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ABSTRACT 20 

To determine (1) whether acclimation of carbon metabolism to low temperatures 21 

results in recovery of the relative growth rate (RGR) of plants in the cold and (2) the 22 

source of N underpinning cold-acclimation in Arabidopsis thaliana, we supplied 23 

plants with a nutrient solution labelled with 15N and subjected them to a temperature 24 

shift (23oC to 5oC). Whole-plant RGR of cold-treated plants was initially less than 25 

30% of that of warm-maintained control plants. After 14 days, new leaves with a 26 

cold-acclimated phenotype emerged, with the RGR of cold-treated plants increasing 27 

by 50%; there was an associated recovery of root RGR and doubling of the net 28 

assimilation rate (NAR).  The development of new tissues in the cold was supported 29 

initially by re-allocation of internal sources of N.  In the longer-term, the majority 30 

(80%) of N in new leaves was derived from the external solution.  Hence, both the 31 

nutrient status of the plant and the current availability of N from external sources are 32 

important in determining recovery of growth at low temperature.  Collectively, our 33 

results reveal that both increased N use efficiency and increases in nitrogen content 34 

per se play a role in the recovery of carbon metabolism in the cold.  35 

Keywords: Acclimation, Arabidopsis, low temperature, nitrogen uptake, relative 36 

growth rate, specific leaf area 37 
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 39 

INTRODUCTION 40 

As sessile organisms, plants are subjected to changing temperatures on a daily, 41 

seasonal or annual basis.  For example, temperate-region winter annuals which 42 

germinate in the autumn and overwinter in a vegetative state (before flowering in 43 

spring) often experience sharp declines in growth temperature during early 44 

development, followed by exposure to extended cold through winter: in these 45 

conditions the ability to maintain growth in the cold will be advantageous as it may 46 

accelerate development in the following spring (Preston & Sandve, 2013).  This will 47 

be particularly important for short-lived plants such as Arabidopsis thaliana, that can 48 

establish as seedlings in the late summer/autumn and then overwinter before 49 

flowering as day-length and temperatures increase in spring.  Similarly, despite air 50 

temperatures increasing during spring in temperate regions, plants can still be 51 

subjected to sudden, late-season cold spells, often lasting for several days (Lutze et 52 

al., 1998; Norby, Hartz-Rubin & Verbrugge, 2003; Augspurger, 2013).  Despite future 53 

climate scenarios predicting warmer average temperatures, such cold spells are still 54 

expected to persist throughout this century (Kodra et al., 2011).  It is therefore 55 

important that we understand not only how plants respond to different steady-state 56 

growth temperatures, but also how individual plants which are subject to a rapid 57 

decrease in temperature respond and re-establish growth during sustained cold 58 

exposure.   59 

It is well-documented that growth temperature impacts on the relative growth 60 

rate (RGR; increase in mass per unit starting mass and time) of a range of crop and 61 

non-crop plants (e.g. Blackman, Black & Kemp, 1955; MacDowall, 1973; Woodward 62 A
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1979; Loveys et al., 2002, 2003; Tjoelker, Reich & Oleksyn, 1999; Kurimoto et al., 63 

2004; Dahal et al., 2012; Pyl et al. 2012) and on its biomass allocation components 64 

(Porter & Gawith, 1999; Atkin et al., 2006; Poorter et al., 2012); temperature also 65 

impacts on the underlying physiology, for instance on the rates of respiration and 66 

photosynthesis, although acclimation in C metabolism can occur with associated 67 

changes in tissue N (Atkin et al., 2006).  The RGR of plants grown at cold-hardening 68 

temperatures (≤5oC) can be reduced by up to 80% (MacDowall, 1974; Krol, Griffith & 69 

Huner, 1984; Dahal et al., 2012).  However, one aspect that such studies have not 70 

addressed is the initial impact on, and subsequent recovery of, RGR following a shift 71 

from warm to low temperature. For example, Kurimoto et al. (2004) subjected rice 72 

and wheat to a temperature shift (warm to cold) but only reported growth rates after 73 

sustained exposure to cold but not growth rates during the transition period itself.  74 

Similarly, Pyl et al. (2012) calculated RGR for Arabidopsis grown at a range of 75 

day/night temperatures (12-24oC) but again did not report on the recovery of growth 76 

immediately following the change in temperature regime.  Thus, how RGR and its 77 

components respond to chilling through time has not been elucidated.  78 

Whether whole-plant RGR recovers in cold-acclimated plants will depend on 79 

the ability of roots, stems and leaves to re-establish growth following sustained 80 

exposure to cold.  In turn, recovery of growth rates of each organ will impact on the 81 

plant’s ability to acquire resources (both above and below-ground).  At present, it is 82 

unclear to what extent above and below-ground organs recover their growth rates 83 

following the onset of the cold acclimation process.  If the degree of recovery differs 84 

between above- and below-ground organs, above- versus below-ground biomass 85 

allocation will be altered as the period of cold-exposure increases.  Past studies 86 

have reported a higher root mass ratio (RMR; i.e. ratio of root mass to whole plant 87 A
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mass) in plants grown at lower temperatures (Gavito et al. 2001; Equiza & Tognetti 88 

2002; Atkin, Scheurwater & Pons 2007), suggesting that roots maintain or recover 89 

their growth rates to a greater extent than stems and/or leaves; such increases in the 90 

RMR could be important in maintaining nutrient uptake in the cold.  Similarly, the rate 91 

at which new leaves develop and expand in the cold could contribute to a recovery of 92 

growth through increases in the leaf mass ratio (LMR; ratio of leaf mass to whole 93 

plant mass) and leaf area ratio (LAR, ratio of leaf area to whole plant mass), 94 

resulting in greater assimilate supply (Gorsuch, Pandey & Atkin, 2010).  Establishing 95 

how each of these factors changes following extended cold treatment (including the 96 

timing of any changes in each trait) is essential if we are to develop a more 97 

mechanistic understanding of the factors controlling recovery of plant growth in the 98 

cold.   99 

In plants experiencing sustained cold, lower RGR values are also associated 100 

with lower net assimilation rate (NAR; increase in plant mass per unit leaf area and 101 

time) (Atkin et al. 2006).  However, the extent to which NAR declines following initial 102 

exposure to cold, and recovers following sustained cold treatment, is unclear.  What 103 

is known is that the underlying rates of respiration and photosynthesis that contribute 104 

to net carbon gain usually decline when a plant is initially challenged with low 105 

temperatures (Woodward 1979; Stitt & Hurry 2002; Atkin & Tjoelker 2003).  Over a 106 

period of several days to weeks, acclimation of leaf-level photosynthesis and 107 

respiration then occurs in cold hardy plants such as Arabidopsis, resulting in marked 108 

increases in the capacity of both processes (Stitt & Hurry 2002; Atkin & Tjoelker 109 

2003).  Most metabolic acclimation studies have measured carbon exchange at the 110 

leaf or root level, with the assumption being that such changes in carbon metabolism 111 

are integrated at a whole plant level, resulting in a recovery in NAR and hence 112 A
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restoration of growth (Kurimoto et al. 2004).  Where both whole plant carbon balance 113 

and RGR have been measured on the same plants, the experiments have been 114 

conducted at constant temperatures (e.g. Atkin et al., 2007).  Therefore, although it 115 

may be possible to hypothesise from biochemical analyses and gas exchange 116 

measurements that a recovery in NAR and whole-plant growth should occur 117 

following transfer to the cold, it remains to be demonstrated that this is the case from 118 

growth analysis data.   119 

The whole plant is made up of tissues of different age, each of which may 120 

have experienced different thermal conditions during their development. When 121 

warm-grown plants are shifted to the cold for sustained periods, more complete 122 

metabolic acclimation occurs in newly-developed (ND) than pre-existing (PE) tissues 123 

that had previously developed under higher temperature conditions (Strand et al. 124 

1997; Atkin & Tjoelker 2003; Campbell et al. 2007); hence, the rate at which new 125 

tissues develop in the cold is likely to be important for recovery of growth. Changes 126 

in the structure and composition of PE leaves occur following a shift to a low growth 127 

temperature (Gorsuch et al. 2010) but ND leaves which form in the cold differ to a 128 

greater extent in leaf morphology and anatomy than their PE counterparts; ND 129 

leaves are thicker, contain more cell layers (Boese & Huner 1990; Atkin et al. 2006; 130 

Gorsuch et al. 2010), exhibit increased activity via the phosphorylating cytochrome 131 

pathway of mitochondrial electron transport (Armstrong et al. 2008) and may differ in 132 

protein composition compared to PE leaves (Strand et al. 2003; Kaplan et al. 2004; 133 

Campbell et al. 2007).  Collectively, such changes in ND leaves can lead to a 134 

recovery of photosynthetic and respiratory rates in the cold.  To determine how these 135 

changes are integrated into NAR and RGR of whole plants, it will be necessary to 136 

carry out detailed whole plant growth analyses. 137 A
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In studies investigating the recovery of growth of plants exposed to cold, it is 138 

important to also consider the nitrogen economy of the plant, as changes in plant 139 

organic N concentration (PNC) and N productivity (NP, biomass accumulation per 140 

unit organic N per unit time) may be associated with recovery of RGR (Poorter, 141 

