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50 Abstract 
51
52 Climate warming is subjecting plants to heat stress, which can affect their physiological 

53 processes impacting their growth, development and productivity. Potato (Solanum 

54 tuberosum) is a staple food worldwide but potato crops are very sensitive to heat stress. 

55 We have studied the effects of heat stress on SPAD-measured leaf chlorophyll content, 

56 plant growth and tuber yield of 55 commercial potato cultivars in clonal tests under 

57 heat-stress (HS; 35 °C-day, 28 °C-night) and control non-stress (CK; 22 °C-day, 

58 18 °C-night) conditions. The potato cultivars varied in their response to heat stress. 

59 Overall, heat stress reduced leaf size, increased the leaf chlorophyll SPAD values by up 

60 to 65% and plant height by 64%, but severely reduced the largest tuber weight by 93%. 

61 The HS-to-CK SPAD ratios were positively correlated with HS-to-CK plant height ratio, 

62 largest tuber weight under heat-stress, and the HS-to-CK largest tuber weight ratio. 

63 Potato cultivars displayed a correlated response to heat stress for their leaf chlorophyll 

64 content, plant height and tuber weight. We have identified the most heat-tolerant and 

65 heat-susceptible cultivars for these traits. Under heat-stress conditions, potato cultivars 

66 tend to have less reduction in tuber weight if their plants have higher increase in leaf 

67 chlorophyll content and plant height. 

68

69 Key Words: Solanum tuberosum L., potato varieties, SPAD-measured chlorophyll 

70 content, plant height, tuber weight, heat stress, adaptive response

71
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72 Introduction
73
74 Global climate change is subjecting plants to abiotic stresses, such as heat stress, which 

75 can affect plants’ physiological processes, consequently impacting their growth, 

76 development and productivity. Indeed warming temperatures from climate change cause 

77 more frequent heat stress to plants during the summer, and reduce crop yield and quality 

78 in many regions (Lafta and Lorenzen 1995). Heat stress affects growth, quality, and yield 

79 traits by impacting the structure and metabolic functions of cells and several 

80 physiological processes, such as structural alterations of protein complexes, changes in 

81 protein synthesis and enzyme activities, cellular structure and membrane functions, 

82 production of detrimental reactive oxygen species (ROS), decoupling of metabolic 

83 pathways, and damage to the photosynthetic apparatus (Taiz et al. 2015). In order to 

84 sustainably achieve global food security under climate change conditions, it is therefore 

85 essential to understand the response of crop plants to heat stress and its biological basis 

86 so that crop varieties tolerant to heat stress could be developed by selection, breeding and 

87 biotechnological approaches. 

88 Potato (Solanum tuberosum L.) is a staple food word-wide, being the third most 

89 important crop after rice (Oryza sativa) and wheat (Triticum spp.). Its sustainable 

90 production is important for global food security. Potato is the key agricultural crop in 

91 Canada, especially in New Brunswick and Prince Edward Island, where it is the number 

92 one crop. However, potato crops are quite sensitive to heat stress, likely because potato 

93 originated from the highlands of the Andes. The ideal temperature for the growth of 

94 above-ground plant parts is 20-25 °C and the optimum temperature for tuber formation is 

95 15- 20 °C (Rykaczewska 2013). The highest temperatures in most Canadian provinces 

96 were about 35 °C in July in recent years; for example, the highest monthly maximum 

97 temperature recorded in Ontario was 34.5 °C, 36.5 °C, 34.7 °C, respectively in 2015, 

98 2016, and 2017 (http://climate.weather.gc.ca/prods_servs/cdn_climate_summary_e.html). 

99 Since potato is usually planted in late May or early June in Canada, the extreme high 

100 temperatures in summer definitely have an adverse influence on potato crops and 

101 subsequently harm potato production. In Ontario, as a result of extreme heat stress in 

102 summer, the potato yield decreased 17.2% in 2016 compared with the production in 2015 
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103 (Statistics Canada, 2016, 

104 https://www150.statcan.gc.ca/n1/daily-quotidien/161129/dq161129f-eng.htm).

105 High temperature can disturb the relationship balance between source and sink, delay 

106 the process of tuber formation and bulking, and finally result in tuber deformities and 

107 necrosis (Levy and Veilleux 2007). In fact, higher temperatures adversely affect tuber 

108 formation and tuber development in potato, and this inhibition of tuberization has been 

109 linked to the inhibition of tuberization signal StSP6A (an orthologue of Arabidopsis 

110 flowering FT locus (Navarro et al. 2011) at elevated temperatures (Ewing 1981; Hancock 

111 et al. 2014) and reduced accumulation of carbon into starch in the tuber at higher 

112 temperatures (Hancock et al. 2014). Also, an adverse effect on photosynthesis resulting 

113 from chlorophyll loss and reduced CO2 fixation has been reported for tuber-forming 

114 Solanum species (Reynolds et al. 1990). A large number of differentially expressed genes 

115 involved in many biological processes and molecular functions as well as differential 

