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The presence of early emerging weeds alters light quality perceived by crop plants through
reducing the red (670 nm) to far-red (730 nm) ratio of light (R/FR). This change in light quality
has long-lasting effects on crop plants, which may lead to yield loss. The objective of this thesis
was to investigate the morphological, molecular and physiological responses of soybean (Glycine
max (L.) Merr.) to far-red-enriched (FR-E) light reflected from neighbouring weeds in a
controlled environment, in order to gain insight into the mechanisms of yield loss. Based on the
existing knowledge on the effect of FR-E light on photosystem stoichiometry, it was
hypothesised that if soybean seedlings perceive FR-E light reflected from neighbouring weeds at
early growth stages, then an initial oxidative stress response will trigger a cascade of downstream morphological and physiological events that may potentially contribute to yield loss.
Morphological analyses revealed rapid changes in the root/shoot ratio of soybean seedlings upon
emergence in response to FR-E light. This was accompanied by rapid induction of reactive
oxygen species (ROS) scavenging genes. Analyses of enzymatic and non-enzymatic scavengers
of ROS demonstrated that a primary and fundamental impact of FR-E light on soybean unifoliate
leaves was increased generation of singlet oxygen and its conversion to hydrogen peroxide via
ascorbate. This led to reductions in activity of a thiol-modulated Calvin cycle enzyme and CO2
assimilation as well as altered carbon partitioning. Chemical inhibition of plastid terminal
oxidase and mitochondrial alternative oxidase as well as measurements of malate/oxaloacetate
shuttle enzyme activities demonstrated the involvement of alternative electron pathways in early
responses of soybean seedlings to FR-E light. Furthermore, investigation of the impact of FR-E
light on plastic responsiveness of soybean to subsequent drought stress under field conditions
revealed that the frequency, type and severity of stress influenced the ability of a soybean to
express plasticity. The findings of this research not only shed light on the mechanisms of

resource independent crop-weed competition that may contribute to yield loss, but also provide
an important foundation for studies aimed towards improving crop competitive ability and
reducing the negative impact of weeds on yield.
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Chapter 1
Literature Review

1.1 FR-E light and crop-weed competition

Competition is any interaction between organisms where the fitness of one organism is
compromised by the presence of another. Competition between weeds and soybeans (Glycine
max (L.) Merr.) during the earliest stages of development has a dramatic effect on yield with
yield losses reported between 8 and 79% (Sikkema and Dekker, 1987; Van Acker et al., 1993;
Fickett et al., 2013). Traditional studies on competition have focused on the theories of Tilman
(resource limitation) and Grime (life-history strategies) to describe the outcome of competitive
interactions (Grace, 1991). In agricultural settings, several approaches have been developed to
minimise the impact of weed competition through the determination of the critical period for
weed control (CPWC) and weed threshold studies (Kropff and Spitters, 1991; Kropff et al.,
1992). The timing of weed emergence relative to crop emergence has been shown to greatly
impact yield (Kropff et al., 1992), with weeds that emerge with or before the crop having a
greater impact than weeds, which emerged later in the life cycle (Dieleman et al., 1995). This
stresses the importance for weed control during early growth stages and contributes to our
understanding of the importance of the CPWC.
The CPWC is defined as the time interval during the life cycle of a crop, where weed
competitive interactions cause severe yield loss. Nieto et al. (1968) outlined two distinct
experiments for the development of CPWC in crops. In the first experiment a crop is kept weedfree from pre-emergence for increasing periods of time after which weeds are introduced. This
first experiment shows the minimum amount of time that a crop needs to be weed-free to achieve
maximum yield. In the second experiment a crop is initially grown with weeds, and allowed to
grow alongside weeds for increasing periods of time after which the weeds are removed. This
experiment shows the earliest time, when weeds cease to cause reductions in yields. These two
experiments are compared for the minimum amount of time a crop needs to be weed-free as well
as the earliest time that weeds cease to have an effect on yield and then can outline the CPWC
for the crop in question (Nieto et al., 1968).
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The CPWC have been defined for several crops such as canola (Brassica napus L.)
(Martin et al., 2001), common bean (Phaseolus vulgaris L.) (Woolley et al., 1993), maize (Zea
mays L.) (Hall et al., 1992) and soybean (Van Acker et al., 1993). CPWC do, however, have
their limitations as for any crop a CPWC is heavily dependent on the composition and density of
the weed species used in the CPWC experiments, planting pattern and environmental conditions,
where the CPWC experiment was conducted (Van Acker et al. 1993). Although by utilising
growth stages rather than days after emergence it is possible to relate specific plant phenology to
CPWC studies and apply critical periods across locations (Van Acker et al. 1993). Within the
southern Ontario area, the CPWC for soybeans lasts from emergence to the V3-V4 stage of
soybean development (Van Acker et al., 1993).
While in natural systems there is a finite quantity of resources, which all organisms in an
ecosystem compete for, agricultural systems differ in that under proper agronomic practices,
resources such as water and nutrients are generally non-limiting for crop development (Rajcan et
al., 2004). Several hypotheses have been proposed for why the CPWC is essential for preventing
yield loss, such as competition for nutrients, soil moisture and light (Rajcan and Swanton, 2001).
Although limiting nutrients such as nitrogen, phosphorus and potassium during the early growth
of a crop does result in lower yields, the combination of weed competition and limited nutrients
has a greater effect on reducing yield (Tollenaar et al., 1997). While competition for resources is
important, recently it has been suggested that light signalling in particular changes in light
quality, plays an important role in determining the outcome of crop-weed competition at the
earliest stages of crop development (Rajcan et al., 2004; Liu et al., 2009; Page et al., 2009;
Green-Tracewicz et al., 2011, 2012). Light reflected upwards from neighbouring weeds is farred-enriched (FR-E) and this has important developmental consequences.

1.2 FR-E light and photoreceptors

Light energy is vital for the growth and development and can be defined as both light
quantity, which refers to the photosynthetic photon flux density (PPFD), which is the total
number of photons radiated on a surface, and light quality with the highest quality of light for
photosynthesis residing within the 400- 700 nm range (Holmes and Smith, 1977a; Holt, 1995).
The quantity of light (PPFD) that a plant receives is dependent on many factors such as canopy
2

cover, time of day, cloudiness and latitude (Casal and Smith, 1989). Incoming light can be
absorbed and utilised in photosynthesis or transmitted or reflected. The quality of light that a
plant receives is also important and can be measured for example, as the ratio of red light (670
nm) to far-red light (730 nm) (R/FR). The quantity of far-red light is strongly affected by canopy
cover and less so by total incoming PPFD (Holmes and Smith, 1977b).
A plants ability to detect and respond to changes in light quality is perceived by at least
four groups of proteins know as photoreceptors which include cryptochromes, phototropins,
phytochromes and UVR8 (Jiao et al., 2007; Rizzini et al., 2011). Each group of photoreceptors is
sensitive to a specific range of wavelengths. The cryptochromes and phototropins perceive blue
and ultraviolet A (UVA) light (Jiao et al., 2007), UVR8 perceives UV-B light (Rizzini et al.,
2011) and phytochrome perceives light in the range of red to far-red (Butler et al., 1959; Furuya,
1993). Phytochromes are photochromatic pigments, which exist in two forms. The inactive (Pr)
and active (Pfr) forms preferentially absorb light in the red and far-red region, respectively.
(Butler et al., 1959). Phytochrome remains in its inactive form Pr in the cytosol until red photons
are absorbed at which point it undergoes a conformational change to the active Pfr form. It is then
translocated to the nucleus, where Pfr interacts with various transcription factors initiating
downstream signalling cascades (Quail, 2002; Jiao et al., 2007; Genoud et al., 2008; Li et al.,
2011). Under direct continuous irradiance, there is an equilibrium between Pfr and Pr, referred to
as photoequilibrium (φ) and is measured as the ratio of Pfr to the total phytochrome (Ptotal)
(Morgan and Smith, 1976). Photoequilibrium is very sensitive to small changes in the red/far-red
ratio (R/FR) of light. In direct light, photoequilibria can reach φ= 0.54 above the canopy and
drop to φ= 0.04 below the canopy in very dense shade (Smith and Holmes, 1977). The
conversion of inactive Pr to Pfr senses the quality and quantity of light in order to regulate several
developmental processes (Smith, 2000).
Five phytochrome genes have been identified in Arabidopsis thaliana (L.) Heynh.
Designated, PHYA, PHYB, PHYC, PHYD and PHYE (Sharrock and Quail, 1989; Clack et al.,
1994). Of these, phyA and phyB are especially important in controlling etiolation in seedlings as
they play contrasting roles in the detection of red light (Quail et al., 1995; Quail, 1998). PhyB is
essential for the detection and perception of continuous red light and phyA is essential for the
detection and perception of continuous far-red light (Quail, 1998). During early seedling
development, phyB and phyA act antagonistically with far-red-depleted (FR-D) light
3

environments stimulating phyB activity and negating phyA activity, whereas far-red-enriched
(FR-E) light environments stimulate phyA activity while negating phyB activity (Quail, 1998).
Under red light, phyB plays an active role in the inhibition of hypocotyls elongation, regulating
flowering as well as inducing chlorophyll accumulation (Reed et al., 1993). Arabidopsis mutants
with partial or complete loss of phyB function display increased hypocotyl elongation and other
typical shade avoidance characteristics (Reed et al., 1993). In addition, overexpression of phyB
in Arabidopsis results in a short hypocotyl phenotype (Wagner et al., 1991). PhyC appears to
have a redundant role in combination with phyA, although phyC does appear to have a role in
blue light sensing and the regulation of other photoreceptors (Franklin et al., 2003). PhyD and
phyE have roles in regulating several aspects of plant development such as seedling
establishment, whole plant architecture and flowering (Smith, 2000; Salter et al., 2003).
Approximately, 10% of the Arabidopsis genome is regulated by phytochrome in response
to changing light conditions (Tepperman et al., 2006; Quail, 2007). Upon nuclear import, active
phytochrome interacts with a group of basic helix-loop-helix transcription factors known as
phytochrome interacting factors (PIFs), which generally bind to G-box containing promotors to
initiate downstream responses (Martinez-Garcia et al., 2000; Castillon et al., 2007). Genes
relating to transcription, photosynthesis, cellular metabolism, signalling, hormones, stress and
defence as well as growth and development are known to be regulated by phytochrome (Devlin
et al., 2003; Tepperman et al., 2006; Quail, 2007). Recent investigations into the genomic
responses of crop plants to FR-E light reflected upwards from neighbouring weeds have shown
that genes involved in photosynthesis, oxidative stress, pest and pathogen defence genes are
differentially regulated (Horvath et al., 2006, 2015). While many growth and developmental
responses are regulated by phytochrome through changes in light quality, one of the most studied
responses induced by FR-E light is the shade avoidance response (Kasperbauer, 1971; Morgan
and Smith, 1981; Smith 1982).

1.3 FR-E light induces the shade avoidance response

Perception of FR-E light reflected or transmitted from neighbouring vegetation induces a
suite of developmental responses known as the shade avoidance response. This response is of
adaptive significance as it is an attempt by the plant to outgrow its neighbours and reduce the
4

impact of competition (Ballaré et al., 1991). This can occur prior to direct competition for light
as reflected or transmitted FR-E light from neighbouring plants acts as an early warning signal of
impending competition (Ballaré et al., 1987; 1990). The most striking and rapid feature of the
shade avoidance response is the stimulation of stem and internode elongation, which can occur
within minutes of exposure to FR-E light (Child and Smith, 1987). Accompanying the rapid
internode elongation is a reduction in leaf development as the rate of leaf appearance is severely
reduced and branching is decreased due to an increase in apical dominance (Smith and
Whitelam, 1997). This also manifests as a redirection of resources towards shoot growth at the
expense of root growth thus reducing the root/shoot (Smith and Whitelam, 1997). In addition,
plants which exhibit the shade avoidance response have species-specific effects on the ratio of
chlorophyll a to chlorophyll b (Morgan and Smith, 1979; Murchie and Horton, 1997; Brouwer et
al., 2014). Lastly, the shade avoidance response is associated with acceleration to flowering time
(Halliday et al., 1994) and a reduction in seed set through a redirection of resources towards
elongation and away from resource acquisition and storage organs (Smith and Whitelam, 1997).
Detection of FR-E light and initiation of the shade avoidance response triggers the
biosynthesis and signalling of several phytohormones including auxins (Tao et al., 2008),
brassinosteroids (Kozuka et al., 2010), gibberellins (Peng and Harberd, 1997; Djakovic-Petrovic
et al., 2007) and ethylene (Pierik et al., 2004a, b). Stem elongation is rapidly initiated by auxin
under FR-E light (Tao et al., 2008). It has been shown that Pisum sativum L. seedlings, which
lacked the ability to synthesise auxin lost the ability to induce stem elongation in response to FRE light suggesting that auxin is the primary hormone involved in this particular shade avoidance
response (Behringer and Davies, 1992). In addition, auxin transport to the root is reduced and in
turn reduces lateral root formation and root growth (Morelli and Ruberti, 2000).
A second class of phytohormone that is implicated in various growth responses to shade
are brassinosteroids. A. thaliana plants which do not produce brassinosteroids show extreme
dwarfism and reduced phytochrome-mediated responses (Luccioni et al., 2002). Brassinosteroids
have also been implicated in stem elongation. While auxin application leads to rapid stem
elongation, brassinosteroids generally have a lag time between application and stem elongation.
Several studies have demonstrated that brassionsteriods and auxin act cooperatively to regulate
shade avoidance responses (Kozuka et al., 2010; Oh et al., 2012).
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The third class of phytohormone involved in the shade avoidance response is ethylene. It
has been suggested that although ethylene is not solely responsible for the shade avoidance
response, it acts as a positive modulator and helps in accelerating the response and determining
the rate of stem and petiole elongation (Pierik et al., 2003). FR-E light has been shown to induce
ethylene production in Nicotiana tabacum L. and initiate shade avoidance responses upon
extended exposure and high concentration (Pierik et al., 2004a, b). Inhibition of gibberellin
biosynthesis results in suppression of the shade-avoidance characteristics associated with
ethylene suggesting that gibberellins are indispensable for the ethylene-induced shade avoidance
response (Pierik et al., 2004a). Similarly, other studies have shown that gibberellins are essential
for stem elongation and the shade avoidance response through their interaction with the growthsuppressing DELLA proteins and integration of signals from various other phytohormones (Peng
and Harberd, 1997; Djakovic-Petrovic et al., 2007).

1.4 FR-E light, reactive oxygen species and signalling

Recent studies have shown that a consequence of FR-E light is the generation of reactive
oxygen species (ROS) (Yamazaki and Kamimura, 2002; Yamazaki, 2010; Afifi and Swanton,
2012). While the morphological, molecular and hormonal responses associated with the shade
avoidance response have been well investigated, the oxidative stress response has received
limited attention. ROS are chemically reactive, partially reduced forms of atmospheric oxygen
(O2) and are the by-product of normal cellular metabolism resulting from the excitation of O2 to
form singlet oxygen (1O2) or electron transfer to form superoxide (O2-), hydrogen peroxide
(H2O2) or the hydroxyl radical (•OH) (Mittler, 2002). The major site of ROS generation in plants
are the photosystems (PS), photosystem I (PSI) and photosystem II (PSII), in the chloroplasts,
however, ROS are also produced in the mitochondria and other cellular compartments (Asada,
2006). As ROS can cause extensive cellular damage to lipids, proteins and DNA, their
production and scavenging is tightly regulated to prevent oxidative damage and programmed cell
death.
In addition to oxidative damage, ROS are important signalling molecules that are
involved in modulating gene expression, phytohormone signalling as well as development and
adaptive responses (Mittler et al., 2011). The involvement of O2- and H2O2 in stress signalling
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responses has been well established and more recently 1O2 also has been shown to have a role in
signalling (Alscher et al., 2002; Neill et al., 2002; op den Camp et al., 2003; Wagner et al., 2004;
Laloi et al., 2007). Under stressful conditions, ROS signals are transferred throughout the plant
by several mechanisms. These include interactions with other ROS signalling networks (Laloi et
al., 2007), histidine kinases (Hayashi et al., 2014), activation of mitogen-activated kinases
(MAPK) signalling pathways (Nakagami et al., 2006; Asai et al., 2008), inhibition of protein
7arotenoids7 (Murata et al., 2001; Mustilli et al., 2002) and activation of transcription factors
(Gadjev et al., 2006). Increased ROS production is ubiquitous in response to stresses such as
drought (Pei et al., 2000), heat (Uchida et al., 2002), salt (Nor’aini et al., 1997), nutrients (Shin
and Schachtman, 2004), high light (Vanderauwera et al., 2005) as well as pests and pathogens
(Orozo-Cardenas and Ryan, 1999). In response to stress, increased ROS production and
signalling play important roles in regulating photosynthesis (Szechyńska-Hebda et al., 2010),
carbon and nitrogen metabolism (Noctor et al., 2004), as well as pest and pathogen defence
responses (Karpiński et al., 2013).
Singlet oxygen (1O2) is the first excited state of molecular oxygen and is a potent
7arotenoi agent. Singlet oxygen is primarily produced at photosystem II (PSII) at the site of the
light-harvesting complexes (Rinalducci et al., 2004), or at the reaction centre of PSII (KriegerLizskay et al., 2008) and does not seem to be produced in PSI (Hideg and Vass, 1995). When
light absorption is high or there is excess energy the lifetime of excited chlorophyll (1Chl*)
molecules increases and can give rise to chlorophyll triplet state (3Chl*), which is lower in
energy. If no 3Chl* quenchers, such as carotenoids are present, 3Chl* can react with molecular
oxygen to produce 1O2 (Krieger-Lizskay et al., 2008). The generation and scavenging of 1O2
occurs simultaneously and tipping the balance in one direction or the other generates a signal
leading to downstream responses (Mittler et al., 2011). Therefore, there exists an intricate
network of avoidance, protection, and signalling mechanisms involved in photo-induced 1O2
production.
Absorption of energy in the chlorophyll in excess of that used for photochemistry,
extends the lifetime of 1Chl* and increases the likelihood for the conversion to 3Chl* and 1O2
(Krinsky, 1979; Macpherson et al., 1993). Several mechanisms protect against the production of
1

O2 through targeting the source molecules, 1Chl* and 3Chl*. The first of these mechanisms,

which quenches 1Chl* in the PSII antennae is referred to as non-photochemical quenching
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(NPQ) and dissipates the excess energy as heat. In close proximity to the antenna system,
carotenoids can directly quench 1O2 via formation of the triplet state 8arotenoids and dissipate
the energy as heat (Edge and Truscott, 1999). There are also two β-carotene molecules present in
the PSII reaction centre (Gounaris et al., 1990; Kobayashi et al., 1990). They do not appear to
quench excited chlorophyll (Durrant et al., 1990), however, presumably due to the significant
distance between these β-carotenes and the site of 3Chl* generation (Kamiya and Shen, 2003;
Ferreira et al., 2004). It has been reported that a reduction in the number of β-carotenes bound to
the PSII reaction center results in a significant increase in 1O2 yield (Telfer et al., 1994). It has
been suggested that physical quenching of 1O2 generated by 3Chl* is the primary function of the
β-carotenes at the PSII reaction centre (Telfer, 2002).
Tocopherols and plastoquinone have also been shown to physically quench 1O2
(Triantaphylidès and Havaux, 2009). Tocopherols are located in the chloroplast thylakoid
membrane (Lichtenthaler et al., 1981) and are able to physically quench 1O2 through a charge
transfer mechanism reducing 1O2 to 3O2 (Thomas and Foote, 1978). Additionally, tocopherols
can chemically scavenge 1O2 (Neely et al., 1988). In contrast to physical quenching, the substrate
is irreversibly 8aroteno by chemical scavenging and must be resynthesised. Tocopherols are
efficient chemical scavengers of 1O2 being irreversibly 8aroteno to tocopherol 8aroten and
tocopherol 8aroten-epoxides (Neely et al., 1988).
Plastoquinone (PQ) is 8arotenoids and remains in the chloroplast thylakoids, where it is
active (Lichtenthaler, 2007). The primary function of PQ is to mediate the transfer of electrons
from PSII to the cytochrome b6f complex as part of photosynthetic electron flow through its
reduction. The redox state of the PQ-pool has been shown to regulate several processes. These
include phosphorylation of the light-harvesting complex II (Allen et al., 1981), energy
dissipation in PSI (Joly and Carpentier, 2007), transcription of genes encoding the reaction
centre apoproteins of PSI and PSII (Pfannschmidt et al., 1999), 8arotenoids biosynthesis
(Steinbrenner and Linden, 2003) as well as expression of nuclear encoded genes (Pfannschmidt
et al., 2003). Reduced PQ (PQH2) has been shown to have antioxidant properties and prevent
lipid peroxidation (Kruk et al., 1994; Kruk et al., 1997). In addition, high light illumination
results in rapid oxidation of the PQ-pool by 1O2. The mechanism of PQ-oxidation through 1O2,
however, remains unclear (Kruk and Szymańska, 2012).
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In addition to physical quenching of 1O2, chemical compounds such as ascorbate, vitamin
B6 and flavonoids, chemically quench 1O2 (Triantaphylidès and Havaux, 2009). Ascorbate is an
efficient chemical scavenger of 1O2 (Njus and Kelley, 1991). In Spinacia oleracea L., 30-40% of
the ascorbate is 9arotenoi in the leaf chloroplasts (Foyer et al., 1983). Ascorbate can react with
1

