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ABSTRACT

Strigolactones (SL) fulfil important roles in plant development and stress tolerance. Here we

characterised the role of SL in the dark chilling tolerance of pea and Arabidopsis thaliana by

analysis of mutants that are defective in either SL synthesis or signalling. Pea mutants (rms3,

rms4, rms5) had significantly greater shoot branching with higher leaf chlorophyll a/b ratios

and carotenoid contents than the wild type. Exposure to dark chilling significantly decreased

shoot fresh weights but increased leaf numbers in all lines. However, dark chilling treatments

decreased biomass (dry weight) accumulation only in rms3 and rms5 shoots. Unlike the wild

type plants, chilling-induced inhibition of photosynthetic carbon assimilation was observed in

the rms lines and also in max3-9, max4-1, max2-1 mutants that are defective in SL synthesis or

signalling. When grown on agar plates the max mutant rosettes accumulated less biomass than

the wild type. The synthetic SL, GR24 decreased leaf area in the wild type, max3-9 and max4-

1 mutants but not in max2-1 in the absence of stress. Moreover, a chilling-induced decrease in

leaf area was observed in all the lines in the presence of GR24. We conclude that SL plays an

important role in the control of dark chilling tolerance.

Summary statement:

Strigolactones (SL) are associated with drought tolerance but their functions in other stresses

remain poorly characterised. Using a range of pea (rms) and Arabidopsis thaliana (max)

mutants that are deficient in either strigolactone synthesis or signalling, we studied plant

responses to dark chilling stress. In contrast to the pea and Arabidopsis wild types, which are

insensitive to dark chilling, the max mutants and rms mutants showed chilling-induced

inhibition of photosynthesis and a decrease in dry biomass accumulation. These findings

demonstrate that SL regulate dark chilling tolerance in plants.
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INTRODUCTION

Low temperatures negatively impact on agricultural productivity in many parts of the world

causing yield losses (Thakur et al., 2010). Extreme freezing events (<-15 °C) are a particular

concern for overwintering crops such as winter beans (Link et al., 2010), while chilling

temperatures are a limiting factor for the growth and productivity of tropical legumes such as

soybean (van Heerden et al., 2004). Enhancing the low temperature tolerance of chilling-

sensitive crops is thus a major target for plant breeders (van Heerden et al., 2004). Chilling

tolerant plants are able to endure chilling (0 - 15 °C) temperatures and can even acclimate to

freezing i.e. temperatures below 0 °C (Pearce, 1999). In contrast, tropical and subtropical

species are generally sensitive to chilling and often show little capacity for chilling acclimation

(Zhu et al., 2007). The extensive reprogramming of gene expression and metabolism that

underpins adaptation to chilling and freezing temperatures does not appear to be triggered in

chilling-sensitive species such as maize (Sobkowiak et al., 2016). The ability of photosynthesis

to withstand chilling-induced inhibition is an important mechanism underpinning chilling

tolerance, alongside modifications in plant development and changes to cell wall and

membrane properties.

Legumes are essential for future food security, because they are central components of

sustainable agriculture and key protein sources in human and animal diets (Barton et al., 2014;

Graham and Vance, 2003). However, the genetic improvement of legumes has lagged behind

that of cereal crops (Foyer et al., 2016). Soybean (Glycine maxMerr.) is the most economically

important and widely grown legume globally (Ainsworth, et al., 2012). However, soybean is

extremely sensitive to chilling (Cooper et al., 2015). Soybean yields are decreased when plants

are exposed to temperatures below 15 °C (Gass et al., 1996). Chilling stress is hence an

important constraint to soybean production in temperate regions such as Northern and Central

Europe (Ray et al., 2012). Moreover, low temperatures can be experienced at night even in

tropical countries, particularly when crops are grown at high altitude (van Heerden et al., 2003;

Krüger et al., 2014). Chilling sensitivity is important at every stage of soybean development

(Cheng et al., 2010; Gasset al., 1996). The chilling-dependent inhibition of photosynthesis is

inherently linked to negative impacts on crop yield (Richards, 2000). In soybean the dark

chilling-dependent inhibition of photosynthesis is underpinned by decreased enzyme activity

(van Heerden et al., 2003) and photosystem II (PSII) efficiency (Krüger et al., 2014).

Moreover, the chilling-induced loss of symbiotic nitrogen fixation in nodules can also

contribute to the sensitivity of photosynthesis to low temperatures (van Heerden et al., 2008).
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Exposure to chilling leads to an extensive loss of chlorophyll and premature senescence (van

Heerden et al., 2003, 2008; Kunert et al., 2016).

The control of cellular protein composition and levels is essential for acclimation to changing

environmental conditions (Pearce, 1999). Throughout the acclimation process, plant cells must

maintain a strict balance between the production of new proteins and the degradation of less

useful or undesirable proteins. Protein degradation is largely controlled by the ubiquitin-

proteasome system in plants. Much research effort has recently focussed on the N-end rule

pathway, which is part of the ubiquitin-proteasome system that links the stability of a protein

to the identity of its N-terminal amino-acid residue (Gibbs et al., 2014). This pathway is

regulated by the availability of oxygen and nitric oxide leading to the removal of undesired

proteins by the ubiquitin-proteasome for the regulation of plant development and in response

to pathogens (De Marchi et al., 2016). However, other proteases also contribute to the

degradation of redundant proteins and also the production of new proteins. For example,

cysteine proteases, particularly the papain type C1 cvsteine proteases are important enzymes

in the regulation of plant development and stress tolerance (Beers et al., 2000; Bhalerao et al.,

2003; Guo, 2013).