Remkes & Lambers, 1990; Atkin, Botman & Lambers, 1996).  N productivity is 142 

dependent on the patterns of N allocation in whole plants (i.e. leaves, stem and 143 

roots) as well as the proportion of leaf N allocated to the photosynthetic apparatus 144 

(Poorter et al. 1990; Garnier, Gobin & Poorter, 1995; Poorter & Evans, 1998).  145 

Thermal acclimation of respiration in the cold has been associated with an increase 146 

in leaf N content (Tjoelker et al. 1999; Lee, Reich & Bolstad 2005; Tjoelker et al. 147 

2008), the abundance of critical proteins (Strand et al. 1999) and changes in 148 

mitochondrial numbers and volume (Armstrong et al. 2006). Consequently, it is 149 

commonly assumed that increases in tissue N concentration underpin the cold 150 

acclimation process.  Assuming this to be so, limitations in N supply could have 151 

strong negative effects on the recovery of growth in the cold.  N supply could be 152 

limited by availability or through temperature affecting uptake and distribution within 153 

the plant (Clarkson, Hopper & Jones 1986; Gavito et al. 2001).  Recovery of N 154 

uptake by roots could enable the N requirements of cold acclimation to be met from 155 

the soil or alternatively N could be re-allocated from PE to ND leaves.   156 

Given the potential role of N for the cold acclimation process, it is important to 157 

determine the source of the additional N that accumulates in the tissues of cold 158 

acclimating plants: does it come from the redistribution of N within the plant or from 159 

new uptake of N from soils?  If uptake from external media predominated this would 160 

place greater reliance on availability of soil N for the cold acclimation process.  161 

Stable isotopes (15N) have been used to follow N assimilation (Dawson et al. 2002; 162 A
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Tcherkez & Hodges 2008) and remobilization in plants (Lestienne, Thornton & 163 

Gastal  2006) and it has been shown that leaf N content is derived from both newly 164 

acquired N and from reallocation within the plant (Yoneyama, Ito & Engelaar  2003).  165 

However, we do not know the relative importance of these two processes in plants 166 

subjected to a change in temperature, in particular, when warm-grown plants 167 

experience sustained cold treatments. 168 

In our study, we exposed Arabidopsis thaliana plants to sustained cold to test 169 

the hypothesis that RGR recovers in cold-acclimated plants, as suggested by past 170 

studies that focused on physiological responses of leaves and roots.  Arabidopsis is 171 

a cold-hardy herbaceous plant which can survive and grow at low and freezing 172 

temperatures (Stitt & Hurry, 2002), and hence is a suitable model species for over-173 

wintering short-lived plants.  Secondly, we investigated whether, if RGR does indeed 174 

recover, the response differed among organs (leaves, stems and roots), and whether 175 

recovery of RGR was associated with an increase in NAR, PNC and/or NP.  Finally 176 

we used 15N to investigate whether the plant relies on redistribution of existing tissue 177 

N to support the formation of new tissues in the cold, or if new N is taken up from the 178 

soil solution. 179 

 180 

MATERIALS AND METHODS 181 

 182 

Growth conditions 183 

Seeds of Arabidopsis thaliana (ecotype Columbia) were sown on Levington F2 184 

compost (Scott’s Professional, Ipswich, UK). When the plants had roots of at least 3 185 

cm length they were carefully removed and the roots washed. The plants were then 186 

transferred to fully-aerated modified Hoaglands nutrient solution (2000 M N; Poorter 187 A
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& Remkes 1990) in 17L hydroponic tanks in Conviron E15 growth cabinets 188 

(Conviron, Winnipeg, Canada).  Chambers were maintained at 23/18oC day/night 189 

temperature regime with 150 mol m-2 s-1 PPFD (photosynthetic photon flux density) 190 

(400-W metal halide and 400-W high-pressure sodium bulbs) and an 8-h 191 

photoperiod.  The solution was maintained at a pH of 5.8 and replaced weekly. 192 

 193 

Experimental procedure 194 

After establishment at 23/18oC plants were transferred to modified Hoaglands 195 

nutrient solution (2000 M N) containing 10% atom excess 15N and plants to be cold 196 

treated were shifted to a constant 5oC (150 mol m-2 s-1 PPFD; 8-h photoperiod).  197 

Control plants remained at 23oC.  Repeated harvests were carried out on both sets 198 

of plants; the final harvest of 23oC grown plants was taken at 14 d but cold-treated 199 

plants were allowed to continue to grow until they reached a similar total dry mass 200 

(DM) by day 38.  There were four plants per treatment for each harvest date.  Leaf 201 

area was recorded for warm-grown, pre-existing (PE) leaves and newly-developed 202 

(ND) leaves that formed in the cold using a Li-Cor 3100 leaf area meter (Li-Cor 203 

BioSciences, Lincoln, NE, USA).  Fresh mass (FM) and DM were weighed and 204 

recorded (Mettler Delta Range AE166, Mettler-Toledo Ltd, Leicester, UK) for roots, 205 

stems (i.e. portion of plant material remaining after roots and leaf blades were 206 

removed), PE and ND leaves. Fresh mass of roots was measured following removal 207 

of surface water via gentle blotting of roots between layers of absorbent tissues 208 

(Kimwipes, Kimberly Clark Professional, West Malling, Kent, UK).  Samples were 209 

frozen in liquid nitrogen and stored at -20oC and then freeze-dried in an Edwards 210 

EF4 Modulyo freeze-drier (Northern Scientific, York, UK).   211 A
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 212 

Nitrogen analysis 213 

Replicate samples were pooled for each plant part at each harvest and the dried 214 

samples were ground using a hammer mill (31–700 Hammer Mill; Glen Creston, 215 

Stanmore, UK).  Samples were weighed into tin cups and combusted using a Carlo-216 

Erba elemental analyser NA1500 (Thermo Fisher Scientific, Milan, Italy). 15N 217 

analysis was performed using IRMS (Dennis Leigh Technologies) at the Stable 218 

Isotope Facility, CEH Lancaster. Tissue nitrate concentration was analysed using the 219 

method of Cataldo et al. (1975) and absorbance was measured at 410 nm in a 220 

spectrophotometer (ELx 800 universal microplate reader; Bio-Tek Instruments, Inc., 221 

Winooski, VT, USA). 222 

 223 

Statistical analysis 224 

Statistical analyses, including analysis of variance (ANOVA), analysis of covariance 225 

(ANCOVA) and regression analysis, were carried out using SigmaPlot v.12, Excel 226 

and SPSS v.19.  Levene’s test was used to check the homogeneity of variance in the 227 

ANOVAs and ANCOVAs.  Average RGR values of PE and ND leaves, both for 228 

warm-grown and cold-treated plants, were obtained from the slope of the regression 229 

line of loge DM plots (Cheeseman & Wickens 1986).  Differences in RGR between 230 

treatments and leaf type were analysed using ANCOVA. LAR (leaf area ratio) values 231 

were calculated as in Eqn. 1: 232 

LAR = LMR x SLA (eqn 1) 233 

where LMR is the leaf mass ratio and SLA is the ratio of leaf area to leaf dry mass 234 

(m2 kg-1).  Values of NAR were calculated using the RGR values derived from 1st 235 A
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order regression lines fitted to natural log values of DM versus time (for defined time 236 

intervals), and the average LAR over the same time period (Atkin et al. 1998):  237 

RGR = LAR x NAR (eqn 2) 238 

The nitrogen uptake rate (NUR) was calculated as in Garnier (1991), Poorter et al. 239 

(1991) and Atkin & Cummins (1994); lines were fitted using a 2nd order polynomial, 240 

yielding information on temporal variation in NUR via calculation of the slope of the 241 

2nd order polynomial.  For each growth period used to calculate RGR (see above), 242 

average values of nitrogen productivity (NP; mg (mmol N)-1 d-1) were calculated as: 243 

NP = RGR / PNC (eqn 3) 244 

where PNC is total plant N concentration (mmol N g-1). 245 

 246 

RESULTS 247 

 248 

Growth and biomass allocation 249 

Warm-grown plants which were transferred to the cold showed an initial reduction in 250 

relative growth rate, with a subsequent recovery in RGR once new leaves had 251 

developed; new leaves first began to emerge from the central part of the shoot 252 

meristem after 14 days in the cold. Comparisons were made: (1) between warm-253 

grown and cold-shifted plants before the emergence of ND leaves at the new growth 254 

temperature; and (2) in cold-shifted plants, between plants before and after the 255 

emergence of cold-developed ND.  256 A
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The whole-plant RGR of warm-grown plants over the experimental period was 257 