O2 to produce dehydroascorbate (DHA) and H2O2 (Kramarenko et al., 2006). DHA is then

converted to ascorbate through the ascorbate-glutathione cycle (Foyer and Halliwell, 1976).
Ascorbate has also been shown to be important in preventing photoinhibition during acclimation
to high light conditions (Müller-Moulé et al., 2003; Giacomelli et al., 2006). Ascorbate has also
been implicated in indirect methods of detoxifying 1O2 through its involvement in the
9arotenoids9 cycle, recycling of tocopherols, ascorbate peroxidase activity and the ascorbateglutathione cycle (Noctor and Foyer, 1998).
It has been shown that vitamin B6 is as efficient scavenger of 1O2 as ascorbate and
tocopherol (Ehrenshaft et al., 1999), and quenches 1O2 through a chemical quenching
mechanism, consuming the substrate (Bilski et al., 2000). While the direct mechanism of 1O2
quenching by vitamin B6 is unknown, it has been suggested to react with 1O2 to form
hydroperoxide ketones (Ohta and Foote, 2002; Matxain et al., 2007). Flavonoids also have the
potential to act as physical quenchers of 1O2 (Ávila et al., 2001; Nagai et al., 2005). Several
flavonoids found within the chloroplast envelopes of mesophyll cells in Phillyrea latifolia L. are
efficient 1O2 scavengers and are located optimally to scavenge photo-induced 1O2 (Tournaire et
al., 1993; Nagai et al., 2005; Agati et al., 2007).
Singlet oxygen has a very short lifetime (Wilkinson et al., 1995) and therefore has a
limited potential for diffusion in the cell (Sies and Menck, 1992; Skovsen et al., 2005). Analyses
of lifetime of 1O2 revealed that that the maximum lifetime of 1O2 is 4 µs and a maximum
diffusion radius of 125 nm. This suggests that the effects of 1O2 are spatially 9arotenoi to
subcellular distances of <250 nm from the site of 1O2 generation (Redmond and Kochevar,
2006). The primary negative effect of photo-induced 1O2 is photoinhibition of PSII through
degradation of the D1 protein of the PSII reaction centre (Kyle et al., 1984; Ohad et al., 1984;
Aro et al., 1993; Hideg et al., 1998). The result of photoinhibition and degradation of the D1
protein is overall loss of PSII activity (Powles, 1984; Kirilovsky et al., 1988). The D1 protein is
rapidly degraded under conditions of photoinhibition and resynthesised to reassemble new
functional PSII reaction centres (Aro et al., 1993; Krieger-Liszkay et al., 2008). Degradation of
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the D1 protein has also been suggested as an avoidance mechanism to restrict the oxidative
damage by 1O2 to a specific subunit of PSII (Krieger-Liszkay et al., 2008). Therefore, it appears
that the rapid degradation of the D1 protein is a fast response to high light stress, and in turn may
be involved in ROS signalling affecting gene expression and enzyme activities and eventual
acclimation to photo-induced 1O2 generation (Ledford et al., 2007).
Superoxide (O2-) is the first intermediate in the univalent pathway of dioxygen reduction
(Taube, 1965) and is generated in aerobic biological systems due to enzymatic and nonenzymatic oxidation reactions (Fridovich, 1986). Superoxide can be produced in many
subcellular locations including, chloroplasts (Asada and Kiso, 1973), mitochondria (Rich and
Bonner, 1978), microsomes (Kuthan et al., 1982), glyoxysomes (Sandalio et al., 1988) and
peroxisomes (del Rio et al., 1983). There are three processes associated with photosynthesis that
have the potential to generate O2-. The first, chlororespiration is a respiratory electron transport
chain in the chloroplast thylakoids consisting of PTOX and a NAD(P)H dehydrogenase it is
unclear, however, how much this process contributes to O2- formation as it represents a fraction
of the electron transport capacity of photosynthesis (Field et al., 1998; Peltier and Cournac,
2002; Casano et al., 2000). The two primary sources of O2- in photosynthesis are the
photoreduction of O2 to O2- by the electron transport chain at PSI (Mehler reaction) (Mehler,
1951) as well the photorespiratory oxygenase reaction of O2 with Rubisco (Apel and Hirt, 2004).
The half-life of O2- is between 1 and 1000 μs and therefore, cannot diffuse more than a few
micrometers from its generation site (Kavdia, 2006). In addition, it appears that O2- does not
react with DNA, phospholipids or proteins at a significant rate (Bielski and Cabelli, 1991;
Halliwell, 1999). Superoxide, however, has the potential to reduce various free radicals as well
as ROS, leading to oxidative stress and signalling responses. In addition, the product of the
reaction of O2- with H+ is hydroperoxyl radical (HO2), which can react with a second HO2 and
generate O2 and H2O2 (Sawyer and Gibian, 1979) and in a two-step catalytic cycle, known as the
Haber-Weiss reaction, O2- and H2O2 can generate hydroxyl radical (•OH) in the presence of iron
(Fe3+). Hydroxyl radical is a highly reactive molecule that can react with DNA and other
macromolecules (Gutteridge, 1984; Mello Filho and Meneghini, 1984). Superoxide can also
react with nitric oxide (NO•), yielding the highly reactive peroxynitrite (ONOO-), which can also
break down into •OH (Squadrito and Pryor, 1995).
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To prevent the accumulation of toxic radicals produced by O2-, the cell can remove O2either spontaneously (Bielski, 1978) or enzymatically by a group of enzymes known as the
superoxide dismutases (SODs) yielding O2 and H2O2 (McCord and Fridovich, 1969). As H2O2 is
a strong oxidant it is also removed via a group of enzymes such as catalases and peroxidases, of
which ascorbate peroxidase exists in the chloroplast (Nakano and Asada, 1980). There is a
synergistic feedback loop between the SODs, catalases and peroxidases with catalase and
peroxidases protecting SOD from inactivation by H2O2 (Bray et al., 1974; Asada et al., 1975),
and SOD protecting catalases (Kono and Fridovich, 1982) and peroxidases from inactivation by
O2- (Odajima and Yamazaki, 1970, 1972). Additionally, the actions of these enzymes prevent the
co-occurrence of O2- and H2O2 thus preventing the production of •OH via the Haber-Weiss
reaction.
Phospholipid membranes have been shown to be impermeable to O2- necessitating
removal of O2- at its site of production (Takahashi and Asada, 1983). There are three major
groups of SODs depending on the metal co-factor, (FeSOD, MnSOD, and CuZnSOD) each of
which is 11arotenoi to a cellular compartment and each organelle investigated to date has a form
of SOD present (Salin, 1988). Based on the amino acid sequence homology, FeSODs and the
MnSODs, which are not inhibited by cyanide (CN-) appear to have a common evolutionary
origin whereas CuZnSODs, which are inhibited by CN-, have an independent evolutionary origin
(Harris et al., 1980). Regardless of the metal co-factor, all SODs catalyze the conversion of O2radicals to H2O2 and O2 (McCord and Fridovich, 1969).
The major source of H2O2 production in photosynthesis is photorespiration. Through the
oxygenation reaction of Rubisco, glycolate is released and translocated to the peroxisome,
11aroteno to produce H2O2 then scavenged by catalase (Apel and Hirt, 2004). In addition, H2O2
is produced in photosynthesis through the scavenging of 1O2 by ascorbate (Kramarenko et al.,
2006), or through the rapid conversion of O2- by superoxide dismutase and subsequently
scavenged by ascorbate in the water-water cycle (Asada, 1999). The production of H2O2, which
is generally enhanced by stress, plays a major role in cell signalling and regulating
photosynthesis (Alscher et al., 1997; Noctor and Foyer, 1998; Foyer and Noctor, 2009; Strand et
al., 2015). In addition, excess formation and generation of H2O2 impacts photosynthesis through
inhibition of thiol-regulated Calvin cycle enzymes (Kaiser, 1979). Therefore, H2O2 production
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and scavenging is tightly regulated and adaptable to prevent the excess accumulation of H2O2
and possible oxidative damage (Rizhsky et al., 2002; Foyer and Noctor, 2003, 2009).
The generation of ROS has only recently been associated with weed competition and FRE light. Several studies have shown that FR-E light reflected off neighbouring weeds alters the
content of ROS scavenging compounds such as ascorbate, carotenoids and glutathione
(Ratnayaka et al., 2003; Scebba et al., 2006; Bartoli et al., 2009) as well as the activities of ROS
scavenging enzymes such as SOD, Apx, GPx and Cat (Ratnayaka et al., 2003; Yamazaki, 2010;
Afifi and Swanton, 2012). Due to differences in the peak absorption spectra of PSII and PSI, FRE light causes an imbalance in photosystem stoichiometry which has been suggested to be the
source of ROS (Yamazaki and Kamimura, 2002; Yamazaki, 2010).

1.5 FR-E light and photosynthetic acclimation

The high variability in light intensity and composition in natural environments has
necessitated that plants develop highly sophisticated mechanisms to maintain and maximise
photosynthetic activity and CO2 assimilation. Each photosystem has distinct peak absorption
spectra with PSI peak absorption in the far-red, blue and red region whereas PSII has a peak
absorption in the blue and red region only. As FR light is preferentially absorbed by PSI, FR
light induces a shift in photosynthetic stoichiometry favouring PSI excitation (© et al., 1998)
leading to an increase in the relative abundance of PSII (Melis and Harvey, 1981). Therefore,
changes in light spectral composition can result in an unbalanced energy distribution between the
PSs and activation of state-transitions and long-term responses (LTRs) to re-balance the light
energy (Minagawa, 2011).
State-transitions and LTRs are important mechanisms that operate to prevent
photoinhibition through re-balancing energy distribution in the PSs. State-transitions are shortterm responses to changing light environments that involve the redistribution of energy between
the two photosystems through movement of the light harvesting complex of PSII (LHCII). Under
conditions, where the plastoquinone- (PQ) pool is reduced, (state 2), a redox-sensitive kinase is
activated and phosphorylates LHCII, which is then detached from PSII and attached to PSI.
Under conditions, where the PQ-pool is oxidised, (state 1), the LHCII is dephosphorylated,
detaches from PSI and reattaches to PSII (Dietzel et al., 2008). State-transitions occur within
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minutes of changing light quantity and quality and are thought to control the transition between
linear electron flow (LEF) and cyclic electron flow around PSI (CEF-PSI) through changes in the
PQ-redox state to balance the ATP/NADPH (Iwai et al., 2010; Minagawa, 2011). In contrast to
state-transitions, LTRs involve changes in the relative abundance of each photosystem to balance
excitation energy and occur over the course of several hours and days through changes in
expression of photosystem genes and accumulation of chlorophyll a and b (see Dietzel et al.,
2008). LTRs are known to be important in acclimation to low light conditions, however, LTRs
have not been observed in response to high light conditions or in preventing photoinhibition
(Wagner et al., 2008; Suzuki et al., 2012).
In addition to photosynthetic acclimation systems to balance energy flow in the PSs, there
are several alternative electron pathways to dissipate excess energy and prevent photoinhibition
and over-reduction of the photosynthetic electron chain. The primary mechanism of energy
dissipation in PSII is non-photochemical quenching (NPQ) which consists of at least four
different known mechanisms. The first mechanism of NPQ is the formation of a pH gradient
(∆pH, qE), the second is the reversible changes in absorption between the photosystems (state
transitions and qT), thirdly is the 13arotenoids13 cycle (qZ) and lastly the repair cycle of damaged
PSII reaction centers (qI) (Wilhelm and Selmar, 2011). These mechanisms dissipate excess
energy, balance the ATP/NADPH and prevent the production of ROS. In addition to NPQ, CEFPSI and the water-water cycle increase production of ATP to balance the ATP/NADPH. CEFPSI is essential for photosynthesis as CEF-PSI produces a proton gradient (∆pH) and thus ATP
while not producing NADP+ through two independent pathways, the PGR5-PGRL1 associated
pathway and the NADPH dehydrogenase (NDH) complex associated pathway (Munekage et al.,
2004). Recently, CEF-PSI has been shown to be induced by H2O2 and this H2O2 signal has been
suggested to provide a link between environmental stimuli, stress and CEF-PSI (Strand et al.,
2015). The water-water cycle plays an important role in stress response as it has a dual role in
scavenging of O2- and H2O2 through superoxide dismutase and ascorbate as well as dissipation of
excess energy through increased ATP production (Asada, 2000).
Lastly, there are alternative electron pathways such as photorespiration, increased
nitrogen and sulfur assimilation, chlororespiration and increased mitochondrial activity. These
pathways do not transfer electrons to NADP+ but use excess reducing equivalents (NADH and
NADPH) and therefore, aid in balancing the ATP/NADPH through reduction in available
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reducing equivalents. Under optimal conditions, it is estimated that up to 25% of electrons pass
through alternative electron pathways and do not contribute to reduction of NADP+ (Langner et
al., 2009). The flow of electrons through alternative electron pathways has been shown to
increase in response to light stress in the green alga Chlorella vulgaris Beijerinck and the diatom
Phaeodactylum tricornutum Bohlin (Wagner et al., 2006; Jakob et al., 2007).
Photorespiration is an important protective mechanism in C3 plants and is considered an
essential alternative electron sink. While photorespiration is an inherently energetically wasteful
process that consumes a large quantity of ATP, the net oxidation of NADPH to NADP+ in this
process eliminates excess reducing equivalents. Photorespiration prevents photoinhibition under
high light, by preventing over-reduction of NADP+ (Kozaki and Takeba, 1996) and is important
in maintaining photosynthetic activity in conditions of elevated light (Huang et al., 2014). An
unavoidable consequence of photorespiration is the production of H2O2, which is detoxified by
catalase in the peroxisomes and this has been shown to be important in signalling during stress
(Noctor et al., 2002). The production of H2O2 through photorespiration can signal to the rest of
the cell the redox state of the chloroplast and this may trigger an acclimation response to various
stresses and changing light environments (Foyer and Noctor, 2009; Foyer et al., 2009).
Increased nitrogen assimilation is also an alternative electron pathway. All enzymes
involved in the nitrogen assimilation pathway are also thioredoxin regulated and are activated or
inactivated by light (Lemaire et al., 2007). Nitrate reductase, a key enzyme in the pathway, has
been shown to be regulated by light and light activated transcription factors (Duke and Duke,
1984; Kaiser and Huber 1994; Yanagisawa, 2014). Therefore, there exists a tight positive
correlation between CO2 assimilation and leaf nitrogen content (Chapin III et al., 1987; Evans,
1989). The green algae Chlamydomonas reinhardtii PA Dang. Grown under high light contains a
higher nitrogen/carbon and a greater abundance of several amino acids (Davis et al., 2013). The
biosynthesis of amino acids in C. reinhardtii chloroplasts is energetically costly requiring an
investment of ATP and NADPH and therefore, it could contribute to balancing the redox state of
the chloroplast (Davis et al., 2013).
Chlororespiration is an alternative electron pathway that involves the reduction of PQ by
the NDH complex followed by oxidation of PQ by the plastid terminal oxidase (PTOX).
Chlororespiration and PTOX have been traditionally suggested to act as an electron safety valve
in photosynthesis preventing over-reduction of the plastoquinone pool and therefore protecting
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the PSII reaction centres under conditions of environmental stress (Peltier and Cournac, 2002).
Recently, however, chlororespiration has been suggested to have a role in photosynthetic
acclimation during stress through modulating the relative efficiencies of linear electron flow and
CEF-PSI (Joët et al., 2002a, b; Joliot and Joliot, 2006; Okegawa et al., 2010; Trouillard et al.,
2012). Regardless of its direct function, chlororespiration and PTOX prevent photoinhibition of
PSI (Rumeau et al., 2007) and are stimulated in conditions of high light (Quiles, 2006; Díaz et
al., 2007; Tallón and Quiles, 2007; Gamboa et al., 2009), heat (Quiles, 2006; Díaz et al., 2007;
Tallón and Quiles, 2007), cold (Savitch et al., 2010) and salt stress (Stepien and Johnson, 2009).
In addition to alternative electron pathways in the chloroplast, excess reducing
equivalents can be transported to the cytosol and mitochondria to maintain photosynthetic
efficiency. As light intensity increases, mitochondrial respiration is known to increase (Malla
Reddy et al., 1991). Under conditions of an over-reduced NADPH pool, the malate/oxaloacetate
shuttle is activated to transport excess reducing equivalents out of the chloroplast to the cytosol.
This allows for the continued production of ATP in the chloroplast and oxidative
phosphorylation in the mitochondria (Scheibe, 2004). Additionally, excess reducing equivalents
from the chloroplast are dissipated through the mitochondrial alternative oxidase (AOX)
pathway. AOX is known to be involved in stress responses (Amirsadeghi et al., 2007). Recently
it has also been shown to be essential for photosynthetic acclimation (Yoshida et al., 2011a)
potentially through interaction with CEF-PSI (Yoshida et al., 2011b).
To date, limited studies have investigated the impact of FR-E light on photosynthesis.
Initial investigations into the long-term effects of FR-E light showed that there is an increase in
the relative abundance of PSII reaction centres and a decrease in PSI reaction centres
consequently increasing the PSII/PSI ratio (Melis and Harvey, 1981). FR light is primarily
absorbed by a number of so-called FR chlorophylls in the PSI reaction centres (Gobets and van
Grondelle, 2001; Ihalainen et al., 2003; Mokvist et al., 2014). A small fraction of FR light,
however, is also absorbed by the PSII reaction centre through one of two proposed mechanisms.
The first mechanism involves FR chlorophylls in the PSII reaction centre (Pettai et al., 2005a, b)
and the second mechanism involves additional charge separation pathway solely for FRexcitation in PSII that is lower in energy than P680* but leads to the same reduced QA- state as
P680* excitation (Thapper et al., 2009). FR light causes an imbalance in energy distribution
between the PSs leading to excess ROS formation (Yamazaki, 2010) and has been shown to
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reduce net photosynthesis (Barreiro et al., 1992; Ratnayaka et al., 2003; Yamazaki, 2010). In
addition to the long term alterations to the PSII/PSI, FR-E light has been shown to induce CEFPSI and alternative electron pathways around PSI (Egorova et al., 2005a,b; Laisk et al., 2010).

1.6 FR-E light and carbon partitioning
Competition between crops and weeds has been shown to reduce net photosynthesis and
biomass accumulation and alter carbon allocation patterns through changes in reflected light
quality (Ratnayaka et al., 2003; Liu et al., 2009; Page et al., 2009). The degree to which biomass
accumulation declines and carbon allocation is altered is related to the timing and length of
exposure to reflected FR-E light (Page et al., 2009). Stress is known to alter carbon partitioning
between sugars and starch at the demand of source-sink interactions (Roitsch, 1999). It is widely
known that sucrose down-regulates photosynthesis genes and CO2 assimilation (Tognetti et al.,
2013). It is unclear if this is a result of a feedback loop or if sucrose has a signalling role
(Tognetti et al., 2013). There is significant cross-talk between sucrose availability and gene
expression (Koch, 1996) as well as various stresses such as drought (Gerant et al., 1996;
Geigenberger et al., 1997), cold (Savitch et al., 1997), elevated CO2 (Coupe et al., 2006) and
light signalling (Dijkwel et al., 1997; Coupe et al., 2006; Stewart et al., 2011).
There are few studies that have investigated the effects of FR-E light on carbon
partitioning between sugars and starch. Studies in Nicotiana tabacum L. and Raphanus sativus L.
showed that FR-E light causes a decrease in starch and an increase in sucrose and hexose sugar
content (Kasperbauer and Hamilton, 1984; Keiller and Smith, 1989). These studies did not find a
change in the total carbohydrate pool size. Two key enzymes involved in the biosynthesis and
degradation of sucrose are sucrose phosphate synthetase (SPS) (Huber and Israel, 1982; Kerr et
al., 1984) and acid invertase (Ricardo and ap Rees, 1970) and play a key role in determining
overall biomass partitioning. FR-E light is known to cause a rapid increase in SPS activity
(Keiller and Smith, 1989; Yanovsky et al., 1995). It is unclear, however, if increased SPS
activity in response to FR-E light is the cause or result of altered biomass partitioning (Keiller
and Smith, 1989).
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1.7 Research hypotheses and objectives

The purpose of this research was to characterise the morphological, molecular and
physiological responses of soybean seedlings exposed to FR-E light reflected from neighbouring
weeds. It was hypothesised that if FR-E light reflected from neighbouring weeds induces
oxidative stress at early soybean growth stages, then an oxidative stress response will trigger a
cascade of down-stream morphological and physiological events that may contribute to yield
loss. The first objective of this research was to determine if FR-E light induced morphological
and molecular changes to oxidative stress response genes in soybean occurred. The second
objective was to investigate the physiological basis of the oxidative stress response in soybean
through characterising the enzymatic and non-enzymatic oxidative stress responses to FR-E
reflected from neighbouring weeds. The third objective was to determine if alternative electron
pathways were activated in response to FR-E light in soybean. The final objective was to
determine if exposure to FR-E light early in development resulted in a reduction in plasticity
following subsequent drought stress. To summarise, the goal of this research was to characterise
the early responses of soybean to FR-E light reflected from neighbouring weeds and therefore
gain insight into the mechanisms involved in soybean response to FR-E light reflected from
neighbouring weeds. It is hoped this research will provide new avenues for crop breeding to
reduce the impact of FR-E light reflected from neighbouring weeds on soybean growth and
development and ultimately reduce the negative impact of weeds.
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Chapter 2

Rapid and Early Changes in Morphology and Gene Expression in Soybean
Seedlings Emerging in the Presence of Neighbouring Weeds

Abstract

Light signalling is an important mechanism of plant competition during the early stages of
seedling development. Far-red-enriched (FR-E) light reflected from neighbouring weeds has
been shown to induce the shade avoidance response leading to changes in plant morphology and
increased variability in yields. In this study, the morphological and molecular changes occurring
at the hypocotyl arch and primary leaf stage of Glycine max (L.) Merr. (soybean) development
were investigated in response to FR-E light reflected from neighbouring weeds. A reduction in
the root/shoot was identified at the hypocotyl arch stage, and an increase in height was detected
at the unifoliate stage of soybean seedlings. In addition, FR-E light induced a change in the
expression profile of ROS scavenging genes. Early in seedling development, ROS scavenging
genes were up-regulated, however, this trend was reversed at later stages of development with
down-regulation of several ROS scavenging genes. These results demonstrated the rapidity of
induction of the shade avoidance response and that gene expression in soybean seedlings was
dependent upon developmental stage and tissue type sampled.
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2.1 Introduction

Mechanisms of plant competition are poorly understood. Traditionally, studies on
competition have focused on resource-dependent variables such as water, light and nutrients.
This approach to the study of plant competition has significant limitations when considering
competition among seedlings particularly in environments in which water, light and nutrients are
plentiful. Recent studies have identified the important role of light signalling in the early stages
of crop seedling development (Rajcan and Swanton, 2001; Liu et al., 2009; Page et al., 2010).
Light signalling as measured by the red (670 nm) to far-red (730 nm) ratio (R/FR) has been
viewed traditionally as an advanced warning signal of impending plant competition (Ballaré et
al., 1987, 1990).
Changes in the R/FR detected by a group of photoreceptors known as phytochrome,
initiate the shade avoidance response under conditions of far-red-enriched (FR-E) light (Smith
and Whitelam, 1997). The shade avoidance response is characterised by increased stem
elongation, apical dominance, decreased branching and changes to biomass allocation with an
increase in shoot biomass and a reduction in root biomass (Smith, 1982; Ballaré et al., 1990). In
these studies, the role of FR was viewed as a signal of impending plant competition.
Within the context of understanding mechanisms of plant competition, studies have
shown that similar morphological changes occur in response to FR-E light reflected from aboveground neighbouring weeds (Rajcan et al., 2004; Liu et al., 2009; Page et al., 2010; GreenTracewicz et al., 2011). The use of a biological source of FR-E light (i.e. neighbouring weeds)
invariably brings into question the role of volatile compounds such as ethylene in the shade
avoidance response. FR-E light is known to increase ethylene production (Vandenbussche et al.,
2003; Pierik et al., 2004a). In addition, ethylene has been shown to induce morphology
associated with the shade avoidance response (Pierik et al., 2004a; Weller et al., 2015). This
response, however, occurs in plant canopies where ethylene concentration is high or after
extended exposure at later stages in development (Pierik et al., 2004b; Millenaar et al., 2005;
Weller et al., 2015). The emission of volatile compounds that are known to play a role in the
shade avoidance response, are likely to have a minimal influence at the seedling stage of soybean
development.
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The physiological and morphological changes that occur in response to the presence of
neighbouring weeds have been suggested to result in crop seedlings that are maladapted to their
environment. Consequently, these seedlings may become susceptible to subsequent abiotic and
biotic stresses that increase variability in biomass accumulation and result in a reduction in crop
yield potential (Liu et al., 2009; Page et al., 2010; Green-Tracewicz et al., 2011). Changes in
yield potential may be a result of reflected FR-E light triggering a cascade of physiological
events within the cell. It has been shown that exposure to FR-E light results in an increase in
production of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) in Oryza sativa
L. (rice) and Zea mays L. (maize) (Yamazaki and Kamimura, 2002; Yamazaki, 2010; Afifi and
Swanton, 2012). ROS generation and scavenging is tightly regulated within the cell as ROS are
important signalling molecules which modulate gene expression, hormone signalling and
subsequent developmental and adaptive responses (Mittler et al., 2011). There exists significant
cross-talk between ROS signalling pathways and the rest of the cellular signalling network as
ROS production influences several important processes such as photosynthesis (SzechyńskaHebda et al., 2010), carbon and nitrogen metabolism (Noctor et al., 2004), and defence
mechanisms in response to pests and pathogens (Kempema et al., 2007; Karpiński et al., 2013).
Several investigations into the genomic response of C3 plants to FR-E light have indicated that
genes involved in photosynthesis and oxidative stress are up-regulated, whereas genes involved
in pest and pathogen defence appear to be down-regulated (Horvath et al., 2007, 2015; Geisler et
al., 2012). Changes in gene expression due to FR-E light have been identified to occur as early as
the two leaf tip (V2) stage of maize and third trifoliate (V3) stage of Glycine max L. Merr.
(soybean) development (Horvath et al., 2006, 2015). Green-Tracewicz et al. (2012), however,
reported that sensitivity to FR-E light was detectable prior to the third trifoliate stage of soybean
development, therefore suggesting that changes in gene expression were occurring much earlier
than reported previously.
Studies that have investigated changes in gene expression of soybean to FR-E light have
focused on later developmental stages, sampling at a single developmental stage and tissue type.
In the present study, morphological responses of soybean and expression of ROS scavenging
genes in response to FR-E light reflected from above-ground neighbouring weeds in the absence
of direct competition were characterised, through the earliest stages of soybean development
from the hypocotyl arch until the unifoliate stage. It was hypothesised that if morphological
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changes were detected in response to FR-E light reflected from neighbouring weeds at the
hypocotyl arch or unifoliate stage of development, then changes in expression of ROS
scavenging genes would have occurred.

