in 355 mL plastic cups (8×10 cm) (Dart Container Corp., Mason, USA) and
were placed inside the 1 L plastic tubes, which eliminated physical contact and thus direct
competition between the soybean plants and the grass.
Light Quantity and Quality Measurements
Photosynthetic Photon Flux Density (PPFD) and R and FR were measured at the
beginning of experiment. The incoming PPFD at the soil surface level was measured using a line
quantum sensor LI-191 (LI-COR Biosciences Lincoln, NE, USA). The R and FR of incoming
light and reflected light were measured using a R:FR sensor (SKR 110, 660nm/730nm, Skye
Instruments, Llandrindod Wells, Powys, UK). The incoming and reflected lights were measured
5cm above the surface, positioning the sensor upward for the incoming light measurements, and
downward for the reflected light measurements. For the first growth cabinet, the reflected R and
FR of weed-free conditions measured at 660 nm and 730 nm, respectively, were 4.8±0.3 and
0.4±0.04 µmol m-2 s-1, and weedy conditions were 1.7±0.2 and 0.5±0.03 µmol m-2 s-1,
respectively. For the second growth cabinet, the reflected R and FR of weed-free conditions were
6.1±0.7 and 1.1±0.03 µmol m-2 s-1, and weedy conditions were 3.2±0.1 and 1.2±0.03 µmol m-2 s1

, respectively. The R and FR and PPFD of the incoming light were not significantly different

between the treatments: cabinet one R: 23 µmol m-2 s-1, FR: 2 µmol m-2 s-1, PPFD: 390 W/m2;
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cabinet two R: 24 µmol m-2 s-1, FR: 3.5 µmol m-2 s-1, PPFD: 560 W/m2. In this experiment, blue
light was not measured.
Seed Treatments
TMX was applied using a commercial method at the rate of 50g a.i./100 kg seed. For the
calcium seed treatment, seeds were imbibed in a solution of 10 mM CaCl2 for 48 hours (see also
Shaikh et al., 2007). To prevent rapid water uptake injury (McCollum, 1952; Koizumi et al.,
2008), seeds were germinated on germination paper placed on top of tissue papers that had been
pre-soaked with either calcium solution or milli-Q water. After 48 hours, swollen seeds were
planted at a depth of 2 cm in a mixture (1:1 v/v) of Vermiculite (Therm-O-Rock East Inc., PA,
USA) and Turface MVP® (Profile Products LLC, Buffalo Grove, IL, USA) and placed under
weed-free and weedy conditions.
Morphology Analysis
Plant height was measured at the unifoliolate stage of growth, 10 days-after-planting
(DAP), from the soil surface to the tip of the growing point. Shoots were harvested, flash frozen
in liquid N2 and stored at -80 ºC. Roots were gently washed with tap water to remove particulate
matter and kept at 4 ºC until scanning. Roots were scanned at a medium resolution (200-400 dpi)
and the images were analyzed with the WinRhizo software (v. 5.0; Regent Instruments, QC,
Canada). After scanning, roots were dried at 80 ºC to a constant weight. Dried root samples were
weighed to three decimal places using an analytical balance (ML104\03, Mettler Toledo,
Switzerland).
Nitrate Reductase Assay
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The procedure used for the NR assay was described previously in Small and Wray (1980)
and Kuo et al. (1982). Briefly, leaves from two plants were pooled and ground in liquid N2.
Approximately, 100 mg of ground tissue were mixed with 1 ml of extraction buffer (50 mM
potassium phosphate buffer pH 7.5, 1 µM NaMoO4, 0.1 mM EDTA, 5 µM flavin adenine
dinucleotide, 3 mM dithiothreitol, 1mM PMSF, 10 µM leupeptin, 3% PVPP). After incubating
on ice for 10 min, the homogenates were centrifuged at 12,000 rpm for 10 min at 2ºC. The
supernatants were de-salted using Sephadex G-25 spin columns (GE Healthcare Life Sciences,
Uppsala, Sweden) and one aliquot was transferred to a fresh tube for quantification of proteins. To
measure NR activity, 100 µl of desalted protein was added to 900 µl of a reaction buffer (50 mM
potassium phosphate buffer pH 7.5, 10 mM KNO3, 0.1 mM NADH), mixed and incubated at
25ºC for 20 min. The reaction was stopped with the addition of 1 ml of 58 mM sulphanilamide.
Then, 1 ml of 0.77 mM N-(1-Naphthyl) ethylenediamine dihydrochloride was added to the
reaction, mixed and incubated at room temperature for 15 min. A similar reaction was set up for
the control group in which protein extract was replaced by an equal volume of extraction buffer.
The absorbance of the solutions was measured at 540 nm. The subtracted absorbance (A540 sampleA540 blank) was used for the calculation of nitrite concentration (µmol) using a linear regression curve
generated from sodium nitrite NaNO2 standards (0-10 nM). The amount of enzyme that will reduce 1