C1 cysteine proteases have been implicated in the regulated turnover of chloroplasts proteins

such as ribulose bisphosphate carboxylase/oxygenase (RuBisCO) during leaf senescence

(Otegui et al., 2005; Carrión et al., 2014; Martínez et al., 2008). RuBisCO degradation can

occur both inside and outside of the chloroplast (Irving and Robinson, 2006). While metallo-

proteases and aspartic proteases contribute to RuBisCO degradation inside the chloroplast

stroma (Nair and Ramaswamy, 2004; Kato et al., 2004), C1 papain-like cysteine proteases also

participate in RuBisCO turnover (Prins et al., 2008). In general, cysteine proteases are activated

at acidic pH values and are regulated by redox and by chemical and protein-based inhibitors

such as phytocystatins (Kunert et al., 2015). The most well characterised phytocystatin is

oryzacystatin I (OCI) from rice (Oryza sativa, Masoud et al., 1993). Transgenic tobacco lines

(Nicotiana tabacum) constitutively expressing OCI showed enhanced tolerance to dark chilling

(Van der Vyver et al., 2003), as well as an increased accumulation of RuBisCo compared to

the wild type (Prins et al., 2008). OCI expression in soybean increased nodule numbers and

delayed leaf senescence, as well as leading to a significant increase in drought tolerance (Quain

et al., 2015). Phytocystatin expression also prevented stress-induced programmed cell death in

soybean (Solomon et al., 1999).
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Our understanding of temperature-regulated signalling networks in plants has greatly increased

in recent years. For example, chilling treatments activate the INDUCER OF CBF

EXPRESSION-CBF/DREB1 (C-REPEAT BINDING FACTOR/DRE BINDING FACTOR1)

or ICE pathway (Zhao et al., 2011). The ICE1 protein, which is an HLH type (helix-loop-

helix) transcription factor, fulfils a number of important functions in plant growth and

development as well as chilling tolerance (Miura & Furumoto, 2013). The BON1-

ASSOCIATED PROTEIN1 (BAP1), which functions as a general inhibitor of programmed cell

death, is directly regulated by ICE1 (Zhu et al., 2011). Moreover, ICE functions upstream of

the CBF/DREB1 transcription factors, which bind to CRT/DRE cis-elements in the promoters

of COR genes to regulate their expression. ICE and the CBF/DREBs are generally well

conserved in higher plants (Miura & Furumoto, 2013).

A RING type E3 ubiquitin ligase called HIGH EXPRESSION OF OSMOTICALLY

RESPONSIVE GENE1 (HOS1) negative regulates the chilling response through the

degradation of ICE1 by the 26S proteasome. The ubiquitination system plays important roles

in the degradation of proteins particularly during stress responses, the E3 ubiquitin ligases

catalyse the polyubiquitination of proteins, thereby targeting them for degradation by the 26S

proteasome While many phytohormones, including abscisic acid, ethylene, gibberellins,

jasmonic acid, salicylic acid and brassinosteroids, have been linked to plant adaptation to

chilling stress (Eremina et al., 2016), there has been no evidence to date linking SL to chilling

sensitivity/tolerance (Pandey et al., 2016). SLs have many important functions in plant growth,

functioning in the control of seed dormancy, root and shoot branching, and in stress tolerance

(Dun et al., 2009; Lopez-Obando et al., 2015). SL also plays a role in the control of plant

lifespan and leaf senescence (Woo et al., 2001). A. thaliana mutants defective in either SL

synthesis or signalling show increased sensitivity to drought and salt stresses (Ha et al., 2014).

The carotenoid cleavage dioxygenases (CCD) 7 and CCD8 encoded by the RMS5/MAX3,

RMS1/MAX4 genes in pea and Arabidopsis respectively (Supplemental Table 1) fulfil

important roles in SL synthesis (Bennett et al., 2006). While proteins encoded by the RMS2

and RMS3 loci remain to be identified, the RMS2 locus has been linked to SL feedback

signalling via interactions with the PsBRC1 transcription factor (Braun et al., 2012). The

RMS4/MAX2 is an F-box signalling protein (Arite et al., 2009) interacts with the SKP1-

CULLIN-F-BOX PROTEIN (SCF) complex and targets proteins for degradation. The closely

related alpha/beta-hydrolases, DWARF14 (D14) and KARRIKIN INSENSITIVE 2 (KAI2),

perceive specific enantiomers of the synthetic SL analogue, GR24 and interact with the MAX2
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protein (Nakamura et al., 2013, Waters and Smith, 2013). Different associations of the SL

receptor proteins with MAX2 in Arabidopsis likely facilitate ubiquitination, with subsequent

26S proteasomal degradation of specific members of the SMAX-Like (SMXL) family.