75 mg g-1 d-1 (Fig. 1a, Table 1) and warm-developed ND leaves emerged (i.e. 258 

became visible) within four days of the start of the experiment.  By contrast, when 259 

plants were transferred into the cold, RGR of whole plants decreased to 20 mg g-1 d-1 260 

during the period prior to the pre-emergence of cold-developed ND leaves, together 261 

reflecting 70% and 94% declines in the RGR of shoots and roots, respectively (i.e. 262 

root growth was markedly more sensitive to cold than shoot growth).  During this 263 

period, significant decreases were observed in the RGR of all plant parts except for 264 

cold-treated PE leaves (Fig. 1; Table 1; Table S1; Table S2).  265 

ND leaves appeared later on cold- than warm-grown plants; in the cold, they 266 

were observed from Day 14 but were not present on all plants until Day 17 at the 267 

lower growth temperature (Fig. 1f). Once ND leaves had begun to develop at 5oC 268 

there was a 50% recovery in RGR of the whole plant from 20 to 30 mg g-1 d-1 (Table 269 

1).  The RGR of most plant parts recovered to approximately 40%, and of the roots 270 

to 45%, of the warm-grown control values (Fig. 1; Table 1). ND leaves exhibited 271 

higher growth rates than PE leaves at both temperatures; however, the rate of ND 272 

leaf growth in the cold was only 37% of that at the higher growth temperature (Fig. 273 

1f; Table 1). RGR values of all plant parts except PE leaves were numerically, but 274 

not significantly, greater after ND leaves had developed in the cold (Table 1; Table 275 

S2).  Measurements of growth made on cold-grown plants with ND leaves frequently 276 

exhibited higher variances than those made prior to the production of these leaves 277 

(as evidenced by the Levene test for homogeneity of variance; Table S2). This may 278 

have been due to inherent plant variability or to greater between-plant variability in 279 

response to the cold and may have masked differences between treatments. 280 A
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The differences in RGR among the different plant organs resulted in changes 281 

in biomass allocation.  Leaf mass contributed to over half of the initial plant mass in 282 

warm-grown control plants (Fig. 2a). In both temperature treatments, the ratio of PE 283 

leaves to total plant mass (PE LMR) declined over time (Fig. 2a; Table S1) but this 284 

was more rapid in warm-grown control plants (P=0.015; Table S2).  The leaf mass 285 

ratio of ND leaves (ND LMR) increased over time (Fig. 2a) but these changes 286 

occurred more slowly at 5oC (P=0.013; Table S2).  There was a slight but significant 287 

increase in total LMR over time in both treatments (Table S1). No significant 288 

changes in RMR were observed prior to the development of new leaves (Fig. 2d; 289 

Table S1).  However, following the emergence of ND leaves there was a small but 290 

significant increase in RMR over time at 5oC (Fig. 2d; Table S1), although the slope 291 

was not significantly greater than that prior to the production of these leaves (Table 292 

S2). Averaged over all measurement dates, the root:shoot ratio of cold-grown plants 293 

was consistently slightly lower than that of warm-grown plants (0.14 compared to 294 

0.17 respectively; P=0.016).   295 

Any change in biomass allocation in the cold may be related to the slower 296 

overall rate of growth and may therefore be due to differences in developmental 297 

stage.  Hence, the mass ratio data are shown plotted against the total DM, as an 298 

indicator of plant development (Poorter & Pothmann 1992), in Figure 2 (e-h).  Total 299 

LMR was similar for both treatments at a similar plant DM (Fig. 2e; Table S2); 300 

however, the proportion of plant mass allocated to PE and ND leaves differed: for 301 

any given total plant mass PE LMR was numerically higher in cold-grown plants as 302 

they retained these leaves for longer than warm-grown plants but the ND LMR was 303 

lower (Fig. 2f: P=0.013; Table S2).  RMR was consistently, but not significantly, 304 

lower in the cold once new leaves have started to appear (Fig. 2h).   305 A
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Mature cold-developed leaves had lower final specific leaf areas (SLA) than 306 

warm-grown leaves (Fig. 3a & b; Table 2).  PE and ND leaves showed a similar 307 

decrease in SLA over time but the SLA of cold-developed ND leaves was lower from 308 

emergence than in cold-shifted PE leaves. The reduction in SLA in the cold was due 309 

to a combination of changes in leaf thickness (as indicated by the ratio of leaf fresh 310 

mass per unit area, LFMA; Dijkstra 1989; Gorsuch et al. 2010) and leaf density (as 311 

indicated by the leaf dry mass content (DMC); Table 2; Table S3).  Leaf DMC was 312 

higher in ND leaves at both temperatures whereas LFMA was similar in both PE and 313 

ND leaves in the cold but lower in ND leaves at 23oC (Table 2). LFMA increased 314 

more slowly in PE leaves in the cold (Table S3). Leaf DMC also demonstrated higher 315 

variance in cold-shifted plants. 316 

LAR was calculated (eqn. 1) as the product of LMR (Fig. 2a) and SLA (Fig. 3a 317 

& b).  On average total LAR was lower in plants transferred to the cold compared to 318 

warm-grown control plants (Fig. 3c-f; mean 26.4 compared to 29.9 m2 kg-1), even 319 

following the appearance of ND leaves (averaging 17.6 m2 kg-1 over this period).  At 320 

23oC there was a decline in PE LAR, which was largely compensated for by an 321 

increase in ND LAR at this temperature. However, at 5oC there was a gradual 322 

decline in total LAR (P≤0.000; Table S1) as PE LAR decreased but was not fully 323 

compensated for by the increase in ND LAR.   324 

NAR was calculated from the measured data using LAR and RGR (Eqn. 2).  325 

In the cold NAR was reduced to 30% of that of the control prior to the production of 326 

ND leaves but recovered to 68% of the control value once new leaves had been 327 

produced (Table 1).   328 A
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Taken together, the growth and biomass allocation data demonstrate that 329 

while initial exposure to cold greatly inhibited growth, particularly of the roots, 330 

extended cold treatment was associated with recovery of growth rates, with the 331 

recovery of growth being most marked in the roots.  This recovery of growth rate in 332 

the cold was associated with changes in leaf density and thickness and a rise in the 333 

net assimilation rate.  334 

 335 

Nitrogen uptake and distribution of N  336 

The fact that RGR and NAR both recovered in plants exposed to cold for >14 days 337 

suggests that there was a concomitant increase in rates of carbon metabolism – 338 

indeed, past studies have shown that both photosynthesis and respiration increase 339 

in capacity following formation of ND in the cold (Strand et al. 2003; Gorsuch et al. 340 

2010; Armstrong et al. 2006, 2008).  Given the reliance of metabolic capacity on 341 

protein investment, and thus N supply, one question of interest was whether tissue N 342 

concentrations increased during the cold acclimation process.   343 

Total plant nitrogen content (PNC) varied slightly between treatments (Table 344 

1) and mass-based total N concentration (Nmass) varied between tissues (Fig. 4). The 345 

total Nmass of PE leaves was 65 mg g-1 DM at the start of the experiment.  At 23oC 346 

this decreased slightly during the first few days of growth to c. 58 mg g-1 DM (Fig. 347 

4a). In plants shifted to the cold there was a drop in the total Nmass of PE leaves over 348 

the first 10 days to approximately 46 mg g-1 DM, followed a further decline to c. 44 349 

mg g-1 DM by day 38.  The total Nmass of ND leaves of warm-grown plants was 350 

greater than that for cold-developed ND leaves (Fig. 4a; Table S4) averaged over all 351 

dates. The stems and roots of warm-grown plants had lower mean Nmass than leaves 352 A
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(Fig. 4b & c; Table S4).  At 5oC the total N concentration of stems and roots, apart 353 

from an initial drop for stems, increased slightly over time (Fig. 4 b & c).   354 

Total Nmass consists of both inorganic nitrate and organic N pools. Organic 355 

Nmass as a proportion of total Nmass varied with plant organ and growth temperature 356 

(Fig. 4; Table S4). Levels were similar throughout the experiment in tissues grown at 357 

23oC with the highest proportion in roots and ND leaves.  The proportion of organic 358 

Nmass to total Nmass increased over time in the roots, stems and PE leaves of plants 359 

exposed to the cold, resulting in higher relative levels of organic Nmass in all tissues in 360 

cold-grown compared to warm-grown plants (Table S4).  In cold-developed ND 361 

leaves the proportion of total Nmass present as organic Nmass was high throughout 362 

their development (0.97).   363 

Total N content expressed on an area basis (Narea) varied little with time at 364 

23oC, whereas it increased over time in both PE and ND leaves in the cold (Fig. 5) 365 

reaching a final concentration 37% and 98% greater for PE and ND leaves than their 366 

warm-grown counterparts.  Similarly, the organic Narea values for cold-grown PE and 367 