µmol of nitrate to nitrite per minute in a NADH system at pH 7.5 at 30 ºC was defined as one
unit NR. Leaf protein concentration was quantified by a modified Lowry assay (Larson et al., 1986).
The NR activity was expressed as units of NR per mg protein using the following formulas
(Sigma, 1997).
1) NR units per mL enzyme =

µmol Nitrite formed
Time of assay (mins)x volume of enzyme used (mL)
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2) NR units per mg protein =

NR units per mL enzyme
mg protein

Statistical analysis

The experiment was designed as a completely randomized split-plot. The main plot factor
was light quality (i.e., R:FR ratio, reflected from above ground neighbouring weeds). The subplot factor was TMX and CaCl2 applied as a seed treatment that was assigned at random to the
main plots. The experiments were replicated over time in two growth chambers. Statistical
analyses were performed using a mixed model (PROC MIXED) procedure with SAS 9.4 (SAS
Institute, Cary, NC, USA). To test for the normality of samples, the Shapiro-Wilk statistic was
used, as the sample size in all experiments was smaller than 2000, and when required, values
were transformed for analyses. Outliers were detected and removed using Lund’s Test of
Studentized Residuals (Lund, 1975). Significant differences among treatments were analysed
using Tukey’s Honestly Significant Difference (HSD) test.

Results and Discussion
Calcium applied exogenously prevented stem elongation and promoted root growth in
soybean seedlings grown in the presence of neighbouring weeds
Soybean seedlings emerging in the presence of aboveground weeds displayed typical shade
avoidance responses including an increase in stem length and decrease in root length, dry weight,
and surface area (Fig. 2.1; Table 2.1). For example, the stem length of soybean seedlings grown
in the presence of weeds was 5.0 cm compared to 4.4 cm for weed-free grown soybeans. At the
unifoliolate stage of development, root length of these seedlings decreased while average root
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diameter increased compared to seedlings grown under weed-free conditions. This effect is
consistent with the results obtained at the third-trifoliolate stage of growth (Section 2.3) and
suggested that the presence of neighbourings weeds may have impeded lateral root formation. In
contrast, under weedy conditions, root dry weight increased in seedlings emerging from seeds
treated with calcium (Fig. 2.1). Most importantly, calcium applied as a seed treatment resulted in
a reduction in stem elongation and promoted root growth in the presence of neighbouring weeds.
For example, stem length of soybean seedlings emerging from seeds treated with calcium under
weedy conditions was 4.8 cm, and this value was not different from the stem length of soybean
seedlings grown under weed-free conditions.
Ca2+ is involved in photoreceptor signaling pathways. Upon blue light detection, Phot1
activated a Ca2+ channel that mediated inhibition of stem elongation (Folta et al., 2003). While
the role of Ca2+ in the blue light-mediated inhibition of stem elongation is well known, its role in
the low R:FR-mediated stem elongation is relatively unknown. The fact that calcium applied as a
seed treatment did not affect stem growth under weed-free condition, but partially suppressed
neighbouring weed induced stem elongation suggested that calcium seed treatment can alter the
phytochrome-mediated growth responses in soybean seedlings. In the presence of neighbouring
weeds, calcium applied as a seed treatment may increase intracellular Ca2+ concentrations that
can exaggerate the Phot1-mediated blue light response and thereby inhibit stem elongation.
The presence of neighbouring weeds not only lowers R:FR, but also reflects very lowfluence blue light (Wang et al., 2013). Under low light conditions (<10 µmol m-2 s-1), very lowfluence blue light was reported to reverse the red light-mediated inhibition of stem elongation
through the action of Phot1 (Wang et al., 2013). In this study, however, the potential impacts of
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weed-induced very low-fluence blue light on soybean stem elongation were eliminated by the
relatively high irradiance (~400 W/m2) in the experimental growth chambers.
TMX prevented the calcium-mediated suppression of shade avoidance morphology
This study revealed that calcium applied as a seed treatment promoted soybean root growth by
partially negating the neighbouring weed-induced shade avoidance response (Fig. 2.1; Table 2.1).
Previous analysis of root morphology at the third trifoliolate stage of growth also showed that
TMX applied as a seed treatment promoted soybean seedling root growth under weedy
conditions (Table 1.1, 1.2). It was speculated that TMX-induced root growth of seedlings grown
under weedy conditions resulted from activation of the SA signaling pathway rather than
negation of shade avoidance response (section 2.3). Because calcium and TMX promote soybean
root growth by different mechanisms, it was predicted that treatment of soybean seeds with both
calcium and TMX would further increase root growth under weedy conditions compared to
single treatments of either calcium or TMX. Strikingly, it was found that morphological
variables of soybeans treated with both TMX and calcium were not different from those of the
untreated controls. This result suggested that the root growth promoting effect of calcium under
weedy conditions was negated by TMX (Table 2.1). For example, root dry weight of soybean
seedlings emerging from seeds treated with both calcium and TMX was not different from
untreated soybean seedlings grown under weedy conditions. These results suggested that TMX
may interfere with the calcium signaling pathway. A recent study reported that overexpression of
Calmodulin N-methyltransferase in Arabidopsis resulted in a decrease in root length (Banerjee et
al., 2013). The results from this study suggest that Ca2+ at high level can inhibit root growth. It
has also been shown that clothianidin, the metabolite of TMX, induced expression of several
Ca2+ binding proteins (Ford et al., 2010). It may be possible that in the presence of neighbouring
49