D14/MAX2/SMXL 6, 7, 8 signalling complexes are involved in SL signaling to control

processes such as shoot branching (Soundappan et al., 2015). Moreover, the

KAI2/MAX2/SMAX1 signalling complex is involved in the perception of smoke-derived

karrikins, and probably other molecules that control seed germination and hypocotyl growth

(Waters and Smith, 2013, Soundappan et al., 2015).

The purpose of the study described below was to determine whether SL play a role in chilling

tolerance in plants. We therefore compared the dark chilling sensitivity of different pea

branching mutants that are called ramosus (rms), which are defective in either SL synthesis or

signalling (Johnson et al., 2006; Supplemental Table 1). The rms3 mutant is defective on the

pea ortholog of the rice D14 SL receptor which belongs to the superfamily of a/b-hydrolases

(de Saint Germain et al., 2016). We also determined the chilling sensitivity of the Arabidopsis

thaliana more axillary branches (max) mutants, max2-1, max3-9 and max4-1. We further

characterised the chilling sensitivity of three independent OCI-expressing soybean lines

(SOC1, SOC-2 and SOC-3) that had been previously characterized in terms plant growth and

drought tolerance (Quain et al., 2014), as well as nodulation and growth under low nitrogen

stress (Quain et al., 2015). The data presented here show that SL synthesis and signalling are

important in the tolerance of soil-grown A. thaliana and pea plants to chilling stress, and they

are also implicated in the decreased sensitivity of photosynthesis to chilling-induced photo

inhibition in OCI-expressing soybean lines.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of wild type peas (L107, Torsdag cultivar) and mutants deficient in SL biosynthesis or

signaling (BL298, rms5-3; K164, rms4-1; K487, rms3-1), were allowed to germinate for 5 days

under optimal temperatures (25 °C day/20 °C night) with a 12 h photoperiod at an irradiance

of 250 µmol m-2 s-1. Seedlings were then transferred to individual 10 x 10 cm pots containing

compost and maintained under temperature conditions. Fourteen days later half of the plants

from each genotype were either maintained under optimal temperature conditions or exposed

to 7 consecutive nights of dark chilling at 4 °C.

Seeds of A. thaliana ecotype Colombia-0 (col-0/Wt) and mutant lines max2-1, max3-9 and

max4-1 (Marquez-Garcia, et al., 2013) were sown in 6x6 cm pots containing compost and

grown under optimal temperatures (25 °C day/20 °C night, with a 12 h photoperiod) and an

irradiance of 200 µmol m-2 s-1 for 7 days. Thereafter, seedlings were either allowed to grow for

a further 7 days either in pots or transferred to individual 50 ml Falcon tubes containing

compost for photosynthetic gas exchange measurements. Fourteen days later half of the plants

from each genotype were either maintained under optimal temperature conditions or exposed

to 7 consecutive nights of dark chilling at 4 °C.

A. thaliana seeds were also sown on 12x12 cm agar plates containing ½ strength MS media in

the absence or presence of 2 µM GR24 (obtained from Professor Binne Zwanenburg, Utrecht

University, Netherlands). Following incubation at 4 °C for 72 h, plates were transferred to

controlled environment chambers and seedlings were grown under optimal temperatures (25

°C day/20 °C night, with a 12 h photoperiod) and an irradiance of 200 µmol m-2 s-1 for 4 days.

Half of the plates for each genotype were either maintained under optimal temperature

conditions or exposed to 11 consecutive nights of dark chilling at 4 °C.

Seeds of wild type soybean (Glycine max cv Williams 82) and 3 independent transformed lines

expressing the rice cysteine protease inhibitor, oryzacystatin I (SOC-1, SOC-2 and SOC-3;

Quainet al., 2014) sown on vermiculite in 28x24cm trays and allowed to germinate for 7 days

under optimal temperatures (25 °C day/20 °C night, with a 12 h photoperiod) and an irradiance

of 250 µmol m-2 s-1. Seedlings were transferred to individual 10 x 10 cm pots containing

compost (Petersfield potting supreme, Petersfield Growing Mediums, 45 Cambridge Road,

Cosby, Leicester, LE9 1SJ). 14 days after sowing, seedlings were either maintained under
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optimal growth temperature conditions or were subjected to 9 consecutive nights of dark

chilling (25 °C Day/4 °C night temperatures)

Photosynthetic gas exchange

Photosynthetic gas exchange measurements were performed using a LI-6400XT portable

photosynthesis system (LI-COR Biotechnology UK Ltd, St. John's Innovation Centre, Cowley

Road, Cambridge, CB4 0WS, UK)essentially as described by Soareset al. (2008).Unless

otherwise stated, measurements were made 20 °Cat an irradiance of 800 µmol.m-2s-1 and a CO2

concentration of 400 µmol mol-1. For soybean and pea the youngest mature leaf per plant was

measured in the 3 x 2 cm 6400-02B LED chamber. For Arabidopsis the whole plant was placed

in the 6400-17L the Arabidopsis chamber. Therosette area was determined using ImageJ,

Abramoff et al., 2004). Photosynthesis was allowed stabilise for 15 min prior to measurement.