2.2 Materials and methods

2.2.1 Growth conditions

Plants were raised in controlled environment growth chambers (Model CMP 3244
Conviron, Winnipeg, Canada) with a 16 h photoperiod, a temperature of 25°C/15°C, an
irradiance of 450 µmol m-2 s-1 and a relative humidity of 60%. One seed per cup, of a University
of Guelph soybean, cv. OAC Wallace, was planted in Turface MVP® (Profile Products LLC,
Buffalo Grove, USA) at a defined depth of 2 cm, in 355 mL (8×10 cm; W×H) plastic cups (Dart
Container Corp., Mason, USA). To eliminate aspects of direct competition, the plastic cups were
placed inside a plastic tube (8×18 cm; W×H) 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, USA) or seeded to a density of 200 g coated seed m-2 (48% w/w
limestone powder and 2% ZEBA grass seed coating material ) with commercial grass seed (42%
Festuca rubra L., 34% Poa pratensis L. and 24% Lolium perenne L.) (Scotts Turf Builder, The
Scotts Company LLC, Marysville, USA) and allowed to fully establish one month prior to
soybean planting to generate a stable biological source of reflected far-red light. These
treatments will be referred to as far-red depleted (FR-D, i.e., weed-free) and far-red-enriched
(FR-E, i.e., weedy) light respectively. Light quality was measured using a red to far-red ratio
(R/FR) sensor (Model SKR 100 with SKR 110 sensor, Skye Instruments, Llandrindod Wells,
UK). This environment provided a stable incoming R/FR of ≈2.0 for both treatments, and
reflected R/FR of ≈1.8 for FR-D and ≈0.4 for FR-E. Light quantity (photosynthetic photon flux
density, PPFD) was measured using a LI-190 Quantum line sensor (LI-COR, Lincoln, USA) and
was ≈450 µmol m-2 s-1 for the duration of the experiments. Light interference in the growth
chambers was minimised using a white plastic divider that separated FR-D and FR-E treatments.
Treatments were randomised across the growth chamber between replications. Plants were
fertilised as required with 10 x diluted Hoagland’s solution. To further minimise any effect of
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emitted volatiles from neighbouring weeds affecting soybean seedling growth, grass was cut to a
height of 5 cm prior to soybean planting and then not cut for the duration of the experiment. In
addition, upward air flow within the growth chamber (1.55 m3 min-1), ensured homogeneous
mixture of air across both treatments.

2.2.2 Morphological parameters

To investigate soybean morphological responses to FR-E light through the early stages of
development, eight seedlings per treatment replicated six times were harvested at five early
developmental stages, VE1 (defined as the hypocotyl arch), VE2 (defined as full expansion of
cotyledons), VC (defined as full expansion of unifoliate leaves), V1 (defined as full expansion of
first trifoliate leaves), and V2 (defined as full expansion of second trifoliate leaves) (Fig. A.1).
At each developmental stage eight plants per treatment replicated six times (N= 480) were
harvested and plant height from the apical meristem to the surface of the Turface was recorded.
Plants were then separated into shoot and root biomass determined at the soil interface of the
hypocotyl and dried to constant weight at 80°C.

2.2.3 Gene expression analysis using quantitative real-time PCR

To analyse expression of several key ROS scavenging genes in response to FR-E light,
three plants per treatment replicated four times were harvested at three soybean growth stages,
VE1, VE2 and VC (N=72). Each tissue type, unifoliate, cotyledon, and root was separated and
frozen immediately in liquid nitrogen and stored at -80°C. Approximately 100 mg of tissue was
ground to a fine powder and total RNA was extracted using TRIzol reagent (Life Technologies
Inc, Burlington, Canada) according to the supplied protocol. Total RNA was quantified using a
NanoDrop 3300 (Thermo Scientific NanoDrop products, Wilmington, USA). RNA samples were
treated with Dnase to remove all DNA using RQ1 Rnase-Free Dnase (Promega, Madison, USA)
using their supplied protocol. Samples were tested for RNA quality using an Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, Canada) and only samples with a RNA integrity
number greater than 5 were used. The treated sample was used to synthesise the first cDNA
strand using the Quanta reverse transcription system (Quanta, Gaithersburg, USA) according to
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the supplied protocol. qRT-PCR was performed using the StepOnePlus system (Applied
Biosystems, Carlsbad, USA) according to the supplied protocol using the double-stranded DNA
binding dye SYBR® Green to detect accumulated PCR products and the comparative threshold
cycle (CT; ΔΔCT) run type. Amplified transcripts were standardised to soybean
POLYUBIQUITIN10 (UBI10) and quantification value of each transcript relative to the internal
control (UBI10) was determined using the 2-ΔΔCT equation (Livak and Schmittgen, 2001).
Primers were designed based on sequences in the LegumeIP database (Li et al., 2012) using
PrimerQuest Tool (Integrated DNA Technologies, Coralville, USA) and tested against the NCBI
Primer-Blast (Ye et al., 2012) to ensure that they specifically amplified soybean ASCORBATE
PEROXIDASE1 (Apx1; Glyma11g15680.5), CATALASE2 (Cat2; Glyma17g38140.1), COPPERZINC SUPEROXIDE DISMUTASE1 (CuZnSOD1; Glyma19g42890.1), GLUTATHIONE
PEROXIDASE6 (GPx6; Glyma05g37900.1), IRON SUPEROXIDE DISMUTASE2 (FeSOD2;
Glyma20g33880.2), MANGANESE SUPEROXIDE DISMUTASE1 (MnSOD1;
Glyma06g14960.1) and UBI10 (Glyma13g17820.1). The primer sequences used for qRT-PCR
were, UBI10 fwd ‘TGGAAGAACCCTTGCTGATTAC’ and UBI10 rev
‘CCTCCAAGGTGATGGTCTTTC’; MnSOD1 fwd ‘GGTCTGGACAAAGAGTTGAAGA’ and
MnSOD1 rev ‘GCATGCTCCCAAACATCAATAC’; FeSOD2 fwd
‘GCTTGATGGGAAGTCACTAGAA’ and FeSOD2 rev ‘CATGCACTCCCAGAAGAAGT’;
CuZnSOD1 fwd ‘CTGGACCAAACTCCATCATAGG’ and CuZnSOD1 rev
‘TACTCTGCCACCAGCATTTC’; GPx6 fwd ‘GACAAAGCTGCTCCACTGTA’ and GPx6 rev
‘GATCAACCACATTTCCCTCTTTATC’; Apx1 fwd ‘CCCTGGACCTCTAATCCTCTTA’ and
Apx1 rev ‘CTTGTCAGAAGGTAGCTGAAGG’; Cat2 fwd
‘ATTGGAGGAAGAGGCCATTAAG’ and Cat2 rev ‘CGAACAGTTTCCACTCAGGATAG’.

2.2.4 Statistical analysis

Morphological data was analysed in SAS v9.3 (SAS Institute Inc., Cary, USA) as a
randomised split-plot design repeated through time using PROC MIXED with treatment, harvest
timing and their interaction as fixed effects and replication as a random effect. Harvest time was
treated as the whole-plot factor and light quality (FR-D vs. FR-E) as the sub-plot factor. Data
were tested for ANOVA assumptions and least square means and standard errors were generated
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with a type I error rate of α = 0.05 to test for significant differences between treatments at each
harvest timing. The Shapiro-Wilk test was used to test for normality.

2.3 Results

2.3.1 Morphological changes in response to the presence of neighbouring weeds were detected
at the hypocotyl arch

In response to FR-E light reflected from above-ground neighbouring weeds, soybean
seedlings displayed typical shade avoidance morphology at the earliest stages of development.
This early shade avoidance response was detected at the hypocotyl arch. At this stage of
development, while total biomass did not differ between treatments, soybean seedlings had
already increased their above-ground biomass (cotyledon plus stem) relative to roots,
consequently reducing the root/shoot (p< 0.01) in response to FR-E light relative to soybean
exposed to FR-D light (Table 2.1). At the hypocotyl arch stage, total biomass did not differ and
averaged 0.14 g plant-1 for FR-E light grown plants whereas it was 0.13 g plant-1 for FR-D light
grown plants. There was, however, a 10% (p< 0.01) decrease in the root/shoot in FR-E light
plants. This trend persisted throughout the various growth stages sampled, ranging from a 6% to
10% decrease in root/shoot. Interestingly, this initial reduction in biomass allocation between
shoots and roots observed at the hypocotyl arch stage had no detectable effect on total biomass
accumulation or plant height until the second trifoliate and unifoliate stage, respectively. A
significant decrease of 9% (0.55 g plant-1 in FR-D vs 0.50 g plant-1 in FR-E) in total biomass was
not observed until the second trifoliate stage. Similarly, an increase in plant height of 34% (4.50
cm in FR-D vs 6.05 cm in FR-E) was detected only by the unifoliate stage of soybean growth.
Together these results suggest that prior to emergence, soybean seedlings were detecting the
above-ground environment and had already initiated morphological changes in response to the
detection of FR-E light.
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2.3.2 Gene expression differed with developmental stage and tissue sampled

The expression profile of genes encoding enzymes involved in the scavenging of reactive
oxygen species (ROS) was observed to respond to growth stage and tissue sampled. In general,
transcripts of ROS scavenging genes were initially up-regulated at hypocotyl arch stage (Fig.
2.1a), unchanged at the cotyledon stage (Fig. 2.1b) and then down-regulated by the unifoliate
stage (Fig. 2.1c) in response to FR-E light. At the hypocotyl arch stage of growth, transcripts of
selected ROS scavenging genes were up-regulated in cotyledons with the exception of Apx1 (Fig.
2.1a). At this stage of growth, up-regulation in roots was also observed in MnSOD1, FeSOD2
and GPx6. At later stages of development, however, this trend in up-regulation of ROS
scavenging genes was reversed. By the cotyledon stage, only FeSOD2 in both cotyledon and
roots was up-regulated (Fig. 2.1b) and at the unifoliate stage, up-regulation was evident only in
the unifoliate leaves for GPx6 and root tissue for Cat2 (Fig. 2.1c). This increase in downregulation of ROS scavenging genes with growth stage would suggest a potential reduced ability
to limit cell damage caused by ROS such as superoxide (O2-) and H2O2 at later developmental
stages.

2.4 Discussion

It is well established that the shade avoidance response induced by FR-E light can occur
prior to direct shading or competition for light (Ballaré et al., 1987, 1990). In the present study,
morphological changes in above-ground biomass and the root/shoot were detected at the
hypocotyl arch stage of soybean seedlings emerging in the presence of above-ground
neighbouring weeds. These changes were detected at an earlier growth stage than reported in
previous studies (Green-Tracewicz et al., 2012). FR-E light caused a reduction in the root/shoot
upon emergence, due to a larger investment in shoot biomass at the expense of root biomass.
This reduction in root/shoot persisted throughout all growth stages examined and is indicative of
the shade avoidance response (Smith, 1982). While an increase in plant height in response to FRE light was not observed until the unifoliate stage, the changes in biomass allocation observed at
the hypocotyl arch stage suggested that soybean seedlings were able to detect FR-E light prior to
emergence.
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Stable seed phytochrome is found within the developing embryo of imbibed seeds and
increases rapidly in concentration following germination, thereby enabling detection of the light
environment through the soil profile (Hilton and Thomas, 1985). Several factors such as soil
temperature, moisture content, soil particle size and colour as well as light wavelength alter the
transmittance of light through the soil profile (Woolley and Stoller, 1978; Tester and Morris,
1987; Benvenuti, 1995). Large soil particles and pore size enable transmission of more light and
longer wavelengths, such as FR, further through soil (Bliss and Smith, 1985). For example,
penetration of soil by longer wavelengths has been estimated to affect germination up to a depth
of 10 mm (Tester and Morris, 1987). It is plausible that soybean seedlings detected changes in
their light environment prior to emergence as they neared the upper surface layer of Turface,
which has a large particle size ranging from 0.8 – 3.36 mm (Turface MVP® Spec Sheet). This
ability to detect FR light prior to emergence would trigger rapid molecular and physiological
changes in order to account for the observed alteration in the root/shoot at the hypocotyl arch
stage of soybean.
At the hypocotyl arch stage of soybean development, an up-regulation of ROS
scavenging genes was observed in soybean seedlings emerging in the presence of above-ground
neighbouring weeds. ROS generation in seedlings has been implicated in responses to various
abiotic stresses such as salt, nutrient and heat stress (Dat et al., 1998; Pasternak et al., 2005;
Moradi and Ismail, 2007). Recently, Yamazaki (2010) reported an increase in ROS and activities
of ROS scavenging genes in rice plants grown under FR-E light. In addition, Afifi and Swanton
(2012) reported an increase in H2O2 in the first leaf and roots of maize seedlings as well as upregulation of several ROS scavenging genes in crown roots of maize. While in general, initial
up-regulation was found upon emergence, this up-regulation was not detected at later stages of
development and differed with tissue type sampled. This is an important observation as it
suggests that changes in gene expression in response to changes in light quality is both temporal
as well as tissue specific in developing soybean seedlings.
This observation may also account for the conflicting reports of the impact of weeds on
the global gene expression profile of crop plants (Horvath et al., 2006, 2015; Moriles et al.,
2012; Afifi and Swanton, 2012). Recently, Horvath et al. (2015) reported that soybean gene
ontologies associated with oxidative stress and photosynthesis were over-represented among
genes that were up-regulated in response to weed competition at the third trifoliate stage of
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development. Similarly, Afifi and Swanton (2012) and M. House (pers. comm.) reported upregulation of oxidative stress genes in maize in response to FR-E light. In contrast, Moriles et al.
(2012) and Horvath et al. (2006) reported down-regulation of oxidative stress response genes at
later stages of maize development in response to weed competition. The discrepancies in gene
expression observed in previous studies and in the present study, further stress the importance of
analysing gene expression temporally as well as among different tissue types.
In the present study the morphological and molecular responses of soybean seedlings to
FR-E light reflected from neighbouring weeds were investigated. In the absence of direct
resource competition, soybean seedlings grown under FR-E light displayed a reduced root/shoot
upon emergence of the hypocotyl arch. Accompanying this reduction in root/shoot, expression of
ROS scavenging genes was observed to be up-regulated only at the hypocotyl arch stage of
soybean development. At the unifoliate stage of soybean development, expression of ROS
scavenging genes was in general, observed to be down-regulated. This change in gene expression
associated with changing growth stages, stresses the importance of designing experiments to
include sequential sampling at different growth stages and among differing tissue types. Lastly,
the results from this study highlight the ability of soybean seedlings to rapidly detect and
implement molecular and morphological changes in response to neighbouring weeds. These
changes may contribute to a reduction in fitness, as the seedling may now be maladapted to
future environmental stresses.
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Tables and figures
Table 2.1: The effects of far-red-enriched (FR-E) light on root/shoot, total biomass (g plant-1),
and plant height (cm) of soybean at five early phenological stages. Numbers of asterisks indicate
level of significant difference according to ANOVA compared to far-red-depleted (FR-D): *, P <
0.1; **, P < 0.05; ***, P < 0.01; ns, not significant. Data represent least square means ± SE for six
replicates, each consisting of eight plants under FR-E and FR-D light.

Growth Stage Root/shoot*

Total biomass

Plant height

FR-D

FR-E

FR-D

FR-E

FR-D

FR-E

0.10 ± 0.01

0.09 ± 0.01 ***

0.13 ± 0.01

0.14 ± 0.01ns

0.99 ± 0.4

1.01 ± 0.4 ns

Cotyledon

0.21 ± 0.01

0.19 ± 0.01 ***

0.16 ± 0.02

0.16 ± 0.02ns

3.25 ± 0.5

3.41 ± 0.5 ns

Unifoliate

0.33 ± 0.01

0.31 ± 0.01 ***

0.17 ± 0.01

0.17 ± 0.01ns

4.50 ± 0.4

6.05 ± 0.4 ***

First

0.41 ± 0.01

0.37 ± 0.01 ***

0.38 ± 0.01

0.37 ± 0.01ns

10.50 ± 0.4

13.28 ± 0.4 ***

0.42 ± 0.01

0.38 ± 0.01 ***

0.55 ± 0.01

0.50 ± 0.01**

14.30 ± 0.4

17.37 ± 0.4 ***

Hypocotyl
arch

trifoliate
Second
trifoliate

*The values for root/shoot were log10 transformed to comply with ANOVA assumptions for
analysis. Reported root/shoot values are real numbers.
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Fig. 2.1: Relative transcript level of genes encoding ROS scavenging enzymes at hypocotyl arch
(a), cotyledon (b), and unifoliate (c) growth stages of soybean seedlings exposed to far-reddepleted (FR-D) and far-red-enriched (FR-E) light. Each bar represent transcript level of the
particular gene in the cotyledon (dark grey), root (light grey), and unifoliate tissue (black) in FRE light relative to FR-D light. Values above 1 indicate up-regulation and below 1 downregulation in FR-E light relative to FR-D where an asterisk above the bars indicates significant
difference at P < 0.05. Data are means ± SE from 4 replicate pools, each consisting of 3 plants.
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Chapter 3

Singlet Oxygen is Involved in Early Responses of Soybean to Far-RedEnriched Light Reflected from Neighbouring Weeds

Abstract

The presence of neighbouring weeds prior to onset of direct resource competition alters soybean
development and increases the potential for yield loss. To gain insight into the underlying
mechanisms resulting in the potential for yield loss, the detection by soybean (Glycine max (L.)
Merr.) seedlings of far-red-enriched light (FR-E) reflected by neighbouring weeds was
investigated using a biological weedy system that eliminates aspects of direct resource
competition. In response to FR-E light, changes to biomass allocation were found shortly after
emergence of soybean seedlings. FR-E light decreased superoxide dismutase activity in
unifoliate leaves, whereas in situ staining did not reveal an increase in relative steady-state level
of superoxide. This was unexpectedly accompanied by increased leaf hydrogen peroxide (H2O2)
content, while catalase activity was unchanged. FR-E light decreased the pool size of ascorbate
and increased oxidized ascorbate in unifoliate leaves suggesting excess formation of singlet
oxygen (1O2) and its conversion to H2O2 via ascorbate. This was further supported by enhanced
sensitivity to cell death by a 1O2-generating compound. These changes were accompanied by
significant decreases in activity of a thiol-modulated Calvin cycle enzyme, CO2 assimilation and
altered levels of carbohydrates. It is proposed that one primary and fundamental impact of FR-E
light reflected by early emerging weeds is increased production of 1O2, which initiates formation
of H2O2 via ascorbate and further disrupts thiol-modulated chloroplast enzymes. This leads to a
cascade of physiological events that impacts photosynthesis and carbon partitioning providing
insight into the mechanisms of early-season weed competition.
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3.1 Introduction

Light signalling is an important resource-independent mechanism of plant competition
(Harper, 1977; Ballaré et al., 1987). Crop plants can primarily detect the presence of
neighbouring weeds through changes in light quality, which may have a lasting impact on crop
yield despite the lack of direct competition for resources (Page et al., 2009, 2010). Delays in
weed control have been shown to result in rapid and irreversible yield loss (van Acker et al.,
1993; Fickett et al., 2013). At present, it is not clear how early-season weed competition
contributes to irreversible yield loss in crop plants such as soybean (Glycine max (L.) Merr.). The
presence of neighbouring weeds, however, can change light spectral quality by reflecting far-redenriched (FR-E) light. Absorption of FR-E light by plants results in differential energy
distribution between photosystem II (PSII) and photosystem I (PSI) due to their differences in
absorption peaks. This imbalanced energy distribution causes dramatic alterations in composition
and function of the photosynthetic apparatus. These alterations include increases in grana
thylakoids, chlorophyll-protein complexes associated with PSII as well as increases in the PSII to
PSI reaction centre stoichiometry and electron transport capacity (Melis and Harvey, 1981;
Eskins and Duysen, 1984; Melis, 1984; Glick et al., 1985). Modulation of photosystem (PS)
stoichiometry is a long-term acclimation response to FR-E light stress. This response is meant to
compensate for uneven light absorption between the two PSs, optimize electron transport and
maintain efficient photosynthesis under light limiting conditions (Dietzel et al., 2008).
FR-E light-induced changes in PS stoichiometry increases production of reactive oxygen
species (ROS) such as hydrogen peroxide (H2O2) and changes activities of ROS scavenging
enzymes in Oryza sativa L. seedlings (Yamazaki and Kamimura, 2002; Yamazaki, 2010).
Antioxidant synthesis and accumulation was observed in leaves of Phaseolus vulgaris L. as an
early acclimation response to FR-E light (Bartoli et al., 2009). Although the damaging effects of
excess ROS at the cellular level have been well characterised (Mittler, 2002; Apel and Hirt,
2004), few studies have investigated simultaneously the impact of FR-E light reflected by weeds
on oxidative stress, photosynthesis and biomass allocation in crop plants. For example, it has
been shown that competitive interfence between Anoda cristata (L.) Schltdl. And two cotton
species, Gossypium hirsutum L. and G. barbadense L., increases leaf α-tocopherol content as
well as the 31arotenoids31 cycle conversion state and decreases net photosynthesis and biomass
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(Ratnayaka et al., 2003). Competition between pasture grass Poa pratensis L. and the herbaceous
plants, Achillea millefolium L. and Veronica chamaedrys L. significantly decreased ascorbate
content as well as de-epoxidation index of the 32arotenoids32 cycle, but did not impact
maximum quantum yield of PSII (Scebba et al., 2006). These studies suggest the involvement of
ROS and the activation of antioxidant synthesis in acclimation responses to neighbouring weeds.
At present, there is limited evidence of whether overproduction of ROS due to FR-E light
reflected from neighbouring weeds during early-season competition is a significant causative
factor in predisposing crop plants to biomass and yield loss. Identification of ROS, however, is
pivotal in understanding the mechanism(s) of early-season weed stress response. In this study,
direct resource competition was eliminated between a surrogate weed and soybean and the
impact of FR-E light reflected from neighbouring weeds on early morphological and
physiological responses of soybean was investigated. The present study demonstrates that FR-E
light reflected from neighbouring weeds and detected by emerged soybean seedlings, alters
biomass allocation and increases production of H2O2 in unifoliate leaves. The increased
production of H2O2 by FR-E light did not alter malondialdehyde (MDA) content (a measure of
lipid peroxidation) in unifoliate leaves, but increased susceptibility to cell death by a 1O2generating compound and significantly impacted activities of a thiol-modulated Calvin cycle
enzyme, CO2 assimilation and carbon partitioning.
3.2 Materials and methods

3.2.1 Growth conditions

Plants were raised in controlled environment growth chambers (Model CMP 3244
Conviron, Winnipeg, Canada) with a 16 h photoperiod, a temperature of 25°C/15°C, an
irradiance of 700 µmol m-2 s-1 and a relative humidity of 60%. Seeds of a University of Guelph
soybean (Glycine max (L.) Merr.) cv. OAC Wallace, were planted in Turface MVP® (Profile
Products LLC, Buffalo Grove, USA) in 355 mL (8×10 cm) plastic cups (Dart Container Corp.,
Mason, USA). To eliminate aspects of direct competition, the plastic cups were placed inside a
plastic tube (8×18 cm) (Consolidated Bottle Company, Toronto, Canada) in the center of a 3.36
L white plastic pot (Airlite Plastics Company, Omaha, USA) around which was either filled with
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Turface MVP® or seeded with commercial grass seed (Scotts Turf Builder, The Scotts Company
LLC, Marysville, USA). These treatments will be referred to as far-red depleted (FR-D, i.e.,
weed-free) and far-red-enriched (FR-E, i.e., weedy) light respectively (see Fig. 3.2). Also a
stable artificial source of reflected far-red light was generated using far-red filters (Marius Red,
No. 787, Lee Filters, Toronto, Canada). A ring with an outer diameter of 15 cm and inner
diameter of 8.5 cm was cut from the far-red filter (FR-F) and inserted around the plastic tube
covering the surface of Turface. Then, a rectangle (50×15 cm) was cut from the filter and taped
around the pot. Filter height surrounding the pot was adjusted to provide a R/FR similar to the
weedy treatment without compromising photosynthetic photon flux density (PPFD) (≈700 µmol
m-2 s-1). Light quality was measured using a red to far-red ratio (R/FR) sensor (Model SKR 100
with SKR 110 sensor, Skye Instruments, Llandrindod Wells, UK). The FR-D, FR-E and FR-F
light environments provided a stable incoming R/FR of ≈2.0 and reflected R/FR of ≈1.8 for FRD and ≈0.4 for FR-E and FR-F. Both PPFD and reflected R/FR were measured 5 cm above the
surface of the Turface at the level of soybean unifoliate leaves. Light quantity (PPFD) was
measured using a LI-190 Quantum line sensor (LI-COR, Lincoln, USA) and was ≈700 µmol m-2
s-1 for the duration of the experiments. Light interference in the growth chambers was minimised
using a white plastic divider that separated FR-D and FR-E treatments. Upwards airflow within
the growth chamber (1.55 m3 min-1) ensured homogeneous mixture of air across treatments and
minimised the possible impact of volatile compounds emanating from the FR-E light treatment.
Treatments were randomised across the growth chamber between replications. Plants were
fertilised as required with 10 x diluted Hoagland’s solution.