116 metabolite accumulation have been identified in response to mild to moderate heat stress 

117 in potato leaves and tubers (Hancock et al. 2014; Trapero-Mozos et al. 2018). Tolerance 

118 to elevated temperatures in potato is likely a polygenic trait and, thus expected to be 

119 substantially influenced by genotype-environment interactions. As such, potato cultivars 

120 may show a wide variety of variation in their response to heat stress. However, so far 

121 most studies on heat-stress response of potato have focused on some germplasm 

122 accessions (Reynolds and Ewing 1989) or only on a very few registered cultivars. In 

123 order to understand the biological basis of heat tolerance and select and develop potato 

124 varieties that are heat tolerant, it is critical to understand the variation in response of a 

125 large number of potato varieties/cultivars to heat stress. Indeed screening and breeding 

126 for heat-tolerant potato cultivars is urgently needed to stabilize potato productivity in the 

127 current and future warmer environment (Liu et al. 2006).

128 Potato is one of the key crops in Canada. For the potato production system to remain 

129 economically viable under the climate change conditions in Canada, it is critical to select 

130 and develop potato cultivars that are productive and tolerant to heat stress. In order to 

131 achieve this goal, first we need to understand the variation in physiological, growth and 

132 yield response of Canadian potato cultivars to heat stress, and identify productive and 

133 heat-tolerant cultivars. However, very little is known about these aspects. We have 
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134 addressed this critical need in our study. The objective of our study was to examine 

135 variation among a large number of potato cultivars registered and used for production in 

136 Canada for their response to heat stress for chlorophyll content, plant growth and largest 

137 tuber weight traits. We examined the response of 55 potato cultivars (genotypes) to heat 

138 stress to determine whether there is a significant variation in their chlorophyll content, 

139 height growth and largest tuber weight traits in response to heat stress, whether these 

140 traits are inter-correlated, and whether there are cultivars that are heat tolerant and 

141 productive. Our working hypothesis is that there is significant genotypic variation among 

142 potato cultivars for their response to heat stress in chlorophyll content, plant growth and 

143 tuber formation, and relatively heat-tolerant cultivars could be identified based on these 

144 traits. 

145
146 Materials and Methods
147

148 Plant material
149
150 Fifty-five potato varieties that are currently or previously registered in Canada were 

151 selected to investigate their response and tolerance to heat stress (Table 1). 

152 One-month-old in-vitro cultured plantlets of each of the 55 cultivars were obtained from 

153 the Plant Propagation Centre (New Brunswick, Canada). The plantlets were acclimated to 

154 the greenhouse environment in a  half-strength modified Hoagland solution (Hammer et 

155 al., 1978) in a tray as previously described (Xie et al. 2018) for 12 days and then planted 

156 into potting mix (peat moss, Perlite, soil, vermiculite at 2:1:1:1, v:v).

157 The experiments were conducted in the greenhouse and growth chambers at the 

158 Fredericton Research and Development Centre, Agriculture and Agri-Food Canada, 

159 Fredericton, New Brunswick, Canada. The greenhouse experiment involved all 55 

160 cultivars, whereas the growth chamber experiment included only two cultivars to further 

161 evaluate specific traits.

162
163 Greenhouse Experiment

164 Experimental design, heat treatment and growth conditions
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165 We used a factorial experimental design. The greenhouse experiment had two 

166 temperature treatments. There were two replicates (blocks) within a treatment, and there 

167 were four plants of each cultivar within a replicate.  Thus, the greenhouse experiment 

168 had 880 plants: cultivars × plants × replicates × treatments = 55×4×2×2 = 880 plants. The 

169 cloned plants of the same cultivar under two treatments were genetically identical.   

170 The plants were tested under two conditions in two compartments of the greenhouse: 

171 control (CK) and heat stress (HS). The CK growth conditions used a photoperiod regime 

172 of 14h light and 10h dark, a day temperature of 22 ± 1°C, and a night temperature of 18 ± 

173 1°C. The humidity was set to 70% but it was somewhat higher immediately after 

174 watering. All plants were first grown under these control non-stressed conditions for 

175 three weeks for acclimation to the greenhouse condition. After three weeks of growth in 

176 the potting mix under the control non-stressed conditions, half of the plantlets were 

177 transferred to another greenhouse compartment with a heat stress regime of 35 ± 1°C in 

178 the daytime and 28 ± 1°C at night; while the remaining plantlets were kept in the original 

179 greenhouse (22 °C/18 °C for day/night temperature) as the control. The heat treatment 

180 was started after three weeks of growth under the non-stress conditions because the 

181 potato crop is mainly planted in spring but experiences hot temperatures usually in the 

182 summer.   