CO2 response curves for photosynthesis were performed at 20 °C at an irradiance of

800 ȝmol.m-2s-1 with increasing CO2 from 55-2000 µmol mol-1. Light response curves for

photosynthesis were performed at 20 °C and 400 ȝmol CO2with irradiance levels increasing

from 0-2000 µmol.m-2s-1.

Quantitative real time PCR

RNA was extracted from soybean leaves using the Sigma-Aldrich Spectrum Plant Total RNA

kit (Sigma Aldrich, Homefield Road, Haverhill CB9 8QP, UK). Extracted RNA was converted

to cDNA using the QiagenQuantiTect Reverse Transcription Kit (Qiagen, Skelton House,

Lloyd St N, Manchester M15 6SH, UK) and cDNA quantification was performed by

nanodrop.Quantitative real time polymerase chain reaction (qPCR) was performed using a

QuiagenQuantiTect SYBR Green PCR Kit and a BIO RAD CFX96 Real Time System with

C1000 Thermal Cycler (www.bio-rad.com).

Germination of Striga seeds
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Striga hermonthica seeds were germinated on agar plates in the absence or presence of GR24,

or in the presence of pre-germinated wild type soybean seeds and pre-germinated OCI

overexpressing lines.

Statistical analysis

Significant interactions were determined by two-wayANOVA (p=<0.05). A post-hoc LSD test

was used to determine which pairwise interactions were significant in each data set.
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RESULTS

Strigolactone deficiency induces chilling sensitivity in pea and Arabidopsis

In the first series of experiments, wild type and mutant pea or Arabidopsis lines were grown

on compost for 14 days under optimal growth temperatures. Half of the plants were then

maintained under optimal temperatures and half were subjected to seven consecutive nights of

dark chilling. Unless otherwise stated, the following measurements were made during the first

half of photoperiod on the 7th day.

The SL synthesis mutants rms2-1 and rms5-3 that are defective in the CCD7 and CCD8

enzymes respectively, and the SL signalling mutants i.e. rms3-1 that is defective in the pea

orthologue of the rice D14 SL receptor and the rms4 mutant, which is defective in the

RMS4/MAX2 F-box signalling protein, show an increased branching shoot phenotype

compared to the wild type (L107 Torsdag cv) in the absence of chilling stress (Supplemental

Figure 1). The enhanced branching phenotype was also present in the rms mutants following

the dark chilling treatments (Figure 1 A, D). For simplicity, we show data only for rms5-3 to

illustrate the effect of dark chilling on the SL synthesis mutants.

The rms4 mutant, which is defective in the RMS4/MAX2 F-box signalling protein, had lower

shoot fresh and dry weights relative to the other lines in the absence of stress (Figure 1 B, C).

The dark chilling treatment caused a significant decrease in shoot fresh weights of all lines

(Figure 1). In contrast to the dry weights of the wild type (L107) and rms4-1 shoots, which

were unaffected by the chilling stress, the dry biomass of rms5-3 and rms3-1 mutants were

significantly decreased in response to the chilling treatment (Figure 1 B, C).

The rms5-3 and rms3-1shoots has significantly more leaves than the wild type or the rms4-1

plants. The dark chilling treatment significantly increased the number of leaves in all lines.

However, all the SL synthesis and signalling mutants had a significantly greater number of

leaves than the wild type following the dark chilling treatments (Figure 1 E).

The leaves of all the lines had similar amounts of total chlorophyll in the absence of chilling

(Figure 2 A). The chlorophyll content of the leaves of the wild type, rms4-1 and rms3-1mutants

was unchanged following the dark chilling treatments (Figure 2 A). In contrast, the leaves of

the rms4 mutant that is defective in the RMS4/MAX2 F-box signalling protein contained

significantly more chlorophyll following exposure to dark chilling compared to plants that had

not been exposed to the stress (Figure 2 A). The rms4-1, rms3-1 and rms5-3 leaves had
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significantly higher chlorophyll a/b ratios (Figure 2 B) and carotenoid contents (Figure 2 C)

than the wild type in the absence of stress. The chilling stress treatment resulted in significant

increases in the leaf chlorophyll a/b ratios and the carotenoid contents (Figure 2 C) of all lines,

such that there were no significant differences in these parameters between wild type and

mutant lines following the chilling treatment (Figure 2 B, C).

Photosynthesis rates were similar in all pea lines grown under optimal conditions (Figure 3A).

While photosynthesis was unaffected by the chilling treatment in the wild type (L107) pea

leaves, the low temperature treatment led to a significant decrease in photosynthesis in the SL

synthesis and signalling mutants (Figure 3 A). Stomatal conductance and transpiration rates

were not significantly changed in the leaves of either the wild type (L107) or SL signalling

mutants as a result of the dark chilling treatment (Figure 3 B, D). However, dark chilling caused

a decrease in these parameters in the SL synthesis (rms5-3) mutants (Figure 3 B, D).

The Arabidopsis wild type, SL synthesis (max3-9, max4-1) and signalling (max2-1) mutants

had a similar vegetative rosette phenotype when plants were grown in pots in the absence of

chilling stress (Figure 4 A) with similar rosette biomass in terms of fresh weight (Figure 4 B).

