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2 

Abstract 23 

 24 

When exposed to neighbour signals, competitive plants increase the growth of the stem to reduce 25 

the degree of current or future shade. Plants can experience similar neighbour cues under 26 

different weather conditions and the aim of this work is to investigate the impact of daily average 27 

temperature and irradiance and thermal amplitude on the magnitude of shade-avoidance 28 

responses in Arabidopsis thaliana. For this purpose, we first generated a growth database and 29 

elaborated under controlled conditions a model that predicts hypocotyl growth during the 30 

photoperiod as a function of the light-modulated activity of the main photo-sensory receptors 31 

(phytochromes A and B, cryptochromes 1 and 2), temperature-modulated activity of phytochrome 32 

B and an independent temperature input. Thermal amplitude (lower temperatures during the 33 

morning and afternoon that at midday) reduced growth of genotypes with normally fast morning 34 

growth, and this effect was incorporated to the model. Thermal amplitude also decreased the 35 

abundance of the growth-promoting transcription factor PHYTOCHROME-INTERACTING FACTOR 4. 36 

The model predicted growth in the field through different seasons with reasonable accuracy. 37 

Then, we used the model in combination with a worldwide dataset of current and future whether 38 

conditions. The analysis predicted enhanced shade-avoidance responses as a result of higher 39 

temperatures due to the geographical location or global warming. Irradiance and thermal 40 

amplitude had no effects. These trends were also observed for our local growth measurements. 41 

We conclude that, if water and nutrients do not become limiting, warm environments enhance the 42 

shade avoidance response. 43 

 44 
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1 | INTRODUCTION 47 

Stem growth can affect the yield of agricultural crops (Foulkes et al. 2011). Excessive growth 48 

enhances the vulnerability to wind and the associated risk of lodging, as well as the competition 49 

for resources between the stem and harvestable organs. Variations in these factors were of 50 

fundamental importance for the success caused by the introduction of dwarfing genes during the 51 

breeding process that generated the green revolution. At the other end of the scale, short plants 52 

can also be sub-optimal as the resulting canopy architecture involves strong overlap among leaves 53 

and poor penetration of the light. This condition may result in upper leaves with photosynthesis 54 

saturated by light simultaneously with lower strata with negative net carbon dioxide exchange. 55 

The light environment has a major influence on stem growth. Due to the optical properties of the 56 

leaves, which absorb strongly in the UV, blue and red wavelengths while transmitting and 57 

reflecting more in the far-red range, the presence of nearby vegetation reduces the red / far-red 58 

ratio even if the plants are close-by without shading each other, and reduce the irradiance as 59 

mutual shading becomes more intense (Franklin 2008; Martínez-García et al. 2010; Casal 2013; 60 

Ballaré & Pierik 2017). These neighbour signals reduce the activity of photo-sensory receptors that 61 

control stem growth. The low red / far-red ratios and/or the reduced red irradiances of canopy 62 

shade are perceived by phytochrome B (phyB) in Arabidopsis thaliana (Robson, Whitelam & Smith 63 

1993; Sellaro et al. 2010; Trupkin, Legris, Buchovsky, Rivero & Casal 2014), Brassica rapa (Devlin, 64 

Rood, Somers, Quail & Whitelam 1992) cucumber (Ballaré, Casal & Kendrick 1991; López Juez et al. 65 

1992) and tomato (Casal 2013). The low blue-light irradiances and low blue / green ratios caused 66 

by neighbours are perceived by cryptochrome 1 (cry1) and cry2 (Sellaro et al. 2010; Keller et al. 67 

2011). Increasing intensities of neighbour cues initiate the so-called shade-avoidance responses, 68 

including enhanced stem growth, mainly by reducing the activities of phyB and cry1. At high 69 

irradiances (as those observed in the field), phyA becomes an effective sensor of red irradiance in 70 

addition to far-red light and therefore, phyA also contributes to the inhibition of stem growth by 71 

progressive reductions in canopy shade (Franklin, Allen & Whitelam 2007; Sellaro et al. 2010). 72 

Finally, the UV-B RESISTANT 8 (UVR8) receptor perceives brief interruptions of canopy shade to 73 

reduce stem growth (Moriconi et al. 2018). Major points of signalling convergence downstream 74 

these photo-sensory receptors include PHYTOCHROME INTERACTING FACTORS (Leivar & Quail 75 

2011; Hornitschek et al. 2012) and CONSTITUTIVE PHOTOMORPHOGENIC 1 (Lau & Deng 2012; 76 

Pacín, Semmoloni, Legris, Finlayson & Casal 2016).  77 
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In addition to its role in the perception of the light environment, phyB is also able to sense 78 

temperature (Jung et al. 2016; Legris et al. 2016). While high, compared to low, red / far-red ratios 79 

increase the proportion of phyB in its active conformation warm temperatures have the opposite 80 

effect via thermal reversion from the active to the inactive phyB conformer. When irradiance is 81 

not high, phyB is in a steady state that depends strongly on temperature (Sellaro, Smith, Legris, 82 