183 When plants were small, they were watered as needed and at the later stage  twice a 

184 day to ensure there was no water deficiency. After two weeks of different temperature 

185 treatments, the plants were supported with bamboo sticks to keep them upright. The 

186 plants were fertilized once a week with N-P-K 20-20-20, also containing, various 

187 microelements (Plant Products Co. Ltd., https://www.plantprod.com, Brampton, Ontario, 

188 Canada). Plants were harvested 102 days after planting.

189
190 Chlorophyll content
191
192 The chlorophyll content of each plant was measured indirectly by using a hand-held 

193 Minolta SPAD-502 meter (2900 PDL, Spectrum Technologies, Inc). SPAD is an 

194 acronym for “Soil Plant Analysis Development. The SPAD values do not reflect the 

195 absolute chlorophyll content but are directly proportional to the actual chlorophyll 

196 content. The SPAD-502 meter can measure chlorophyll content indirectly by the 
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197 absorbance in the 400-500 nm wavelength spectrum, using a near-infrared region as 

198 control. The SPAD values were measured on plants in both replicates of two treatments 

199 seven (SPADCK7D, SPADHS7D) and 16 days (SPADCK16D, SPADHS16D) after 

200 heat-stress treatment. The 4th opened leaf of each plant of the 55 cultivars was used to 

201 measure chlorophyll SPAD values. The 5th leaf was used if the 4th leaf was too small to 

202 measure. Each leaf was measured three times and the mean of the three readings was 

203 scored as the SPAD reading of that leaf. We ensured that the measurement was taken 

204 from the same area of the 4th or 5th leaf across the plants. We also measured the SPAD 

205 values after 32 days of treatment but only for one replicate in each of the two treatments 

206 (SPADCK32D, SPADHS32D). The 4th opened leaf measured for SPAD values 7 days 

207 after the start of heat treatment already emerged when the heat treatment started. For 

208 SPAD measurements on the 16 days and 32 days after the heat treatment, the 4th or 5th 

209 leaves emerged after starting the heat treatment. We calculated HS/CK SPAD ratios for 

210 each of the three temporal SPAD measurements: SPADR7D, SPADR16D, and 

211 SPADR32D.  

212
213 Plant height and largest tuber weight

214 Plants were harvested 102 days after planting. We measured height of individual plants in 

215 both treatments (PHTCK, PHTHS) at the time of harvest and calculated HS/CK plant 

216 height ratio, PHTR. In addition, we measured the weight of the largest tuber for each 

217 plant in both CK and HS treatments at the time of harvest (LTWCK, LTWHS), and 

218 calculated HS/CK largest tuber weight ratio, LTWR. We measured the weight of the 

219 largest tuber because it can be unambiguously identified and measured. We think that the 

220 weight of the largest tuber is a good measure of the tuber size development and may 

221 serve as a surrogate indicator of yield. The total weight of tubers obviously is a good 

222 measure of the total yield. However, we had to arbitrarily decide whether tiny tubers 

223 should be counted in and from what size tubers should be counted in for measuring the 

224 total weight. Furthermore, we had to make sure that no tiny tubers accidently missed in 

225 the potting mix during harvesting. Therefore for unambiguity, we used the largest tuber 

226 weight as the measure of tuber size development and an indicator of yield. 

227
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228 Growth chamber experiment

229 We conducted two very small supplementary experiments with two cultivars (Russet 

230 Burbank and Kennebec) in the growth chamber set under the same control and heat-stress 

231 temperature conditions as described above for the greenhouse experiment. We conducted 

232 one experiment to measure leaf size in cultivar Russet Burbank to supplement the visual 

233 leaf morphological observations in the greenhouse experiment. Four cloned plants of 

234 Russet Burbank, two each in the CK and HS treatments, were used. The length and width 

235 of the 1st, 2nd, and 3rd opened leaves were measured after the heat-stress treatment of 0 h, 

236 24 h, 2.5 days and 4 days. These leaves were quite small at the time of the start of the heat 

237 treatment.  In the second growth chamber experiment, we evaluated the cloned plants of 

238 cultivar Kennebec in the CK and HS conditions for determining chlorophyll content in 

239 order to compare the results with the greenhouse experiment. SPAD values were 

240 measured for the 5th leaf of 19 plants in CK treatment and 22 plants in HS treatment 10 

241 days after starting the heat treatment. The supplementary growth chamber experiments 

242 were a part of the separate experiment performed to undertake the transcriptomic work to 

243 identify differentially expressed genes in response to heat stress.

244
245 Data Analysis

246 Data was analyzed using univariate and multivariate statistical methods. Analysis of 

247 variance was performed to test for differences in the measured SPAD chlorophyll 

248 content, plant height and largest tuber weight as well as their ratios between each other 

249 due to temperature treatment, cultivars and replicates using the SAS Enterprise Guide 

250 (SAS Institute Inc., Cary, NC, Version 7.1). Means and standard errors or standard 

251 deviations for each trait for cultivars were calculated and the statistical significance of 

252 differences among cultivars for each trait was determined by Duncan’s Multiple Range 

253 Test (DMRT) using the SAS Enterprise. Since the DMRT results for the measured traits 

254 were consistent to those for the trait HS/CK ratios, we have presented the results only for 

255 the ratios.