All the lines except for max2-1 had a similar rosette biomass in terms of dry weight (Figure

4 C). Exposure to 7 consecutive nights of dark chilling caused a visible decrease in rosette

biomass in all lines (Figure 4 A) with a trend towards lower shoot fresh weights (Figure 4 B).

The rosette dry biomass also tended to decrease as a result of dark chilling in all the lines but

this was only significant in the max4-1 mutants (Figure 4 C).

Photosynthesis rates were similar in the leaves of all the Arabidopsis lines when plants were

grown in pots in the absence of chilling stress (Figure 5 A). While photosynthetic CO2

assimilation rates were unaffected by dark chilling in the wild type, the stress treatment led to

a significant decrease in photosynthesis in the max2-1, max3-9 and max4-1 mutants (Figure 5

A). Transpiration rates tended to be lower in all lines as a result of exposure to dark chilling

but stress-induced inhibition was only significant in the SL synthesis and signalling mutants

(Figure 5 B).

The growth phenotypes of the Arabidopsis lines were also compared on plants grown on agar

plates (Figure 6 A). Under these conditions, the rosettes of all the mutant lines tended to

accumulate less biomass with lower fresh weights than the wild type (Supplemental Figure 2).

Under these growth conditions, the max2-1 and max4-1 mutants had significantly lower leaf

areas but with the same numbers of leaves as the wild type (Figure 6 A). Leaf area was not
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significantly decreased in the wild type by the dark chilling stress (Figure 6 B).The dark

chilling treatment caused a significant decrease in leaf area in the max2-1 and max4-1 mutants

relative to the wild type (Figure 6 B).

We further assessed the role of SL on dark chilling tolerance by the addition of the synthetic

SL, GR24. The presence of GR24 significantly decreased the rosette areas of the wild type,

max3-9 and max4-1mutants but not the max2-1 line (Figure 6 C). A chilling-induced decrease

in leaf area was observed in all the lines in the presence of GR24 (Figure 6 D).

Cysteine proteases are involved in the chilling sensitivity of photosynthesis in soybean

The shoot phenotype wild type soybean and three independent OCI-expressing soybean lines

(SOC1, SOC-2 and SOC-3) grown in pots was similar in all lines in the absence of chilling

stress (Figure 7). Following exposure to dark chilling, however, the shoots had fewer leaves

than plants grown in the absence of stress (Figure 7). The chilling treatment led to a significant

decrease in shoot biomass in all lines, determined as fresh (Figure 7 A) or dry (Figure 8 B)

weights. Photosynthetic carbon assimilation rates were similar in the leaves of the wild type

and different OCI-expressing lines when plants were grown under optimal conditions (Figure

8 C). While the dark chilling treatment led to a strong inhibition of photosynthesis in all the

lines (Figure 8 C), photosynthetic rates were significantly higher the OCI-expressing lines than

the wild type (Figure 8 C).

OCI expression increases the levels of CCD7 and CCD8 transcripts

Wild type and OCI-expressing soybean lines (SOC1, SOC-2 and SOC-3) were grown under

either optimal temperatures for 17 days or they were exposed to three consecutive nights of

dark chilling following 14 days under optimal growth temperature conditions. The levels of

transcripts encoding the SL biosynthesis enzymes CCD7 and CCD8 were measured in the

roots, stems and leaves of wild type and SOC1, SOC-2 and SOC-3 lines, which were grouped

for simplicity (Figure 8). The levels of CCD7 mRNAs were broadly similar in the roots, stems

and leaves of the wild type in the absence of stress (Figure 9 A, C, E). However, the leaves of

the OCI-expressing lines had significantly higher levels of CCD7 transcripts than the OCI-

expressing stems or OCI-expressing roots (Figure 9). The abundance of CCD7 transcripts in

leaves was unaffected by dark chilling (Figure 9 A). In contrast, OCI-expressing stems had

significantly lower levels of CCD7 transcripts than the wild type in the absence of stress, but

the abundance of CCD7 transcripts was increased by dark chilling in the OCI-expressing stems
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(Figure 8 C). The roots of the wild type and OCI lines had similar levels of CCD7 mRNAs in

the absence of stress (Figure 8 C). However, dark chilling significantly increased root CCD7

in the OCI lines but not the wild type (Figure 9 A, C).

The OCI-expressing lines had higher levels of CCD8 transcripts was increased in the roots,

stems and leaves than the wild type the absence of stress (Figure 9). The abundance of CCD8

transcripts was significantly decreased by dark chilling in wild type roots but not stems or

leaves (Figure 9 B, D, F). However, the chilling treatment had no significant effect on the levels

of CCD8 transcripts in the roots, stems and leaves of the OCI-expressing lines (Figure 9 B, D,

F).