ND leaves were 83% and 124% greater than the controls respectively. Organic Narea 368 

as a proportion of total Narea increased from 0.71 to 0.95 in PE leaves in the cold but 369 

was constantly at a high level (0.97) in the ND leaves in this treatment.  Values of 370 

total and organic Narea in cold-shifted PE leaves were similar to those of the warm-371 

grown leaves for the first ten days. 372 

N turnover in pre-existing (PE) leaves resulted in almost 60% being replaced 373 

by N from the hydroponic solution (Fig. 6a) whereas 78% of the nitrogen 374 

accumulating in newly-developed (ND) leaves came from the nutrient solution (Fig. 6 375 

b).  Similar final values (of the proportion of N derived from the nutrient solution) 376 A
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were found in both warm-grown and cold-acclimated leaves, but accumulation and 377 

turnover were slower at 5oC.  60-70% of the N accumulating in stems and roots 378 

came from the nutrient solution at both temperatures (Fig. 6c & d) but over a longer 379 

time period at 5oC. Nitrogen was taken up from the solution quite rapidly at 23oC but 380 

uptake was slower at 5oC, although similar levels of uptake were achieved overall 381 

(Fig. 7a).  The nitrogen uptake rate (NUR) of the roots declined over time (Fig. 7b). 382 

NUR in warm-grown plants was initially approximately double the rate in cold-grown 383 

plants but declined to a similar level by d14. The rate of decline in NUR was slower 384 

at 5oC (Fig. 7b).  N uptake at 23oC was for the most part greater than that at 5oC for 385 

any given plant size indicating that there was a temperature effect on N uptake over 386 

and above that caused by slower rate of development at lower temperatures (Fig. 387 

7c).  NUR was also greater in warm-grown plants than for a cold-developed plant of 388 

similar developmental stage (Fig. 7d). 389 

NP was reduced to 28% of the control rate when plants were first place in the 390 

cold (Table 1).  However, post emergence of ND leaves, NP of the cold-treated 391 

plants recovered to 37% of the control rate (Table 1).   392 

 393 

DISCUSSION 394 

Our study investigated the impact of cold on Arabidopsis in order to assess whether 395 

the cold-acclimation of leaf and root level energy metabolism seen in many studies 396 

(e.g. Stitt & Hurry 2002; Atkin & Tjoelker 2003) integrates at whole plant level, 397 

manifesting as a recovery of growth rate in the cold.  Our results indicate that relative 398 

growth rate does indeed recover in plants exposed to low temperatures for a 399 

sustained period, being underpinned by a recovery of the net assimilation rate and 400 A
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nitrogen productivity.  Given the reliance of metabolism on nitrogen for synthesis of 401 

additional protein needed to enhance metabolic capacity, we asked if the recovery of 402 

growth was reliant on uptake of additional N, in addition to the recovery of nitrogen 403 

productivity. 404 

There was a recovery of whole-plant RGR in the cold after 17 days (Fig. 1).  405 

Initially exposure to the cold resulted in a drop in the RGR of the whole plant to less 406 

than 30% of the warm-grown plants. This initial value for growth in the cold was 407 

similar to that calculated assuming a temperature coefficient (Q10) of 2.0 for growth 408 

(an actual rate of 20 mg g-1 d-1 compared to a calculated rate for the assumed Q10 of 409 

21.5 mg g-1 d-1; Atkin & Tjoelker 2003).  Following the development of new leaves at 410 

5oC there was a recovery in growth to 30 mg g-1 d-1; i.e. an increase of 50% 411 

compared to the earlier cold-grown RGR. Not surprisingly, the RGR of PE leaves in 412 

warm-grown plants was low relative to warm-grown ND leaves and whole roots, 413 

reflecting the fact that growth of PE leaves is restricted to expansion and carbon 414 

deposition of already formed cells. In comparison, the RGR of warm-grown ND 415 

leaves was markedly higher, reflecting the deposition of dry mass in newly divided 416 

and expanding cells.  The recovery of RGR of cold-treated plants could, in part, be 417 

explained by acclimation of leaf-level photosynthesis following exposure to the cold.  418 

However, an increase in leaf-level photosynthesis will not necessarily result in an 419 

increase in the rate of whole plant C gain, as this will also depend on the effect of 420 

cold treatment on the efficiency of light interception and stomatal conductance of 421 

whole shoots, as well as on the rates of respiratory CO2 release by whole shoots and 422 

roots.  Our data strongly suggest that previous reports of leaf-level photosynthesis 423 

increasing in cold acclimated plants (e.g. Stitt & Hurry 2002) are indeed associated 424 A
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with a recovery of whole plant growth, suggesting that whole-shoot photosynthesis 425 

also acclimates.  426 

The impact of cold on growth differed between organs, with the greatest 427 

reduction being in the RGR of roots, indicating that root growth in this Arabidopsis 428 

ecotype is particularly sensitive to low temperature.  This differential effect of 429 

temperature on the growth rate of roots and shoots can vary between species and 430 

cultivars (Kurimoto et al. 2004) and a number of authors have reported increases in 431 

the R:S ratio in the cold (Gavito et al. 2001; Equiza & Tognetti 2002; Atkin et al. 432 

2007; Poorter et al. 2012). Changes in biomass allocation would have implications 433 

for resource capture, particularly light versus nutrient acquisition. However, in our 434 

experiment, recovery of growth appeared to occur at approximately the same time in 435 

both roots and shoots.  Some of the differences between warm- and cold-grown 436 

plants may have been due to slower growth at 5oC rather than due to fundamental 437 

changes in biomass allocation as there were no significant changes in biomass 438 

allocation with growth temperature at an equivalent plant dry mass, other than the 439 

retention of PE leaves for longer and the lower production of ND leaves in the cold 440 

(Fig. 2).   441 

Plants transferred to the cold had started to produce new leaves by 14-17 442 

days and this new leaf material had characteristics of a cold-acclimated phenotype 443 

with lower SLA (Fig. 3) and higher DMC than warm-developed material ( e.g. Boese 444 

& Huner 1990; Equiza & Tognetti 2002, Atkin et al. 2006). Increases in DMC have 445 

been attributed to an increase in the ratio of cytoplasmic to vacuolar volume (Strand 446 

et al. 1999; Hurry et al. 2000). Gorsuch et al. (2010) subjected Arabidopsis to a 447 

temperature shift from 25 to 5oC and noted similar increases in DMC but more 448 A
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pronounced increases in leaf thickness (measured both as the ratio of fresh mass 449 

per unit leaf area, LFMA, and as actual leaf thickness).  This was associated with 450 

increased numbers of cell layers in the cold and changes in carbohydrate content 451 

(Gorsuch et al. 2010).  This increase in cell layers (with associated chloroplasts and 452 

mitochondria) likely contributes to the restoration of respiratory (Gorsuch et al. 2010) 453 

and photosynthetic (Strand et al. 1997; Gorsuch et al. 2010; Pons 2012) rates on an 454 

area basis.  455 

Alongside leaf morphological and anatomical changes, a major re-engineering 456 

of leaf energetic metabolism also occurs as part of the cold acclimation syndrome 457 

(Strand et al. 1999; Stitt & Hurry 2002; Atkin & Tjoelker 2003; Armstrong et al. 2006, 458 

2008).  Cold-acclimation of metabolic pathways occurs over a period of several days 459 

(Atkin & Tjoelker 2003) during which there may be recovery in the rates of both 460 

respiration and photosynthesis in PE leaves (Stitt & Hurry 2002; Atkin & Tjoelker 461 

2003).  Subsequently, further increases in respiration and photosynthesis occur once 462 

ND leaves form in the cold (Strand et al. 1999; Stitt & Hurry 2002; Atkin & Tjoelker 463 

2003; Armstrong et al. 2006, 2008; Gorsuch et al. 2010).  It is presumed that it is 464 

these changes in carbon metabolism, with the net result of recovery in NAR, that 465 

lead to restoration of growth (Kurimoto et al. 2004).  Here, our results indicate that 466 

the recovery of RGR seen in the cold-grown plants once new leaves had been 467 

produced may have been through such an increase in NAR (i.e. productivity per unit 468 

leaf area; Pons 2012) and NP, rather than through an overall increase in the amount 469 

of photosynthetic tissue; here the leaf area supporting the total plant mass (i.e. total 470 

LAR; Fig. 3) actually decreased in cold-shifted plants despite the production of new 471 

leaves, and a slight overall increase in total LMR. Up-regulation of carbon 472 

metabolism may have occurred to some extent in both PE and ND tissues, but would 473 A
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be expected to occur to a greater extent in those leaves that developed at the new 474 

growth temperature (Atkin & Tjoelker 2003; Campbell et al. 2007; Gorsuch et al. 475 

2010).   476 

To support acclimation and the recovery of growth in the cold it is often 477 

assumed that additional N is necessary (Martindale & Leegood 1997; Stitt & Hurry 478 

2002), presumably to underpin the increase in NAR and the development of new 479 

tissues. Indeed, N levels are often reported to be greater in cold-grown material (e.g. 480 