256 The correlations among different measured and derived traits were estimated by 

257 calculating Pearson correlation coefficients using the statistical tool in Excel 10. The 

258 mean trait value for each cultivar was used in the correlation analysis. We also performed 
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259 regression analysis among the selected traits using the mean cultivar trait values. Pearson 

260 correlations among all traits and their significance levels were also calculated using the 

261 multivariate correlation option in SAS Enterprise (Version 7.1).   

262   Multivariate analysis was performed using heat map and Principal Component 

263 Analysis (PCA) to examine the differentiation and grouping of the traits and cultivars. 

264 The heatmap.2 and gplots commands in R package (https://www.r-project.org/) were 

265 used to generate a heatmap using cultivar means of SPADCK7D, SPADHS7D, SPADR, 

266 PHTHS, PHTCK, LWTHS, LTWCK, PHTR, LTWR traits. In this analysis, first the 

267 Manhattan distances among cultivars and traits were calculated by the command “dist” 

268 and then the hierarchical cluster analysis was performed by the command “hclust” 

269 (row_distance, method = "ward.D2"). The PCA was performed using SAS (SAS Institute 

270 Inc., Cary, NC, version 9.4), based on the same nine traits. The ordination of the cultivars 

271 was determined by constructing a plot for Principal Component 1 (PC1) and Principal 

272 Component 2 (PC2). 

273
274
275 Results
276
277 Chlorophyll content 
278
279 Leaf chlorophyll SPAD values of plants in the heat-stress treatment were significantly (P 

280 < 0.001) higher than those of plants in the control treatment, consistently at three times of 

281 measurement: 7 days, 16 days and 32 days (Table 2; Table S1 and S2). A large genotypic 

282 variation among cultivars was observed for the SPAD values and their HS/CK ratios 

283 (Table 2; Tables S1 and S2). ANOVA showed that these differences in SPAD values and 

284 HS/CK SPAD ratios due to cultivars as well as temperature treatments were highly 

285 significant (P <0.01).   

286 The 7th day SPAD values for the plants in the control treatment ranged from 28.16 to 

287 45.63, with an average of 37.22, whereas the SPAD values for the plants in the heat stress 

288 treatment ranged from 39.60 to 55.38, with an average of 45.31 (Table 2). The 7th day 

289 HS/CK SPAD ratios (SPADR7D) ranged from 1.06 for Adirondack Blue to 1.53 for 

290 Russet Norkotah, with an average of 1.22, suggesting an average 22% increase of SPAD 

291 values in HS-treated plants compared to control plants (Table 2). The cultivars that had a 
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292 SPADR7D greater than 1.35 (i.e., more than 35% increase in SPAD values) were Russet 

293 Norkotah (1.53), Chieftain (1.44), Eramosa (1.41), and Carlton (1.36) (Table 2). 

294 A similar trend of increased SPAD values for heat-stressed plants as observed on the 

295 7th day was detected at the 16th and 32nd day measurements (Tables S1 and S2); however 

296 the rank of certain cultivars based on SPAD values was changed (Tables 2 and S1). 

297 Indeed for certain cultivars the SPAD values decreased compared to the 7th day 

298 observation. The SPAD values 16 days after treatment ranged from 26.35to 42.93 in the 

299 CK treatment and from 29.04 to 59.69 in the HS treatment and, with an average value of 

300 34.52 for plants under CK conditions and 49.08 for plants under HS conditions, with an 

301 average increase of 43% (P < 0.05, Table S2). The HS-to-CK ratio of SPAD values at the 

302 16th day (SPADR16D) ranged from 0.98 in AC Chaleur to 1.77 in Carlton, with an 

303 average ratio of 1.43 (Table S1). The ratio of HS-to-CK SPAD value at the 32nd day after 

304 treatment further increased with a range from 1.17 (cultivar Elba) to 2.33 (cultivar 

305 Eramosa) and an average of 1.65 over 55 cultivars (Table S2). Thus the mean of the 

306 increase of SPAD values over the 55 cultivars was 65%. However, there were significant 

307 differences among cultivars for the extent of increase in the SPAD values (Table S2).  

308 In a supplementary experiment in the growth chamber with the cultivar Kennebec, 

309 the mean SPAD value of the 5th leaf 10 days after starting the heat treatment was 46.61 in 

310 heat-stressed (HS) plants and 39.80 in CK plants (P < 0.01). Thus, the growth chamber 

311 experiment confirmed our observation of increased SPAD values in the heat-stressed 

312 potato plants.

313 The overall mean of SPAD values was significantly higher (P < 0.05 in 

314 ANOVA-Duncan test), in HS plants than in CK plants, regardless of the 7th day, 16th day, 

315 or the 32nd day measurement in the greenhouse experiment of the 55 cultivars (the 

316 HS/CK of SPAD value: 45.3/37.2, 49.1/34.5, and 55.5/34.2, for 7th day, 16th day, and 

317 32nd day, respectively) or the 10th day measurement the supplementary growth room 

318 experiment of the cultivar Kennebec (HS/CK 46.6/39.8) (Fig. S1).   