weeds, the addition of TMX to soybean seeds treated previously with calcium increases
intracellular Ca2+ level beyond a threshold that may initiate inhibition of root growth.
Previous morphological analysis of soybean seedlings at the unifoliolate stage revealed
that TMX applied as a seed treatment reduced root biomass under both weed-free and weedy
conditions when seed was inoculated with rhizobium (section 2.3). Prior to this study, there was
no published report on the effect of TMX on soybean seedling growth in the absence of
rhizobium inoculation at the unifoliolate stage. This study revealed that in the absence of seed
inoculation, TMX seed treatment did not reduce soybean root biomass nor did it promote root
growth under weedy conditions. These results would further suggest that TMX per se does not
reduce soybean root biomass at the unifoliolate stage, and that TMX may begin to positively
influence soybean root growth under weedy condition at later stages of soybean development.
Calcium and TMX significantly decreased NR activity under weedy condition
It is well recognized that both continuous far-red and red light can increase nitrate reductase (NR)
activities in Arabidopsis in a phytochrome-dependent manner (Jonassen et al., 2008). Short-term
far-red irradiation, however, has been shown to reverse the red light-induced NR activity
(Sasakawa and Yamamoto, 1979). Several lines of evidence suggested that TMX and calcium
regulate NR activity (Sane et al., 1987; Naeem et al., 2009; Gao et al., 2011; Macedo et al., 2011,
2013a, 2013b). For example, in signalgrass, rice, and spring wheat, TMX applied as a seed
treatment at a low concentration increased NR activity while at higher concentrations it
decreased NR activity (Macedo et al., 2011, 2013a, 2013b). In a similar manner in Brassica
juncea, lower concentrations of SA favoured a significant increase in NR activity whereas higher
concentrations of SA decreased it (Fariduddin et al., 2003). These results suggest that TMXinduced alterations in NR activity could be a result of activation of the SA signaling pathway.
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Nitrate reductase activity is also influenced by Ca2+ (Sane et al., 1987; Naeem et al.,
2009; Gao et al., 2011). The effect of Ca2+ on NR activity in the presence of weeds, however,
has not been explored in soybean seedlings. In rice, nitric oxide (NO) generated by NR activity,
promoted lateral root formation (Sun et al., 2015). Based on this evidence, soybean plants grown
under weedy conditions with suppressed lateral root growth were expected to display lower NR
activity than weed-free controls. Moreover, both Ca2+ and TMX applied as a seed treatments
were expected to enhance NR activity in soybean seedlings grown under weedy conditions. In
contrast to what was expected, it was found that shoot NR activity increased in untreated
soybean seedlings grown under weedy conditions. Also, NR activity decreased in both Ca2+ and
TMX treated soybeans grown under weedy conditions, and this level of NR activity was not
different from the weed-free grown soybeans (Fig. 2.2).
Previous studies have reported that TMX altered NR activity in a dose-dependent manner
under weed-free conditions (Macedo et al., 2011, 2013a, 2013b). The present study showed
TMX applied as a seed treatment at a dose of 50 g a.i./100 kg seed had no effect on NR activity
in soybean seedlings growth under weed-free conditions. This “no effect” may have arisen from
relatively high doses of TMX that was applied to seeds. As suggested earlier, TMX when applied
as a seed treatment may cause endogenous SA levels to rise and consequently alter NR activity
(see chapter 2; Ford et al., 2010). If high levels of SA prevented the induction of NR activity by
TMX, then lowering the level of SA may lead to an increase in NR activity. Low R:FR is known
to lower the level of SA (de Wit et al., 2013); therefore, TMX applied as a seed treatment would
be expected to increase NR activity in seedlings grown under weedy conditions. Unexpectedly, it