3.2.2 Morphological parameters

To determine early morphological response of soybean to FR-E light reflected from
neighbouring weeds, eight seedlings per treatment replicated five times were harvested at VE1,
VE2, VC, V1 and V2 (Fig. A.1). Treatments were randomised between replications. Plant height,
as well as above and below ground biomass were measured at each harvest timinig. Plant height
was measured from the base of the stem to the top of the apical meristem. Above ground and
below ground biomass were separated and dried to constant weight at 80°C prior to weighing.
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3.2.3 Metabolite analysis

Unifoliate leaf tissue was harvested 11 days after planting and ground to a fine powder in
liquid nitrogen and weighed immediately prior to homogenization with the appropriate extraction
buffer. All measurements were obtained using an Ultrospec 2100 Pro UV/Visible
spectrophotometer (GE Healthcare, Mississauga, Canada) and all chemicals were purchased
from Sigma-Aldrich (Mississauga, Canada). H2O2 was assayed according to Jiang et al. (1990)
with modifications by Cvetkovska and Vanlerberghe (2012). Absorbance was measured at A560
and H2O2 content was determined using a standard curve of known H2O2 concentrations (0-10
µM). Malondialdehyde (MDA) content was measured according to Hara et al. (2003).
Absorbance was measured at (A535 – A600) and MDA content was determined using the extinction
coefficient ε = 1.56 × 105 M-1 cm-1. Total and reduced ascorbate was determined according to
Queval and Noctor (2007). Total and reduced ascorbate was determined at A265 and calculated by
linear regression using a standard curve of known concentrations of ascorbate (0- 100 µM).

3.2.4 Enzyme assays

Unifoliate leaf tissue was harvested 11 days after planting and ground to a fine powder in
liquid nitrogen. Total protein was extracted using the appropriate extraction buffer and quantified
by a Lowry assay according to Larson et al. (1986). Ascorbate 34arotenoid (Apx) activity was
determined according to Panchuk et al. (2002) using 25 µl of total protein extract. The decrease
in absorbance was measured at A265 and Apx activity was determined as the rate of oxidation of
ascorbate over 4 minutes using ε = 14 mM-1 cm-1. Glutathione 34arotenoid (GPx) activity was
determined according to Lawrence and Burk (1976) with modifications by Li and Yi (2012)
using 20 µl of total protein extract. The decrease in absorbance was measured at A340 and GPx
activity was determined as the rate of oxidation of NADPH over 5 minutes using ε = 6.22 mM-1
cm-1. Catalase (Cat) activity was determined according to Hodges et al. (2001) using 25 µl of
total protein extract. The decrease in absorbance was measured at A240 and Cat activity was
determined as the rate of decomposition of H2O2 using the equation b= V/v × 2.3/15 × log A1/A2,
where A1 is A240 at t = 0 and A2 is A240 at t = 15 s, V is total assay volume and v is sample
volume. Superoxide dismutase (SOD) activity was determined according to Beauchamp and
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Fridovich (1971) with modifications by Giannopolitis and Ries (1977), Banowetz et al. (2004)
and Janknegt et al. (2007) using 20 µl of total protein extract. In this assay, superoxide is
generated by the reaction of riboflavin, nitrotetrazolium blue chloride (NBT) and light. The
decrease in absorbance was measured at A560 and SOD activity was determined as the %
inhibition of reduction of NBT, where 50% inhibition is defined as one unit SOD activity.
Monodehydroascorbate reductase (MDHAR) activity was determined according to Colville and
Smirnoff (2008) using 40 µl of total protein extract. The decrease in absorbance was measured at
A340 and MDHAR activity was determined as the rate of oxidation of NADH over 5 minutes
using ε = 6.22 mM-1 cm-1. Dehydroascorbate reductase (DHAR) activity was determined
according to Colville and Smirnoff (2008) using 25 µl of total protein extract. The increase in
absorbance was measured at A280 and DHAR activity was determined as the rate of formation of
ascorbate over 5 minutes using ε = 7.83 mM-1 cm-1. Glutathione reductase (GR) activity was
determined according to Mannervik (1999) using 10 µl of total protein extract. The decrease in
absorbance was measured at A340 and GR activity was measured as the rate of oxidation of
NADPH over 2 minutes using ε = 6.22 mM-1 cm-1. Chloroplast fructose 1,6-bisphosphatase
(FBPase) activity was determined according to Leegood (1990) with modifications by Holaday
et al., (1992) using 25 µl of total protein extract. The increase in absorbance was measured at
(A340 – A410) and FBPase activity was measured as the rate of reduction of NADP+ over 2
minutes using ε = 6.22 mM-1 cm-1.
3.2.5 Visualisation of superoxide (O2-)
To visualise superoxide (O2-), unifoliate leaves of six plants per treatment replicated six
times were vacuum-infiltrated with nitroblue tetrazolium (NBT) solution (0.5 mg mL-1, pH 7.8)
according to Fryer et al. (2002) and incubated for 1 hour. Following incubation, samples were
boiled and stored in 95% ethanol for imaging. Superoxide was visually assessed based on the
intensity of dark blue insoluble formazan produced by the reduction of NBT.
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3.2.6 Cell death signalling molecules
To investigate the effects of increased 1O2 on soybean seedlings, six plants per treatment
replicated six times were infiltrated with 5-aminolevulinic acid (5-ALA), a precursor in the
chlorophyll biosynthetic pathway and a photodynamic compound which in response to light
results in production of 1O2. 5 mM 5-ALA was prepared in 10 mM MES buffer (pH 6.5). Plants
at the unifoliate stage were vacuum infiltrated three times each for four minutes using a vacuum
36arotenoids. Cell death was monitored and photographed for 24 hours following vacuum
infiltration to assess the progression and extent of visible cellular damage.

3.2.7 Pigment analysis
Chlorophyll content (µg g FW-1) was quantified according to Porra et al. (1989) and total
carotenoids (µg g FW-1) were quantified according to Lichtenthaler and Wellburn (1983) using
80% acetone in 2.5 mM sodium phosphate buffer (pH 7.8).

3.2.8 Photosynthesis measurements

Photosynthetic parameters of attached unifoliate leaves consisting of CO2 assimilation,
leaf internal [CO2] and stomatal conductance, were measured in six plants per treatment
replicated six times using a portable gas-exchange system (LI-6400XT, LI-COR, Lincoln, USA)
equipped with a 2 cm × 6 cm measurement chamber with integral LED light source (LI-6400-02)
under conditions of 25±1°C leaf temperature, sample chamber CO2 concentration of 380±1 µmol
mol-1, and PPFD of 700 µmol m-2 s-1, with 10% PPFD provided by blue LEDs, balance red.
Measurements were made immediately on plants removed directly from the growth cabinet at
midday. After placing the sample leaf in the chamber, stomatal conductance was allowed to
reach apparent steady state before recording the data (approx. 2 min. per measurement).

3.2.9 Sugar and starch
Carbohydrate content was determined at the unifoliate, first and second trifoliate growth
stages. Starch content was determined according to Smith and Zeeman (2006). Sucrose (Suc),
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hexose sugars (glucose; Glu and fructose; Fru) and hexoses phosphates (glucose-6-phosphate;
G6P and fructose-6-phosphate; F6P) contents were determined according to Jones (1981) with
modifications by Stitt et al. (1989).

3.2.10 Statistical analysis

All data was analyzed in SAS v9.3 (SAS Institute Inc., Cary, USA) using PROC MIXED
with treatment as the fixed effect and replication as a random effect. Data were tested for
ANOVA assumptions and least square means and standard errors were generated with a type I
error rate of α = 0.05.

3.3 Results

3.3.1 FR-E light triggers the shade avoidance response shortly after soybean emergence

Recent studies show that early emerging weeds induce the shade avoidance response
within a crop shortly after emergence and that the effects of this early response over the entire
life cycle of crop may compromise plant fitness (Rajcan et al., 2004; Page et al., 2009, 2010).
The effects of FR-E light on morphological characteristics of soybean from emergence to second
trifoliate stage were investigated (Table 3.1). FR-E light reflected from neighbouring weeds
triggered an increase in plant height that was significantly different from the unifoliate stage
onward. Interestingly, FR-E light reduced the root to shoot ratio of soybean seedlings from
emergence to the second trifoliate stage but did not significantly affect total biomass until the
second trifoliate stage (Table 3.1). These results indicate that FR-E light reflected from
neighbouring weeds impacts biomass allocation in soybean seedlings shortly after emergence.

3.3.2 FR-E light increases leaf H2O2 level and impact components of ROS scavenging network
Under conditions where light quality is compromised, changes in PS stoichiometry are
accompanied by an increase in leaf hydrogen peroxide (H2O2) content and activities of ROS
scavenging enzymes (Yamazaki and Kamimura, 2002; Yamazaki, 2010). To determine if this is
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similarly the case in soybean in response to FR-E light reflected from neighbouring weeds, H2O2
content and the activities of H2O2 scavenging enzymes were measured at the unifoliate stage. In
a similar manner, a significant increase (19%) in H2O2 content of unifoliate leaves was found in
response to FR-E light reflected from neighbouring weeds (Table 3.2a). This rise in H2O2 level
was accompanied by increases in activities of the H2O2 scavenging enzymes ascorbate
38arotenoid (Apx) (30%) and glutathione 38arotenoid (GPx) (14%) (Table 3.2b). No change in
catalase (Cat) activity, however, was observed in response to FR-E light reflected from
neighbouring weeds (Table 3.2b). To evaluate whether plants were experiencing oxidative
damage in response to FR-E light and result of increased leaf H2O2, the levels of
malondialdehyde (MDA), an aldehydic end product of lipid peroxidation, were measured in
unifoliate leaves in response to FR-E light. FR-E light reflected from neighbouring weeds,
however, did not impact leaf MDA levels (Table 3.2a) suggesting an important signalling role
for H2O2 during exposure to FR-E light reflected from neighbouring weeds.
3.3.3 FR-E light decreases SOD activity
Stress conditions are known to result in increased production of superoxide anions (O2-)
that are enzymatically scavenged by superoxide dismutase (SOD) in different subcellular
compartments leading to formation of H2O2 (Alscher et al., 2002). It was hypothesised that the
elevated H2O2 content of unifoliate leaves in response to FR-E light may be the result of
increased SOD activity converting excess O2- to H2O2 and O2. Strikingly, a large decrease (36%)
in SOD activity was found in response to FR-E light (Table 3.2b). Further, in situ staining of
unifoliate leaves with nitrotetrazolium blue chloride (NBT) to compare the relative steady-state
level of leaf O2- in FR-D and FR-E light treatments was conducted. No significant differences
were detected in the steady-state level of leaf O2- in FR-D and FR-E light treatments (Fig. 3.1).
This suggests that if decreased SOD activity resulted in increased O2- generation in response to
FR-E light reflected from neighbouring weeds, it is efficiently scavenged through non-enzymatic
mechanisms.
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3.3.4 FR-E light alters the pool size and redox state of ascorbate

Ascorbate is known to play important protective roles during oxidative and photooxidative stresses (Gest et al., 2013) and has been shown to react with 1O2 to generate H2O2
(Buettner and Jurkiewicz 1996; Kramarenko et al., 2006). The opposing effects of FR-E light on
SOD activity and the H2O2 content of unifoliate leaves suggested an increase in formation of 1O2
and its conversion to H2O2 via oxidation of ascorbate. In order to evaluate the redox state of this
important antioxidant, the levels of oxidised (DHA) and reduced (ASC) ascorbate in unifoliate
leaves was measured. FR-E light caused a significant decrease (14%) in the absolute level of
ascorbate and a significant increase (10%) in the level of oxidised ascorbate (Table 3.2a). These
changes in the absolute and oxidised levels of ascorbate under FR-E light were accompanied by
a significant increase (9%) in activity of the glutathione-dependent ascorbate regenerating
enzyme dehydroascorbate reductase (DHAR) (Table 3.2c). Activities of the NADH-dependent
ascorbate regenerating enzyme, monodehydroascorbate reductase (MDHAR), and the
glutathione regenerating enzyme, glutathione reductase (GR), in response to FR-E light were not
different, however, from those in the FR-D light (Table 3.2b, c). These results suggest that
ascorbate plays an important role in early responses of soybean to neighbouring weeds.

3.3.5 FR-E light increases susceptibility to cell death by 5-ALA

Decreased SOD activity, increased levels of H2O2 and oxidised ascorbate in unifoliate
leaves of soybeans in response to FR-E light reflected from neighbouring weeds suggested the
potential for increased production of 1O2, and its scavenging through ascorbate resulting in
increased H2O2. If this is the case, then a further rise in 1O2 level induced by a 1O2 generating
compound would possibly increase susceptibility to cell death. To examine this possibility,
soybean plants at the unifoliate stage were vacuum infiltrated with the 1O2 generating compound
5-aminolevulinic acid (5-ALA) and the progression of cell death over 24 h was followed. One
and a half hours after infiltration, in response to FR-E light unifoliate leaves displayed signs of
cell death whereas little damage could be observed in unifoliate leaves in the FR-D light
treatment. Between three and five hours after infiltration, unifoliate leaves in the FR-E light
treatment displayed more extensive cell death compared to unifoliate leaves in the FR-D light
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treatment (Fig. 3.2). At 24 hours after infiltration, unifoliate leaves in response to FR-E light
displayed total necrosis whereas unifoliate leaves in the FR-D light treatment still retained some
non-necrotic spots. These results suggest that the presence of neighbouring weeds increases
susceptibility to cell death by 1O2 possibly due to increased production of 1O2 in unifoliate leaves
under FR-E light.

3.3.6 FR-E light decreases chloroplast FBPase activity
Increased H2O2 content has been shown to impede CO2 assimilation by up to 90% due to
the inhibition of thiol-modulated enzymes of the Calvin cycle (Kaiser, 1979). In particular, the
chloroplast fructose 1,6-bisphosphatase (FBPase) is severely inhibited by increasing H2O2
concentration due to thiol oxidation (Charles and Halliwell, 1980; Tanaka et al., 1982). To
determine whether increased H2O2 production in unifoliate leaves in response to FR-E light
through detoxification of 1O2, impacts activity of a thiol-modulated Calvin cycle enzyme, the
chloroplast FBPase activity in the unifoliate leaves was measured in the FR-D and FR-E light
treatments. A significant decrease (30%) in FBPase activity in response to FR-E light was found
(Table 3.3a). This suggests that H2O2 generated in response to FR-E light reflected from
neighbouring weeds inhibits activity of FBPase in the Calvin cycle.

3.3.7 FR-E light alters 40arotenoids and chlorophyll content and photosynthetic capacity
Carotenoids play a pivotal role in physical quenching of 1O2 and increased 40arotenoids
content is associated with enhanced resistance to 1O2 induced photo-oxidative stress
(Triantaphylidès and Havaux, 2009). Increased production of 1O2 in unifoliate leaves in the FR-E
light treatment would possibly increase 40arotenoids content. To investigate this possibility,
40arotenoids and chlorophyll content of unifoliate leaves in FR-D and FR-E light treatments
were compared. A significant increase (6%) in 40arotenoids content of unifoliate leaves was
found in response to FR-E light as well as increases in chlorophyll a (12%), chlorophyll b (16%)
and the ratio of chlorophyll to carotenoids (7%) (Table 3.3b). The ratio of chlorophyll a to
chlorophyll b was slightly but significantly decreased (4%) (Table 3.3b). The observed increase
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in 41arotenoids content in response to FR-E light may act as a protective mechanism against
increased production of 1O2.
There are conflicting reports of the effects of reduced light quality on photosynthesis
(Kasperbauer and Peaslee, 1973; Hoddinott and Hall, 1982; Barreiro et al., 1992; Yamazaki,
2010). Given the significant increase in H2O2 content as well as the significant decrease in
FBPase activity in response to FR-E light it would be possible this may work in the direction of
reducing CO2 assimilation. To investigate this possibility, the photosynthetic capacity of soybean
plants at the unifoliate stage were determined by measuring leaf internal CO2, stomatal
conductance and CO2 assimilation. A significant increase in stomatal conductance (16%) and
leaf internal CO2 concentration (5%) was found in response to FR-E light (Table 3.3c). Despite
these increases, there was a slight but significant decrease (5%) in CO2 assimilation in the FR-E
light treatment (Table 3.3c). These results suggest that the reduction in CO2 assimilation in
response to FR-E light reflected from neighbouring weeds is more likely due to biochemical
events such as reduced activity of thiol-modulated Calvin cycle enzymes rather than reduced
CO2 availability or reduced stomatal conductance.
3.3.8 FR-E light differentially impact leaf starch and sucrose

Chloroplast FBPase is known to be a limiting step in the Calvin cycle affecting CO2
fixation, carbon partitioning and dry matter accumulation (Koβmann et al., 1994; Tamoi et al.,
2006). To determine if decreases in FBPase activity and CO2 assimilation seen in response to
FR-E light reflected from neighbouring weeds impacts carbon partitioning, the levels of starch,
sucrose, hexoses and hexose phosphates were measured. The level of starch in unifoliate leaves
was found to be dramatically higher (194%) in the FR-E light treatment (Table 3.4). In addition,
unifoliate leaves in both FR-D and FR-E light treatments displayed similar levels of leaf hexoses
(glucose and fructose), hexose phosphates (glucose-6-phosphate and fructose-6-phosphate) and
sucrose (Table 3.4). Also, changes in the patterns of leaf starch as well as hexoses and hexose
phosphates were compared later at the first (two-week-old) and the second trifoliate (three-weekold) stages. In response to FR-E light, the starch content of first trifoliate leaves was found to be
significantly lower (32%) but the starch content of second trifoliate leaves was unchanged (Table
3.4). The sucrose content of the first trifoliate and the second trifoliate was found to be
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consistently lower (34% and 21%) in the FR-E light treatment compared to FR-D light (Table
3.4). These results indicate that decreases in chloroplast FBPase and CO2 assimilation in
response to FR-E light reflected from neighbouring weeds affects carbon partitioning during
early seedling development.

3.3.9 Neighbouring weeds and far-red filters induce similar antioxidant responses
Although the primary effect of the experimental weedy system used is generation of a
stable FR-E light environment around soybean seedlings, due to the biological nature of this
system it may exert other effects through volatile compounds (Kirstine et al., 1998; Kegge and
Pierik, 2010). Therefore, to determine whether the specific responses consisting of decreased
SOD activity and increased H2O2 level in unifoliate leaves under this experimental weedy system
(Table 3.2) are due to FR-E light, SOD activity as well as the H2O2 level in unifoliate leaves
under an artificial FR-E light environment (R/FR=0.4) generated by far-red filters (FR-F) was
measured. In a similar manner, FR-E light reflected by FR-F decreased SOD activity (20%) and
increased H2O2 level (28%) (Table 3.5). Moreover, activities of Apx and Cat in the FR-F
treatment were similar to the FR-E light treatment such that Apx activity was increased (30%)
while Cat activity was unchanged compared to FR-D light treatments (Table 3.5). FR-E light
reflected by FR-F also caused a similar but more dramatic decrease in chloroplast FBPase
activity (85%) (Table 3.5). These similarities demonstrate that artificial FR-E light reflected by
FR-F can induce similar responses in the level of H2O2 and activities of SOD, Cat, Apx and
FBPase seen under the biological weedy system used.

3.4 Discussion
It is well recognised that 1O2 is constantly generated in PSII and the antenna system of the
photosynthetic apparatus (Triantaphylidès and Havaux, 2009). Environmental stress conditions
that can impact photosynthetic electron transport such as high light or drought are known to
increase production of 1O2 (Krieger-Liszkay et al., 2008; Telfer, 2014). The present study
provides evidence that FR-E light reflected from early emerging weeds can also increase
production of 1O2 in soybean leaves. This evidence is based on specific enzymatic and non-
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enzymatic antioxidant responses. Given that SOD and Cat catalyze the conversion of O2- to H2O2
and the conversion of H2O2 to water, respectively and considering that Cat activity did not
change in response to far-red-enriched (FR-E) light reflected from neighbouring weeds, it would
have been expected that the large decrease in SOD activity in unifoliate leaves in response to FRE light would have led to greater O2- and lesser H2O2 accumulation. Estimation of steady-state
levels of O2- by in situ staining of unifoliate leaves with NBT, however, did not reveal a greater
accumulation of O2- in the FR-E light treatment, but in contrast the presence of neighbouring
weeds led to a greater accumulation of H2O2. A similar pattern of SOD and Cat activity as well
as H2O2 content was also found under FR-E light reflected by far-red filters (FR-F) suggesting
these responses are caused by FR-E light. One plausible explanation for these responses is that
FR-E light primarily increases leaf 1O2 and this excess 1O2 is converted to H2O2 through the
reaction with ascorbate. Ascorbate can efficiently quench 1O2 (k = 8.30 × 106 M-1s-1) (Chou and
Khan, 1983) and as previously discussed, in the rapid chemical reaction with 1O2, ascorbate is
oxidised to dehydroascorbate (DHA) and H2O2 is generated (Buettner and Jurkiewicz 1996;
Kramarenko et al., 2006). The increase in DHA content of unifoliate leaves in response to FR-E
light lends credence to this hypothesis. Such changes in leaf ascorbate content have already been
reported in P. vulgaris grown under FR-E light (Bartoli et al., 2009). In addition, similar changes
in leaf ascorbate and the H2O2 content have been reported in the lower leaves of O. sativa
seedlings in FR-E light conditions (Yamazaki and Kamimura, 2002). These results show similar
changes in H2O2 and ascorbate oxidation of unifoliate leaves in response to FR-E light reflected
from neighbouring weeds arising primarily from increased production of 1O2, which may have
gone unnoticed in the above studies.
Physical and chemical quenching mechanisms are engaged to circumvent the damaging
effects of 1O2 in chloroplasts. Measurements of second-order rate constants for physical and
chemical quenching of 1O2 by biological compounds indicate that lipid-soluble carotenoids and
tocopherols and water-soluble ascorbate are the most efficient physical and chemical quenchers
of 1O2, respectively (Triantaphylidès and Havaux, 2009). Interestingly, rare studies that have
investigated the effects of weeds on the antioxidant responses of plants have reported a
significant impact on carotenoids, tocopherols and ascorbate content of leaves. For example, the
α-tocopherol content and the 43arotenoids43 cycle conversion state of Gossypium spp. Leaves
were significantly increased in response to competition with A. cristata (Ratnayaka et al., 2003)
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and the ascorbate content of A. millefolium and V. chamaedrys were significantly decreased in
response to competition with P. pratensis (Scebba et al., 2006). In a similar manner, a decrease
in the ascorbate content and an increase in the 44arotenoids content were found in unifoliate
leaves in response to FR-E light reflected from neighbouring weeds. These two reports together
with these results suggest that the initial factor triggering changes in ascorbate and carotenoid
content of leaves in response to FR-E light reflected from neighbouring weeds may have been
due to increased production of 1O2.
Steady-state cellular ROS level is a key determinant of susceptibility to cell death
signalling molecules (Delledonne et al., 2001; Amirsadeghi et al., 2006). Higher steady-state
ROS levels in Nicotiana tabacum L. leaves and suspension cells have been shown to increase
susceptibility to cell death induced by salicylic acid and nitric oxide (Amirsadeghi et al., 2006).
Hence, if FR-E light reflected from neighbouring weeds was increasing steady-state 1O2 and
subsequently H2O2 in unifoliate leaves, it would have been expected that soybean plants in the
FR-E light treatment would have been more susceptible to cell death induced by a 1O2 generating
compound such as 5-ALA. Indeed, it was found that these plants were more susceptible to cell
death induced by 5-ALA. These results provide strong evidence that neighbouring weeds
increase steady-state cellular ROS levels in soybean unifoliate leaves and that 1O2 may function
as the primary ROS involved in weed stress response.
It is unclear to what extent 1O2 is generated and scavenged in response to FR-E light
reflected from neighbouring weeds. What is clear though is that the D1 protein (Vass and Cser,
2009) and carotenoids (Telfer, 2005) in the PSII core complex and plastoquinone (Kruk and
Trebst, 2008), tocopherols (Kruk et al., 2005) and ascorbate (Buettner and Jurkiewicz, 1996) act
as 1O2 scavengers. In addition, ascorbate is required for regeneration of oxidised tocopherols
(Liebler et al., 1989) and recycling of violaxanthin de-epoxidase in the 44arotenoids44 cycle
(Demmig-Adams and Adams, 1996). Given the role of carotenoids and ascorbate in 1O2
scavenging, it is significant that both the 44arotenoids and ascorbate content of unifoliate leaves
were seen to change in the FR-E light treatment.
An important question regarding the role of ROS induced by FR-E light reflected from
neighbouring weeds in soybean unifoliate leaves is whether it is primarily causing oxidative
damage. The aldehydic end-products of peroxidation of polyunsaturated fatty acids such as 4hydroxynonenal (4-HNE) and MDA are generally regarded as markers of oxidative stress (Del et
44