319
320 Plant leaf size and height  
321
322 Under heat stress (HS) conditions, plants tended to grow taller (Table 3), with smaller, 

323 greener and thicker leaves than controls (CK). Four weeks after treatment, plants of most 
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324 varieties were clearly taller than the non-stressed plants, such as in ‘Yukon Gold’ (Fig. 

325 1A). However there was significant variation among the studied potato cultivars (P < 

326 0.01) in their plant height response to heat stress (Table 3). The heat-stressed plants did 

327 not show any signs of obvious early senescence or dying, whereas most of the 

328 non-heat-stressed plants showed signs of yellowing in leaves at the time of harvest (Fig. 

329 1B). The aboveground plant parts were larger in the heat-stressed plants (Fig. 1C) than 

330 the non-heat-stressed plants (Fig. 1B) at the time of harvest in most cultivars, as shown 

331 with plants of the cultivar ‘Shepody’ (Figs. 1A, 1B). The leaf length ratio (HS/CK) and 

332 the leaf width ratio (HS/CK) of the first, second and third leaves decreased 4 days after 

333 the start of heat treatment in Russet Burbank plants in the growth chamber experiment 

334 (Fig. 2).

335 The plant height ratio between HS plants and CK plants varied significantly among 

336 the cultivars (P < 0.01). It was greater than 1.0 in 45 out of 55 cultivars (Table 3), with an 

337 average of 1.64 among the 55 cultivars. This demonstrates that on average there was a 64% 

338 increase in plant height under the heat stress conditions compared to the non-stressed 

339 control conditions. The cultivars with a HS/CK plant height ratio larger than 2.5 were 

340 Eramosa (3.93), Caribe (3.25), Norland (2.98), AC Belmont (2.81), Chieftain (2.78), 

341 Yukon Gold (2.73), and Cherry Red (2.64) (Table 3). Ten cultivars showed a reduction of 

342 2% to 53% in plant height under the heat-stress conditions as compared to control 

343 conditions, with an average of 10.4% (Table 3) and this was related to their high 

344 sensitivity to heat stress. The cultivar ‘AC Chaleur’ showed the largest reduction of 57% 

345 in plant height (Table 3). The correlation between the plant height ratio and the tuber 

346 weight ratio for these 10 cultivars was not significant (R = 0.56, P = 0.090). 

347
348 Largest tuber weight 
349
350 We observed significant variation in tuber formation and the largest tuber weight among 

351 the cultivars both under the control and heat-stress conditions (Table 4). Under the 

352 control non-stressed conditions, all cultivars formed tubers with the largest tuber weight 

353 ranging from 29.38 g to 115.65 g, with an average of 72.17 g (Table 4). Under the 

354 heat-stress conditions, the tuber formation and tuber weight were significantly inhibited. 

355 No tubers were formed in four cultivars (Table 4; All Blue, Butte, Ac Chaleur and White 
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356 Rose). In addition, ‘Russet Burbank’ produced only one small tuber of approximately 1.0 

357 g in one of the 8 plants under heat stress. The largest tuber weight ranged from 0.12 g to 

358 26.26 g, with an average of 4.76 g over the 51 cultivars (Table 4). Cultivars Eramosa, 

359 Chieftain, and AC Belmont were top cultivars for the largest tuber weight under HS 

360 conditions (Table 4). The ratio of the HS/CK largest tuber weight ranged from 0 to 0.30, 

361 with an average of 0.07 (Table 4), which means that the largest tuber weight was on 

362 average lower by 93.4% under the heat stress conditions. The differences among cultivars 

363 were highly significant (P < 0.01).         

364
365 Correlation among traits
366
367 The Pearson correlation coefficient (R) (and their statistical significance levels) 

368 among all the measures and derived traits are presented in Table 5. SPAD values for three 

369 time intervals (7, 16, and 32 days) were positively and significantly correlated with each 

370 other for plants from each of the CK and HS treatments, showing a consistent temporal 

371 trend. Likewise, HS/CK SPAD ratios for 7-, 16- and 32-day measurements were 

372 positively and significantly correlated. 

373 SPAD values for plants in CK treatment were negatively correlated with the LTW 

374 and LTWR of plants in the HS treatment. The results indicated that cultivars that had 

375 higher chlorophyll content in CK compared to the HS treatment were more susceptible to 

376 heat stress in terms of the largest tuber weight (Table 5). Only in one case, the CK SPAD 

377 values at day 32 were positively correlated with the height of the plants from the CK 

378 treatment (Fig. 3A). The 7th day SPAD values for plants in HS were negatively correlated 

379 with LTWHS and LTWR. The SPAD values measured for HS plants on the 16th day and 

380 32nd day did not show any significant correlation with the harvest time LTWHS and 

381 LTWR (Table 5). However, the HS/CK SPAD ratios on each of the 7th, 16th, and 32nd day 

382 were all positively and significantly correlated with LTWHS and LTWR (Table 5; Fig. 