Fleck & Casal 2019). The blue-light receptor phototropin (Fujii et al. 2017) has also been shown to 83 

sense temperature but this photo-receptor only has a transient effect on straight stem growth 84 

(Folta & Spalding 2001).  85 

Plants can eventually experience similar neighbour cues under different weather conditions. The 86 

overall irradiance can be affected by solar angle and clouds, and air temperature patterns are very 87 

dynamic. The aim of this work was to elucidate the degree of impact of weather conditions 88 

(specifically irradiance patterns, mean temperature and thermal amplitude) on the response of 89 

stem growth to plant neighbour cues. This issue is particularly important in the scenario of global 90 

warming and climate change because crops where stem growth is adjusted to current weather 91 

conditions could become sub-optimal in terms of architecture in the future. A reductionist 92 

approach could simply involve testing the effect of similar neighbour signals in combination with 93 

different temperatures and overall irradiances under controlled environments. The latter type of 94 

experiments has already been conducted in the past (Wall & Johnson 1982; Mazzella, Bertero & 95 

Casal 2000; Weinig 2000; Halliday & Whitelam 2003; Patel et al. 2013). Although informative, such 96 

approach bears serious limitations to predict plant responses under natural conditions for two 97 

reasons. One is that the natural environment is more complex than the conditions typically used in 98 

growth cambers. For instance, light and temperature fluctuate diurnally and this pattern is difficult 99 

to simulate in combination with many light conditions. Second, some environmental variables such 100 

as overall irradiance and temperature do not fluctuate fully independently in nature and the use of 101 

simulated combinations do not necessarily reflect those that a plant is more likely to find in the 102 

field. Therefore, to address this issue we followed a more sophisticated approach, where we 103 

conducted experiments under controlled conditions to extend a stem growth model based on 104 

phyB activity (Legris et al. 2016) to incorporate the action of cry1, cry2 and phyA. We also analysed 105 

the need to incorporate ad-hoc model terms to account for the effects of diurnal thermal and 106 

irradiance fluctuations. Then, we generated a growth database by cultivating A. thaliana plants in 107 

the field under sunlight and two levels of shade, and tested against this data the predictions of the 108 

model parameterised under controlled conditions. Since the model predicted stem growth with 109 
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reasonable accuracy, we used it in combination with weather data from different regions of the 110 

Earth and models that predict future trends to evaluate the impact of realistic weather conditions 111 

on the shade avoidance response.  112 

 113 

2 | MATERIALS AND METHODS 114 

2.1 | Plant material 115 

We used seedlings of Arabidopsis thaliana of the wild type Columbia background in all the 116 

experiments. Wild type (WT) plants and the phyA-211, phyB-9, phyA-211 phyB-9 cry1-304, cry2-1 117 

and cry1-304 cry2-1 mutants (for references see Sellaro, Pacín & Casal 2012) were included in all 118 

the experiments, except those aimed to model the action of either phyA or cry1 and cry2, which 119 

included only the relevant mutants. For all the experiments, 10-15 seeds per genotype were sown 120 

on 8 ml of 0.8 % agar in clear plastic boxes and kept in the dark at 4°C for 4 days. Then, they were 121 

transferred to white light conditions for 3 d in a growth room at 22°C with a photoperiod of 10 122 

under 100 µmol . m
-2

 . s
-1

 (400-700 nm) provided by a mixture of fluorescent and halogen lamps 123 

(red / far-red ratio = 1.1). At the time of initiation of the photoperiod of the fourth day, the 124 

seedlings were transferred to the corresponding experimental light conditions.  125 

2.2 | Hypocotyl length increment 126 

For field experiments and all indoor experiments under constant conditions pictures of the 127 

seedlings were taken at the beginning and at the end of the photoperiod of the fourth day. 128 

For experiments with fluctuating temperatures, pictures were taken every 2.5 during the 129 

photoperiod of the fourth day. For experiments with fluctuating light, pictures were taken at 130 

the beginning, at the middle and at the end of the photoperiod of the fourth day. Hypocotyls 131 

were measured using image processing software (Sellaro, Hoecker, Yanovsky, Chory & Casal 132 

2009) and length increments were divided by the duration of the period to obtain growth 133 

rates. Data obtained in experiments under controlled conditions are shown in Table S1 and 134 

those obtained in the field are shown in Table S2. When using growth data to either adjust or 135 

test the growth model, the hourly growth rates were converted to length increments during a 136 

period of 9 h (by multiplying by 9) for consistency with the original model  (Legris et al. 2016). 137 
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2. 3| Light treatments under controlled conditions 138 

To model the contribution of phyA (see below Fig. 1a-b) we used five different mixtures of red 139 

and far-red light provided by 150 W incandescent R95 lamps (Philips) in combination with a 140 

water filter, a yellow, orange and red acetate filter set (LEE filters 101, 105 and 106, 141 

respectively), either alone or plus a green acetate filter (LEE filters 138, 121 or 089) or six blue 142 

acrylic filters (Paolini 2031, Buenos Aires, Argentina). Scans of the light fields were obtained 143 

with a spectroradiometer (USB400, Ocean Optics, USA) The red / far-red ratios were: 1.09, 144 