Tjoelker et al. 1999; Lee et al. 2005; Tjoelker et al. 2008).  Because photosynthesis 481 

and respiration rates scale with N concentration, on a mass or area basis (across 482 

species and environments) (Evans 1989; Reich, Walters & Ellsworth 1997; Reich et 483 

al. 1998; Wright et al. 2004), the increases in N content would likely have resulted in 484 

up-regulation of carbon metabolism.  Recovery of growth did occur in the cold, 485 

suggesting that recovery in the rate of respiration and photosynthesis had indeed 486 

taken place, as has previously been reported in Arabidopsis under similar growth 487 

conditions to that used in our study (Gorsuch et al. 2010).  This occurred despite 488 

similar mass-based organic N concentration in ND leaves at both temperatures (Fig. 489 

4).  However, there was an increase in the area-based N values from about ten days 490 

in leaves shifted to the cold (Fig. 5) which can only partially be explained by an 491 

increase in leaf thickness (LFMA; Gorsuch et al. 2010).  Hence, if photosynthesis 492 

and respiration rates had acclimated, then this may have been due in part to an 493 

increase in the N concentration of the tissues per unit leaf area and partly to an 494 

increase in the efficiency of N use, with the reallocation of N from inorganic to 495 

organic pools.    496 

From an N economy perspective, the recovery in RGR appeared to be 497 

associated more with increased NP, rather than increased PNC, following the 498 
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emergence of ND leaves in the cold, i.e. the efficiency of N use did indeed increase 499 

during the cold acclimation process and could be due to an increased proportion of 500 

total leaf N allocated to the photosynthetic system (Evans 1989; Poorter & Evans 501 

1998).  Given that NP is dependent on the rate of net carbon gain per unit plant N 502 

(Lambers, Chapin & Pons 2008), this suggests that cold acclimation was associated 503 

with increased photosynthetic N use efficiency (PNUE) and/or decreases in 504 

respiration per unit N.  Acclimation of respiration and photosynthesis have been 505 

shown to occur on an area basis in Arabidopsis (Gorsuch et al. 2010) and this could 506 

have been associated with increased total and organic N per unit area in the cold 507 

(Fig. 5).  The allocation of organic N to the respiratory and photosynthetic pathways 508 

will be important (Poorter et al. 1990; Garnier et al., 1995; Poorter & Evans, 1998; 509 

Lambers et al. 2008) and further work is needed to elucidate how the partitioning of 510 

N changes when a plant is challenged with the cold. 511 

The development of new, cold-acclimated leaves in plants shifted to low 512 

temperature was supported by N from three possible sources: reallocation from 513 

existing tissues, movement between inorganic and organic pools of N and by uptake 514 

of new N by the roots (Yoneyama et al. 2003).  These mechanisms contributed 515 

different proportions of the final N content of the new tissues and may have been 516 

important at different stages of leaf growth.  Firstly, the Nmass lost from PE leaves in 517 

the first ten days (Fig. 5) may have contributed to the initial development of new 518 

leaves at low temperatures.  Reallocation of N from leaves is a recognised part of 519 

the process of senescence (Hörtensteiner & Feller 2002) and underpins the 520 

development of new tissues (Yoneyama et al. 2003). During the period of the 521 

experiment, these leaves were retained by the plants and did not appear to senesce 522 

earlier than their warm-grown counterparts despite the loss of N. Reallocation of N 523 A
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from PE leaves with a consequent decrease in PE leaf N content may be a common 524 

response in changing conditions where new tissues are formed (cf. shade 525 

conditions: Pons & Pearcy, 1994).  The protein turnover required to facilitate 526 

remobilization of N within the plant will have an energetic cost (Noguchi et al. 2001) 527 

and will be dependent on the supply of energy from photosynthesis and respiration.  528 

Secondly, recovery of growth may have been supported in these plants from 529 

the reallocation of stored nitrate into organic compounds on a gradual and continuing 530 

basis over the course of the experiment (Fig. 5). In warm-grown plants, a greater 531 

proportion of N was present as NO3
-, but this pool was depleted in cold-grown 532 

tissues and was at its lowest (3%) in ND leaves at 5oC. Similarly, Clarkson, Jones & 533 

Purves (1992) demonstrated a change in the NO3
- pool of both roots and shoots with 534 

temperature, with a lower proportion of N present as NO3
- at lower temperatures. 535 

However, although the proportion of organic N was higher in both PE and ND leaves 536 

at 5oC, the organic Nmass was similar in these organs at both temperatures. In cold-537 

shifted PE leaves the organic N content was maintained despite a reduction in total 538 

N content in these leaves. There was a different response in the roots and stems of 539 

cold-shifted plants where both the proportion of N present in organic form and the 540 

organic N concentration increased over time compared to the controls. It is possible 541 

that roots and stems were acting as storage buffer organs for N during a transition 542 

period (Noquet et al. 2004).  543 

Thirdly, N was taken up from the nutrient solution and contributed to turnover 544 

in existing leaf tissue (60%) and the development of ND leaves, where ultimately 545 

80% of the N was derived externally (Fig. 7). Although tissues in the cold-shifted 546 

plants had similar final uptake of 15N to warm-grown plants, uptake and turnover of N 547 

were slower in the cold. Low temperatures could impact on the uptake of N through a 548 
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direct effect on the processes of uptake and assimilation (Clarkson et al. 1986; Atkin 549 

& Cummins, 1994; Volder, Bliss & Lambers 2000) or indirectly through modifying 550 

root growth (Clarkson et al. 1986). Indeed, the control of the balance between C and 551 

N supply and demand is complex and possibly mediated through amino acids 552 

(Foyer, Parry & Noctor (2003). In our experiment, low temperatures initially reduced 553 

root growth but as the new leaves developed there was also a concurrent increase in 554 

root DM:  this resumption of root growth did not, however, seem to have contributed 555 

to an increase in N uptake rate. Whilst the 15N study strongly suggested that the 556 

development of ND leaves was supported primarily by N derived from the nutrient 557 

solution, this accumulated over a period of nearly 40 days and N reallocated from 558 

pre-existing tissue or from stored nitrate would be important in the early development 559 

of those leaves i.e. both stored N and new uptake may be required to underpin 560 

acclimation.   561 

Recovery of growth occurred while the uptake of new N from the solution was 562 

still low; this suggests that recovery in nutrient uptake may not be important in the 563 

early stages of acclimation.  Initially, low root temperature would have impacted 564 

directly on N uptake or assimilation. As shoot growth recovered, both plant demand 565 

for N (Clement, Hopper & Jones 1978; Clarkson et al. 1992; Fitter 1997; Jeuffroy, 566 

Ney & Ourry 2002) and the supply of carbohydrates to the root (Clement et al. 1978; 567 

Mengel and Viro 1978; Lestienne et al. 2006) would have increased and could have 568 

contributed to increased N uptake.  As uptake is dependent on respiratory energy 569 

(van der Werf et al. 1988; Lambers et al. 2008; Zhang, Burns & Turner 2008) cold-570 

acclimation could help to maintain N uptake through up-regulation of respiration 571 

within the plant (Atkin & Tjoelker 2003).  The response may, however, vary between 572 

species due to differing respiratory costs of ion uptake (e.g. as observed in 573 A
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comparisons of fast and slow growers, Scheurwater et al. 1998).  Reduced 574 

carbohydrate supply in the cold may also reduce root growth (Hermans et al. 2007) 575 

which then results in a smaller surface area over which N uptake may occur.   576 

In conclusion, our results have shown that the rate of growth recovered in 577 

Arabidopsis plants experiencing a shift to cold temperatures and that this recovery in 578 

growth was likely due to an increase in NAR.   Both increased N use efficiency and 579 

increases in nitrogen content per se may have played a role in the recovery of 580 

carbon metabolism in the cold.  Reallocation of N within the plant, between pools 581 

and between organs, and N supply to the plant are also important in underpinning 582 

cold-acclimation.  Future work is needed to assess whether these findings are 583 

maintained under conditions where N availability is limiting.  584 

 585 

ACKNOWLEDGEMENTS 586 

This work has been supported by a NERC-UK research grant to OKA 587 

(NER/B/S/2001/00875), funding to OKA from the ARC-Australia (CE140100008)and 588 

by a Daphne Jackson Fellowship to LJA funded by the NERC-UK. 589 

 590 

REFERENCES 591 

Armstrong A.F., Badger M.R., Day D.A., Barthet M.M., Smith P.M.C., Millar A.H., 592 

Whelan J. & Atkin O.K. (2008) Dynamic changes in the mitochondrial electron 593 

transport chain underpinning cold acclimation of leaf respiration. Plant Cell and 594 

Environment 31, 1156-1169.  595 A
cc

ep
te

d 
A

rti
cl

e



26 
This article is protected by copyright. All rights reserved. 

Armstrong A.F., Logan D.C., Tobin A.K., O'Toole P. & Atkin O.K. (2006) 596 

Heterogeneity of plant mitochondrial responses underpinning respiratory acclimation 597 

to the cold in Arabidopsis thaliana leaves. Plant, Cell and Environment 29, 940-949.  598 

Atkin O.K., Botman B. & Lambers H. (1996) The relationship between the relative 599 

growth rate and nitrogen economy of alpine and lowland Poa species. Plant Cell and 600 