al., 2005). Levels of MDA in unifoliate leaves did not change significantly in the FR-E light
treatment suggesting that leaf ROS levels are below a threshold that begins to produce oxidative
damage and that they may serve important signalling roles during weed stress.
Some of the oxidation products of 1O2 such as lipid, 45arotenoids, tocopherol and protein
oxidation products are thought to act as mediators that transport the 1O2 signal across membranes
and affect nuclear gene expression (Triantaphylidès and Havaux, 2009). In Arabidopsis thaliana,
increased 1O2 in the chloroplast selectively induces nuclear gene expression (op den Camp et al.,
2003; Laloi et al., 2006; Lee et al., 2007). Moreover, in the unicellular green algae
Chlamydomonas reinhardtii P.A.Dang., acclimation to 1O2 occurs with the induction of specific
set of nuclear genes including GLUTATHIONE PEROXIDASE and GLUTATHIONE STRANSFERASE (Leisinger et al., 2001; Fischer et al., 2006; Ledford et al., 2007). In this regard,
it is interesting that a significant increase in GPx activity was found in unifoliate leaves in the
FR-E light treatment, which may be specific for 1O2. In response to FR-E light reflected from
neighbouring weeds, higher rates of H2O2 production in unifoliate leaves significantly induced
activities of GPx and Apx but there was no induction of Cat activity. The affinity of Cat for H2O2
is lower than Apx by a factor of thousand, and therefore, Cat it is thought to remove excess
amount of H2O2 whereas Apx may act to fine tune H2O2 concentration during signalling events
(Willekens et al., 1997; Mittler, 2002). A similar increase in Apx activity was also found under
FR-E light reflected by far-red filters. In A. thaliana, H2O2 antagonizes 1O2-mediated signalling
(Laloi et al., 2007). Therefore, it is significant that SOD activity was lower in unifoliate leaves in
the FR-E light treatment. This may be part of a mechanism to maintain H2O2 levels below a
threshold that begins to interfere with the 1O2-mediated signalling of weed stress responses. In
response to FR-E light reflected from neighbouring weeds, down-regulation of SOD activity per
se may not be sufficient to draw levels of H2O2 to below this presumed threshold level.
Therefore, it is significant that activities of Apx and GPx were seen to be higher in the FR-E
light treatment (Table 3.2b). These two H2O2-scavenging mechanisms may balance the steady
state levels of H2O2 and 1O2 by fine tuning H2O2 level.
Excess production of ROS under stressful conditions results in activation of various
antioxidant defence pathways and compromises photosynthesis (Mittler, 2002). For example,
induction of antioxidant defence pathways in Gossypium spp. Grown under weed-induced FR-E
light was accompanied by a reduction in net photosynthesis and shoot biomass (Ratnayaka et al.,
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2003). In addition, P. pratensis grown under weed-induced FR-E light exhibited induction of
antioxidant defence pathways and reduction of maximum quantum yield of PSII (Scebba et al.,
2006). The results presented here show that this is similarly the case in soybean grown in the
presence of FR-E light reflected from neighbouring weeds. Indeed, it was found that despite
increases in leaf internal CO2, and stomatal conductance, CO2 assimilation decreased early at the
unifoliate stage, likely due to reductions in activity of thiol-modulated Calvin cycle enzymes
such as FBPase.
A similar but more striking reduction in FBPase was also observed under FR-E light
reflected by far-red filters. The similarities in leaf H2O2 level and activities of SOD, APx, Cat
and FBPase in the weed-induced FR-E light treatment and under FR-E light reflected by FR-F
indicate that these responses were primarily the result of changes in light quality (i.e., FR-E
light) caused by the presence of neighbouring weeds. Despite similarities in the responses of
soybean plants to the FR-E light treatment and to the FR-F, other secondary variables associated
with the biological weedy system used in this study may also exert an influence on the responses
of soybean plants. Indeed, the reduction in chloroplast FBPase activity in response to FR-E light
was less (30%) than in the FR-F (85%) suggesting that other factors may contribute to this
response. A factor associated with the biological weedy system used may be the release of
volatile compounds such as known oxygenated hydrocarbons emitting from uncut grass (Kirstine
et al., 1998). The continuous upward airflow of 1.55 m3 min-1 within the experimental growth
chamber provided homogeneous mixture of air across treatments to minimise the impact of
possible volatile compounds emanating from the weeds. With regard to known volatile
compounds emanating from cut grass (Kirstine et al., 1998), the grass was not cut for the
duration of the experiments to remain cautious. The plant hormone ethylene is also known to be
involved in response to neighbouring weeds under conditions of canopy closure, where the shade
avoidance response has been shown to be induced approximately six weeks after planting (Pierik
et al., 2004b). Given the upward airflow in the experimental growth chamber and the short
duration of the experiments (11 days from planting to harvest) with no canopy closure occurring,
the effect of ethylene would be minimal.
Changes in biomass allocation between soybean root and shoot in the FR-E light
treatment occurred shortly after emergence. Reductions in root and shoot biomass in the FR-E
light treatment were consistent with a study of Raphanus sativus L. grown under FR-E light,
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which also showed an increase in hexose sugars and a decrease in starch level (Keiller and
Smith, 1989). This pattern of carbohydrate allocation in soybean unifoliate leaves was not found
in response to FR-E light, as hexose sugar levels were unchanged and there was a dramatic
increase in starch level. At present, this increase in starch level cannot be explained. One
possibility is that starch accumulation is required to supply hexose sugars for rapid stem
elongation under FR-E light reflected from neighbouring weeds. If the decrease in CO2
assimilation in response to FR-E light persisted through soybean development, it would have
been expected to find a decrease in sucrose content. Indeed, leaf sucrose content was decreased
significantly both at the first and second trifoliate stages, which provides an explanation for
reductions in root/shoot and total biomass at the first and second trifoliate stages. Given the
reports showing that changes in photosynthetic apparatus under FR-E light were accompanied by
excess H2O2 generation, which is known to directly impact photosynthesis (Kaiser, 1979;
Charles and Halliwell, 1980; Tanaka et al., 1982; Yamazaki and Kamimura, 2002; Yamazaki,
2010), these results provide strong evidence for increased production of 1O2 in soybean unifoliate
leaves in response to FR-E light reflected by neighbouring weeds, and modulates photosynthesis,
carbon partitioning and biomass allocation.
The ability of early emerging weeds to trigger formation of 1O2 in a crop plant such as
soybean has not been directly demonstrated previously. These results suggest strongly that early
emerging weeds have a significant impact on the balance between 1O2 generation and
scavenging, resulting in an increase of 1O2 at the early growth stages of soybean. This early
response is of particular importance given that a combination of high photon flux densities,
typical of natural environments, and early emerging weeds reflecting FR-E light can further raise
1

O2 concentration and tip the 1O2 balance toward oxidative and photo-oxidative damage at early

growth stages. These results also provide an important basis for understanding the mechanisms
by which early-season weed competition reduces photosynthesis and alters the balance of
sucrose and starch, thereby, affecting fitness.
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Tables and figures

Table 3.1: Effects of far-red-enriched (FR-E) light treatment on morphological parameters of
soybean (Glycine max) at five phenological stages. The values for root/shoot were log10
transformed to comply with ANOVA assumptions for analysis. Reported root/shoot values are
real numbers. Numbers of asterisks indicate level of significant difference according to ANOVA
compared to FR-D treatment: *, P < 0.1; **, P < 0.05; ***, P < 0.01; ns, not significant. Data
represent least square means ± SE for six replicates, each consisting of eight plants in far-reddepleted (FR-D) and FR-E treatments.

Emergence

Plant Height (cm)
FR-D
FR-E
1.00 ± 0.4
1.31 ± 0.4 ns

Total Biomass (g)
FR-D
FR-E
0.15 ± 0.01 0.16 ± 0.01ns

Cotyledon

3.32 ± 0.5

3.67 ± 0.5 ns

0.16 ± 0.02

0.16 ± 0.02ns

0.25 ± 0.01

0.21 ± 0.01 ***

Unifoliate

4.90 ± 0.3

6.54 ± 0.3 ***

0.18 ± 0.01

0.18 ± 0.01ns

0.32 ± 0.01

0.30 ± 0.01 ***

1st Trifoliate

11.51 ± 0.3

15.61 ± 0.4 ***

0.42 ± 0.01

0.41 ± 0.01ns

0.44 ± 0.01

0.36 ± 0.01 ***

2nd Trifoliate

15.49 ± 0.4

18.52 ± 0.4 ***

0.68 ± 0.01

0.60 ± 0.01**

0.41 ± 0.01

0.35 ± 0.01 ***
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Root/Shoot
FR-D
FR-E
0.11 ± 0.01 0.10 ± 0.01 ***

Table 3.2: Steady-state levels of metabolites and activities of enzymes involved in ROS
scavenging in soybean (Glycine max) unifoliate leaves in far-red-depleted (FR-D) and far-redenriched (FR-E) light treatments (a) Hydrogen peroxide (H2O2) (nmol g FW-1); reduced
ascorbate (ASC), dehydroascorbate (DHA), and total ascorbate (ASA) (µmol g FW-1);
malondialdehyde (MDA) (nmol g FW-1); (b) superoxide dismutase (SOD) and catalase (Cat)
(unit enzyme mg protein-1); ascorbate peroxidase (APx) (µmol DHA min-1 mg protein-1);
glutathione peroxidase (GPx) and glutathione reductase (GR) (µmol NADP+ min-1 mg protein-1);
(c) monodehydroascorbate reductase (MDHAR) (µmol NAD+ min-1 mg protein-1);
dehydroascorbate reductase (DHAR) (µmol ASC min-1 mg protein-1). Numbers of asterisks
indicate level of significant difference according to ANOVA compared to FR-D: *, P < 0.1; **, P
< 0.05; ***, P < 0.01; ns, not significant. Data represents least square means ± SE of ten
biological replicates per treatment.
FR-D

FR-E

H2O2

36.5 ± 2.3

43.5 ± 2.4 **

ASC + DHA

12.2 ± 0.6

10.4 ± 0.6 **

ASC

10.0 ± 0.5

7.6 ± 0.5 ***

ASC/Total ASA

82% ± 0.01

72% ± 0.01 ***

MDA

1.93 ± 0.19

2.07 ± 0.19 ns

SOD

8.6 ± 0.4

5.4 ± 0.4 ***

Cat

4.7 ± 0.3

5.2 ± 0.3 ns

APx

0.020 ± 0.001

0.026 ± 0.001 ***

GPx

0.021 ± 0.001

0.024 ± 0.001 *

GR

0.011 ± 0.001

0.012 ± 0.001 ns

c) DHA reductases
MDHAR

0.019 ± 0.001

0.020 ± 0.001 ns

DHAR

0.119 ± 0.004

0.130 ± 0.004 **

a) Metabolites

b) ROS scavengers
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Table 3.3: Activity of fructose 1,6-bisphosphatase (FBPase), pigment content and
photosynthetic parameters in far-red-depleted (FR-D) and far-red-enriched (FR-E) light
treatments in soybean (Glycine max) unifoliate leaves. (a) FBPase (µmol NADPH min-1 mg
protein-1); (b) chlorophyll and carotenoid content (µg g FW-1); (c) leaf internal CO2 (μmol CO2
mol-1); stomatal conductance (mol H2O m-2 s-1); CO2 assimilation (μmol CO2 m-2 s-1). Numbers
of asterisks indicate level of significant difference according to ANOVA compared to FR-D: *, P
< 0.1; **, P < 0.05; ***, P < 0.01; ns, not significant. FBPase data represent least square means ±
SE of ten biological replicates per treatment. Pigment content represent least square means ± SE
of five replicates each consisting of ten biological replicates per treatment. Photosynthetic
parameters represent least square means ± SE of six replicates each consisting of six biological
replicates per treatment.
FR-D

FR-E

0.55 ± 0.02

0.38 ± 0.03 ***

Chl a

826 ± 9

924 ± 9 ***

Chl b

245 ± 4

285 ± 4 ***

Total Chl

1071 ± 12

1209 ± 12 ***

Chl a/b

3.4 ± 0.02

3.3 ± 0.02 ***

Total carotenoids

154 ± 2

163 ± 2 ***

Chl/carotenoid

7.0 ± 0.1

7.5 ± 0.1 ***

Leaf internal CO2

294 ± 5

307 ± 5 ***

Stomatal conductance

0.36 ± 0.03

0.43 ± 0.03 *

CO2 assimilation

15.6 ± 0.5

14.8 ± 0.5 *

a) Calvin cycle
FBPase
b) Pigments

c) Photosynthesis
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Table 3.4: Sugar and starch content of soybean leaves at unifoliate, first trifoliate and second
trifoliate growth stages in far-red-depleted (FR-D) and far-red-enriched (FR-E) light treatments
in soybean (Glycine max) unifoliate leaves. Starch (μg g FW-1); glucose (Glu), glucose-6phosphate (G6P), fructose (Fru), fructose-6-phosphate (F6P), sucrose (Suc) (μmol g FW-1).
Numbers of asterisks indicate level of significant difference according to ANOVA compared to
FR-D: *, P < 0.1; **, P < 0.05; ***, P < 0.01; ns, not significant. Data represent least square
means ± SE of ten biological replicates per treatment.
Growth Stage
Unifoliate

Carbohydrate

FR-D

FR-E

Starch
Glu
G6P
Fru
F6P
Suc
Suc/Starch

55.7 ± 11.2
0.7 ± 0.1
0.1 ± 0.0
1.0 ± 0.2
2.3 ± 0.3
3.9 ± 0.4
24.4 ± 1.2

163.7 ± 11.2 ***
0.6 ± 0.1 ns
0.1 ± 0.0 ns
1.0 ± 0.1 ns
2.8 ± 0.3 ns
4.1 ± 0.4 ns
8.7 ± 1.1 ***

Starch
Glu
G6P
Fru
F6P
Suc
Suc/Starch

118.0 ± 8.4
9.5 ± 0.5
0.1 ± 0.0
2.0 ± 0.1
1.2 ± 0.1
3.0 ± 0.2
10.0 ± 1.0

79.8 ± 8.4 ***
7.0 ± 0.5 ***
0.2 ± 0.0 ***
1.1 ± 0.1 ***
1.4 ± 0.1 ns
2.0 ± 0.2 ***
8.6 ± 1.0 ns

Starch
Glu
G6P
Fru
F6P
Suc
Suc/Starch

78.5 ± 10.3
1.4 ± 0.1
0.03 ± 0.0
1.8 ± 0.1
1.5 ± 0.1
3.5 ± 0.2
17.5 ± 1.4

63.3 ± 10.3 ns
1.2 ± 0.1 ***
0.04 ± 0.0 ns
1.6 ± 0.1 ns
1.9 ± 0.1 **
2.8 ± 0.2 ***
15.2 ± 1.4 ns

First Trifoliate

Second Trifoliate
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Table 3.5: Steady-state level of hydrogen peroxide (H2O2) and enzyme activities of superoxide
dismutase (SOD), catalase (Cat) and fructose 1,6-bisphosphatase (FBPase) in unifoliate leaves of
soybean plants grown under far-red filters (FR-F). H2O2 (nmol g FW-1); SOD (unit enzyme mg
protein-1); Cat (unit enzyme mg protein-1); FBPase (µmol NADPH min-1 mg protein-1). Numbers
of asterisks indicate level of significant difference according to ANOVA compared to far-reddepleted (FR-D): *, P < 0.1; **, P < 0.05; ***, P < 0.01; ns, not significant. Data represent means
± SE of ten biological replicates.

H2O2

FR-D
36.5 ± 2.3

FR-F
46.8 ± 3.5 **

SOD

8.6 ± 0.4

7.0 ± 0.4 ***

Cat

4.7 ± 0.3

4.7 ± 0.3 ns

APx

0.020 ± 0.001

0.026 ± 0.001 ***

FBPase

0.55 ± 0.02

0.08 ± 0.02 ***
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Fig. 3.1: Superoxide (O2-) detection in unifoliate leaves of soybean in response to far-reddepleted (FR-D) and far-red-enriched (FR-E) light using nitroblue tetrazolium (NBT) staining.
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5 mM 5-ALA

Control
FR-D

a)

FR-E

b)
FR-D

FR-E

Fig. 3.2: Effect of 5 mM 5-aminolevulinic acid (5-ALA) on soybean (Glycine max) in far-reddepleted (FR-D) and far-red-enriched (FR-E) light treatments, 3 (a) and 5 hours (b) after
infiltration of plants. Blue tags were placed under the leaves for imaging only. Note the more
extensive cell death in the FR-E treatment.
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Chapter 4

Involvement of Alternative Electron Pathways in Early Responses of Soybean to
Far-Red Enriched Light Reflected from Neighbouring Weeds

Abstract

Alternative electron transport pathways play important roles in regulation of photosynthetic
electron flow rate and alleviation of photoinhibition under stressful conditions. By acting as
electron sinks, these pathways dissipate excess photon energy, prevent over-reduction of the
electron transport chain, dampen reactive oxygen species generation and regulate ATP synthesis
for CO2 assimilation. While physiological roles of alternative electron transport pathways have
been studied under stressful conditions, their physiological significance under far-red-enriched
(FR-E) light, typically reflected by neighbouring weeds during plant competition, are not well
understood. In this study, the involvement of alternative electron pathways under FR-E light has
been examined through analyses of gene expression, susceptibility to cell death by chemical
inhibitors and enzyme activity in soybean unifoliate leaves. Increased expression of PLASTID
TERMINAL OXIDASE (PTOX) and induction of cell death by chemical inhibitors of PTOX and
mitochondrial alternative oxidase (AOX) under FR-E light suggest the involvement of PTOX
and AOX in early response of soybean to FR-E light. Moreover, the activity of NADP-dependent
malate dehydrogenase (NADP-MDH) was found to dramatically decrease (37%) under FR-E
light, whereas NAD-MDH activity was not changed. Activities of two nitrate assimilation
enzymes remained unchanged under FR-E light suggesting that nitrate assimilation is not
impacted by FR-E light. These results suggest that PTOX, AOX and NADP-MDH may be part
of a mechanism to regulate electron transport and maintain chloroplast redox homeostasis and
the ATP/NADPH in response to FR-E light reflected by neighbouring weeds.
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4.1 Introduction

Light quantity and quality constantly change throughout the life cycle of a plant and
directly affect photosynthetic electron transport. As the peak absorption spectra of photosystem I
(PSI) and photosystem II (PSII) differ, changes in light composition within a plant canopy can
cause an imbalance in energy absorption between the two PSs leading to generation of reactive
oxygen species (ROS) (Yamazaki and Kamimura, 2002). Far-red-enriched (FR-E) light such as
that found lower in a plant canopy or reflected from neighbouring vegetation acts as an early
warning signal of light competition prior to direct shading (Ballaré et al., 1987; 1990). FR-E
light that is preferentially absorbed by PSI triggers state-transitions in the short-term (seconds to
minutes) and long-term responses (LTRs) over hours, days and seasons (Dietzel et al., 2008).
Absorption of FR-E light has been shown to induce acclimation responses with a shift in
photosynthetic stoichiometry favouring PSI excitation and an oxidised plastoquinone (PQ) pool
(state 1) and an increase in the relative abundance of PSII (LTR) (Melis and Harvey, 1981; Feild
et al., 1998). These acclimation responses are attempts to prevent over-reduction of the
chloroplast electron transport chain components that can potentially lead to excess ROS
production.
Acclimation responses balance energy distribution between the two PSs. Under excess
light conditions, however, the light reactions of photosynthesis produce an excess of reducing
equivalents (NADPH) that can be used in the dark reactions leading to an over-reduced NADP+
pool. Therefore, alternative electron pathways act to redirect, consume or remove excess
reducing equivalents and balance the ATP/NADPH and prevent photoinhibition due to excess
ROS generation (Cruz et al., 2005; Amthor, 2010). These alternative electron pathways consists
of cyclic electron flow around PSI (CEF-PSI; Munekage et al., 2004) and PSII (CEF-PSII;
Miyake et al., 2002), the water-water cycle (Asada, 1999, 2000), photorespiration (Bauwe et al.,
2010), chlororespiration through the plastid terminal oxidase pathway (PTOX; Trouillard et al.,
2012), mitochondrial alternative oxidase (AOX; Yoshida et al., 2007; Vanlerberghe, 2013), the
malate/oxaloacetate shuttle (Scheibe, 2004) and the pathways of mineral assimilation such as
nitrogen (Lemaire et al., 2007) and sulfur (Leustek and Saito, 1999). The involvement of
alternative electron pathways in response to stresses such as high light and drought to prevent
ROS accumulation and maintain CO2 assimilation has been well established (Padmasree and
56

Raghavendra, 1999; Bartoli et al., 2005; Gandin et al., 2015). Alternative electron pathways,
however, have also been shown to be induced at low photon flux densities typical of shaded FRE light environments (Wilhelm and Selmar, 2011). No studies were found through intensive
literature searches which investigated the role of alternative electron pathways in response to FRE light reflected from neighbouring weeds. Studies reported previously have used light filters.
For example, FR light has been shown to induce CEF-PSI in Helianthus annuus L. potentially to
limit formation of ROS at the PSI acceptor site (Laisk et al., 2010). In addition, hydroxypyruvate
reductase, a key enzyme in the photorespiratory pathway, has been shown to be induced by red
light and is far-red light reversible suggesting it was regulated by phytochrome (Bertoni and
Becker, 1993). FR light has also been shown to regulate AOX1a expression in Arabidopsis
thaliana (L.) Heynh. (Zhang et al., 2010). These three lines of evidence, inductions of CEF-PSI,
hydroxypyruvate reductase and AOX1a expression in response to FR-E light in the above studies
led to the suggestion that these alternative electron pathways have a photoprotective role and act
as energy dissipation mechanisms in stress conditions.
Previous work described in Chapter 3 shows that the presence of neighbouring weeds
induces an oxidative stress response which decreases CO2 assimilation during early growth
stages of soybean (Glycine max (L.) Merr.). It was hypothesised that this increase in ROS levels
in soybean leaves grown under FR-E light would activate alternative electron pathways to
dampen ROS levels. To determine the involvement of alternative electron pathways in response
to FR-E light reflected from neighbouring weeds, soybean seedlings were treated with chemical
inhibitors of AOX and PTOX. In addition, activities of enzymes in the malate/oxaloactetate
shuttle and nitrogen assimilation were compared under FR-D and FR-E light. This chapter
provides evidence for the involvement of AOX, PTOX and NADP-malate dehydrogenase
(NADP-MDH) in early responses of soybean to FR-E light reflected from neighbouring weeds.
4.2 Materials and methods
4.2.1 Growth conditions

For a detailed description of experimental design, growth conditions and treatments refer
to Chapter 2.2.1 Growth conditions (pp 21).
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4.2.2 Chemical inhibitors

Seedlings from ten biological replicates per treatment replicated three times were vacuum
infiltrated with chemical inhibitors three times for 5 minutes using a vacuum desiccator with the
following chemicals and concentrations: 10 mM n-propyl gallate (nPG) for inhibition of PTOX
and 10 and 50 mM salicylhydroxamic acid (SHAM) for inhibition of AOX dissolved in 10 mM
MES (pH 6.5). Control plants were vacuum-infiltrated with 10 mM MES (pH 6.5). Plants were
monitored and photographed for 24 hours following vacuum infiltration to assess extent of
visible cellular damage.