0.44, 0.20, 0.07 and 0.001 and the irradiances ranged from 63 to 834 μmol . m
-2

 . s
-1

 (spectra 145 

are shown in Fig. S1a). Spectral data were used in combination with photoconversion cross 146 

section data (Mancinelli 1994) to obtain the rates of photoconversion from Pr to Pfr (k1) and 147 

from Pfr to Pr (k2). To model the contribution of cry1 and cry2 (see below Fig1c-d) blue light 148 

was provided by light-emitting diodes (the spectrum is shown in Fig. S1b).  149 

To test the model under stable conditions of light and temperature, simulated sunlight was 150 

provided by a combination of fluorescent and halogen lamps (100 μmol . m
-2

 . s
-1

, between 151 

400 and 700 nm) and increasing degrees of shade were simulated by the combination with 152 

different green acetate filters (LEE filters 138, 121 or 089 for mild, medium and deep shade, 153 

respectively). The red / far-red ratios were: 0.76, 0.41 and 0.12 and the irradiances between 154 

400 and 700 nm ranged from 18 to 70 μmol . m
-2

 . s
-1

 (spectra are shown in Fig. S1e). Different 155 

growth chambers were used for the different temperature conditions (14°C, 22°C and 28°C). 156 

For experiments with temperature fluctuations (see below Fig. 2) we used a growth chamber 157 

(Percival E-308) with fluorescent light tubes (30 μmol . m
-2

 . s
-1 

 between 400 and 700 nm, the 158 

spectrum is shown in Fig. S1c) and simulated real temperature patterns obtained from climate 159 

stations at three different locations in Argentina (25 de Mayo, Ingeniero Jacobacci and Puerto 160 

Pirámides) for a date when photoperiod was 10 h. The three cases show similar medium 161 

temperature but different thermal amplitudes.  162 

For experiments with light fluctuations (see below Fig. 3), we used a LED panel with 3 light 163 

channels: red, far-red and blue (spectra are shown in Fig. S1d). For the control, each one of 164 

the three channels was kept constant at 9 μmol . m
-2

 . s
-1

. For the blue light treatment the red 165 

and far-red channels were kept constant at 9 μmol . m
-2

 . s
-1

 and blue light intensity was 166 
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increased 20% every hour (starting with 3.6 μmol . m
-2

 . s
-1

) during the first half of the 167 

photoperiod (when it reached maximum intensity, 18 μmol . m
-2

 . s
-1

) and then decreased 168 

symmetrically, i.e. 20% every hour during the second half of the photoperiod. The same 169 

pattern and intensity values were used for red plus far-red treatment, where the blue channel 170 

was kept constant and the red and far-red channels were shifted during the photoperiod. For 171 

the blue plus red plus far-red treatment all the channels were shifted during the photoperiod 172 

following the same pattern.   173 

2.4 | Field experiments 174 

On the fourth day light grown seedlings of all the genotypes were transferred either to 175 

unfiltered sunlight or under one of two different canopy shade conditions (mild and deep 176 

shade) in the experimental field of Facultad de Agronomía, University of Buenos Aires 177 

(latitude -34.5914, longitude -58.4798). Ten different experiments were performed at 178 

different dates, starting in June (winter) and ending in February (summer) to obtain arranges 179 

of different light and temperature combinations. Temperature inside the growth boxes that 180 

contained the seedlings was recorded hourly by using a data-logger (DS1922L-F5# 181 

Thermochron iButton). Photosynthetically-active radiation, blue, red and far-red light were 182 

recorded hourly by using a 4-channel light sensor (SKR 1850, Skye Instruments).  183 

2.5 | Weather data 184 

To investigate the impact of diurnal temperature fluctuations on hypocotyl growth, we 185 

searched a local weather database (SIGA, Sistema de Información y Gestión Meteorológica 186 

INTA, Argentina, http://siga2.inta.gov.ar/). We identified locations and dates where the 187 

photoperiod was 10 h. Then, we selected tree cases where mean temperature was similar 188 

(close to 10°C) and thermal amplitude was contrasting. One of the locations (25 de Mayo) 189 

showed considerable thermal amplitude, the second (Ingeniero Jacobacci) showed small 190 

thermal amplitude, and the third (Puerto Pirámides) showed thermal inversion caused by the 191 

important oceanic influence. 192 

To apply the growth model at a global scale of current weather, maximum temperature, 193 

minimum temperature and solar radiation data for 100 different locations were obtained 194 
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from the CCAFS-Climate data portal (http://www.ccafs-climate.org). The processing of 195 

datasets was conducted by using GIS software (QGIS 3, http://www.qgis.org/). The data 196 

correspond to dates when the photoperiod is close to 10 h (this excludes latitudes where days 197 

are longer throughout the year).  198 

For future projections (year 2080) of weather conditions, the climate model mpi-echam5 199 