was found that TMX decreased NR activity under weedy conditions. This response may be due
in part to the actions of MAPK Phosphatase 1 (MPK1) and NDPK2 on MPK6. In Arabidopsis,
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MPK1 was positively-regulated by calmodulin (Lee et al., 2008), and repressed by both MPK3
and MPK6 (Bartels et al., 2009). MPK3/6 induced PR1 and Ca2+ was required for the activation
of both kinases upon pathogen inoculation (Tsuda et al., 2013; Zhao et al., 2014). In Arabidopsis,
NDPK2 specifically interacts with MPK3 and MPK6 and binds preferentially to the active forms
of PhyA and PhyB (Choi et al., 1999; Moon et al., 2003). Furthermore, MPK6 is known to
positively regulate NR and negatively regulate lateral root development (Wang et al., 2010;
López-Bucio et al., 2013). It has been shown that MPK1 represses excessive defense responses
including elevated level of SA and PR1 expression by repressing MPK3/6 (Bartels et al., 2009).
Since clothianidin, the TMX metabolite, is known to increase SA level and PR1 expression (Ford
et al., 2010), one possibility is that TMX-treated plants increase MPK1 activity to control
excessive defense responses by suppressing MPK3/6. Lowering MPK6 activity would lead to a
reduction in NR activity and induction of lateral root development (Wang et al., 2010; LópezBucio et al., 2013). These responses may be less evident under weed-free condition, where active
forms of phytochromes bind to NDPK2 and activate MPK3/6. The effects of TMX, however, on
NR activity and root development may become more evident under weedy conditions where
weaker binding of inactive forms of phytochromes to NDPK2 may diminish the NDPK-mediated
induction of MPK3/6. Overall, TMX and low R:FR may together suppress MPK6 activity, and
thereby reduce NR activity resulting in the induction of lateral root formation. The different
responses of untreated soybeans may be due to lower MPK1 activity and therefore lower level of
SA. Also Ca2+ may alter NR activity and root development through modulation of the MPK
pathways. It has been shown that Ca2+ positively regulates MPK1 and is required for the
activation of MPK3 and MPK6 (Lee et al., 2008; Zhao et al., 2014). Also, Ca2+ positively
regulates PP7, which promotes the cryptochrome pathway and suppresses NDPK2 activity
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(Genoud et al., 2008). Given the important role of Ca2+ in modulation of the MPK pathways, one
possibility is that Ca2+ applied as a seed treatment to soybean seeds reduces MPK6 activity,
which in turn leads to reductions in NR activity as well as root growth promotion in seedlings
grown under weedy conditions.
In conclusion, calcium applied exogenously partially suppressed the shade avoidance
response of soybean seedlings growing in the presence of aboveground weeds. Treatment of
soybean seeds with TMX, however, appeared to nullify the calcium-induced responses. More
broadly, these results led to a hypothesis that homologs of MPK3/6 in soybean may be involved
in calcium- and TMX-mediated alterations of root morphology and NR activity in seedlings
grown under weedy conditions. Elucidation of the role of MPK1/3/6 in calcium- and TMXmediated alterations of root morphology and NR activity requires identification of MPK1/3/6
and their activities in soybean. The use of Arabidopsis mpk mutant may greatly contribute to the
elucidation of the role of this activity in calcium- and TMX-mediated responses.
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Tables
Table 3.1. Effects of TMX (50 g a.i./100 kg of seeds) and CaCl2 (10 mM) applied as a seed
treatment on soybean root variables as influenced by the presence of neighbouring weeds. The
variables were measured using WinRhizo software through scanned root image analyses.
Soybean seedlings were harvested at the unifoliolate stage of development (12 days after
sowing). Treatment means (corrected) ± S.E, followed by different letters (a-e) indicate
significance at P ≤ 0.05 according to a Tukey's HSD test.
Weed-free
Untreated