Environment 19, 1324-1330.  601 

Atkin O.K. & Cummins W.R. (1994) The effect of root temperature on the induction of 602 

nitrate reductase activities and nitrogen uptake rates in arctic plant-species. Plant 603 

and Soil 159, 187-197.  604 

Atkin O.K., Loveys B.R., Atkinson L.J. & Pons T.L. (2006) Phenotypic plasticity and 605 

growth temperature: Understanding inter-specific variability. Journal of Experimental 606 

Botany 57, 267-281.  607 

Atkin O.K., Scheurwater I. & Pons T.L. (2007) Respiration as a percentage of daily 608 

photosynthesis in whole plants is homeostatic at moderate, but not high, growth 609 

temperatures. New Phytologist 174, 367-380.  610 

Atkin O.K., Schortemeyer M., McFarlane N. & Evans J.R. (1998) Variation in the 611 

components of relative growth rate in ten Acacia species from contrasting 612 

environments. Plant Cell and Environment 21, 1007-1017.  613 

Atkin O.K. & Tjoelker M.G. (2003) Thermal acclimation and the dynamic response of 614 

plant respiration to temperature. Trends in Plant Science 8, 343-351.  615 

Augspurger C.K. (2013) Reconstructing patterns of temperature, phenology, and 616 

frost damage over 124 years: Spring damage risk is increasing. Ecology 94, 41-50. 617 A
cc

ep
te

d 
A

rti
cl

e



27 
This article is protected by copyright. All rights reserved. 

Blackman G.E., Black J.N. & Kemp A.W. (1955) Physiological and ecological studies 618 

in the analysis of plant environment: X. An analysis, of the effects of seasonal 619 

variation in daylight and temperature on the growth of Helianthus annuus in the 620 

vegetative phase. Annals of Botany 19, 527-548.  621 

Boese S.R. & Huner N.P.A. (1990) Effect of growth temperature and temperature 622 

shifts on spinach leaf morphology and photosynthesis. Plant Physiology 94, 1830-623 

1836.  624 

Campbell C., Atkinson L., Zaragoza-Castells J., Lundmark M., Atkin O. & Hurry V. 625 

(2007) Acclimation of photosynthesis and respiration is asynchronous in response to 626 

changes in temperature regardless of plant functional group. New Phytologist 176, 627 

375-389.  628 

Cataldo D.A., Haroon M., Schrader L.E. & Youngs V. (1975) Rapid colorimetric 629 

determination of nitrate in plant tissue by nitration of salicylic acid. Communications 630 

in Soil Science and Plant Analysis 6, 71-80.  631 

Cheeseman J.M. & Wickens L.K. (1986) Control of Na+ and K+-transport in 632 

Spergularia marina. III. Relationship between ion uptake and growth at moderate 633 

salinity. Physiologia Plantarum 67, 15-22.  634 

Clarkson D.T., Hopper M.J. & Jones L.H.P. (1986) The effect of root temperature on 635 

the uptake of nitrogen and the relative size of the root system in Lolium perenne. I. 636 

solutions containing both NH4
+ and NO3

-. Plant, Cell and Environment 9, 535-545.  637 

A
cc

ep
te

d 
A

rti
cl

e



28 
This article is protected by copyright. All rights reserved. 

Clarkson D., Jones L. & Purves J. (1992) Absorption of nitrate and ammonium-ions 638 

by Lolium perenne from flowing solution cultures at low root temperatures. Plant Cell 639 

and Environment 15, 99-106.  640 

Clement C.R., Hopper M.J. & Jones L.H.P. (1978) The uptake of nitrate by Lolium 641 

perenne from flowing nutrient solution: I. Effect of concentration. Journal of 642 

Experimental Botany 29, 453-464.  643 

Dahal K., Kane K., Gadapati W. et al. (2012) The effects of phenotypic plasticity on 644 

photosynthetic performance in winter rye, winter wheat and Brassica napus. 645 

Physiologia Plantarum 144, 169-188.  646 

Dawson T., Mambelli S., Plamboeck A., Templer P. & Tu K. (2002) Stable isotopes 647 

in plant ecology. Annual Review of Ecology and Systematics 33, 507-559.  648 

Dijkstra P. (1989) Cause and effect of differences in specific leaf area In Causes and 649 

Consequences of Variation in Growth Rate and Productivity in Plants (eds H. 650 

Lambers, M.L. Cambridge, H. Konings & T.L. Pons), pp. 125-140. SPB Academic 651 

Publishing, The Hague, The Netherlands.  652 

Equiza M.A. & Tognetti J.A. (2002) Morphological plasticity of spring and winter 653 

wheats in response to changing temperatures. Functional Plant Biology 29, 1427-654 

1436.  655 

Evans J.R. (1989) Photosynthesis and nitrogen relationships in leaves of C-3 plants. 656 

Oecologia 78, 9-19.  657 

Fitter A.H. (1997) Nutrient acquisition. In Plant Ecology (ed M.J. Crawley), pp. 51-72. 658 

Blackwell Science Ltd, Oxford.  659 A
cc

ep
te

d 
A

rti
cl

e



29 
This article is protected by copyright. All rights reserved. 

Foyer C.H., Parry M. & Noctor G. (2003) Markers and signals associated with 660 

nitrogen assimilation in higher plants. Journal of Experimental Botany 54, 585-593.  661 

Garnier E. (1991) Resource capture, biomass allocation and growth in herbaceous 662 

plants. Trends in Ecology & Evolution 6, 126-131.  663 

Garnier E., Gobin O. & Poorter H. (1995) Nitrogen productivity depends on 664 

photosynthetic nitrogen use efficiency and on nitrogen allocation within the plant. 665 

Annals of Botany 76, 667-672.  666 

Gavito M.E., Curtis P.S., Mikkelsen T.N. & Jakobsen I. (2001) Interactive effects of 667 

soil temperature, atmospheric carbon dioxide and soil N on root development, 668 

biomass and nutrient uptake of winter wheat during vegetative growth. Journal of 669 

Experimental Botany 52, 1913-1923.  670 

Gorsuch P.A., Pandey S. & Atkin O.K. (2010) Temporal heterogeneity of cold 671 

acclimation phenotypes in Arabidopsis leaves. Plant Cell and Environment 33, 244-672 

258.  673 

Hermans C., Hammond J.P., Verbruggen N. & White P.J. (2007) Response to 674 

Andrews et al.: Correlations and causality. Trends in Plant Science 12, 532-533.  675 

Hörtensteiner S. & Feller U. (2002) Nitrogen metabolism and remobilization during 676 

senescence. Journal of Experimental Botany 53, 927-937.  677 

Hurry V., Strand A., Furbank R. & Stitt M. (2000) The role of inorganic phosphate in 678 

the development of freezing tolerance and the acclimatization of photosynthesis to 679 

low temperature is revealed by the pho mutants of Arabidopsis thaliana. Plant 680 

Journal 24, 383-396.  681 A
cc

ep
te

d 
A

rti
cl

e



30 
This article is protected by copyright. All rights reserved. 

Jeuffroy M.H., Ney B. & Ourry A. (2002) Integrated physiological and agronomic 682 

modelling of N capture and use within the plant. Journal of Experimental Botany 53, 683 

809-823.  684 

Kaplan F., Kopka J., Haskell D.W., Zhao W., Schiller K.C., Gatzke N., Sung D.Y. & 685 

Guy C.L. (2004) Exploring the temperature-stress metabolome of Arabidopsis. Plant 686 

Physiology 136, 4159-4168.  687 

Kodra E., Steinhaeuser K. & Ganguly A.R. (2011) Persisting cold extremes under 688 

21st-century warming scenarios. Geophysical Research Letters 38, - L08705.  689 

Krol M., Griffith M. & Huner N. (1984) An appropriate physiological control for 690 

environmental-temperature studies - comparative growth-kinetics of winter rye. 691 

Canadian Journal of Botany 62, 1062-1068.  692 

Kurimoto K., Day D.A., Lambers H. & Noguchi K. (2004) Effect of respiratory 693 

homeostasis on plant growth in cultivars of wheat and rice. Plant, Cell & Environment 694 

27, 853-862.  695 

Lambers H., Chapin F.S.I. & Pons T.L. (2008) Plant physiological ecology. pp. 604. 696 

Springer, New York.  697 

Lee T.D., Reich P.B. & Bolstad P.V. (2005) Acclimation of leaf respiration to 698 

temperature is rapid and related to specific leaf area, soluble sugars and leaf 699 

nitrogen across three temperate deciduous tree species. Functional Ecology 19, 700 

640-647.  701 

A
cc

ep
te

d 
A

rti
cl

e



31 
This article is protected by copyright. All rights reserved. 

Lestienne F., Thornton B. & Gastal F. (2006) Impact of defoliation intensity and 702 

frequency on N uptake and mobilization in Lolium perenne. Journal of Experimental 703 