(http://ccafs-climate.org/data_spatial_downscaling/) and the emission scenario A1B were 200 

used. The latter scenario predicts an integrated world characterised by rapid economic 201 

growth, a population that reaches 9 billion by 2050 and then declines gradually, and the rapid 202 

development of alternative energy sources that facilitate increased economic growth while 203 

limiting and eventually reducing carbon emissions. The starting point (current weather 204 

conditions) was defined by the conditions obtained from the CCAFS-Climate data portal, as 205 

described above.    206 

2.6 | Bioluminiscence assay 207 

For bioluminescence assays, we exposed 3-day-old light-grown seedling of the Columbia wild-type 208 

carrying the PIF4:PIF4-LUC transgene to a photoperiod with irradiance or temperature manually 209 

adjusted hourly to obtain a peak at midday, compared to a control under constant light and 210 

temperature. Seeds carrying the bioluminescent PIF4 reporter were kindly provided by Salomé 211 

Prat (Centro Nacional de Biotecnología, Madrid, Spain) and will be described in further detail 212 

elsewhere. In the morning, light increased linearly from 41 μmol . m
-2

 . s
-1

 during the first hour to 213 

230 μmol . m
-2

 . s
-1

 during the fifth hour. Similarly, temperature increased linearly from 13 °C 214 

during the first hour to 27 °C during the fifth hour. In both cases, the opposite trend was applied 215 

during the afternoon. The control was exposed to 135 μmol . m
-2

 . s
-1

 and 20 °C throughout the 216 

10 h photoperiod. Twenty-four hours before starting luciferase readings, 20 µL of 0.5 mM D-217 

luciferin were added to each well. Luciferase activity was detected with a Centro LB 960 (Berthold) 218 

luminometer. 219 

 220 

 221 

 222 
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3 | RESULTS 223 

3.1 | Basic growth model under stable light and temperature 224 

The model developed by Legris et al. (2016) predicts the average hypocotyl growth of a 3-day-old 225 

light-grown seedling during the photoperiod as a function of phyB activity (Table S3a), 226 

temperature (Table S3b), the interaction between phyB and temperature (Table S3c), and white 227 

light irradiance. The last term is used to incorporate the activity of the additional photo-sensory 228 

receptors (phyA, cry1 and cry2), which are not included in the term corresponding to phyB. To 229 

make the model more accurate under natural radiation conditions, where changes in spectral 230 

composition can alter the relative activation of different photo-sensory receptors, we modelled 231 

the specific contributions of phyA, cry1 and cry2 under controlled conditions. As in previous 232 

models, growth (G) is represented as a function of maximum growth (Go) divided by the sum of all 233 

the terms that reduce growth below the maximum (phyB, low temperature, interaction between 234 

phyB and low temperature, phyA, cry1 and cry2) plus 1 (Table S3); i.e., G=Go if there are no 235 

inhibitory terms.  236 

To parameterise the term corresponding to phyA, we measured G both in WT and the phyA 237 

mutant 3-day-old light-grown seedlings exposed to a photoperiod of different mixtures of red plus 238 

far-red light, each one of them at a range of irradiances. Figure 1a shows the Go/G ratio for one of 239 

these red plus far-red light mixtures plotted against the sum of the rates of photoconversion from 240 

Pr to Pfr (k1) and from Pfr to Pr (k2). Go/G increases above 1 when there is inhibition (i.e G <Go). 241 

For a given spectral composition, k1+k2 increases with irradiance. The phyA mutant retained a 242 

significant degree of inhibition (equivalent to the phyB-mediated inhibition predicted by Legris et 243 

al. 2016) and the difference in slope between the WT and phyA provides an estimate of the 244 

inhibitory effect of phyA. Figure 1b shows the difference in slope between the WT and phyA 245 

observed in plots similar to that shown in Figure 1a but with different red / far-red ratios. The 246 

effect of spectral composition is captured by the k1/(k1+k2) ratio (we prefer the latter to the red / 247 

far-red ratio itself because the photoconversion rates are calculated with information provided by 248 

the whole spectrum (Mancinelli 1994)). The inhibitory effect is maximal for almost pure far-red 249 

light (the lowest k1/(k1+k2)) and steeply decreases with increasing proportions of red light to 250 

reach a plateau. This pattern is consistent with the well-known maximal effect of phyA under far-251 

red light (Quail et al. 1995), the contribution of phyA even under pure red light when the 252 

irradiance is high enough (Franklin et al. 2007) and the lack of effects of red / far-red ratio in the 253 
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upper range of ratios (Sellaro et al. 2010). Then, the contribution of phyA was modelled by 254 

incorporating to the denominator a term where the activity of phyA depends on irradiance (k1+k2) 255 

in a manner that in turn depends on spectral composition, and more specifically red / far-red ratio 256 