Root
0.88
volume
± 0.03 ab
3
(cm )
Root
267
length
± 11 a
(cm)
Root
54.3
surface
± 1.9 ab
area
(cm2)
Average
0.65
root
diameter ± 0.01 c
(mm)

Weedy

TMX

CaCl2

TMX
+ CaCl2

0.91
± 0.03 a

0.90
± 0.03 a

0.90
± 0.03 a

0.82
± 0.03 bc

270
± 11 a

255
± 11 abc

260
± 11 ab

223
± 11 de

239
± 11 bcd

232
± 11 cde

216
± 11 e

55.4
± 1.8 a

53.7
± 1.9 ab

54.2
± 1.8 ab

47.4
± 1.8 cd

50.6
± 1.8 bc

50.7
± 1.8 bc

46.5
± 1.8 d

0.67
0.67
± 0.01 ab ± 0.01 ab

0.69
± 0.01 a

0.66
± 0.01 bc

n = 31-32, 4 replications.
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Untreated

TMX

CaCl2

0.86
0.88
± 0.03 abc ± 0.03 a

0.67
0.70
± 0.01 abc ± 0.01 a

TMX
+ CaCl2

0.80
± 0.03 c

0.69
± 0.01 a

Figures
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Figure 3.1. (a) Stem length and (b) root dry weight of soybeans seedlings grown under weedfree and weedy conditions as influenced by TMX and calcium (CaCl2) seed treatments at the
unifoliolate stage of development (12 days after sowing). TMX: 50g a.i. / 100 kg of seed, CaCl2:
10mM.
a-e different letters indicate significant difference at P = 0.05 (Tukey's HSD test), n = 31-32, 4
replications.
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Weed-free

NR (units/mg protein)