We examined the effect of soybean seedlings on the germination of Striga hermonthica seeds

to determine whether the level of SL exuded by the soybean plants was changed by OCI

expression. However, while the S. hermonthica seeds germinated in the presence of GR24,

there was no stimulation of germination in the presence of any of the soybean lines

(Supplemental Figure 3).
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DISCUSSION

SLs fulfil multiple functions in plants participating in legume/rhizobium interactions, drought

and nutrient deficiency responses and the stimulation of beneficial symbiosis with arbuscular

mycorrhizal fungi (López-Ráez et al., 2017). The data presented here demonstrate that SL also

play a role in low temperature tolerance in pea and A. thaliana. In contrast to the wild types in

during which photosynthesis is insensitive to dark chilling, low temperature stress significantly

decreased photosynthesis in the Arabidopsis max and pea rms4 mutants. These findings

demonstrate that SL protect photosynthesis against the negative impacts of dark chilling. The

chilling-dependent inhibition of photosynthesis may be related at least in part to the control of

stomatal closure. However, since the chilling stress was applied in the dark period rather than

during the photoperiod, any changes in transpiration and stomatal conductance are likely to be

residual effects of processes occurring in the dark. Stomatal conductance and transpiration rates

were lower following the dark chilling treatment in the rms 3-1 and rms 5-3 mutants but not in

the pea wild type or rms4-1 F-box protein mutants. The regulation of stomatal closure involves

abscisic acid (ABA), PYR/RCAR and ABA receptors (Chater et al., 2015). Hence, the SL-

dependent control of chilling tolerance is likely to involve crosstalk with the ABA-mediated

signal transduction pathways that control stomatal movement, as has been reported for plant

responses to drought (Liu et al., 2013; Ha et al., 2014; Visentin et al., 2016). SLs positively

regulate drought stress responses partly through ABA signal transduction pathways, which

have also been shown to promote chilling and freezing tolerance (Shinkawa et al., 2013).

Moreover, the drought-sensitive phenotype of the max mutants has been attributed to effects

on photosynthesis (Ha et al., 2014). Crosstalk between MAX2 and ABA signalling has also

been suggested to play a role in the resistance of A thaliana to bacterial pathogens (Piisilä, et

al., 2015). The levels of transcripts encoding SL biosynthetic enzymes were increased

following drought in A. thaliana leaves (Ha et al., 2014). In contrast, SL accumulation was

decreased in drought-treated L. japonicus and tomato roots, and the expression of SL

biosynthesis and transporter genes was repressed (Liu et al., 2015; Ruiz-Lozano et al., 2016).

Such data suggest that a complex interplay between SL and ABA signalling underpins plant

responses to drought. Moreover, SL act in concert with other plant hormones such as cytokinin

to protect plants against the negative impacts of environmental stresses by acting as systemic

signals that regulate plant development and architecture (Zhuang et al., 2017).
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The data presented here showing that SL play a role in dark chilling tolerance of photosynthesis

in pea and A. thaliana is convincing. However, SL functions in terms of the protection of

biomass accumulation against the negative impacts of chilling is less well defined. Dark

chilling caused a decrease in the shoot fresh weights of all the pea and A. thaliana lines.

However, while shoot dry biomass accumulation was also significantly decreased in the rms5-

3 and rms3-1 mutants and in the max4-1 mutants (Figure 4 C). Taken together, these findings

indicate that SL protects shoots against the negative impacts of chilling on dry biomass

accumulation. However, the addition of exogenous SL (GR24) at a concentration, which we

have previously shown to increases root glutathione (GSH) contents and block lateral root

formation in a MAX2-dependent manner (Marquez-Garcia, et al., 2013) had a negative impact

on the chilling tolerance of all the A. thaliana lines grown on agar plates. One possible

explanation of this rather contradictory finding is that the growth media used contained high

levels of sucrose and is likely to have imposed a degree of osmotic stress. Osmotic stress acts

together with sugar-dependent pathways to inhibit seedling development (Jossier et al., 2009).

However. SL are involved in sugar metabolism and sugar signalling pathways that modulate

early seedling development (Li et al., 2015). The max seedlings are hyposensitive to sugar-

induced growth arrest (Li et al., 2015). The results presented here may indicate that SL

signalling interacts sugar-signalling in the expression of cold tolerance in A. thaliana.

One of the main effects of dark chilling tolerance on leaves is an interruption of the circadian

control of starch breakdown (Graf et al., 2011). Starch that was synthesized during the day is

degraded at night to produce sucrose, which is transported throughout the plant to drive growth

(Graf and Smith, 2011). Starch is rapidly mobilized at night by the synergistic action of b-

AMYLASE1 (BAM1) and a-AMYLASE3 (AMY3). The regulation of starch degradation

supports continued growth during the night while preventing carbon starvation or excessive

carbon sequestration (Stitt and Zeeman, 2012). The circadian control of dark-induced leaf

starch degradation is perturbed by low night temperatures (Graf et al., 2011), leading to a

cessation of growth in plants exposed to dark chilling. The effect of dark chilling on starch

degradation and hence growth will be much more important in soil/pot grown plants, which

are dependent on photosynthesis to drive starch accumulation than in plants grown on plates

where high levels of sucrose are always available. It is possible therefore that one mechanism

by which SLs influence cold tolerance is through the control of sugar metabolism in the day

and starch metabolism at night. Moreover, ABA controls the activities of BAM1 and AMY3

in leaves exposed to osmotic stress through the AREB/ABF-SnRK2 kinase-signalling pathway
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(Thalmann et al., 2016). Drought stress-triggered ABA accumulation was found to impair

responses to exogenous SL in roots (Liu et al., 2015). Similarly, cold stress-induced increases

in ABA levels my limit the effectiveness of GR24 in the present study and impair effective

cold signalling responses, as reported in the case of drought (Liu et al., 2015).