(k1/(k1+k2)) (Table S3d). 257 

 258 

To parameterise the terms corresponding to cry1 and cry2, we measured G both in WT and cry1 259 

cry2 mutant 3-day-old light-grown seedlings exposed to a photoperiod of different irradiances of 260 

blue light. Figure 1c shows the Go/G ratio plotted against blue-light irradiance (400-500 nm) and 261 

the difference in slope indicates the combined contribution of cry1 and cry2. To discriminate the 262 

role of each one of these receptors, we compared the double mutant to the cry1 and cry2 single 263 

mutants under a range of simulated sunlight and shade conditions and calculated the average 264 

ratio between G for each mutant and G for cry1 cry2. Figure 1d indicates strong genetic 265 

redundancy between cry1 and cry2 because the cry2 mutation on its own causes a reduction of G 266 

(reflected mathematically as “negative inhibition”) but significantly released the growth potential 267 

when combined with the cry1 mutation. The contribution of cry1 and cry2 was modelled by 268 

incorporating a term where blue-light irradiance is multiplied by the slope of response when both 269 

cry1 and cry2 are present (Fig. 1d) multiplied by the specific contribution (Fig. 1e, Table S3e).  270 

To test the performance of the model, seedlings of the WT and of the phyA, phyB, phyA phyB, 271 

cry1, cry2 and cry1 cry2, were exposed to different simulated sunlight and shade conditions and 272 

different temperatures. Figure 1e shows the relationship between observed and predicted G, 273 

which did not significantly depart from the 1:1 line and showed adequate accuracy.  274 

3.2 | The impact of daily temperature fluctuations 275 

While the model was able to capture the impact of temperature, the above experiments were 276 

conducted under conditions where this parameter remained constant through the photoperiod, 277 

which is not typical of natural settings. To investigate the impact of temperature fluctuations we 278 

first searched for natural patterns characterised by divergent daily trends and not very large 279 

differences in average temperature, in places with a photoperiod of 10 h (i.e. similar to the 280 

photoperiod used in our indoor experiments). We selected three locations in Argentina (Fig. 2a) 281 

and we exposed 3-day-old light-grown seedling of the WT and photo-sensory receptor mutants to 282 

a stable photoperiod in a growth chamber manually set to reproduce the three temperature 283 

patterns and a constant temperature control. We then measured G at different times of the 284 
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photoperiod (Fig. 2b). The analysis of the residuals unaccounted by the growth model indicated 285 

that the accuracy of fit was improved by a factor reducing growth with increasing thermal 286 

amplitude in seedlings of the WT and of the phyA and cry2 mutants (Table S4). This effect was not 287 

significant for the phyB, cry1 and cry1 cry2 mutants and was actually negative in the phyA phyB 288 

double mutant (Table S4). Thermal amplitude was calculated as the difference between maximum 289 

and minimum temperature with a negative signal if temperature decreases rather than decrease 290 

towards midday, as in the case of Puerto Piramide (Fig. 2a). Our interpretation of this effect is that 291 

in the WT (as well as phyA and cry2), during the photoperiod maximum hypocotyl growth rate 292 

occurs in the morning and then growth decreases gradually (Nozue et al. 2007; Sellaro et al. 2012). 293 

Therefore, if a given average temperature results from lower morning temperatures and higher 294 

values at midday, there is a coincidence between lower temperature and the time of maximal 295 

growth potential, which lowers average G. The phyB, cry1, cry1 cry2 and phyA phyB mutants have 296 

higher rates not in the morning, but later in the photoperiod and therefore, do not become 297 

affected by temperature fluctuations in the same way. The model incorporating this additional 298 

term (Table S3f) accounted for the G values observed under fluctuating temperatures with 299 

reasonable accuracy (Fig. 1c).  300 

3.3 | The impact of daily light fluctuations 301 

Following the same argument used for the analysis of fluctuating temperatures, we exposed 3-302 

day-old light-grown seedling of the WT and photo-sensory receptor mutants to a photoperiod with 303 

irradiance manually adjusted hourly to obtain a peak at midday. We modified the red plus far-red 304 

light or the blue-light component leaving the other constant, or both components and we also 305 

included a control without temperature fluctuations (Fig. 3a). We then measured G during the first 306 

and second halves of the photoperiod (Fig. 3b). The model (which is based on average irradiance 307 

values) was able to predict G under these conditions with reasonable accuracy and no need for a 308 

correction associated to light fluctuations was apparent (Fig. 3c). 309 

3.4 | The impact of temperature or light fluctuations on PIF4 dynamics 310 

The above experiments indicate that, compared to a stable condition with the same average 311 

temperature and irradiance, fluctuations in temperature peaking at midday tend to reduce 312 

growth, whilst fluctuations in irradiance do not have large effects. Since one of the most important 313 

players in the control of hypocotyl growth by light and temperature is PIF4 (Huq & Quail 2002; 314 
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Niwa, Yamashino & Mizuno 2009; Franklin et al. 2011; Hornitschek et al. 2012), we investigated 315 

whether light and/or temperature fluctuations affect PIF4 dynamics. Figure 4 shows that 316 

compared to the stable conditions, increasing thermal amplitude significantly decreased PIF4 317 

levels at midday. This observation offers a molecular correlate to the observed pattern of the 318 

physiological output.   319 

3.5 | Model performance in the field 320 

To test the model developed under controlled conditions, we exposed 3-day-old light-grown 321 

seedling of the WT and photo-sensory receptor mutants to a photoperiod (10 h) of natural 322 

radiation either under full sunlight or under two levels of natural shade provided by grass canopies 323 

of different stature. The experiment was repeated on ten different dates between the beginning 324 

of winter and mid-summer to obtain a range of temperatures and irradiances. Light and 325 

temperature conditions inside the boxes where the plants were grown were monitored every 326 

hour. The daily average values were used as inputs to the model to estimate G (Table S3h). Figure 327 