6
5

4

Weedy
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ab
bc

bc

bc
c

3
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1
0
Untreated

THX
TMX

CaCl2
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Figure 3.2. NR activity of soybean shoots grown under weed-free and weedy conditions as
influenced by TMX and calcium (CaCl2) seed treatments at the unifoliolate stage of development
(12 days after sowing). TMX: 50g a.i. / 100 kg of seed, CaCl2: 10mM.
a-c different letters indicate significant difference at P = 0.05 (Tukey's HSD test), n = 31-32, 4
replications.
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Chapter 4: Conclusions
Summary and research contributions
The United Nations estimated that in order to support the current rate of population growth and
rising living standards, global food production would have to increase by 70% from the
production rate of 2009 (FAO, 2009). One of the ways to increase global food production is to
increase crop tolerance to competition stress caused by weeds. Afifi et al. (2014) reported that
maize seedlings emerging from seeds treated with TMX did not exhibit typical shade avoidance
characteristics when grown under non-limiting resource weed stress. No work, however, has
been reported previously on soybean. In addition, other crop seedlings, including soybean,
emerging from seeds treated with calcium were also found to be more stress tolerant to drought,
cadmium, and salinity (Suzuki et al., 2005; Xu et al., 2013; An et al., 2014). Therefore, this
study investigated the effects of TMX and calcium as seed treatments on soybean morphology
and physiology when grown in the presence of neighbouring weeds. The effect of TMX on
soybean seedling morphology was found to be growth-stage dependent. At the unifoliolate stage,
TMX applied as a seed treatment had no effect on soybean seedling morphology when grown
under weedy conditions. At the third-trifoliolate stage of growth, however, TMX applied as a
seed treatment increased every examined root morphological variable of soybean seedlings
grown under weedy conditions with the exception of root diameter. Under weed-free condition,
TMX applied as a seed treatment increased root length, decreased root diameter, but did not
affect root dry weight. This suggested that TMX applied as a seed treatment increased overall
root length by increasing the number of secondary roots.
The effect of TMX on rhizobium-inoculated soybean seedlings morphology and
physiology were also growth-stage dependent. At the unifoliolate stage, TMX decreased root
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biomass and C/N, but had no effect on root-nodule number. At the first-trifoliolate stage,
however, TMX seed treatment increased root-nodule number under weedy conditions, but had no
effect on root biomass nor C/N. Root isoflavonoid levels of soybean seedlings emerging from
TMX treated seeds was higher under weedy conditions, but lower when grown under weed-free
conditions. Moreover, root UV-phenolic absorbance decreased in seedlings emerging from TMX
treated seeds under weedy conditions. Other studies have shown that while TMX promotes SA, it
represses OPDA accumulation (Ford et al., 2010; Szczepaniec et al., 2013). Results from this
study suggested that there is a yet unknown pathway(s) that mediates TMX signaling in soybean,
as root nodulation and isoflavonoid promoting effects of TMX under weedy condition cannot be
explained by the actions of either of SA or JA.
Soybean seedlings emerging from seeds treated with calcium did not demonstrate
increased stem elongation or a reduction in root biomass at the unifoliolate stage when grown
under weedy conditions. While it was initially thought that root biomass of soybeans emerging
from seeds treated with both calcium and TMX would be greater, the results of the study
revealed that the addition of TMX abolished the root growth promoting effect of calcium under
weedy condition. In the supplementary data provided by Ford et al., (2010), it was shown that
the metabolite of TMX (i.e., clothianidin) induces gene expression of several Ca2+ binding
proteins. Hence, it was suggested that addition of TMX to calcium treated soybeans may increase
Ca2+ levels beyond a threshold value such that an inhibitory effect on root growth was observed.
Overexpression of the NR gene significantly increased soybean lateral root length (Wang
et al., 2010); hence, soybean seedlings with suppressed lateral root growth as a result of
neighbouring weed were expected to display lower NR activity than seedlings grown under
weed-free conditions. This study, however, showed that NR activity of soybean increased under
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weedy conditions, while treating seed with either TMX or calcium decreased seedling NR
activity. It was suggested that the homologs of MPK3/6 in soybean may be involved in calciumand TMX-mediated alterations of root morphology and NR activity in seedlings grown under
weedy conditions.
Aboveground neighbouring weed-mediated root biomass reduction inevitably will disrupt
the plants’ ability to take up water and nutrient. Enhancement of root growth with TMX or
calcium applied as a seed treatment may restore this ability, which may ultimately increase
soybean tolerance to weed stress. This study provided initial insights into the physiological
mechanisms underpinning enhanced root growth as a result of TMX and calcium seed treatments.
Such new knowledge may contribute to better soybean tolerance to stress caused by weed
competition.

Research limitations
In these experiments, turface (a calcined clay) was used to simulate soybean growing in a weedfree (control) environment while a mixture of perennial and annual ryegrass was used to simulate
a weedy environment. For this reason, the surface temperatures of the weed-free environment
were approximately 2ºC higher than the weedy environment. No temperature differences,
however, were detected below the surface of the turface. Higher surface temperatures would lead
to faster water evaporation from the growing media of soybean grown under weed-free
conditions. No differences in growth were detected up to and including the first-trifoliolate stage,
after which plants were watered twice daily to minimize any potential differences.
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The R:FR ranges from 0.05-0.7 underneath vegetative canopies, whereas the ratio in full
sunlight is approximately 1.2 (Smith, 1982). The R:FR values measured at both weedy and
weed-free conditions from this study were higher than these values. This was caused by the
arrangements of incandescent bulbs installed in the growth cabinets used in the study.
Nonetheless, soybean plants placed under weedy conditions expressed typical shade avoidance
morphology. In a previous study with Arabidopsis, hypocotyl growth differed with varying
levels of R:FR ranging from 0.23-2.37. This study confirmed that plants may be sensitive to
changes in R:FR rather than being responsive to an absolute ratio (Cole et al., 2011). In addition,
given the limited time allocated to this research, results were not confirmed under field
conditions.