383 3B).  

384 The HS/CK plant height ratio and the largest tuber weight were positively and 

385 significantly correlated (Fig. 3C). There was also a positive correlation between the 32nd 

386 day HS/CK SPAD ratio and HS/CK plant height ratio (Fig. 3A) and largest tuber weight 

387 (Fig. 3B). In addition, the height of plants in HS treatment (PHTHS) was positively and 
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388 significantly correlated with the 16th and 32nd day of SPAD values (SPADHS16D, 

389 SPADHS32D) for the HS treated plants (Table 5). This suggests that the heat stress 

390 tolerance in terms of plant height and the largest tuber weight was correlated with the 

391 increase in the chlorophyll content.  

392 PHTR was positively correlated with SPADR7D, LTWHS, LTWR, SPADR16D, 

393 SPADR32D (Table 5), suggesting that cultivars tolerant to heat stress in terms of plant 

394 height are also tolerant to heat stress in terms of chlorophyll content and tuber size. 

395
396 Heatmap 
397
398 Heatmap analysis based on the traits SPADHS7D, SPADCK7D, PHTHS, PHTCK, 

399 LWTHS, LTWCK, SPADR, PHTR, and LTWR showed that SPADHS7D and 

400 SPADCK7D were in the same cluster. Interestingly PHTHS and PHTCK grouped with 

401 LTWCK in the same cluster. LTWR, SPADR7D, PHTR, and LTWHS were in the same 

402 cluster. Eramosa, Norqueen Russet, Norland DR, AC Belmont, Cherry Red, Caribe, and 

403 Chieftain were grouped together as a cluster. Since most members of this cluster had 

404 relatively large LTWHS, this cluster largely represents the cultivars more tolerant to heat 

405 stress than the other cultivars. All Blue, Butte and White Rose, which did not produce 

406 any tubers under heat stress, were grouped in the same cluster (Fig. 4).

407
408 Principal component analysis
409

410 The principal component analysis based on nine traits identified the first four principal 

411 components (PC) as significant with Eigen values >1.0 and accounted for a total of 

412 82.7% of the total variation (Table S3). The first PC explained 41.6% and second PC 

413 16.5% of the total variation. The first PC was dominated by the positive values for 

414 LTWHS, LTWR and PHTR, and the highest negative value for SPADCK7D (Table S4). 

415 The second PC was dominated by the positive values for SPADHS7D, SPADCK7D and 

416 PHTR, and the highest negative value for PHTCK (Table S4). The PC1 separated the 

417 cultivars Eramosa, Chieftain, AC Belmont, Caribe, and Cherry Red from the others (Fig. 

418 5). These cultivars displayed higher heat tolerance (in terms of LTWR and PHTR) than 
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419 others, and the results for the differentiation and grouping of these cultivars were 

420 consistent with those obtained from the heatmap (Fig. 4). 
421
422
423 Discussion 
424
425 Heat stress can adversely affect growth and yield in crop plants by altering several 

426 physiological processes and metabolic pathways. Here we have evaluated physiological, 

427 growth and tuber development response of 55 potato cultivars to heat stress by 

428 investigating chlorophyll content, plant growth and the largest tuber weight. This is the 

429 first large-scale screening of potato varieties registered in Canada for their heat-stress 

430 tolerance. We have demonstrated significant genotypic variation among potato cultivars 

431 for their response to heat stress in terms of chlorophyll content, plant height and the 

432 largest tuber weight and identified relatively heat-stress tolerant and susceptible potato 

433 cultivars. Despite significant inter-cultivar genotypic variation, our results establish that 

434 overall heat stress decreased leaf size, increased leaf chlorophyll content (SPAD values) 

435 and plant height growth but severely reduced the tuber formation and the largest tuber 

436 weight in the studied potato cultivars.  

437 We measured leaf chlorophyll content based on SPAD index values, which are 

438 directly proportional (R2=0.99) to the absolute chlorophyll content (Ling et al., 2011). 