4.2.3 Gene expression analysis using quantitative real-time PCR

To analyse the transcript level of PLASTID TERMINAL OXIDASE (PTOX;
Glyma09g01130.1) in response to far-red-enriched (FR-E) light, three plants per treatment (see
Chapter 2.2.1 pp 21 for description of treatments) replicated four times were harvested at three
soybean growth stages, VE1, VE2 and VC. qRT-PCR was conducted as described in Chapter
2.2.3 Gene expression (pp 22). Primers for PTOX were designed based on sequences in the
LegumeIP database (Li et al., 2012) using PrimerQuest Tool (Integrated DNA Technologies,
Coralville, USA) and tested against the NCBI Primer-Blast (Ye et al., 2012) to ensure that they
specifically amplified soybean PTOX. Primer sequences were as follows, PTOX fwd
‘GGAATGCTTGGTGGTTTGAC’ and PTOX rev ‘TATGCCATTCTTGGGCTTACT’.
4.2.4 Enzyme assays
Unifoliate leaf tissue from ten biological replicates per treatment were harvested 11 DAP,
flash frozen in liquid nitrogen and stored at -80°C. For all measurements individual unifoliate
tissue was ground to a fine powder in liquid nitrogen and homogenised with 1 mL of protein
extraction buffer. Samples were centrifuged in a Sorvall Legend Micro temperature controlled
centrifuge (Thermo Scientific, Mississauga, Canada). Protein content for each sample and assay
was determined according to Larson et al. (1986). All chemicals were purchased from SigmaAldrich (Sigma-Aldrich, Oakville, Canada) and prepared fresh each day. All enzyme assays were
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conducted using an Ultrospec 2100 Pro UV/Visible spectrophotometer (GE Healthcare,
Mississauga, Canada).
NAD-malate dehydrogenase (NAD-MDH) activity was assayed according to Yoshida et
al. (2007). Extraction buffer consisted of 25 mM HEPES-KOH (pH 7.5), 10 mM MgSO4, 1 mM
EDTA, 5 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1% (w/v) insoluble
polyvinylpyrrolidone and 0.5% (v/v) Triton X-100. Activity was determined as the rate of
oxidation of NADH at A340 for 5 minutes in a reaction buffer consisting of 50 mM TES-KOH
(pH 7.2), 10 mM MgCl2, 0.4 mM NADH and 1 mM oxaloacetate with 10 µl of sample.
NADP-malate dehydrogenase (NADP-MDH) was assayed according to Dutilleul et al.
(2003). Extraction buffer consisted of 1 M Tricine-KOH (pH 8.1), 20 mM DTT, 100 mM MgCl2,
700 mM KCl, 100 mM EDTA and 0.1% (v/v) Triton X-100. To fully activate NADP-MDH, 200
µL of each sample was incubated for 30 min at 25°C in 100 mM Tricine-KOH (pH 9.0), 10 mM
EDTA, 70 mM KCl, 100 mM DTT and 0.0025% (v/v) Triton prior to measurement. Activated
NADP-MDH was assayed as the rate of oxidation of NADPH at (A340-A410) for 5 minutes in a
reaction buffer consisting of 1 M Tricine-KOH (pH 8.1), 10 mM MgCl2, 10 mM EDTA, 0.4 mM
NADPH and 2.5 mM oxaloacetate with 40 µl of sample.
Nitrate reductase activity was assayed according to Small and Wray (1980) with
modifications by Kuo et al. (1982). Extraction buffer consisted of 50 mM potassium phosphate
buffer (pH 7.5), 1 mM cysteine, 0.1 mM EDTA, 5 µM flavine adenine dinucleotide, 3 mM DTT,
1 µM Na2MoO4, 10 µM leupeptin, 1 mM phenylmethylsulfonyl fluoride and 3% (w/v) insoluble
polyvinylpyrrolidone. Samples were desalted in a PD SpinTrap G-25 Sephadex column (GE
Healthcare, Mississauga, Canada). Reaction buffer consisted of 50 mM potassium phosphate
buffer (pH 7.5), 10 mM KNO3 and 0.1 mM NADH with 100 µl of sample. Samples were
incubated for 20 minutes at 25°C and the reaction was terminated with the addition of 1 mL of
58 mM sulfanilamide and 1 mL of 0.77 mM N-(1-napthyl) ethylenediamine dihydrochloride.
Samples were vortexed and incubated at room temperature for 15 minutes and assayed at A540
nm. Nitrate reductase activity was determined using a standard curve generated using the same
reaction mixture with known concentrations of nitrite (0-10 nM) to determine µmol nitrate
formed unit enzyme-1.
Glutamine synthetase was assayed according to Lea et al. (1990). Samples were extracted
in 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 1mM DTT, 10 mM MgSO4, 5 mM sodium
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glutamate and 10% (v/v) ethylene glycol. Samples were desalted in a PD SpinTrap G-25
Sephadex column (GE Healthcare, Mississauga, Canada). Reaction buffer consisted of 100 mM
Tris-HCl (pH 7.8), 50 mM glutamate (pH 7.8), 5 mM hydroxylamine hydrochloride (pH 7.8), 50
mM MgSO4, 20 mM ATP (pH 7.0) and 200 µl of sample and incubated at 30°C for 15 minutes.
The reaction was terminated with the addition of ferric chloride reagent (0.67 M ferric chloride,
0.37 M HCl, and 20% (v/v) trichloroacetic acid). Samples were assayed at A540 nm. A standard
curve was generated with ƴ-glutamylhydroxamate (0-300 µmol) to determine µmol glutamate
formed unit enzyme-1 and sample enzyme activity was determined using the standard.

4.2.5 Statistical analysis

All data was analysed in SAS v9.3 (SAS Institute Inc., Cary, USA) as a randomised
complete block design using PROC MIXED with treatment as the fixed effect and replication as
the random effect. Data were tested for ANOVA assumptions and least square means and
standard errors were generated with a type I error rate of α = 0.05 to test for significant
differences between treatments. The Shapiro-Wilk test was used to confirm normality. No
transformations were required.

4.3 Results

4.3.1 Inhibition of PTOX and AOX under FR-E light causes cell death

To examine whether PTOX is involved in early responses of soybean to FR-E light, the
transcript level of PTOX was determined in unifoliate leaves, cotyledons and roots at VE1, VE2
and VC. Initially, PTOX transcripts were up-regulated at the VE1 and VE2 growth stages in
response to FR-E light in both cotyledon and root tissue (Fig. 4.1). This pattern, however, was
reversed at the VC stage. At this stage, no differences in PTOX transcript levels were observed in
unifoliate or cotyledons under FR-E light. Significant down-regulation of PTOX transcripts,
however, was observed in roots only. The initial up-regulation of PTOX in cotyledon and roots
suggested the involvement of PTOX in response to FR-E light reflected from neighbouring
weeds.
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To further investigate the potential involvement of PTOX and AOX, soybean seedlings
were infiltrated with known chemical inhibitors of PTOX and AOX. Infiltration of leaves with npropyl gallate (nPG) inhibits PTOX accumulation, decreases PSII quantum yield and suppresses
the chlororespiratory pathway (Joët et al., 2002b; Kuntz, 2004; Quiles, 2006; Gamboa et al.,
2009). In contrast, salicylhydroxamic acid (SHAM) is known to inhibit AOX, and to a lesser
extent PTOX and does not directly affect PSI or PSII electron transport (Kuntz, 2004). In
addition, SHAM is known to inhibit CO2 fixation and chlorophyll accumulation and induce
accumulation of hydrogen peroxide (H2O2) (Padmasree and Raghavendra, 2001; Amirsadeghi et
al., 2006; Feng et al., 2007; Zhang et al., 2010, 2012). Inhibition of PTOX and AOX by nPG and
SHAM, respectively, resulted in extensive cell death under FR-E light reflected from
neighbouring weeds (Figs. 4.2, 4.3). In response to PTOX inhibition, twenty-four hours after
infiltration by nPG, unifoliate leaves displayed necrotic lesions under FR-E light (Fig. 4.2). In
contrast, unifoliate leaves of FR-D light grown plants did not display signs of cell death. A
similar response to FR-E light was observed when unifoliate leaves were infiltrated with SHAM
(Fig. 4.3). In contrast, control plants infiltrated with SHAM under FR-D light did not display cell
death. Together, these results suggest that PTOX and AOX may play a role in early responses of
soybean to FR-E light reflected from neighbouring weeds.

4.3.2 FR-E light decreases NADP-MDH activity

Export of excess reducing equivalents (NADPH) from the chloroplast to the
mitochondria is mediated by the malate/oxaloacetate shuttle (Scheibe, 2004). To examine
whether the malate/oxaloacetate shuttle is involved in early response of soybean to FR-E light,
activities of malate shuttle enzymes consisting of NAD-MDH and NADP-MDH in unifoliate
leaves were compared under FR-D and FR-E light. The activity of NAD-MDH in soybean
unifoliate leaves did not change in response to FR-E light (Table 4.1). In contrast, a dramatic
decrease (37%, p< 0.05) in total NADP-MDH activity was found under FR-E light (Table 4.1).
The initial NADP-MDH activity, however, was not different under FR-E light compared to FRD light. This dramatic decrease in NADP-MDH activity suggests the involvement of the
malate/oxaloacetate shuttle in early responses of soybean to FR-E light to balance the
ATP/NADPH in the chloroplast.
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4.3.3 FR-E light does not affect nitrogen assimilation

Nitrogen assimilation through the conversion of nitrate and ammonia to glutamate is a
major electron sink consuming vast quantities of reducing equivalents (NADPH) as well as
energy (ATP). Also it is known that there is a linear relationship between photosynthesis and
nitrogen assimilation (Wallsgrove, 1983; Evans, 1989). To examine whether nitrogen
assimilation as an electron sink is involved in early responses of soybean to FR-E light, activities
of two major enzymes of nitrogen assimilation, nitrate reductase and glutamine synthetase, were
compared under FR-D and FR-E light. Activities of nitrate reductase and glutamine synthetase
did not differ in unifoliate leaves under FR-D and FR-E light (Table 4.1). These results suggest
that nitrogen assimilation is likely not involved in early responses of soybean to FR-E light
reflected from neighbouring weeds.

4.4 Discussion

Under conditions of environmental stress, alternative electron pathways balance the
ATP/NADPH requirements of the Calvin cycle and maintain photosynthetic efficiency and
prevent ROS formation (Joliot and Joliot, 2002, 2006; Golding et al., 2004; Breyton et al., 2006;
Rumeau et al., 2007; Joliot and Johnson, 2011; Segura and Quiles, 2015). Previous studies have
demonstrated that an early consequence of FR-E light reflected from neighbouring weeds is the
formation of singlet oxygen (1O2) and H2O2 (see Chapter 3; Yamazaki and Kamimura, 2002;
Yamazaki, 2010). Exposure to FR-E light triggers over-excitation of PSI and an increase in
abundance of PSII (Feild et al., 1998). This leads to an imbalance in energy distribution between
the PSs and initiation of a photosynthetic acclimation response. This imbalance in energy
distribution between the PSs also contributes to further imbalances in the ATP/NADPH ratio.
The work presented here suggests that PTOX, AOX and NADP-MDH work in the direction of
damping ROS levels and balancing the ATP/NADPH in response to FR-E light reflected from
neighbouring weeds.
Far-red light is preferentially absorbed by PSI. Therefore, in conditions of FR-E light,
typical of dense canopies or reflected from neighbouring weeds, there is an acclimation response
with an increase in relative PSII abundance (Melis and Harvey, 1981). Photosynthetic efficiency
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declines above 100 µmol photons m-2s-1 partially due to different rate constants of light and dark
reactions and subsequent unbalanced ratio of ATP and NADPH generation (Wilhelm and
Selmar, 2011). Several alternative electron pathways dissipate excess reducing power due to
photosynthetic acclimation to balance the ATP/NADPH and prevent ROS formation. The waterwater cycle (Asada, 1999, 2000) and CEF-PSI (Munekage et al., 2004; Takahashi et al., 2009)
dissipate excess reducing power at PSI to prevent the generation of the superoxide radical,
whereas CEF-PSII (Miyake et al., 2002), photorespiration (Bauwe et al., 2010), PTOX
(Trouillard et al., 2012), AOX (Yoshida et al., 2007; Vanlerberghe, 2013), the
malate/oxaloacetate shuttle (Scheibe, 2004) and nitrogen (Lemaire et al., 2007) and sulfur
(Leustek and Saito, 1999) assimilation dissipate excess reducing equivalents produced at PSII.
The physiological role of PTOX is controversial. Traditionally, it has been viewed as a
safety valve to prevent over-reduction of the plastoquinone (PQ) pool (Peltier and Cournac,
2002). More recently, PTOX has been suggested to have a role in photosynthetic acclimation via
chlororespiration (Joët et al., 2002b; Okegawa et al., 2010; Trouillard et al., 2012) and
modulation of the relative efficiencies of linear electron flow and CEF through the PQ redox
state (Joliot and Joliot, 2006; Trouillard et al., 2012). Mitochondria have also been implicated in
photosynthetic acclimation as the redox state of the PQ pool is affected by mitochondrial
respiration (Bulté et al., 1990). The mitochondrion is also important for dissipating excess
reducing equivalents produced in the chloroplast through the malate/oxaloacetate shuttle and
subsequent AOX pathway (Scheibe, 2004). The observed decrease in NADP-MDH activity in
response to FR-E light is similar to reports of NADP-MDH activity in Nicotiana tabacum L. to
elevated CO2 (Backhausen and Schiebe, 1999). Also, the malate/oxaloacetate shuttle acts as a
means of balancing the ATP/NADPH in the chloroplast as ATP production continues while
excess NADPH is exported (Backhausen et al., 1998). The activity of NADP-MDH is important
in transmitting the redox state of the chloroplast to the cytosol, peroxisomes and mitochondria
(Heyno et al., 2014). Therefore these results further support an imbalance in the ATP/NADPH
ratio in response to FR-E light reflected from neighbouring weeds.
The results presented in Chapter 3 suggest that an early consequence of FR-E light
reflected from neighbouring weeds is the generation of singlet oxygen (1O2) in soybean
unifoliate leaves. Here in this chapter evidence is provided for the potential involvement of three
alternative electron pathways that may act as an electron sink in soybean seedlings in response to
63

FR-E light reflected from neighbouring weeds. In response to FR-E light, transcripts of PTOX
were initially up-regulated in soybean cotyledon and root tissue. In addition, chemical inhibition
of PTOX and AOX under FR-E light caused significant cell death compared to control plants
grown under FR-D light. In addition, the total NADP-MDH activity was decreased in response to
FR-E light. The significant reduction in activity of NADP-MDH may be part of a mechanism to
maintain the chloroplast ATP/NADPH balance in response to FR-E light. Lastly, as neither
nitrate reductase nor glutamine synthetase activity was altered, nitrogen assimilation appears not
to play an important role as an electron sink in response to FR-E light in soybean seedlings.
Together, these results indicate that the alternative electron pathways of PTOX, AOX and the
malate/oxaloacetate shuttle may play pivotal roles in maintaining chloroplast redox homeostasis
and regulating the ATP/NADPH in response to FR-E light reflected from neighbouring weeds.
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Tables and figures
Table 4.1: Activity of NAD-malate dehydrogenase (NAD-MDH; µmol NAD+ min-1 mg protein1

), NADP-malate dehydrogenase (NADP-MDH; µmol NADP+ min-1 mg protein-1), nitrate

reductase (µmol nitrate formed/ unit enzyme) and glutamine synthetase (µmol glutamate formed/
unit enzyme) in soybean unifoliate leaves at the VC stage of growth exposed to far-red-depleted
(FR-D) and far-red-enriched (FR-E) light. Data are least square means ± SE of ten biological
replicates treatment-1. Asterisks indicate significance at type I error rate of α = 0.05.

FR-D

FR-E

1.3 ± 0.06

1.3 ± 0.06 ns

NADP-MDH (initial)

0.13 ± 0.001

0.13 ± 0.001ns

NADP-MDH (activated)

0.08 ± 0.010

0.05 ± 0.010*

Nitrate reductase

56.1 ± 4.39

58.3 ± 4.39 ns

Glutamine synthetase

7.2 ± 1.32

6.3 ± 1.18 ns

NAD-MDH
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Fig. 4.1: PTOX mRNA transcript levels in unifoliate (black), cotyledons (light grey) and roots
(dark grey) at emergence, cotyledon and unifoliate stage. Bars represent PTOX mRNA transcript
levels under far-red-enriched (FR-E) light relative to far-red-depleted (FR-D) light. Bars above
one (dashed line) indicate up-regulation and bars below one indicate down-regulation of PTOX
mRNA transcripts in FR-E light treatments relative to FR-D light. Asterisks indicate significance
at type I error rate of α= 0.05.
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Fig. 4.2: Far-red-depleted (FR-D) light (top) and far-red-enriched (FR-E) light (bottom)
seedlings 24 hours after vacuum-infiltration with 10 mM n-propyl gallate (nPG). Note the extent
of cell death observed in unifoliate leaves of soybean seedlings under FR-E light.
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Fig. 4.3: Far-red-depleted (FR-D) light (top) and far-red-enriched (FR-E) light (bottom)
seedlings 24 hours after vacuum-infiltration with 10 mM and 50 mM salicylhydroxamic acid
(SHAM). Note the extent of cell death observed in unifoliate leaves of soybean seedlings under
FR-E light.
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Chapter 5

Does a Delay in Weed Control Alter the Expression of Adaptive
Plasticity to Subsequent Drought Stress in Soybean?

Abstract

Phenotypic plasticity in response to stress may limit plastic responses to subsequent stresses.
This may result in a maladapted phenotype, thereby limiting further expression of plasticity to
subsequent stress. It was hypothesised that exposure of soybean (Glycine max (L.) Merr.) to farred-enriched (FR-E) light reflected from neighbouring weeds would reduce plasticity to
subsequent drought stress. Soybean seedlings were grown in a field fertigation system and
exposed to a simulated delay in early-season weed control followed by one or two drought
stresses. In contrast to control plants, stem elongation induced by FR-E light was maintained
under drought stress. Stem elongation, however, did not result in a cost to fitness. In addition, no
further interactions were found between FR-E light and drought. Total biomass plant-1 was
reduced by drought stress, which also altered biomass allocation between shoots and roots.
Vegetative plasticity in response to drought, however, did not recover total biomass and resulted
in a rapid, linear decline in seeds plant-1. Seed weight was maintained in response to drought
despite losses in seeds plant-1. These results demonstrate that the frequency, type and severity of
stress influences the ability of soybean to express adaptive vegetative and reproductive plasticity
such that delays in early-season weed control may not result in a maladapted phenotype to
subsequent drought stress.
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5.1 Introduction

Plants respond to the presence and proximity of neighbouring plants by developing shade
avoidance characteristics such as stem elongation and changes to biomass allocation between
above and below-ground biomass (Frankland and Letendre, 1978; Smith, 1982; Schmitt and
Wulff, 1993; Smith and Whitelam, 1997). This plastic response can occur prior to direct shading
through reduced light quality, specifically the red to far-red ratio (R/FR) of light, reflected or
transmitted from neighbouring vegetation (Smith, 1982; Ballaré et al., 1987, 1990). As
chlorophyll selectively absorbs light in the red region of the spectrum, light that is reflected or
transmitted from neighbouring vegetation is far-red-enriched (FR-E), resulting in a decrease in
the R/FR ratio (Kasperbauer, 1971). Under high plant densities where light may become limiting,
plants displaying the shade avoidance phenotype, accumulate more biomass and have greater
fitness than plants which have a reduced shade avoidance response (Dudley and Schmitt, 1996;
Weinig, 2000a). The growth stage at which FR-E light induced shade avoidance responses occur,
may limit expression of phenotypic plasticity to subsequent environmental cues such as abiotic
and biotic stresses (Weinig and Delph, 2001).
Phenotypic plasticity is generally considered an adaptive response, enabling plants to
match their phenotype to a wide range of environmental conditions (Bradshaw, 1965; Lloyd,
1984; Schlichting, 1986). Plasticity in various morphological and physiological traits has been
observed in response to environmental stresses such as drought (Pedrol et al., 2000; Baquedano
et al., 2008), flooding (Pigliucci and Kolodynska, 2002), salinity (Huang et al., 2015), UV light
(Weinig et al., 2004) and shade (Dorn et al., 2000). The limitation to adaptive plasticity,
however, occurs when the selection pressure changes and is no longer influencing plant
development. As a result, the initial expression of plasticity may result in a phenotype that is no
longer adapted to the current environmental selection pressures (van Kleunen and Fischer, 2005;
Valladares et al., 2005, 2007; Sánchez-Gómez et al., 2006; Ghalambor et al., 2007). For
example, stem elongation induced by FR-E light reflected from neighbouring vegetation has
been suggested to limit subsequent phenotypic responses to additional environmental stress
through reduced plant structural stability (Schmitt et al., 1995; Weinig and Delph, 2001) and a
reduction in resource-harvesting organs such as leaves and roots (Morgan and Smith, 1978;
Cipollini and Schultz, 1999; Maliakal et al., 1999). Optimal plastic responses to multiple
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environmental stresses occurring throughout the life cycle of a plant may not be possible and as a
result, fitness will be reduced (Dudley and Schmitt, 1996; Weinig 2000a, b; Weinig and Delph,
2001).
Reduced fitness and yield has been observed in soybean (Glycine max (L.) Merr.) as a
result of FR-E light reflected from early emerging weeds increasing plant-to-plant variability
(Green-Tracewicz et al., 2011). Soybeans are well known to express vegetative and reproductive
plasticity (Carpenter and Board, 1997; Vega et al., 2000) which has been attributed to its
indeterminate growth pattern, variability in branching and plant architecture and the strength of
the source-sink potential (Kasperbauer, 1987; Borrás et al., 2004). Expression of phenotypic
plasticity in soybean has been observed in response to a variety of stresses including drought
(Desclaux et al., 2000), nitrogen (Rufty Jr et al., 1984), elevated CO2 (Kumagai et al., 2015) and
reduced light quality (Green-Tracewicz et al., 2011). The growth stage at which these stresses
occurred has been shown to directly influence fitness (Andriani et al., 1991; Desclaux et al.,
2000; Conley et al., 2008). None of these studies, however, explored the potential for an
interaction between multiple stresses occurring during soybean development.
Multiple stresses are the norm in nature. It is therefore important to understand how the
interaction between stresses may influence fitness. Throughout the life cycle of a soybean plant,
subsequent stresses occur as a result of timing and efficacy of weed control, nutrient availability,
pest populations and weather conditions. In this study, the question was asked “if early season
weed control was delayed, would the presence of weeds growing with soybean seedlings result
in a maladapted phenotype to subsequent drought stress?” In studies conducted by Page et al.
(2011), it was found that the shade avoidance response induced by FR-E light reflected from
neighbouring weeds reduced the tolerance of maize (Zea mays L.) to subsequent drought stress.
Similar studies have not been conducted with soybeans. For this study, it was hypothesised that
if soybean seedlings were exposed to FR-E light reflected from neighbouring weeds due to a
simulated delay in weed control, then these seedlings would have reduced adaptive plasticity to
subsequent drought stress.
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5.2 Materials and methods
5.2.1 Experimental design