5 shows the relationship between observed and predicted data. The relationship did not departure 328 

significantly from the 1:1 ratio, showed no obvious bias due to genotype, light or temperature 329 

conditions and demonstrates that the model can predict G under field conditions with reasonable 330 

accuracy.  331 

3.6 | Impact of weather conditions on shade avoidance 332 

To investigate the impact of weather conditions on shade avoidance, we first downloaded light 333 

and temperature data from 100 locations distributed over the Earth at the time of the year when 334 

the photoperiod is 10 h (Fig. 6a, Table S5). This photoperiod occurs only within certain latitudes, 335 

and very high latitudes are not included due to their extremely low temperatures (which are not 336 

suitable for Arabidopsis growth). Light and temperature data were used to estimate G under 337 

sunlight conditions, and corrected by the impact of the canopy to estimate G under mild and 338 

strong shade conditions. Figure 6b shows estimated G values under sunlight and shade conditions, 339 

plotted against the mean irradiance, mean temperature or thermal amplitude corresponding to 340 

each location (G values are the same in the three plots). The environmental values correspond to 341 

sunlight conditions (even though shade conditions were used to estimate G) because the aim is to 342 

explore the impact of weather. Of the three environmental variables, only mean temperature 343 

affected the magnitude of the shade avoidance response (the interaction between mean 344 
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temperature and light/shade condition is significant at P < 10
-26

). The magnitude of the difference 345 

between G under sunlight compared with shade conditions increased under warmer 346 

temperatures. 347 

Figure 6c shows a similar plot but in this case, G corresponds to the values measured in our field 348 

experiments (Table S2, rather than model estimates) and their corresponding environmental data. 349 

Compared to the values observed in nature, the range is shifted towards higher temperatures 350 

because in our experiments the seedlings were exposed to natural radiation for 10 h even in the 351 

warm season, when natural photoperiod is above 10 h. Despite this, the results show the same 352 

pattern providing independent support to the conclusion based on the application of the model: 353 

Of the three environmental variables, only mean temperature affected the magnitude of the 354 

shade avoidance response (the interaction between mean temperature and light/shade condition 355 

is significant at P < 10
-16

). 356 

Finally, in Figure 6d, G was again estimated by using the model and the variables corresponding to 357 

the 100 world locations but in this case only the variable plotted in abscissas was varied, whereas 358 

for the other two, the average for the 100 locations was used as input. This procedure eliminates 359 

the natural correlations among temperature, irradiance and thermal amplitude. The results of this 360 

exercise show that irradiance and thermal amplitude theoretically do have impact on shade 361 

avoidance; which becomes more intense under better irradiated conditions with weaker thermal 362 

amplitude. The comparison of Figs 6a and 6c indicates that the effect of irradiance and thermal 363 

amplitude are not obvious in natural settings because they become diluted and/or counteracted 364 

by variations in the other variables. 365 

3.7 | Predicted impact of climate change on the magnitude of shade-avoidance responses 366 

By using current weather data in combination with a model that estimates climate trends, we 367 

obtained predicted whether conditions for 2080 at a global scale. These data were used as input 368 

for the growth model (Table S3h) to estimate current and future growth under sunlight, and two 369 

different degrees of shade. In the plot of future vs current growth, most of the points are above 370 

the 1:1 line (Fig. 7). This pattern is consistent with the fact that the elevation of average 371 

temperature with global warming increases hypocotyl growth. The extent of change (future minus 372 

current estimated growth) is significantly higher for the seedlings grown under deep shade, 373 

compared to mild shade or sunlight (Fig. 7, inset). This indicates that shade-avoidance responses 374 

All rights reserved. No reuse allowed without permission. 
was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint (which. http://dx.doi.org/10.1101/710004doi: bioRxiv preprint first posted online Jul. 22, 2019; 

http://dx.doi.org/10.1101/710004


14 

are predicted to increase in a scenario of global warming. It must be emphasised, however, that 375 

this exercise is valid only to investigate the impact of future combinations of temperature, 376 

irradiance and thermal amplitude, whilst a prediction of the actual growth rates would require the 377 

incorporation of other variables to the model (e.g. water availability).     378 

 379 

4 | DISCUSSION 380 

Our understanding of the mechanisms involved in sensing the degree of shade or temperature as 381 

well as of the nature of the downstream signalling steps has progressed substantially in recent 382 

years (see Introduction for references). In this context, it is fair to ask how accurately this 383 

knowledge, obtained largely under controlled conditions, accounts for the patterns of plant 384 

growth in the field. Here we present a model that reasonably predicts hypocotyl growth in A. 385 

thaliana seedlings during the photoperiod as a function of field conditions of light and 386 

temperature (Fig. 5). The structure of the model resembles that used for previous hypocotyl 387 

growth models (Rausenberger et al. 2010; Sellaro et al. 2010; Legris et al. 2016) as it is based on 388 

the maximum growth values divided by terms that represent the conditions that reduce growth 389 

below the maximum (Table S3h). However, it differs from previous models because it predicts 390 

growth rate within a specific time window rather than final hypocotyl length (Rausenberger et al. 391 