439 Our results clearly demonstrate that leaf chlorophyll content as measured by SPAD index 

440 values increased under heat stress conditions in all cultivars. This was consistent at three 

441 different measurement times (7, 16 and 32 days) in the greenhouse experiment, with the 

442 exception of ‘AC Chaleur’ at 16th day measurement when its SPAD value was reduced 

443 by 2% under heat stress. Our growth chamber experiment further confirmed increased 

444 SPAD values under heat stress conditions for the cultivar Kennebec. Thus, our results of 

445 heat-stress-induced increase in leaf chlorophyll content (SPAD values) are real and 

446 repeatable (Fig. S1). These results are further supported by our observation that potato 

447 plants’ leaves in the heat-stress conditions were greener and darker than those in the 

448 non-stressed condition. Our results suggest that potato plants increase their leaf 

449 chlorophyll content as an acclimation response to heat stress.  
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450 Increased SPAD values may also be due to decreased leaf size and somewhat 

451 increased leaf thickness of potato plants that we observed under heat-stress conditions, 

452 which may have increased chlorophyll content per unit leaf area. Increased SPAD values 

453 may also be due to other cellular structural changes induced by heat stress. We cannot 

454 determine the exact cause underlying this observation in the present study, and further 

455 work is needed to investigate whether chlorophyll content in terms of leaf dry weight also 

456 increase under similar heat stress conditions in these potato cultivars. Nevertheless, 

457 SPAD values have been reported to increase with fresh and dry leaf thickness, specific 

458 leaf mass (specific leaf weight, SLW; leaf dry weight per unit leaf area), and leaf 

459 succulence, and decrease with specific leaf area (ratio of leaf area to leaf dry mass) and 

460 leaf water contents in several plant species (Yamamoto et al. 2002; Marenco et al. 2009). 

461  Our observations of increased SPAD values in heat-stressed plants, although 

462 repeatable and consistent with leaf color and morphology of potato plants, are contrary to 

463 reduced SPAD index values in wheat (Triticum aestivum) and rice (Oryza sativa) plants 

464 under heat stress (Balouchi 2010; Liu et al. 2013; Tiwari et al. 2017). This may be due to 

465 the differences in species’ response to heat stress and leaf structure. Potato leaf 

466 morphology and structure differs from that of wheat and rice, thus its   SLW is likely 

467 different from that of wheat and rice. Yamamoto et al. (2002) have reported that the 

468 effect of SLW on SPAD index can vary between plant species. Our results of increased 

469 SPAD values under heat treatment are contrary to decreased chlorophyll content (based 

470 on extraction with acetone and spectrophotometric readings) under mild heat stress 

471 reported in potato cultivar Desiree (Hancock et al. 2014) and accession of the wild 

472 species Solanum chacoense (Reynolds et al. 1990). We do not know the reason for this 

473 inconsistency but it may be related to the differences in heat treatment conditions, 

474 measurement methods, and potato genotypes between our and Hancock et al. (2014) 

475 studies. Our experiment did not include the wild Solanum chacoense. However, our 

476 results for reduced chlorophyll content in cultivar AC Chaleur in response to heat stress 

477 at the 16th day are consistent with Hancock et al. (2014). This exemplifies the genotypic 

478 effect on the response of potato cultivars to heat stress and suggests that more than one 

479 cultivar should be used in such studies. Also, a previous study (Demirel et al. 2017) in 

480 Turkey compared chlorophyll SPAD values in potato plants with harvest dates in June, 

Page 15 of 37

https://mc06.manuscriptcentral.com/botany-pubs

Botany



Draft

16

481 and July for the normal growth period, and heat-stressed growth, respectively in 

482 uncontrolled conditions., The SPAD values were slightly lower for the plants harvested in 

483 July than for the plants harvested in June. It is unclear whether the slight reduction of 

484 SPAD values was due to the higher atmospheric temperature in July or due to some other 

485 weather-related factors, such as humidity or drought. In our current study, both CK and 

486 HS plants were treated under controlled environments and at the same time with no water 

487 stress. Further work is required to fully address the differences observed in chlorophyll 

488 content patterns in different studies.

489 Although, there was significant genotypic variation among cultivars, our study 

490 demonstrated that overall heat stress increases aboveground plant height in potato. This 

491 vigorous growth of aboveground part is most likely due to increased photosynthesis rate 

492 in leaves due to increased leaf chlorophyll content that we observed under increased 

493 temperature. This is supported by significant positive correlation of HS/CK plant height 

494 ratio with HS/CK SPAD index ratio at the 16th and 32nd day as well as visual observation 

495 of the potato plant leaves, which were much greener in the heat-stress treatment than in 

496 the non-stressed control treatment. The considerable increase of chlorophyll SPAD 

497 values in HS plants of most cultivars in the present study suggests that the photosynthesis 

498 rates increased under these HS conditions in these tested cultivars. Our results are 

499 consistent with an increase in net foliar photosynthesis of plants of cultivar Desirée under 

500 relatively mild heat stress (30 °C/20 °C, day/night) (Hancock et al. 2014), even though 

501 the reported chlorophyll content decreased in this cultivar. The increased plant height 

502 under heat-stress conditions in our study may also be due to higher shoot to tuber 

503 allocation of photosynthates. Our results of increased height growth under heat stress are 

504 in agreement with previous studies (Marinus and Bodlaender 1975; Paul et al. 2016). 