Field experiments were conducted in 2012 and 2013 at the Arkell Research Station
(43°53'N, 80°18'W; 325m above sea level) in Guelph, ON, Canada. A University of Guelph
soybean (Glycine max (L.) Merr.) cv. OAC Wallace was selected for the experiment and a
commercial turfgrass mix of Lolium pereene L. and Poa pratensis L. were used as the surrogate
weed species. Experimental units consisted of a 28 cm diameter, 22 L white plastic pail filled
with a baked clay medium called Turface® MVP® (Turface Athletics, Buffalo Grove, IL, USA).
The soil surface of each pail was covered with a clear plastic sheet. A 15×10 cm hole was cut in
the centre of each plastic sheet to facilitate soybean seedling emergence. To establish two light
quality treatments, either Turface® (weed-free treatment, henceforth referred to as far-reddepleted FR-D, R/FR ≈ 1) or turfgrass (weedy treatment, henceforth referred to as far-redenriched FR-E, R/FR ≈ 0.3) was laid directly on top of the plastic to ensure no contact between
root systems of turfgrass and soybean (see Page et al., 2011). Experimental units were arranged
in a field fertigation system (see Tollenaar and Migus, 1984; Page et al., 2009; Green-Tracewicz
et al., 2011) which enabled growth to maturity while controlling water and nutrient supply. Each
pail was irrigated three times daily (at 9am, 12pm and 5pm) for 10 minutes each time with
approximately 500 mL of nutrient solution (see Tollenaar, 1989; Page et al., 2011) through two
fertigation tubes placed in each pail. To prevent direct competition, water and nutrients were
supplied to the turfgrass through two separate additional fertigation tubes and soybean and
turfgrass were drained through separate holes cut in the pail. The light quality environment was
measured throughout the experiment on sunny, cloudless days at midday using a dual channel
R/FR sensor (Model SKR 100 with SKR 110 sensor, Skye Instruments, Llandrindod Wells, UK).
The experiment was arranged in as a randomised split plot design with drought stress treatment
as the whole-plot factor and light quality (FR-D vs. FR-E) as the sub-plot factor resulting in six
treatment combinations, in four blocks, 25 pails per row, three of which served as border pails
(one at either end and one in between treatments) for a total of 528 experimental units. Five
soybean seeds were planted to a depth of 2 cm in each pail and hand thinned to three per pail
upon emergence creating an approximate density of 90 000 soybean plants ha-1.
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5.2.2 Light quality and drought

This experiment was established to investigate the effects of light quality (FR-E vs. FR-D
light) on tolerance to subsequent drought stress. It is acknowledged that this experimental system
did not account for the potential role of volatile compounds such as ethylene which may be a
variable in the weedy treatment (Pierik et al., 2004a, b). The change in light quality (i.e., FR-E
light) between weedy (i.e. FR-E light) and weed-free (i.e. FR-D light) treatments was considered
to be the primary variable responsible for the typical shade avoidance responses observed in this
experiment (see also, Liu et al., 2009; Page et al., 2009; 2011; Green-Tracewicz et al., 2011).
Light quality treatments were assigned randomly to one half of each soybean row. Treatments
were isolated within the row using a border pail for separation. Both light quality treatments
occurred from soybean emergence until >80% of plants had reached the V4 vegetative stage of
soybean development. At this stage, the turfgrass and plastic sheets were removed.
At the V4 stage of soybean development the first drought stress was initiated; the second
drought stress was initiated at the pod-filling stage (R4). Drought treatments were applied by
complete removal of all fertigation tubes. To prevent precipitation reaching the drought
treatments, pails were covered in clear plastic bags as described in Page et al., (2011). For each
drought treatment, two pails per treatment per replication were weighed, averaged and compared
to control plants which received regular watering throughout the experiment. Using the pail
weight differential between control and drought treatments, drought lasted until the weight of the
pail attributed to water content was 10-15% of control pails (roughly 15 days and 10 days for the
first and second drought stress periods respectively across both years; Fig. 5.1). Individual
soybean plants in the drought treatment showed visible symptomology of severe drought stress
such as leaf rolling, chlorosis and necrosis. This established six different treatment combinations
of, FR-D, FR-E, far-red-depleted-drought stress (FRD-DS), far-red-enriched-drought stress
(FRE-DS), far-red-depleted-two drought stresses (FRD-TDS) and far-red-enriched-two drought
stresses (FRE-TDS). At the conclusion of the first and second drought stress, water and fertiliser
were restored to each pail through fertigation tubes and drought symptomatology was rapidly
relieved. At the conclusion of all stress periods all soybean plants received full water and
nutrients until control plants reached physiological maturity (R8).
73

5.2.3 Measurements

All measurements were taken on the middle of the three soybean plants in each pail.
Soybean height measured from soil surface to the apical meristem and growth stage was
recorded weekly throughout the experiment. In order to investigate the early effect of light
quality and drought stress on soybean development, five sequential harvests occurred (Table
5.1). Above-ground and below ground biomass of sixteen plants per treatment were harvested at
the first four harvests (V4, R2, R4 and R5). Plant height was measured at each of these harvests
and above-ground and below-ground biomass was separated, washed and dried to constant
weight at 80°C prior to weighing. At soybean maturity (R8) the remaining above-ground
biomass of all remaining plants was harvested. Plant height and the number of pods per plant
was recorded. Stem and intact pods were then dried to constant weight at 80°C, weighed and
mechanically threshed. Seeds per plant was counted and weighed and seeds pod-1 (SPP), seed
yield (g plant-1) and 100 seed weight (14% moisture) were calculated.

5.2.4 Statistical analysis

All statistical analysis was performed in SAS v9.2 (SAS Institute, Cary, USA) using a
Type I error rate of α= 0.05. Biomass and yield data was analysed as a randomised split-plot
design using PROC MIXED with stress treatment as the whole plot factor and light quality as the
subplot factor. For mid-season harvests, year, blocks within years, harvest timing and their
interactions were treated as random effects. For yield components, year, blocks within year and
their interaction were treated as random effects. Analysis of covariance using PROC GLM was
used to test for differences in stem elongation, shoot allocation, root allocation and reproductive
allocation across treatments and harvest timings (Coleman et al., 1994). Stem elongation was
determined from an analysis of covariance with plant height (cm) as the dependent variable and
above-ground biomass (g plant-1) as the covariate, shoot allocation with above-ground biomass
(g plant-1) as the dependent variable and below-ground biomass (g plant-1) as the covariate.
Similarly, root allocation with below-ground biomass (g plant-1) as the dependent variable and
above-ground biomass (g plant-1) as the covariate and reproductive allocation with seed yield (g
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plant-1) as the dependent variable and above-ground biomass (g plant-1) as the covariate. In order
to examine the effects of light quality and drought treatments on individual above-ground
biomass plant-1, frequency distributions were generated and compared using the Kruskal-Wallis
multiple-sample test in PROC NPAR1WAY with a Bonferroni correction to account for multiple
comparisons at the R5 and R8 harvest timings. To determine the relationship across treatments
between above-ground biomass (g plant-1) and seeds plant-1, Pearson’s correlations coefficients
were generated in PROC CORR and linear regression analysis in PROC REG. Data expressed as
% change (stem elongation, shoot, root and reproductive allocation, total biomass and yield
components) was calculated from least square means presented in the corresponding figures.

5.3 Results

5.3.1 Stem elongation induced by FR-E light was maintained upon subsequent drought stress

Exposure to far-red-enriched (FR-E) light reflected from neighbouring weeds, from
soybean seedling emergence until the V4 stage of growth, increased stem elongation compared
to seedlings exposed to far-red-depleted (FR-D) light (Table 5.2; Fig. 5.2; p< 0.0001). This
difference in stem elongation between control treatments, however, was no longer apparent from
the R2 stage of growth (p= 0.1012) through to the R8 stage of growth (Table 5.2; Fig. 5.2; p=
0.2850). The ability of soybean seedlings to initially elongate their stems in response to FR-E
light and return to a non-elongated stem phenotype which resulted in no differences between
treatments is suggestive of reversible plasticity. This expression of plasticity, however, was not
evident following drought stress.
The first drought stress was initiated immediately upon removal of the neighbouring
weeds (FR-E light treatment) at the V4 stage of growth. Differences in stem elongation resulting
from initial exposure to FR-E light, following a single drought stress were variable; differences
were detected at the R4 (p= 0.0427) and R8 (p= 0.0046) growth stages only (Table 5.2; Fig.
5.2). This difference in stem elongation was most evident following the second drought stress
(R5, p= 0.0013; R8, p= 0.0025). For example, stem elongation induced by FR-E light was
maintained until maturity at R8 for both one and two drought stress treatments such that FR-E
light treated plants were 7% and 9% taller than FR-D soybean plants respectively (Fig. 5.2).
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These results suggest that drought stress limited any further expression of vegetative plasticity in
stem elongation.

5.3.2 Plasticity in shoot and root allocation was observed in response FR-E light and drought
stress

Initial exposure to FR-E light reflected from neighbouring weeds and drought stress
reduced total biomass plant-1. No differences in soybean biomass allocation were observed at V4
between light treatments. Differences in total biomass induced by FR-E light were evident from
the R2 (p= 0.0012) to R5 (p= 0.0059) stage of soybean growth in controls (Table 5.2; Fig. 3a).
This reduction in total biomass occurred as a result of an observed reduction in shoot allocation
at the R2 stage of growth (Table 5.2; Fig. 5.3b; p= 0.0028). This pattern of reduction in shoot
allocation was evident at R4 (p= 0.0005) and R5 (p= 0.0339) (Table 5.2; Fig. 5.3b). In addition,
no differences in root allocation were observed as a result of FR-E light reflected from
neighbouring weeds (Fig. 5.3c). Drought stress, however, reduced total biomass accumulation as
well as allocation to shoots and roots (Fig. 5.3a, b, c). For example, at the conclusion of the first
drought stress at R2, total biomass was reduced by drought in both FR-D and FR-E light soybean
plants by 55% (p< 0.0001) and 43% (p= 0.0273) respectively (Table 5.2; Fig. 5.3a). This
reduction in total biomass from drought stress resulted in a drastic decline in shoot allocation
(Fig. 5.3b). At the R5 stage of growth, declines in shoot allocation compared to the controls were
still present in the single drought stress FR-D (45%, p< 0.0001) and FR-E (57%, p< 0.0001)
light plants as well as the two drought stress FR-D (78%, p< 0.0001) and FR-E (70%, p<
0.0001) light plants (Table 5.2; Fig. 5.3b). The reduction in total biomass, however, had less of
an impact on root allocation in drought stressed plants. For example, in the one and two drought
stressed plants at the R5 stage of growth, root allocation declined by 14% (p= 0.0143) and 22%
(p=0.0014) in FR-D light plants and 14% (p=0.0371) and 18% (p= 0.0107) respectively (Table
5.2; Fig. 5.3c). The larger reduction in shoot allocation compared to root allocation in response
to declining total biomass as a result of drought is suggestive of a plastic response to drought.
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5.3.3 Above-ground biomass was reduced with drought stress

In the absence of drought stress, exposure to FR-E light reflected from neighbouring
weeds did not alter the frequency distribution of total above-ground biomass plant-1 when
compared to FR-D light treatments as determined through the Kruskal-Wallis test. This
relationship was consistent at both R5 and R8 (Table 5.2; Figs. 4a vs 4b, 5a vs 5b). The influence
of drought resulted in a reduction in total above-ground biomass with each subsequent drought.
At the R5 growth stage, mean above-ground biomass was reduced by drought in both FR-D and
FR-E light plants by 36% (p< 0.0001) and 43% (p< 0.0001) for the single drought and 57% (p<
0.0001) and 53% (p< 0.0001) in the two drought stress treatments respectively (Table 5.2; Fig.
5.4). The only evidence of an interaction between light treatments and drought stress occurred at
R5. Frequency distribution of above-ground biomass differed between FR-D and FR-E in the
single drought stress treatment (Fig. 5.4c, d; p= 0.0039) but was not evident at R8 (Fig. 5.5c, d;
p= 0.4305). Drought stress, however, consistently altered the frequency distribution of aboveground biomass plant-1 when compared to FR-D and FR-E light controls at both R5 and R8. For
example, at R5 one and two drought stresses significantly shifted the distribution of aboveground biomass plant-1 towards lower biomass in both FR-D and FR-E light treatments (Fig. 5.4a
vs 5.4c, p< 0.0001; Fig. 5.4a vs 5.4e, p< 0.0001; Fig. 5.4b vs 5.4d, p< 0.0001; Fig. 5.4b vs 5.4f,
p< 0.0001). This trend towards reduced biomass observed at the R5 stage of growth in response
to drought stress was not recovered. This shift towards reduced total above-ground biomass
plant-1 was still evident at maturity (Fig. 5.5). These results suggest that plasticity may have
played a role in preventing the distribution frequencies of the control treatments from differing in
response to FR-E light. Drought, however, shifted the frequency distributions and mean of
above-ground biomass plant-1 towards smaller plants.

5.3.4 Plasticity in reproductive allocation maintained seed weight at the expense of seed number

Reproductive allocation represents the proportion of biomass allocated to yield. Plasticity
in response to FR-E light reflected from neighbouring weeds did not alter reproductive allocation
or fitness at physiological maturity in soybean (R8, Tables 2, 3, 4; Fig. 6). Drought stress,
however, had a significant impact on reproductive allocation resulting in an increase of 17-25%
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and 12-18% compared to FR-D and FR-E light control treatments respectively (Fig. 6). This
increase in reproductive allocation was primarily a response to the maintenance of seed weight
(p= 0.2869) and subsequent decline in seed number plant-1 (p= 0.0002) as biomass declined
(Tables 3, 4). For example, two drought stresses reduced mean seeds plant-1 by 30% and 34% in
FR-D and FR-E treatments respectively, while 100 seed weight remained unchanged (Table 5.4).
Interestingly, while drought stress reduced seeds pod-1 (12-15%; p= 0.0004), there was no
further decrease in seeds pod-1 as a result of the second drought stress.
FR-E light reflected from neighbouring weeds did not affect seeds plant-1 compared to
FR-D light treatments (p= 0.8889) at the R8 stage of soybean development (Table 5.3). As total
above-ground biomass declined in response to drought stress, seeds plant-1 declined in a rapid
and linear manner (Fig. 5.5). Seeds plant-1 was correlated highly to above-ground biomass plant-1
in both FR-D and FR-E light treatments. The correlation coefficients (r2) increased in response to
drought (Table 5.5). For example, in FR-D light treatments, the correlation (r2) between seeds
plant-1 and above-ground biomass increased from 0.86 (p< 0.0001) to 0.95 (p< 0.0001) and 0.97
(p< 0.0001) in the one and two drought treatments respectively. Regression analysis (R2) of
seeds plant-1 by above-ground biomass in both light treatments revealed a similar rapid and linear
response to one and two drought treatments (Table 5.5). The slope of this regression line also
increased in both light treatments as a result of drought stress (Table 5.5). In the FR-D light
treatments the slope of this regression line increased from 2.36 (p< 0.0001) to 2.75 (p< 0.0001)
and 3.04 (p< 0.0001) in the one and two drought treatments respectively. A similar increase was
observed in the FR-E light treatments. In addition, in both light treatments the coefficient of
variation (CV) of seeds plant-1 increased in the single drought treatments and further increased in
the two drought treatments. Collectively, this analysis suggests that drought stress may
potentially reduce fitness through a reduction in above-ground biomass and a subsequent rapid
decline in seed number plant-1. Reduced plasticity in seed weight, however, would reduce the
impact of drought stress on fitness and yield.

5.4 Discussion

Soybean is considered to display considerable vegetative and reproductive plasticity. Few
studies have investigated soybean plasticity in response to multiple, subsequent stresses and
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whether plasticity in response to one stress influences the expression of plasticity at later
developmental stages. If the expression of plasticity is affected by the occurrence of subsequent
stresses, then this may result in a reduction in vegetative or reproductive plasticity and ultimately
a cost to fitness. The results of this study demonstrate that timing of the stress relative to soybean
growth stage and type (FR vs drought) and severity of the stress influenced the ability of soybean
to express adaptive plasticity.
Plasticity in stem elongation in response to far-red-enriched (FR-E) light reflected from
neighbouring weeds was observed in soybean seedlings. In the absence of further direct resource
competition, however, these plants recovered and no interaction with subsequent drought stress
was observed. In response to drought, however, soybean total above-ground biomass was
reduced resulting in a distinct drought phenotype. Drought reduced shoot allocation, had less
impact on root allocation compared to shoot allocation and increased reproductive allocation.
This reduction in total biomass and change in biomass allocation between shoots and roots is
consistent with previous reports of soybean vegetative plasticity in response to drought (Andriani
et al., 1991; He, 2008). As a result of this reduction in above-ground biomass, seeds plant-1
declined rapidly, however, reproductive plasticity in response to drought stress enabled the
maintenance of seed weight. The positive linear relationship between seeds plant-1 and aboveground biomass plant-1 observed in this study has been reported previously in soybean in
response to increased planting density (Vega et al., 2000, 2001). Species such as sunflower
(Helianthus annuus L.) and maize, however, have been shown to display a more curvilinear
relationship between seeds plant-1 and above-ground biomass compared to soybean reflecting the
greater reproductive plasticity of soybean (Vega et al., 2000). This relationship between seeds
plant-1 and above-ground biomass demonstrates the ability of soybean to adjust reproductive
partitioning in response to resource availability across environments (Borrás et al., 2004).
Provided there was no direct competition for resources of light, water and nutrients,
vegetative plasticity appeared to compensate for morphological changes induced by FR-E light.
This level of compensation was not evident following drought stress at either stage of soybean
development. There was, however, evidence that despite the loss of vegetative plasticity
resulting from drought stress, reproductive plasticity compensated for the loss in seeds plant-1
through the maintenance of seed weight. Soybean is considered to have a high degree of
reproductive plasticity when expressed in terms of seeds plant-1, however, plasticity in seed
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weight is much more limited (Borrás et al., 2004; Sadras, 2007). This is a common feature of
indeterminate species such as soybean, as reproductive plasticity in seeds plant-1 responds to
resource availability while seed weight is maintained (Vega et al., 2000; Sadras, 2007). A tradeoff exists between seed number and seed weight (Smith and Fretwell, 1974). Larger, heavier
soybean seeds have been shown to have increased germination and seedling vigour compared to
seedlings emerging from smaller seeds (Burris, 1973; Dornbos et al., 1989; Smiciklas et al.,
1992). In this study, the maintenance of seed weight in response to consecutive stresses would
suggest that these seeds may have equal fitness to seeds from non-stressed soybean plants.
The results of this study indicate that vegetative plasticity expressed in response to the
presence of neighbouring weeds (i.e., FR-E light) during early soybean seedling development did
not ultimately influence the expression of vegetative or reproductive plasticity to subsequent
drought stress. This result would suggest that conditions of a simulated delay in weed control, in
the absence of direct resource competition, did not result in a maladapted phenotype to
subsequent drought stress therefore the initial hypothesis is rejected. Drought stress, however,
reduced above-ground biomass and resulted in a rapid decline in seeds plant-1. In response to this
loss in seeds plant-1, plasticity in reproductive allocation compensated with the maintenance of
seed weight. Under field conditions, however, multiple consecutive abiotic and biotic stresses
will occur throughout the life cycle of a soybean plant. The experimental conditions did not
accommodate for this variability. Variability in the timing, frequency and severity of stress
occurring under field conditions may further limit the ability of vegetative and reproductive
plasticity to maintain fitness.
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Tables and figures
Table 5.1: Growth stages of soybean at application timings of far-red light (FR-E) and drought
stress and time of destructive biomass measurements.

Growth stages
of stress*

Treatment
applied

Emergence- V4

FR-E light

Growth stage of controls
at time of destructive
measurements
V4

V4-R2

Drought stress

R2

Removal of FR-E light source, start
of drought stress
Conclusion of first drought stress

R2-R4

No treatment

R4

Start of second drought stress

R4-R5

Second drought
stress
No treatment

R5

Conclusion of second drought
stress
Full maturity

R5-R8

R8

*

Comment

Growth stages of soybean refer to those as defined by Fehr et al. (1971).
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Table 5.2: Analysis of covariance and preplanned contrasts for selected soybean measurements as influenced by two light quality (FR-D vs FR-E)
treatments and two drought stress levels (one vs two drought treatments). For growth stages of soybean see Table 5.1; FR-D= far-red-depleted; FR-E=
far-red-enriched; DS = one drought stress; TDS = two drought stresses; df = degrees of freedom
Stem elongation
Source
Treatment
Harvest
Treatment*Harvest
Covariate1

df
5
3
15
1

F
36.52
211.92
2.80
10.22

P
<0.0001
<0.0001
0.0073
0.0015

Shoot allocation
F
49.27
64.42
12.06
5.58

P
<0.0001
<0.0001
<0.0001
0.0185

Root allocation

Total biomass
F
143.39
661.97
10.94
-

P
<0.0001
<0.0001
<0.0001
-

Preplanned contrasts
P-value
V4, FR-D vs FR-E
<0.0001
0.4778
0.5842
R2, FR-D vs FR-E
0.1012
0.0028
0.2769
R2, FR-D vs FRD-DS
<0.0001
<0.0001
0.0728
R2, FR-E vs FRE-DS
0.0002
0.0518
0.2206
R2, FRD-DS vs FRE-DS
0.1126
0.4818
0.6951
R4, FR-D vs FR-E
0.4471
0.0005
0.1900
R4, FR-D vs FRD-DS
<0.0001
<0.0001
<0.0001
R4, FR-E vs FRE-DS
<0.0001
<0.0001
<0.0001
R4, FRD-DS vs FRE-DS
0.0427
0.8661
0.3928
R5, FR-D vs FR-E
0.5791
0.0339
0.1309
R5, FR-D vs FRD-DS
<0.0001
<0.0001
0.0143
R5, FR-D vs FRD-TDS
<0.0001
<0.0001
0.0014
R5, FR-E vs FRE-DS
0.0004
<0.0001
0.0371
R5, FR-E vs FRE-TDS
<0.0001
<0.0001
0.0107
R5, FRD-DS vs FRE-DS
0.3665
0.0004
0.2471
R5, FRD-TDS vs FRE-TDS
0.0013
0.2733
0.6626
R8, FR-D vs FR-E
0.2850
0.1357
R8, FR-D vs FRD-DS
0.0007
0.0018
R8, FR-D vs FRD-TDS
<0.0001
0.0480
R8, FR-E vs FRE-DS
0.0463
0.0121
R8, FR-E vs FRE-TDS
<0.0001
0.1220
R8, FRD-DS vs FRE-DS
0.0046
0.2845
R8, FRD-TDS vs FRE-TDS
0.0025
0.2282
1
Covariate refers to shoot biomass for stem elongation, root allocation and specific leaf area, and root biomass for shoot allocation.