2010; Sellaro et al. 2010), it incorporates light and temperature inputs as opposed to models 392 

based on light conditions only (Rausenberger et al. 2010; Sellaro et al. 2010), and/or it dissects 393 

phyB, phyA and cry activity rather than phyB alone or a general term for various photo-sensory 394 

receptors (Rausenberger et al. 2010; Legris et al. 2016). In addition, the model incorporates 395 

several interactions between light and temperature conditions that fine-tune the predictions. 396 

When compared to the conditions normally used in growth chambers, one of the distinctive 397 

features of the natural environment is the fluctuation of light and temperature, which often peak 398 

close to midday. Our analysis did not reveal a significant impact of the light fluctuations (i.e., the 399 

daily light average was a sufficiently accurate input, Fig. 3). However, we did observe that 400 

hypocotyl growth rate decreased with thermal amplitude (Fig. 2). A reasonable interpretation of 401 

this observation could be based on the fact that faster hypocotyl growth rates occur in the 402 

morning (Nozue et al. 2007; Sellaro et al. 2012). Larger thermal amplitudes would imply lower 403 

morning temperatures; therefore, growth would be limited by low temperatures at the time of 404 
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maximum potential. Thermal amplitude decreased the abundance of PIF4 (Fig. 4), which is a key 405 

driver of hypocotyl growth (Huq & Quail 2002; Niwa et al. 2009; Franklin et al. 2011; Hornitschek 406 

et al. 2012).  407 

We applied the model to investigate the impact of weather conditions (incoming irradiance, 408 

average temperature, thermal amplitude) on the hypocotyl growth response to shade. We used 409 

weather conditions typical of different locations of the world at the time of the year when the 410 

photoperiod is ca. 10 h (Fig. 6a). The latter is the photoperiod under which the model was 411 

developed under controlled conditions and tested in the field. The model indicates a significant 412 

positive effect of average temperature on the extent of response to shade (Fig. 6b). Meanwhile, 413 

neither incoming irradiance nor thermal amplitude affected the magnitude of shade avoidance. 414 

Although more restricted in terms of spread of weather conditions, the actual field data supports 415 

the same conclusion (Fig. 6c). Therefore, for a given genotype, shade-avoidance responses tend to 416 

be more intense at warmer locations of the Earth. A different issue that remains to be elucidated 417 

is whether there is adaptation and the genotypes typical of warmer places are more or less 418 

responsive to shade than those from cooler areas. It must also be noted that the model does not 419 

incorporate other environmental conditions (water, nutrients), which can also limit growth. A 420 

stronger shade avoidance under warm conditions would reduce the double jeopardy caused by 421 

the low light input for photosynthesis under shade plus the high consumption of carbohydrates in 422 

respiration under high temperatures (Casal & Balasubramanian 2019). 423 

There are previous reports showing that plants may show stronger responses to neighbour signals 424 

at warmer than at cooler temperatures when light and temperature conditions are manipulated 425 

independently (Wall & Johnson 1982; Mazzella et al. 2000; Weinig 2000; Halliday & Whitelam 426 

2003; Patel et al. 2013). One could therefore ask whether the model approach was actually 427 

necessary in the first place. The observations reported here provide a conclusive answer to this 428 

question. The model approach was necessary because under natural conditions light and 429 

temperature features of the environment do not fluctuate in a fully independent manner (Legris, 430 

Nieto, Sellaro, Prat & Casal 2017). As a result of the latter, the impact of one variable can be 431 

compensated by the effects of another variable correlated with the former. In fact, if we change 432 

one variable at the time (i.e. leaving the others at a constant value) shade avoidance responses 433 

should be affected not only by average temperature, but also by irradiance and thermal amplitude 434 

(Fig. 6d). The impacts of irradiance and thermal amplitude only disappear when we use the actual 435 
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records of these variables for different locations, which imply the natural correlations among 436 

environmental variables.    437 

Our model predicts that as a result of global warming shade-avoidance responses would tend to 438 

increase in the future (Fig. 7). Of course, other aspects of global climate change (e.g. water 439 

availability) are not considered by the current growth model and could distort this trend. Bearing 440 

in mind this limitation and taking into account that shade-avoidance responses have both negative 441 

(Robson, McCormac, Irvine & Smith 1996) and positive effects (López Pereira, Sadras, Batista, 442 