Botany 57, 997-1006.  704 

Loveys B.R., Scheurwater I., Pons T.L., Fitter A.H. & Atkin O.K. (2002) Growth 705 

temperature influences the underlying components of relative growth rate: An 706 

investigation using inherently fast- and slow-growing plant species. Plant, Cell and 707 

Environment 25, 975-987.  708 

Loveys B.R., Scheurwater I., Pons T.L., Fitter A.H. & Atkin O.K. (2003) Corrigendum: 709 

Growth temperature influences the underlying components of relative growth rate: 710 

An investigation using inherently fast- and slow-growing plant species. (vol 25, pg 711 

975, 2002). Plant Cell and Environment 26, 1927-1927.  712 

Lutze J.L., Roden J.S., Holly C.J., Wolfe J., Egerton J.J.G. & Ball M.C. (1998) 713 

Elevated atmospheric [CO2] promotes frost damage in evergreen tree seedlings. 714 

Plant Cell and Environment 21, 631-635. 715 

Macdowall F.D.H. (1973) Growth kinetics of Marquis wheat. IV. Temperature-716 

dependence. Canadian Journal of Botany 51, 729-736. 717 

Macdowall F.D.H. (1974) Growth kinetics of Marquis wheat. VI. Genetic dependence 718 

and winter hardening. Canadian Journal of Botany 52, 151-157.  719 

Martindale W. & Leegood R.C. (1997) Acclimation of photosynthesis to low 720 

temperatures in Spinacia oleracea L. II. Effects of nitrogen supply. Journal of 721 

Experimental Botany 48, 1873-1880.  722 A
cc

ep
te

d 
A

rti
cl

e



32 
This article is protected by copyright. All rights reserved. 

Mengel K. & Viro M. (1978) The significance of plant energy status for the uptake 
723 

and incorporation of NH4-nitrogen by young rice plants. Soil Science and Plant 
724 

Nutrition, 24, 407-416. 
725 

Noguchi K., Go C.S., Miyazawa S.I., Terashima I., Ueda S. & Yoshinari T. (2001) 726 

Costs of protein turnover and carbohydrate export in leaves of sun and shade 727 

species. Australian Journal of Plant Physiology 28, 37-47.  728 

Noquet C., Avice J., Rossato L., Beauclair P., Henry M. & Ourry A. (2004) Effects of 729 

altered source–sink relationships on N allocation and vegetative storage protein 730 

accumulation in Brassica napus L. Plant Science 166, 1007-1018.  731 

Norby R., Hartz-Rubin J. & Verbrugge M. (2003) Phenological responses in maple to 732 

experimental atmospheric warming and CO2 enrichment. Global Change Biology 9, 733 

1792-1801.  734 

Pons T.L. (2012) Interaction of temperature and irradiance effects on photosynthetic 735 

acclimation in two accessions of Arabidopsis thaliana. Photosynthesis Research 736 

113, 207-219.  737 

Pons T.L. & Pearcy R.W. (1994) Nitrogen reallocation and photosynthetic 738 

acclimation in response to partial shading in soybean plants. Physiologia Plantarum 739 

92, 636-644.  740 

Poorter H. & Evans J.R. (1998) Photosynthetic nitrogen-use efficiency of species 741 

that differ inherently in specific leaf area. Oecologia 116, 26-37.  742 

A
cc

ep
te

d 
A

rti
cl

e



33 
This article is protected by copyright. All rights reserved. 

Poorter H., Niklas K.J., Reich P.B., Oleksyn J., Poot P. & Mommer L. (2012) 743 

Biomass allocation to leaves, stems and roots: Meta-analyses of interspecific 744 

variation and environmental control. New Phytologist 193, 30-50.  745 

Poorter H. & Pothmann P. (1992) Growth and carbon economy of a fast-growing and 746 

a slow-growing grass species as dependent on ontogeny. New Phytologist 120, 159-747 

166.  748 

Poorter H. & Remkes C. (1990) Leaf-area ratio and net assimilation rate of 24 wild-749 

species differing in relative growth-rate. Oecologia 83, 553-559.  750 

Poorter H., Remkes C. & Lambers H. (1990) Carbon and nitrogen economy of 24 751 

wild-species differing in relative growth-rate. Plant Physiology 94, 621-627.  752 

Poorter H., van der Werf A., Atkin O.K. & Lambers H. (1991) Respiratory energy-753 

requirements of roots vary with the potential growth-rate of a plant-species. 754 

Physiologia Plantarum 83, 469-475.  755 

Porter J. & Gawith M. (1999) Temperatures and the growth and development of 756 

wheat: A review. European Journal of Agronomy 10, 23-36.  757 

Preston J.C. & Sandve S.R. (2013) Adaptation to seasonality and the winter freeze. 758 

Frontiers in Plant Science 4, 167.  759 

Pyl E., Piques M., Ivakov A., Schulze W., Ishihara H., Stitt M. & Sulpice R. (2012) 760 

Metabolism and growth in Arabidopsis depend on the daytime temperature but are 761 

temperature-compensated against cool nights. Plant Cell 24, 2443-2469.  762 A
cc

ep
te

d 
A

rti
cl

e



34 
This article is protected by copyright. All rights reserved. 

Reich P.B., Walters M.B. & Ellsworth D.S. (1997) From tropics to tundra: Global 763 

convergence in plant functioning. Proceedings of the National Academy of Sciences 764 

94, 13730-13734.  765 

Reich P.B., Walters M.B., Ellsworth D.S., Vose J.M., Volin J.C., Gresham C. & 766 

Bowman W.D. (1998) Relationships of leaf dark respiration to leaf nitrogen, specific 767 

leaf area and leaf life-span: A test across biomes and functional groups. Oecologia 768 

114, 471-482.  769 

Scheurwater I., Cornelissen C., Dictus F., Welschen R. & Lambers H. (1998) Why do 770 

fast- and slow-growing species differ so little in their rate of root respiration, 771 

considering the large differences in rate of growth and ion uptake? Plant Cell and 772 

Environment 21, 995-1005.  773 

Stitt M. & Hurry V. (2002) A plant for all seasons: Alterations in photosynthetic 774 

carbon metabolism during cold acclimation in Arabidopsis. Current Opinion in Plant 775 

Biology 5, 199-206.  776 

Strand A., Foyer C.H., Gustafsson P., Gardestrom P. & Hurry V. (2003) Altering flux 777 

through the sucrose biosynthesis pathway in transgenic Arabidopsis thaliana 778 

modifies photosynthetic acclimation at low temperatures and the development of 779 

freezing tolerance. Plant Cell and Environment 26, 523-535.  780 

Strand A., Hurry V., Gustafsson P. & Gardestrom P. (1997) Development of 781 

Arabidopsis thaliana leaves at low temperatures releases the suppression of 782 

photosynthesis and photosynthetic gene expression despite the accumulation of 783 

soluble carbohydrates. Plant Journal 12, 605-614.  784 A
cc

ep
te

d 
A

rti
cl

e



35 
This article is protected by copyright. All rights reserved. 

Strand Å., Hurry V., Henkes S., Huner N., Gustafsson P., Gardeström P. & Stitt M. 785 

(1999) Acclimation of Arabidopsis leaves developing at low temperatures. Increasing 786 

cytoplasmic volume accompanies increased activities of enzymes in the Calvin cycle 787 

and in the sucrose-biosynthesis pathway. Plant Physiology 119, 1387-1397.  788 

Tcherkez G. & Hodges M. (2008) How stable isotopes may help to elucidate primary 789 

nitrogen metabolism and its interaction with (photo)respiration in C3 leaves. Journal 790 

of Experimental Botany 59, 1685-1693.  791 

Tjoelker M.G., Oleksyn J., Reich P.B. & Zytkowiak R. (2008) Coupling of respiration, 792 

nitrogen, and sugars underlies convergent temperature acclimation in Pinus 793 

banksiana across wide-ranging sites and populations. Global Change Biology 14, 794 