0.3378
0.0012
<0.0001
0.0273
0.4127
0.0001
<0.0001
<0.0001
0.4839
0.0059
<0.0001
<0.0001
<0.0001
<0.0001
0.0002
0.4937
0.9216
0.0005
<0.0001
0.0027
<0.0001
1.0000
0.9999
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F
4.40
126.11
2.17
5.58

Reproductive
allocation
P
F
P
0.0006
3.92
0.0017
<0.0001
0.0065
0.0185 482.89 <0.0001

Table 5.3: Analysis of variance for yield components of soybean at R8 grown under two light quality treatments and two drought
stress levels.
Covariance parameters

Seed yield

Year
Block(year)
Block x treatment
Block x treatment x stress
Residual

0.2407
0.3087
< 0.0001
ndf/ddf

Fixed effects
Treatment
Stress
Treatment x stress

1/3
2/12
2/12

0.5815
< 0.0001
0.8017

Seeds plant-1
Seeds pod-1
PrZ
0.2718
0.1126
0.4762
0.4658
< 0.0001
< 0.0001
P-values
0.8889
0.0002
0.8260

0.1247
0.0004
0.1746

100 Seed weight
0.2404
0.3814
0.1934
< 0.0001

0.9360
0.2869
0.0390

Seed yield (g plant-1); 100 Seed weight (g); ndf = numerator degrees of freedom; ddf = denominator degrees of freedom.
Stress refers to drought stress; Treatment refers to light quality
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Table 5.4: Effect of light quality treatment (far-red-depleted (FR-D) vs far-red-enriched (FR-E)) and drought stress (one drought (DS)
and two drought stress (TDS)) on yield components of soybean at R8. Data are expressed as least square means ± SE. Values not
connected by the same letter are significantly different according to Tukey’s LSD test (α = 0.05).
Seed yield (g plant-1)
39.5 ± 10.54 (A)
39.2 ± 10.55 (A)

Seeds plant-1
230 ± 13.7 (A)
240 ± 13.5 (A)

Seeds pod-1
2.6 ± 0.14 (A)
2.6 ± 0.14 (A)

100 Seed weight (g)
18.1 ± 2.60 (AB)
17.3 ± 2.60 (AB)

FRD-DS
FRE-DS

31.1 ± 10.51 (B)
31.8 ± 10.52 (B)

199 ± 10.8 (AB)
196 ± 10.9 (AB)

2.2 ± 0.14 (BC)
2.3 ± 0.14 (B)

18.2 ± 2.59 (A)
18.1 ± 2.59 (AB)

FRD-TDS
FRE-TDS

19.5 ± 10.52 (C)
21.3 ± 10.52 (C)

160 ± 10.8 (B)
158 ± 11.1 (B)

2.1 ± 0.14 (C)
2.3 ± 0.14 (B)

17.2 ± 2.59 (B)
18.2 ± 2.59 (AB)

Treatment
FR-D
FR-E
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Table 5.5: Correlation (r2) and regression (R2) coefficients describing the relationship between
seeds plant-1 and above-ground biomass plant-1 for all treatments at the R8 growth stage. The
coefficient of variation (CV) for seeds plant-1 is also displayed.
Treatment

Correlation (r2)

Regression (R2)

FR-D
FR-E

0.86
0.94

< 0.0001
< 0.0001

0.83
0.86

< 0.0001
< 0.0001

Slope of linear
regression
2.36
< 0.0001
2.85
< 0.0001

FRD-DS
FRE-DS

0.95
0.94

< 0.0001
< 0.0001

0.93
0.81

< 0.0001
< 0.0001

2.75
3.00

< 0.0001
< 0.0001

49
43

FRD-TDS
FRE-TDS

0.97
0.99

< 0.0001
< 0.0001

0.88
0.97

< 0.0001
< 0.0001

3.04
3.03

< 0.0001
< 0.0001

85
64

85

CV
32
41

Fig. 5.1: Mean pail weights of two pails per treatment per replication expressed as % of control.
Control (●), far-red-depleted-drought stress (FRD-DS) (○) and far-red-enriched-drought stress
(FRE-DS) (▼).
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Fig. 5.2: Stem elongation (cm) as determined through analysis of covariance of height (cm) with
shoot biomass (g) as a cofactor the following growth stages, V4, R2, R4, R5 and R8. Far-reddepleted (FR-D) treatments are in black, far-red-enriched (FR-E) treatments are in grey. Data are
expressed as least square means ± SE.
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Fig. 5.3: Biomass measurements for a) total biomass (g plant-1), b) shoot allocation (g plant-1)
and c) root allocation (g plant-1) in soybean exposed to far-red-depleted (FR-D) (black) and farred-enriched (FR-E) (grey) light and control, one and two drought stresses at four growth stages,
V4, R2, R4 and R5. Data are expressed as least square means ± SE.
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Fig. 5.4: Histograms of total above-ground biomass (g plant-1) for individual soybean plants at
R5 stage of growth a) far-red-depleted (FR-D), b) far-red-enriched (FR-E), c) FR-D one drought
stress (FRD-DS), d) FR-E one drought stress (FRE-DS), e) FR-D two drought stress (FRD-TDS)
and f) FR-E two drought stress (FRE-TDS). The Kruskal-Wallis test indicated limited
differences between light quality distributions across drought treatments (FR-D vs FR-E, p=
0.1131; FRD-DS vs FRE-DS, p= 0.0039; FRD-TDS vs FRE-TDS, p= 0.6099), however,
significant differences were found between light control treatments and drought treatments (FRD vs FRD-DS p< 0.0001; FR-D vs FRD-TDS p< 0.0001; FR-E vs FRE-DS p= 0.0001; FR-E vs
FRE-TDS p< 0.0001).
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Fig. 5.5: Histograms of total above-ground biomass (g plant-1) for individual soybean plants at
maturity (R8) as well as seeds plant-1 for a) far-red-depleted (FR-D), b) far-red-enriched (FR-E),
c) FR-D one drought stress (FRD-DS), d) FR-E one drought stress (FRE-DS), e) FR-D two
drought stress (FRD-TDS) and f) FR-E two drought stress (FRE-TDS). Analysis of variance
indicated no effect of light quality treatment (p= 0.8889, Table 5.3) but a significant effect of
drought (p= 0.0002) on seeds plant-1. The Kruskal-Wallis test indicated no differences between
light quality treatment frequency distributions across drought treatments (FR-D vs FR-E, p=
0.6904; FRD-DS vs FRE-DS, p= 0.4305; FRD-TDS vs FRE-TDS, p= 0.4744), significant
differences were found between control light treatments and drought (FR-D vs FRD-DS p<
0.0001; FR-D vs FRD-TDS p< 0.0001; FR-E vs FRE-DS p= 0.0001; FR-E vs FRE-TDS p<
0.0001).
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Fig. 5.6: Reproductive allocation (g plant-1) analysed as seed biomass (g plant-1) with total
above-ground biomass (g plant-1) as a cofactor for all treatments. Far-red-depleted (FR-D)
treatments are in black and far-red-enriched (FR-E) are in grey. Seeds plant-1 is also displayed
(FR-D in black and FR-E in grey). Data are expressed as least square means ± SE.
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Chapter 6

General Discussion

6.1 Research contributions

The major goal of this thesis was to gain insights into the molecular, physiological and
morphological mechanisms underlying resource independent competition between soybean
Glycine max (L.) Merr. and neighbouring weeds. The presence of neighbouring weeds, which
reflects far-red-enriched (FR-E) light, increased production of reactive oxygen species (ROS) in
soybean unifoliate leaves and initiated an oxidative stress response. This was accompanied by
changes in expression of antioxidant defence genes, activation of enzymatic and non-enzymatic
ROS scavengers as well as changes in morphology. This sequence of events is initiated by
increased generation of singlet oxygen (1O2) and is suggested to be a primary mechanism of
crop-weed competition.
Previous breeding efforts for increased crop competitiveness have focused on increasing
resource acquisition and yield (Lemerle et al., 2006). As demand for food increases and gains in
yield decrease, research needs to focus on traits which still have substantial room for
improvement to meet global food demands. The results of this thesis demonstrate that a primary
mechanism of soybean-weed competition is an oxidative stress response through 1O2 signalling.
Through understanding 1O2 signalling as a mechanism of competition, future soybean breeding
efforts can focus on reducing the oxidative stress response associated with 1O2 to reduce the
negative impact of weeds. In addition, future studies should investigate how 1O2 is generated in
response to FR-E light to further understand this new mechanism of competition.

6.2 General discussion and critique of research

6.2.1 Molecular responses

Results presented in Chapter 2 demonstrate that several key antioxidant defence genes are
up-regulated in soybean seedlings emerging in the presence of neighbouring weeds. Differences
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in gene expression, however, varied by growth stage and tissue type. The relationship between
the transcriptome and proteome is highly complex and is not often one to one (Rogers et al.,
2008; Vogel and Marcotte, 2012). A combination of transcriptome and proteome analysis in
response to FR-E light in different tissues and across developmental stages would provide new
avenues of research. For example, each superoxide dismutase (SOD) is localised to a different
sub-cellular location and all SODs undergo significant post-translational modification affecting
activity (Yamakura and Kawasaki, 2010). In Chapter 2, the transcript level of MnSOD and
CuZnSOD was unchanged in unifoliate leaves, while FeSOD was found to be down-regulated.
As demonstrated in Chapter 3, however, the activity of SOD was observed to decrease in
unifoliate leaves. The assay used to measure enzyme activity in Chapter 3, however, did not
differentiate between MnSOD, CuZnSOD and FeSOD. Therefore, a blue native gel using
polyacrylamide gel electrophoresis (Beauchamp and Fridovich, 1971) would provide a better
understanding of which SOD is affected by FR-E light reflected from neighbouring weeds. This
will allow for potential manipulation of specific SODs in soybean.
Another significant barrier in gene expression is the lack of annotation with regards to the
soybean genome. 1O2-induced marker genes have been identified in Arabidopsis thaliana (L.)
Heynh. (Ramel et al., 2012) and provide a mechanism to determine if 1O2 is produced in
response to a stress. Genetic markers in soybean are lacking. A transcriptome approach in
soybean as well as use of mutants, which are known to induce 1O2 similar to the fluorescent (flu)
mutant in A. thaliana (op den Camp et al., 2003), will enable development of 1O2 genetic
markers in soybean. With the use of such markers, a more detailed analysis of the molecular
mechanisms and 1O2-induced signals involved in soybean response to FR-E light reflected from
neighbouring weeds could be completed.

6.2.2 Physiological responses

The results of Chapter 3 demonstrate that in response to FR-E light reflected from
neighbouring weeds, soybean seedlings initiate an oxidative stress response with 1O2-based
signalling as a mechanism mediating this response. Further development of this research would
involve direct measurement of 1O2. The use of electron paramagnetic resonance (EPR)
spectroscopy and spin-trapping assays (Fufezan et al., 2002) would allow for an estimation of
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1

O2 produced and trapped in the assay in response to FR-E light. In addition, the use of

fluorescent probes such as DanePy and Singlet Oxygen Sensor Green (Hideg et al., 2002; Hideg,
2008), which reacts specifically with 1O2, would allow for imaging of 1O2 generation in vivo in
response to FR-E light. The use EPR spectroscopy and fluorescent probes will enable
quantitative measurement and direct visualisation of 1O2 generation in soybean tissue and
determination of its sub-cellular localisation in response to FR-E light. This will confirm the role
of 1O2 signalling in crop-weed competition. Further, the use of 1O2-specific probes will allow for
rapid identification of methods, which reduce the impact of FR-E light reflected from
neighbouring weeds.
While results presented in Chapter 3 suggest the response to FR-E light is mediated by
1

O2, the source of 1O2 remains unknown. There are two potential sources of 1O2 production in the

chloroplast, excess generation of protochlorophyllide (Pchlide) (Barnes et al., 1996; Brouwer et
al., 2014) and increased 1O2 generation at PSII (Hideg and Vass, 1995; Krieger-Liszkay et al.,
2008). Pchlide, which is the immediate precursor of chlorophyllide a is photodynamic and has
the potential to generate 1O2 in light. The conversion of Pchlide to chlorophyllide a is mediated
by protochlorophyllide oxidoreductase (POR). Therefore, POR has a photoprotective role in
preventing accumulation of excited states of Pchlide and generation of 1O2 (Buhr et al., 2008).
FR-E light severely represses expression of POR genes (Barnes et al., 1996) and therefore, it is
possible that this is similarly the case in soybean in response to FR-E light reflected from
neighbouring weeds. POR is a multi-gene family and investigations into POR gene expression in
soybean in response to FR-E light are lacking. Over-expression of PORA and PORB has been
shown to enhance seedling survival through reduced accumulation of Pchlide in A. thaliana
(Sperling et al., 1997). Therefore, further investigations into the leaf Pchlide levels as well as
transcript levels of POR genes in soybean may shed light on the mechanism of 1O2 generation in
response to FR-E light. If accumulation of Pchlide is the source of 1O2, then development of
transgenic soybean over-expressing POR could provide a valuable source of plant material to
reduce the negative impact of FR-E light during early-season weed competition.
A major source of 1O2 production is the PSII reaction centre. Under conditions of a
highly reduced plastoquinone (PQ) pool, linear electron transport is impaired leading to an
increase in the lifetime of singlet excited chlorophyll (Chl) and the probability of triplet Chl
generation, which interacts with molecular oxygen to generate 1O2. To investigate this
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possibility, measurements of PSII photochemical efficiency and photoinhibition using
chlorophyll fluorescence can be done in combination with measurements of electron transport
activity of individual PSs (Zhang et al., 2011) to compare their relative efficiencies. Carotenoids
in the PSII reaction centres are potent quenchers of 1O2. One line of evidence for increased 1O2
production presented in Chapter 3 was increased carotenoid content of unifoliate leaves in
response to FR-E light reflected from neighbouring weeds. The method used to measure
carotenoid content in this thesis was an estimate of total carotenoid content. This method did not
reveal which carotenoid compound was affected by FR-E light. Analysis of β-carotene and
xanthophyll cycle pigments (zeaxanthin, antheraxanthin and violaxanthin) via HPLC (Thayer
and Björkman, 1990; Kurilich et al., 1999; Moros et al., 2002) would determine how carotenoid
pigments are affected by FR-E light. In addition to quenching 1O2 at the PSII reaction centre, βcarotene is the precursor of xanthophyll cycle pigments. Over-expression of β-carotene
hydroxylase, which converts β-carotene to zeaxanthin, increases tolerance to high light in A.
thaliana (Davison et al., 2002). This may be a target for gene manipulation in soybean to
increase xanthophyll cycle pigments. Xanthophyll cycle pigments are the most important
physical quenchers of 1O2 (Triantaphylidès and Havaux, 2009). Under high light, violaxanthin is
converted to zeaxanthin via the intermediate anteraxanthin. Measurements of the enzymes
responsible for the inter-conversion of xanthophyll cycle pigments such as violaxanthin deepoxidase (Yamamoto and Higashi, 1978) in addition to the content of violaxanthin and
zeaxanthin will allow for an understanding of how these pigments respond to FR-E light.
Through understanding how carotenoids and xanthophylls respond to FR-E light, specific targets
for manipulation in their respective reactions and biosynthetic pathways can be developed to
reduce the negative impact of FR-E light reflected from neighbouring weeds.
Another important line of evidence presented in Chapter 3 which supports excess
generation of 1O2 in response to FR-E light, is the reduction in ascorbate content and the
subsequent change in redox state of ascorbate. Ascorbate scavenges ROS and under optimal
conditions remains in a highly reduced state. While ascorbate can scavenge 1O2 directly, it is also
involved in other ROS scavenging mechanisms by acting as a cofactor in violaxanthin to
zeaxanthin de-epoxidation, recycling of tocopherols and glutathione as well as ascorbate
peroxidase (APx) (Triantaphylidès and Havaux, 2009). The role of ascorbate in response to FR-E
light can be further investigated by the generation of ascorbate deficient mutants in soybean (i.e.,
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vtc2). The use of transgenic plants with increased ascorbate content for example through, overexpression of dehydroascorbate reductase (Chen et al., 2003) may alleviate the oxidative stress
response to FR-E light reflected from neighbouring weeds.
As demonstrated in Chapter 3 soybean seedlings in response to FR-E light reflected from
neighbouring weeds decreased CO2 assimilation and altered carbon partitioning which may
represent a significant cost associated with early season competition. The decrease in CO2
assimilation may be a result of reduced Calvin cycle enzyme activity. Several Calvin cycle
enzymes are thiol-regulated and therefore sensitive to inhibition by ROS (Kaiser, 1979). As
demonstrated in Chapter 3, activity of fructose-1,6-bisphosphatase (FBPase) was decreased,
however, the activity of NADP+-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was not
affected (Table B.1). In addition to the known function of GAPDH in the Calvin cycle, it has
also been shown to be important in mediating ROS signalling (Hancock et al., 2005). Therefore
further investigation into the activity of GAPDH and its regulation, as well as the activities of
other thiol-regulated Calvin cycle enzymes such as sedoheptulose-1,7-bisphosphatase and
phosphoribulokinase (Moll and Levine, 1970; Tamoi et al., 2001) would provide insight into the
impact of FR-E light reflected from neighbouring weeds on CO2 assimilation.
Results presented in Chapter 4 demonstrate the potential involvement of alternative
electron pathways in response to FR-E light. These results, however, remain preliminary.
Therefore, further investigation into PTOX, AOX and the malate/oxaloacetate shuttle are needed
to understand how these alternative pathways are involved in response to FR-E light. Alternative
electron pathways act to maintain electron transport under stress conditions and remove excess
reducing equivalents (NADPH) therefore, balancing the ATP/NADPH. Far more NADPH is
generated in photosynthesis than required in the Calvin cycle (Wilhelm and Selmar, 2011). The
activity of NADP-malate dehydrogenase was dramatically decreased in response to FR-E light,
which as suggested in Chapter 4, may be a mechanism to balance the ATP/NADPH in response
to FR-E light. Therefore, further analyses of ADP/ATP and NADP+/NADPH (Queval and
Noctor, 2007) will determine how FR-E light reflected from neighbouring weeds impacts the
balance of ATP and NADPH. These analyses will further implicate alternative electron pathways
and may provide a better understanding of the role of the malate/oxaloacetate shuttle in response
to FR-E light reflected from neighbouring weeds.

96

The results presented in Chapter 4 also demonstrate the consequence of chemical
inhibition of PTOX and AOX in soybean exposed to FR-E light reflected from neighbouring
weeds. This thesis, however, did not investigate how or why inhibition of these alternative
oxidase pathways resulted in cell death. The cell death by salicylhydroxamic acid in soybean
may be the result of combined inhibition of PTOX and AOX, while cell death by n-propyl
gallate, which inhibits PTOX, strongly suggests a role for PTOX in response to FR-E light. The
role of PTOX in light acclimation is currently unclear. PTOX is known to be involved in
carotenoid biosynthesis and regulation of the redox state of the PQ pool. The redox state of the
PQ pool has been suggested to modulate photosynthetic acclimation through shifts in linear and
cyclic electron flow (Iwai et al., 2010). FR-E light is known to induce an oxidised PQ pool and
cyclic electron flow around PSI (CEF-PSI) (Egorova et al., 2005a, b; Laisk et al., 2010).
Therefore, PTOX may have a role in regulating the redox state of the PQ pool in response to FRE light reflected from neighbouring weeds. The role of PTOX in response to FR-E light can be
further investigated through fluorescence analysis of PTOX activity (Trouillard et al., 2012) and
protein abundance using a Western blot. Development of PTOX mutants in soybean (i.e., im) and
subsequent measurements of CEF-PSI and linear electron flow (Laisk et al., 2010) would allow
for the measurement of changes in the PQ pool in response to FR-E light reflected from
neighbouring weeds.
In addition to the known photoprotective role of PTOX in chlororespiration and
carotenoid biosynthesis (McDonald et al., 2011), recent evidence suggests PTOX is required for
strigolactone synthesis in roots (Tamiru et al., 2014). Strigolactones are known to interact with
auxins and play an important role in control of shoot branching. As such, they have been
suggested to perhaps play a role in the shade avoidance response through interaction with auxins
(Brewer et al., 2013). Analysis of strigolactone levels in soybeans exposed to FR-E light and in
transgenic lines (i.e., im) could implicate PTOX and the phytohormone, strigolactone, in the
shade avoidance response to FR-E light.
The results presented in Chapter 4 suggest the involvement of AOX in soybean responses
to FR-E light reflected from neighbouring weeds. In addition to the role of AOX in dampening
ROS generation, AOX can modulate the levels of mitochondrial signalling molecules influencing
nuclear gene expression (Vanlerberghe, 2013). AOX is also known to be important in optimising
photosynthesis under changing light conditions by removing excess reducing equivalents
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generated by the chloroplast (Padmasree and Raghavendra, 2001). AOX is regulated by both
light and phytochrome and hence FR light is known to play a role in regulating AOX gene
expression (Zhang et al., 2010). Analysis of responses of transgenic soybean plants lacking AOX
would provide important information into the role of AOX in early responses of soybean to FR-E
light reflected from neighbouring weeds.
Results presented in Chapter 4 show that activities of two major enzymes in the nitrogen
assimilation pathway, nitrate reductase (NR) and glutamine synthetase (GS) did not change in
response to FR-E light. The nitrogen assimilation pathway acts as an alternative electron
pathway consuming large quantities of ATP and NADPH. FR-E light affects root nitrogen and
the carbon/nitrogen in soybean (Kim, 2015). Therefore, analyses of activities of NR and GS in
roots may reveal the impact of FR-E light on nitrogen assimilation.
It is known that FR light oxidises the PQ pool (Feild et al., 1998). Therefore, it is likely
that other alternative electron pathways involved reduction of PQ may be activated in response to
FR-E light. Once such alternative electron pathway is CEF-PSI (Laisk et al., 2010), which can be
measured along with the activity of ferredoxin-plastoquinone reductase, a key enzyme in CEFPSI (Cleland and Bendall, 1992) in response to FR-E light reflected from neighbouring weeds.
Measurement of the redox state of the PQ pool (Cleland, 1998) can determine the redox state of
the PSs in response to FR-E light. Other alternative electron pathways including photorespiration
(Valentini et al., 1995; Long and Bernacchi, 2003) and CEF-PSII (Prasil et al., 1996; Miyake et
al., 2002) could also be measured in response to FR-E light. Identification of the role of
alternative electron transport pathways in response to FR-E light, not only provides insights into
the mechanisms of crop-weed competition but also specific targets for genetic manipulation.

6.2.3 Morphological responses

Sugars and phytohormones are important regulators of plant growth and development.
Soluble sugar availability is an important determinant in auxin metabolism thus regulating plant
architecture and morphology (Sairanen et al., 2012). More importantly, auxin has been shown to
be essential in regulating the shoot and root morphology associated with the shade avoidance
response (Ruzza et al., 2014; Wang and Ruan, 2016). The changes in carbon allocation between
sugars and starches described in Chapter 3 may affect auxin signalling/metabolism resulting in
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the shade avoidance morphology described in Chapters 2, 3 and 5. Further investigation into the
interaction between sugars, starches and auxins in response to FR-E light may provide a basis to
reduce the shade avoidance morphology associated with early season weed competition.
Activities of enzymes involved in sugar synthesis may an important role in determining
yield. For example, there is a correlation between sucrose phosphate synthase (SPS) activity and
yield in several plants (Laporte et al., 2001; Baxter et al., 2003; Haigler et al., 2007). Therefore,
determining SPS activity throughout soybean development in response to FR-E light reflected
from neighbouring weeds will provide clues on the impact early season weed competition on
yield.
In nature, environmental stresses do not often occur in isolation. Results presented in
Chapter 5 demonstrate that stem elongation induced by FR-E light reflected from neighbouring
weeds was maintained upon subsequent drought stress. There was, however, no further
interaction between FR-E light and drought stress. Drought has been shown to decrease starch
content by inhibiting starch biosynthesis enzymes (Geigenberger et al., 1997; Ahmadi and
Baker, 2001; Liu et al., 2004). The results presented in Chapter 3 suggest that starch biosynthesis
may be promoted in response to FR-E light and possibly provide a reason as to why no
interaction with drought was observed. Further investigations into the sucrose and starch content
as well as activities of key enzymes in sucrose (SPS) and starch biosynthesis (soluble starch
synthase, granule-bound starch synthase) (Ahmadi and Baker, 2001) in response to FR-E light
and drought would determine if this is the case.
While Chapter 5 investigated the potential for an interaction between FR-E light and
drought, future studies should be focused on how the responses to neighbouring weeds affect the
response to secondary stresses. One potential stress, which may occur during early seedling
development, is cold stress. Interestingly, during the experiments outlined in Chapter 3, an
unexpected malfunctioning of a growth cabinet led to an unwanted cold stress. Soybean
seedlings exposed this combination of FR-E light and cold stress, displayed increased growth.
Sucrose concentrations have been reported to increase in response to cold, through increased
activity of starch breaking enzymes α- and β-amylase and SPS (Savitch et al., 2000; Bravo et al.,
2001; Yang et al., 2001). The increased growth of soybean seedlings exposed to FR-E light and
cold may be due to increased activity of starch breaking enzymes and increased sucrose
availability. Temperature and photo-period have been shown to be important in determining
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shade avoidance responses such as the extent of elongation growth in response to FR-E light
(Weinig, 2000b). Further analyses of sucrose and starch as well as activities of α- and β-amylase
and SPS in response to the combination of FR-E light reflected from neighbouring weeds and
cold may provide clues as to why soybean plants display increased growth under FR-E light and
cold stress.

6.3 Conclusions

This thesis demonstrates that the presence of neighbouring weeds can have a fundamental
impact on the balance of ROS generation and scavenging in soybean leaves. Further, alternative
electron pathways may play an important role in response to neighbouring weeds by dampening
ROS generation and maintaining photosynthesis and energy balance. 1O2 is suggested to be the
primary ROS in response to FR-E light reflected from neighbouring weeds. Increased generation
of 1O2 and the subsequent physiological cascade including induction of antioxidant defences,
reduction in Calvin cycle enzyme activity and CO2 assimilation as well as altered carbon
partitioning is suggested to be a primary mechanism of crop-weed competition and be a
contributing factor to yield loss.
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7.2 Appendix
Appendix A supplemental data for Chapter 2

Fig. A.1: Vegetative and reproductive growth stages of soybean. Growth stages are defined as
follows, VE1: emergence from the growth medium, VE2: fully expanded cotyledons, VC: fully
expanded unifoliate leaves, V1: first trifoliate, V2: second trifoliate. Figure adapted and modified
from Nordby (2004).
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Appendix B supplemental data for Chater 3
Table B.1: Activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (µmol NADP+
min-1 mg protein-1) in unifoliate leaves under far-red-depleted (FR-D) and far-red-enriched (FRE) light. Data are means ± SE for 10 biological replicates.

GAPDH

FR-D

FR-E

0.00024 ± 0.000004

0.00024 ± 0.000012
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