Future research
TMX appeared to enhance soybean seedling growth by stimulating the synthesis of SA. In order
to confirm this, further studies are required to explore the role of SA on seedling morphology,
nodulation, and root-isoflavnoid concentrations. If soybean mutants are available that do not
synthesize SA, then, the effect of TMX applied as a seed treatment on soybean morphology and
physiology should be negligible in terms of changes in R:FR. If mutants are not available, then, a
simple investigation on the effects of exogenously applied SA at different concentrations should
reveal whether SA can promote soybean root growth in seedlings grown under weedy conditions.
This study also suggested that the homologs of MPK3/6 in soybean may be involved in
calcium- and TMX-mediated alterations of root morphology and NR activity in seedlings grown
under weedy conditions. Investigating the effects of calcium and TMX seed treatments on the
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morphology of Arabidopsis mpk mutants grown in the presence of weeds may greatly enhance
the understanding of the role of MPK1/3/6 in calcium- and TMX-mediated alterations of root
morphology and NR activity.
Field studies should also be implemented to examine the effects of TMX or calcium
applied as a seed treatment on soybean yield as influenced by weed competition. In addition, the
critical period for weed removal may be altered for soybean seedlings emerging from seed
treated with TMX or calcium. Re-examination of this critical period in Ontario may be warranted.
These investigations would contribute new knowledge to enhance the effectiveness of integrated
weed management in Ontario grown soybeans.
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Appendix A: Supplementary Data for Chapter 2

Materials and Method
Anthocyanin Analysis

Anthocyanin concentrations of soybean shoots was measured as described by Roepke et
al., (2013). For each treatment, three soybean shoots were pooled and ground to a fine powder in
liquid N2. Approximately 0.1 g of frozen powder was placed into a 2 ml pre-cooled centrifuge
tube and the exact weight was recorded using a ML104 Analytical Balance (Mettler Toledo, OH,
USA). Anthocyanin was extracted as described above for isoflavonoids using an extraction
solution consisting of methanol, Milli-Q water and acetic acid (4:5:1, v/v). After extraction and
centrifugation, the supernatant was transferred to a fresh tube, vacuum dried, and dissolved in
200 µl of 10 percent acetonitrile containing 0.1 percent formic acid. The resulting solution was
then transferred into a 96-well plate, along with five known amount (1.1-10.7 nmol) of cyanidin
3-O-glucoside in 10 percent acetonitrile containing 0.1 percent formic acid solution as standards
for anthocyanin quantification. The absorbance was read at 530 nm and 653 nm with a UV-VIS
spectrophotometer. The anthocyanin concentration was calculated by regression analysis after
correcting for chlorophyll absorbance using the following formula (Mancinelli and Schwartz,
1984).
Corrected anthocyanin absorbance = [A 530 nm – (0.25 * A 653 nm)]
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Table A1.1. ANOVA for root volume and root dry weight of soybean seedlings at the third
trifoliolate stage of development.
Source of Variation

Root
Volume

Root Dry
Weight

---P-value--0.7241
0.1539

Presence of Weeds (W)
whole plot error
Den df
TMX treatment (TRT)
W * TRT
split plot error
Den df

(3)

(3)

0.0714
0.0087

0.0002
0.2204

(182)

(181)
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Table A1.2. Percent (a) carbon, (b) nitrogen, and (c) C/N of soybean shoots and roots as affected
by TMX-seed treatment and weedy condition at the first-trifoliolate stage.
Shoot
Root
C/N
C/N
45.03 A
41.33 A
2.43 A
2.47 A 19.48 A 16.98 A
UNWF
45.40 A
41.03 A
2.50 A
2.57 A 18.85 A 16.05 A
UNW
45.28 A
41.20 A
2.44 A
2.48 A 18.73 A 16.65 A
TWF
45.43 A
41.98 A
2.49 A
2.56 A 19.60 A 16.53 A
TW
a treatment means followed by the same letter are not significantly different according to a
Tukey's HSD test (P=0.05). n=39-42, 4 replications.
Shoot C