782-797.  795 

Tjoelker M.G., Reich P.B. & Oleksyn J. (1999) Changes in leaf nitrogen and 796 

carbohydrates underlie temperature and CO2 acclimation of dark respiration in five 797 

boreal tree species. Plant Cell and Environment 22, 767-778.  798 

Van der Werf A., Kooijman A., Welschen R. & Lambers H. (1988) Respiratory energy 
799 

costs for the maintenance of biomass, for growth and for ion uptake in roots of Carex 
800 

diandra and Carex acutiformis. Physiologia Plantarum 72, 483-491. 
801 

Volder A., Bliss L.C. & Lambers H. (2000) The influence of temperature and nitrogen 802 

source on growth and nitrogen uptake of two polar-desert species, Saxifraga 803 

caespitosa and Cerastium alpinum. Plant and Soil 227, 139-148.  804 

Woodward F. (1979) Differential temperature responses of the growth of certain 805 

plant species from different altitudes. 1. Growth analysis of Phleum albinum L, 806 A
cc

ep
te

d 
A

rti
cl

e



36 
This article is protected by copyright. All rights reserved. 

Phleum bertolonii DC, Sesleria albicans KIT and Dactylis glomerata L. New 807 

Phytologist 82, 385-395.  808 

Wright I.J., Reich P.B., Westoby M. et al. (2004) The worldwide leaf economics 809 

spectrum. Nature 428, 821-827.  810 

Yoneyama T., Ito O. & Engelaar W.M.H.G. (2003) Uptake, metabolism and 811 

distribution of nitrogen in crop plants traced by enriched and natural 15N: Progress 812 

over the last 30 years. Phytochemistry Reviews 2, 121-132.  813 

Zhang K., Burns I.G. & Turner M.K. (2008) Derivation of a dynamic model of the 814 

kinetics of nitrogen uptake throughout the growth of lettuce: Calibration and 815 

validation. Journal of Plant Nutrition 31, 1440-1460.  816 

A
cc

ep
te

d 
A

rti
cl

e



37 
This article is protected by copyright. All rights reserved. 

Tables  817 

Table 1. Relative growth rate (RGR) of total plant and of root, stem and leaf portions and 818 

leaf area ratio (LAR), net assimilation rate (NAR), plant nitrogen content (PNC) and nitrogen 819 

productivity (NP) for whole plant.  Values for cold-shifted plants were calculated separately 820 

for the time period before and after the emergence of newly developed (ND) leaves, with 821 

values for pre-existing leaves also shown (PE). RGR values were obtained by regression of 822 

loge plots of dry mass (DM) against time (see Fig. 1). LAR and PNC values were calculated 823 

as means over each time period. NAR was derived by calculation from RGR and LAR values 824 

and NP by calculation from RGR and PNC values. 825 

 826 

 Plant part 23oC 

5oC 

Pre-

emergence 

of ND leaves 

% of 

control  

Post-

emergence 

of ND 

leaves 

% of 

control  

RGR  

(mg g-1 d-1) 

Whole plant 75.0 20.0 27 29.8 40 

Total shoot 74.3 22.4 30 29.0 39 

Stem 64.1 19.9 31 24.3 38 

Total leaves 79.0 23.5 30 30.9 39 

      PE leaves 58.2 21.8 38 21.8 38 

     ND leaves 312.2 n/a n/a 114.7 37 

Root 80.2 4.5 6 36.3 45 

LAR   (m2 kg-1) 29.9 26.4 88 17.6 59 

NAR  (g m-2 d-1) 2.5 0.8 32 1.7 68 

PNC (mmol N g-1) 2.9 2.7 93 3.1 107 

NP (mg (mmol N)-1 d-1) 26.1 7.3 28 9.7 37 A
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Table 2. Mean values for specific leaf area (SLA), leaf thickness (as indicated by the ratio of fresh mass per unit leaf area, LFMA) and leaf dry 827 

matter content (DMC) averaged over all harvests ± SE, n values: 23oC PE =7, 23oC ND = 5, 5oC PE = 12, 5oC ND = 7.  828 

Growth 

temperature 

SLA 

(m2 kg-1) 

LFMA 

(g FM m-2) 

Leaf DMC 

(g DM g FM-1) 

PE ND PE ND PE ND 

23oC 50.5 ± 3.2 51.2 ± 2.1 229.4 ± 7.0 177.8 ± 3.8 0.09 ± 0.00 0.11 ± 0.00 

5oC  
34.7 ± 3.6 27.2 ± 1.1 213.5 ± 2.90 215.4 ± 9.2 0.15 ± 0.01 0.17 ± 0.01 

Effect of 
temperature 

P=0.000 P=0.085 P=0.000 

Effect of leaf 
type 

P=0.336 P=0.000 P=0.006 

Interaction 
P=0.256 P=0.000 P=0.693 

A
cc

ep
te

d 
A

rti
cl

e



39 
This article is protected by copyright. All rights reserved. 

Figure Legends 829 

 830 

Figure 1.  Increase in (a) total plant dry mass (DM) and the dry mass of (b) shoot, (c) 831 

root, (d) stem, (e) total leaves and (f) pre-existing (PE) and newly-developed (ND) 832 

leaves for plants grown at 23oC and plants shifted to 5oC. DM values were 833 

transformed to loge. Values are means ± SE (n=4). 834 

Plots (a-e): 23oC grown plants closed triangles, 5oC grown plants with PE leaves 835 

only, closed circles; 5oC grown plants with ND leaves, open circles.  Plot (f); 23oC  836 

grown plants PE leaves closed triangles 23oC grown plants ND leaves, open 837 

triangles, 5oC grown plants PE leaves, closed circles; 5oC grown plants ND leaves, 838 

open circles. 839 

Figure 2. Leaf mass ratio (LMR), stem mass ratio (StMR) and root mass ratio (RMR) 840 

for plants grown at 23oC and plants shifted to 5oC. Mass ratio values are plotted 841 

against time in days (a-c) and against total plant dry mass (DM) (d-f). Values are 842 

means ± SE (n=4).   843 

Plots (a & e): 23oC grown plants, closed triangles; 5oC grown plants, closed circles.  844 

Plots (b & f) 23oC grown plants pre-existing (PE) leaves, closed triangles; 23oC 845 

plants newly-developed (ND) leaves, open triangles; 5oC grown plants PE leaves 846 

only, closed circles; 5oC grown plants ND leaves, open circles.  Plots (c, d, g & h): 847 

23oC grown plants, closed triangles; 5oC grown plants with PE leaves only, closed 848 

circles; 5oC grown plants with ND leaves, open circles.   849 

Figure 3. Specific leaf area (SLA; a & b) and leaf area ratio (LAR; c-f) of pre-existing 850 

(PE) and newly-developed (ND) leaves for 23 and 5oC grown plants. Values are 851 

means ±SE (n=4).   852 
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SLA values are plotted against time in days (a) and total plant dry mass (DM) (b):  853 

23oC grown plants PE leaves, closed triangles; 23oC plants ND leaves, open 854 

triangles; 5oC grown plants PE leaves, closed circles; 5oC grown plants ND leaves, 855 

open circles.  (Note: The high value of SLA for PE leaves at Day 0 can be attributed 856 

to one plant with leaves that may not have been fully expanded at the time of 857 

measurement.)  Leaf area ratio (LAR) for plants grown at 23oC (c & d) and 5oC (e & 858 

f) are plotted against time in days (c & e) or total plant dry mass (DM) (d & f): 23oC 859 

grown plants - total LAR, dotted triangle; pre-existing (PE) leaves, closed triangles; 860 

newly-developed (ND) leaves, open triangles; 5oC grown plants - total LAR, dotted 861 

circle; PE leaves, closed circles; ND leaves, open circles.   862 

Figure 4. Mass-based total and organic nitrogen concentration (Nmass; mg g-1 DM) of 863 

(a) leaves, (b) stems and (c) roots of plants grown at 23oC or shifted to 5oC over the 864 

course of the experiment. 23oC grown plants pre-existing (PE) leaves, closed 865 

triangles; 23oC plants newly-developed (ND) leaves, open triangles; 5oC grown 866 

plants PE leaves, closed circles; 5oC grown plants ND leaves, open circles; total N, 867 

solid line; organic N dashed line. 868 

Figure 5. Leaf area-based total and organic nitrogen content (Narea; g m-2) of pre-869 

existing (PE) and newly-developed (ND) leaves of plants grown at 23oC or shifted to 870 

5oC over the course of the experiment. 23oC grown plants PE leaves, closed 871 

triangles; 23oC plants ND leaves, open triangles; 5oC grown plants PE leaves, closed 872 

circles; 5oC grown plants ND leaves, open circles; total N, solid line; organic N 873 

dashed line.  874 A
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Figure 6. Uptake of 15N from the hydroponic solution by (a) pre-existing (PE) leaves 875 

(b) newly-developed (ND) leaves, (c) stems and (d) roots of plants grown at 23 or 876 

5oC: 23oC grown plants, closed triangles; 5oC grown plants, closed circles.  877 

Figure 7. Nitrogen uptake (a & c) on a whole plant basis (mg 15N g-1 plant DM) and 878 

(b & d) expressed as N uptake rates (mg 15N g-1 root DM d-1) plotted against time in 879 

days (a & b) and total plant dry mass (DM) (c & d): 23oC grown plants, closed 880 

triangles; 5oC grown plants, closed circles. 881 

882 
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Figure 2. 888 
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Figure 3. 890 

(c) 23
o
C   

L
A

R
 (

m
2
 k

g
-1

)

0

10

20

30

40

50

(e) 5oC 

Time (days)

0 10 20 30 40

0

10

20

30

40

50
(f) 5oC

Total DM (g)

0.0 0.2 0.4 0.6 0.8 1.0

(d) 23
o
C 

(a)

S
L

A
 (

m
2
 k

g
-1

)

0

20

40

60

80

100
(b)

 891 

 892 

 893 

 894 A
cc

ep
te

d 
A

rti
cl

e



45 
This article is protected by copyright. All rights reserved. 

Figure 4. 895 
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Figure 5. 899 
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Figure 901 
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Figure 7.  906 
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