Other phytohormones in addition to ABA also exert a strong influence over chilling tolerance

(Eremina et al., 2016). For example, the JASMONATE ZIM-DOMAIN (JAZ) proteins

regulate the ICE-CBF/DREB1 pathway in Arabidopsis by repressing the transcriptional

activity of ICE1 (Hu et al., 2013). Moreover, the OPEN STOMATA 1 (OST1) kinase, which

regulates stomatal closure mediated by reactive oxygen species (ROS), phosphorylates ICE1

and enhances chilling tolerance (Ding et al., 2015). Jasmonates function as upstream regulators

of ICE-CBF/DREB1 pathway, which activates antioxidant systems and related pathways to

counteract chilling-induced oxidation (Sharma and Laxmi, 2016). In addition to jasmonates,

ICE1 interacts with salicylic acid (SA)–dependent pathways, suggesting crosstalk between

jasmonate and SA-mediated signal transduction pathways to avoid the negative impacts of

chilling stress. GSH plays a crucial role in ROS-mediated regulation of gene expression

mediated by the SA and jasmonate signalling pathways (Mhamdi et al., 2010). Our earlier

studies have also linked GSH to auxin and SLs signalling in the control of root architecture

(Marquez-Garcia, et al., 2013). SLs have been shown to interact directly with plant antioxidants

and the redox signalling network (Woo et al., 2004). We have previously reported that the

addition of GR24 to Arabidopsis seedlings exerted a greater influence over the abundance of

GSH and ascorbate than the activities of antioxidant enzymes such as catalase or superoxide

dismutase (Bartoli et al., 2013). Since GSH has long been associated with chilling tolerance

(Foyer et al., 2003; Gomez, et al., 2004; Giauffret and Foyer, 2011), the SL-dependent control

of chilling tolerance may also involve redox-mediated crosstalk with the jasmonate and SA-

mediated signal transduction pathways.

The data presented here also implicate C1 papain-like cysteine proteases in the regulation of

the chilling sensitivity of photosynthesis in soybean, as demonstrated previously in OCI-

expressing tobacco lines (Van der Vyver et al., 2003). However, the observed decrease in

chilling sensitivity of photosynthesis in soybean did not result in better shoot biomass

accumulation in plants exposed to low night time temperatures. The data presented here links

OCI expression to an increased abundance of CCD7 and CCD8 transcripts and therefore

supports a role for SL in chilling tolerance.
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FIGURE LEGENDS

Figure 1: The effect of 7 consecutive nights of dark chilling on the growth of wild type peas

and mutants defective either in strigolactone synthesis strigolactone synthesis (rms5-3) or

signalling (rms3-1 and rms4-1). Plants were grown for either 21 days under optimal conditions

or for 14 days under optimal conditions followed by 7 consecutive nights of dark chilling (4

°C ±1 °C). A) Shoot phenotypes of plants grown either in the absence (Control) of stress or

following dark chilling (Chilled). Scale bar shows 5 cm. B) Shoot fresh weight. C) Shoot dry

weight. D) Number of branches. E) Number of leaves. Open bars indicate plants grown in the

absence of chilling stress while the great bars indicate plants that had been subjected to the

dark chilling treatment. Shared letters indicate significant differences (mean ± SE) from 3

separate experiments. (P<0.05).

Figure 2: The effect of 7 consecutive nights of dark chilling on the leaf pigment content and

composition in wild type peas and mutants defective either in strigolactone synthesis (rms5-3)

or signaling (rms4-1, rms3-1). Plants were grown for either 21 days under optimal conditions

or for 14 days under optimal conditions followed by 7 consecutive nights of dark chilling (4

°C ±1 °C). A) Total chlorophyll content, B) Chlorophyll a/b ratios, C) Total carotenoid content.

Open bars indicate plants grown in the absence of chilling stress while the great bars indicate

plants that had been subjected to the dark chilling treatment. Shared letters indicate significant

differences (mean ± SE) from 3 separate experiments. (P<0.05).

Figure 3: Chilling-induced inhibition of photosynthesis in the leaves of wild type pea plants

and of pea mutants defective in SL synthesis (rms5-3) or signaling (rms4-1, rms3-1). Plants

were grown for either 21 days under optimal conditions or for 14 days under optimal conditions

followed by 7 consecutive nights of dark chilling (4 °C ±1 °C). Measurements were made at

20 °C, with an atmospheric CO2 concentration of 400 mL L-1 and an irradiance of 800 µmol.m2

s-1. A) Carbon assimilation B) Stomatal conductance C) Intracellular CO2 concentration, D)

Transpiration. Data are mean ± SE for plants grown at optimal temperatures (open bars) and

after exposure to dark chilling (grey bars). Shared letters indicate significant differences from

3 separate experiments. (P<0.05).