Casal & Hall 2017) on crop productivity, the sensitivity to neighbour cues might need to be 443 

modified to optimise crop plant architecture in the context of global climate change.   444 

 445 
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SUPPORTING INFORMATION 569 

Figure S1. Spectral photon distribution of the light under controlled conditions.  570 
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Table S1. Hypocotyl growth data under controlled conditions 571 

Table S2. Hypocotyl growth data under field conditions.  572 

Table S3. Parameters of the growth model 573 

Table S4. Statistical analysis of thermal fluctuation terms. 574 

Table S5. Weather data at different global locations.  575 
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FIGURE LEGENDS 583 

Figure 1. Modelling the contribution of phyA, cry1 and cry2 to the control of hypocotyl growth. (a) 584 

Growth inhibition of the WT and the phyA mutant in response to the irradiance of a red plus far-585 

red light mixture (red / far-red ratio= 1.09), represented by the sum of photo-conversion rates 586 

(k1+k2). Data are means and SE of five replicate boxes of seedlings. (b) Relationship between the 587 

difference in slope of the response to k1+k2 in the WT and the phyA mutant and the k1/( k1+k2), 588 

which increases with the proportion of red light in the of the red plus far-red light mixture. (c) 589 

Growth inhibition of the WT and the cry1 cry2 double mutant in response to the irradiance of blue 590 

light. Data are means and SE of four replicate boxes of seedlings. (d) Relative contribution of cry1 591 

and cry2. Growth of cry1 or cry2 mutants relative to the growth of the cry1 cry2 mutant. (e) 592 

Observed values of hypocotyl growth (G, Table S1) in seedlings of seven genotypes grown under 593 

different combinations of light/shade and temperature versus the growth values predicted by the 594 

model where the term based on irradiance (Legris et al. 2016) is replaced by the specific 595 

contributions of phyA, cry1 and cry2. The different light conditions, genotypes and temperatures 596 

are color-coded to show that the relationship between observed and predicted values is not 597 

biased for any of these factors (within the range tested here). 598 

Figure 2. Thermal amplitude reduces stem growth. (a) Temperature patterns used in the 599 

experiments. (b) Growth rates under the different temperature regimes (Table S1). Data are 600 

means and SE of four replicate boxes of seedlings. (c) Observed values of hypocotyl growth (G) 601 

versus the growth values predicted by the model incorporating a term for thermal amplitude 602 

(Table S3h). The different temperature patterns and genotypes are color-coded to show that the 603 

relationship between observed and predicted values is not biased for any of these factors (within 604 

the range tested here). 605 

Figure 3. Diurnal fluctuations in irradiance have minor effects on stem growth. (a) Light patterns 606 

used in the experiments. (b) Growth rates under the different light regimes (Table S1). Data are 607 

means and SE of three replicate boxes of seedlings. (c) Observed values of hypocotyl growth (G) 608 

versus the growth values predicted by the model (Table S3h). The different light patterns and 609 

genotypes are color-coded to show that the relationship between observed and predicted values 610 

is not biased for any of these factors (within the range tested here). 611 
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Figure 4. Thermal amplitude reduces the abundance of PIF4. Transgenic seedlings bearing the 612 

PIF4:PIF4-LUC transgene were exposed during the photoperiod of their fourth day to constant 613 

conditions of light (135 μmol . m
-2

 . s
-1

) and temperature (20 °C), to fluctuating light and constant 614 

temperature, or to constant light and fluctuating temperature. Under fluctuating conditions, light 615 

and/or temperature peaked at midday and decreased (20 % per hour) towards the extremes of 616 

the photoperiod. Data are means and SE of three replicate plates. 617 

Figure 5. The model reasonably predicts hypocotyl growth in the field.  Observed values of 618 

hypocotyl growth (G, Table S2) versus the values predicted by the model (Table S3h). Data are 619 

means and SE of four replicate boxes. The different light conditions, genotypes and temperatures 620 

are color-coded to show that the relationship between observed and predicted values is not 621 

biased for any of these factors (within the range tested here). 622 

Figure 6. Warmer temperatures increase the shade-avoidance response. (a) One hundred 623 

locations for which weather data at a time of the year when photoperiod is 10 h was used as input 624 

for the model (Table S5). (b) Growth predicted by the model (Table S3h) for the different global 625 

locations against the thermal amplitude, average temperature or irradiance at that location. (c) 626 

Growth measured in field experiments (Table S2) against thermal amplitude, average temperature 627 

or irradiance at the date of the experiment. (c) Growth predicted by the model (Table S3h) for the 628 

thermal amplitude, average temperature or irradiance of a given location (the other two variables 629 

remain at the average value for all locations).  630 

Figure 7. Predicted enhancement of the shade-avoidance response in a scenario of global change. 631 

Growth rate was calculated by using the model (Table S3h) in combination either with current or 632 

estimated (future) weather data. The inset shows the average difference between future and 633 

current growth averaged for all locations in plants grown under sunlight, mild shade or deep 634 

shade.  635 
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