Root C

Shoot N

Root N

89

b)

r
P>|r|
c)
r
P>|r|
d)
r
P>|r|
e)
r
P>|r|
f)
r
P>|r|
g)
r
P>|r|
h)
r
P>|r|
i)
r
P>|r|
j)
r
P>|r|

S h oo

C
R oot

Nodule number
Stem length
Root dry weight
Shoot dry weight
Total dry weight

S h oo

tC

(a)

tN
R oot
N
S h oo
t C/N
R oot
C/ N
Nodu
l e nu
mber
Stem
lengt
h
R oot
dry w
e ight
S h oo
t dry
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Table A1.3. Linear correlation coefficients analyses for growth variables of inoculated soybeans
at the unifoliolate stage. a) Correlation analyses of over all treatments combinations. Correlations
between root C/N and b) nodule numbers, c) root dry weight, d) total dry weight. Correlations
between e) nodule numbers and root dry weight, f) stem length and shoot C, g) stem length and
nodule numbers. Correlations between root N and h) root dry weight, i) nodule number, j) shoot
dry weight. (r = Pearson's correlation coefficients).
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▼

▼
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UNWF
0.54564
<.0001
0.07698
0.5728
-0.2967
0.031
0.02219
0.8759
-0.4087
0.0026
-0.1599
0.2576
-0.13363
0.3262
-0.1692
0.2212
0.38936
0.0030

▼

-

-

▼

▼

-

-

△
△
-

△
△
-

△
-

△
△

△
△

UNW
TWF
TW
0.23094 0.59336 0.40225
0.0995
<.0001
0.0031
0.12354 0.25819 0.21062
0.3689
0.0594
0.1263
0.00031 -0.1567 -0.0494
0.9982
0.2624
0.7253
0.31852 0.49231 0.49897
0.0214
0.0002
0.0002
0.03704 -0.3624 -0.4256
0.7944
0.0083
0.0017
-0.1913 -0.0003
-0.106
0.1743
0.9984
0.4545
-0.09879 -0.22543 -0.32027
0.4730
0.1012
0.0182
-0.18171 0.03939 0.03539
0.1843
0.7837
0.7994
0.14668 0.40848
0.0617
0.2852
0.0022
0.6576
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△

- No significant correlation
△ Positive correlation at P=<0.0001
▼ Negative correlation at P=<0.0001

Table A1.4. Retention time and peak area for isoflavonoids from HPLC analysis adjusted with
weight and esculin recovery (n=4); 255 nm
Retention
Time
(min)

Peak area (mAU.s) /mg
7.9

10.9

11.6

11.9

12.8

14.2

14.3

14.4

14.6

16.2

Total

UNWF

11.9872

6.5974

0.8498

124.3852

1.9031

10.2530

0.7463

11.8744

1.5178

0.4939

170.6081

UNW

10.8233

5.4772

0.7319

112.1537

1.5684

8.7576

0.6125

9.9597

1.6138

0.4281

152.1262

TWF

10.4800

6.1054

0.7399

116.8932

1.8018

9.1450

0.7292

11.7151

1.5418

0.4968

159.6482

TW
11.5543 5.7626 0.7487
mAU = milliabsorbance units in second

126.4335

1.6114

9.5965

0.6386

10.8157

1.7319

0.4591

169.3522
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Figure A1.1. Representative pictures of scanned soybean roots that were used for detailed root
analyses with WinRhizo software.
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Figure A1.2. Frequency distribution of soybean seedling stem diameter at third trifoliolate stage.
STEMD refers to stem diameter, U, T refers to untreated and treated, respectively, and F, W
refers to weed-free and weedy environments, respectively.
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Figure A1.3. Anthocyanin concentrations of inoculated soybean shoots at first-trifoliolate stage.
Anthocyanin concentrations were estimated as cyanidin 3-O-glucoside equivalent (n=3).
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Figure A1.4. HPLC chromatogram of isoflavonoids present in G. max var. OAC Wallace roots
inoculated with B. japonicum. 1. Esculin 2. Daidzin 3. Genistin 4. Malonyl-Daidzin 5. MalonylGenistin 6. Daidzein.
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Appendix A: Supplementary Data for Chapter 3

Figure A2.1. Soybean cotyledon with imbibition injury.
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