Figure 4: The effect of nine consecutive nights of dark chilling on the shoot phenotypes of

soil-grown wild type (Wt) A. thaliana and mutants defective in strigolactone synthesis (max3-

9, max4-1) or signaling (max2-1). Plants were grown for 4 weeks on compost under optimal

conditions before exposure to either 7 consecutive nights of dark chilling (4 °C ±1 °C). Controls
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were maintained under optimal temperatures. A) Typical examples of Arabidopsis rosette

phenotypes in the absence of chilling or after the dark chilling treatments. B) Fresh biomass

(weight) in the absence of chilling or after the dark chilling treatments. C) Dry biomass (weight)

in the absence of chilling or after the dark chilling treatments. Data are mean ± SE for plants

grown at optimal temperatures (open bars) and after exposure to dark chilling (grey bars).

Shared letters indicate significant differences from 3 different experiments. (P<0.05).

Figure 5: The effect of seven consecutive nights of dark chilling on photosynthesis in wild

type A. thaliana and mutants defective in strigolactone synthesis (max3-9,max4-1) or signaling

(max2-1). Plants were grown on compost for either 35 days under optimal conditions or for 28

days under optimal conditions followed by 7 consecutive nights of dark chilling (4 °C ±1 °C).

Measurements were made at 20 °C, with an atmospheric CO2 concentration of 400 mL L-1 and

an irradiance of 800 µmol.m2 s-1. A) Carbon assimilation rate. B) Transpiration rate. Data are

mean± SE for plants grown at optimal temperatures (open bars) and after exposure to dark

chilling (grey bars). Shared letters indicate significant differences from 3 independent

experiments. (P<0.05).

Figure 6: The effect of eleven consecutive nights of dark chilling on the shoot phenotypes of

agar plate-grown wild type (Wt) A. thaliana (Col-0) and mutants defective in strigolactone

synthesis (max3-9, max4-1) or signaling (max2-1). Plants were grown on ½ strength MS media

in the absence or presence of 2 µM GR24, for either 25 days under optimal conditions or for

14 days under optimal conditions followed by 11 consecutive nights of dark chilling (4 °C ±1

°C). A) Rosette phenotypes in the absence of chilling (Control) or after 11 consecutive nights

of dark chilling (Chilled), in the presence or absence of 2 ȝM GR24 (Scale bar =1 cm). B) 

Rosette area in the absence of chilling and after the dark chilling treatment with no application

of GR24. C) Rosette area (cm
2
) in the presence or absence of GR24 with no application of

chilling stress. D) Rosette area (cm
2
) in the presence of GR24 after growth at control

temperatures or following 11 consecutive nights of dark chilling. Data are mean± SE for plants

grown at optimal temperatures (open bars) and after exposure to dark chilling (grey bars).

Shared letters indicate significant differences from 3 separate experiments. (P<0.05).

Figure 7: The effect of nine consecutive nights of dark chilling on the shoot phenotypes of the

wild type (Wt) and three independent OCI-expressing soybean lines (SOC-1, SOC-2 and SOC-

3). Plants were grown for 2 weeks under optimal growth conditions and then either maintained
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under optimal conditions (upper panel; Control) or exposed to nine consecutive nights of dark

chilling at 4 °C ± 1 °C (lower panel: Chilled).

Figure 8: The effect of nine consecutive nights chilling on the shoot biomass and leaf

photosynthesis in wild type (Wt) soybeans and three independent OCI-expressing lines (SOC-

1, SOC-2 and SOC-3). A) Shoot fresh weight. B) Shoot dry weight C) Photosynthetic carbon

assimilation (A) measured at 20 °C under 400 µmol/mol CO2 and an irradiance of 800

µmol.m2.s-1. Controls that had not been exposed to chilling stress (open bars); Chilled plants

(grey bars). Shared letters indicate significant differences (mean± SE) from 3 independent

experiments. (P<0.05).

Figure 9:A comparison of the levels of transcripts encoding carotenoid cleavage dioxygenases

(CCD) involved in strigolactone synthesis in the leaves (A, CCD7; B, CCD8), stems (C, CCD7;

D, CCD8) and roots (E, CCD7; F, CCD8) of wild type soybean and three independent OCI

expressing lines (SOC-1, SOC-2, SOC-3). Measurements were made on plants that had been

grown either under optimal growth conditions or after 3 consecutive nights of dark chilling.

Data are expressed relative to mRNAs encoding elongation factor 1-ȕ (with fold expression 

change relative to the wild type. Data obtained in the absence or presence of chilling stress

were grouped for SOC-1, SOC-2 and SOC-3 lines. Shared letters indicate significant

differences (mean± SE) from 3 separate experiments. (P<0.05).

Supplemental Figure 1

A comparison of the shoot phenotypes of wild type peas and mutants defective either in

strigolactone synthesis (rms2-1 and rms5-3) or signalling (rms3-1 and rms4-1).

Supplemental Figure 2

The effect of GR24 on rosette biomass (fresh weight) of agar plate-grown wild type (Wt) A.

thaliana (Col-0) and mutants defective in strigolactone synthesis (max3-9, max4-1) or

signaling (max2-1). Plants were grown on ½ strength MS media in the absence or presence of

2 µM GR24, for 25 days under optimal growth temperatures.

Supplemental Figure 3

The effect of GR24 and soybean seedlings on the germination of Striga hermonthica seeds.

(Supplemental Figure 3).
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