505 Our study shows that heat stress severely reduces tuber formation and tuber weight, 

506 evident from no tuber formation in several potato cultivars and overall reduction of the 

507 largest tuber weight by 93.4% (Table 4). This was despite the fact that plants under heat 

508 stress remained largely green until harvest and their leaf chlorophyll SPAD values 

509 increased. It is generally known that heat stress adversely affects tuberization in potato, 

510 and our results are consistent with previous similar findings (Marinus and Bodlaender 

511 1975; Paul et al. 2016; Demirel et al. 2017). It is known that heat stress inhibits tuber 
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512 formation and tuber development by disrupting the tuberization signal (Ewing 1981; 

513 Hancock et al. 2014), an orthologue of Arabidopsis flowering FT locus (Navarro et al. 

514 2011), changing the expression of the genes related to the circadian clock (Hancock et al. 

515 2014), as well as reducing the accumulation of carbon into starch in the tuber (Hancock et 

516 al. 2014). The same or similar mechanisms may be responsible for the reduction in tuber 

517 formation and tuber development in our study.  

518 Our study reveals that tuber yield in terms of the largest tuber weight was 

519 significantly and positively correlated with both HS/CK SPAD index and HS/CK plant 

520 height ratio. This suggests that cultivars that are relatively heat tolerant in terms of the 

521 largest tuber weight also have increased plant height and increased leaf chlorophyll 

522 content under heat stress conditions. This may represent a correlated response of potato 

523 cultivars for chlorophyll content, plant height and the largest tuber weight to heat stress. 

524 Demirel et al. (2017) also found correlation between SPAD values and tuber yield in 

525 potato. Significant positive correlations between leaf SPAD values and grain yield have 

526 also been reported for wheat (Barutçular et al. 2016).    

527 From the trends that emerged from our data, it appears that increased leaf chlorophyll 

528 content, increased height and decreased tuber formation and the largest tuber weight may 

529 be the acclimation response of potato to heat stress. This response differed greatly among 

530 the 55 potato cultivars. The potato cultivars showed correlated response for chlorophyll 

531 content, plant height and tuber weight. Based on these multiple traits, relatively 

532 heat-stress tolerant and susceptible cultivars could be differentiated, as was evident from 

533 the heatmap and PCA results (Figs. 4 and 5). The HS/CK leaf chlorophyll, plant height 

534 and tuber weight ratios appear to be the most discriminatory traits. Since the tuber weight 

535 is one of the most important factors for potato agriculture, our study identifies relatively 

536 heat-stress tolerant and susceptible cultivars for this trait (Table 4). The PCA and 

537 heatmap separated a group of five cultivars (Eramosa, Chieftain, AC Belmont, Caribe, 

538 and Cherry Red), which could be considered as relatively most heat-stress tolerant, in 

539 terms of LTWR, among the 55 Canadian registered cultivars studied here. The cultivars 

540 Eramosa and Chieftain were found to be the most heat-stress tolerant when leaf 

541 chlorophyll content, plant height and the largest tuber weight were considered together. 

542 Russet Burbank, All Blue, Butte, AC Chaleur, and White Rose could be considered as the 
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543 most susceptible potato cultivars to heat stress in terms of tuberization (crop yield). 

544 Russet Burbank was also found to be the most susceptible cultivar to heat in terms of 

545 tuber weight when 17 potato accessions/cultivars were tested in the field in Turkey 

546 (harvest in June for the normal growth period and July for heat stress treatments) 

547 (Demirel et al. 2017). This finding of Russet Burbank’s susceptibility to heat under both 

548 controlled and uncontrolled environments may partly explain why the hot summer in 

549 Ontario caused severe reduction in  potato production in 2016 because the cultivar 

550 ‘Russet Burbank’ was the primary planted cultivar. Indeed ‘Russet Burbank’ is the 

551 world’s most important potato cultivar for production. 

552     The heat stress tolerant and sensitive cultivars identified in our study can help in the 

553 selection and breeding of heat-stress tolerant potato cultivars, in identifying genes 

554 responsible for heat tolerance using genomic approaches, and creating new heat tolerant 

555 cultivars using genomics technologies, such as genome editing (e.g. Ma et al. (2017)).  

556

557 Conclusion

558 We have for the first time performed a large-scale evaluation of potato varieties for their 

559 tolerance to heat-stress and identified relatively tolerant and susceptible cultivars. 

560 Significant genotypic variation among potato cultivars exists for their response to heat 

561 stress in terms of chlorophyll content, plant height and the largest tuber weight. Overall 

562 heat stress decreased leaf size, increased leaf chlorophyll content (in terms of chlorophyll 

563 SPAD values) and plant height but severely reduced the largest tuber weight, which may 

564 be considered as an acclimation response to heat stress. Potato cultivars display a 

565 correlated response to heat stress for their leaf chlorophyll content, plant height and tuber 

566 weight. Cultivars that are relatively heat tolerant in terms of the largest tuber weight also 

567 have increased plant height and increased leaf chlorophyll content under the heat stress 

568 conditions. Our study provides information of basic biological significance and is useful 

569 for potato farmers and breeders in selecting heat-stress tolerant cultivars, and for potato 

570 genomics studies and applications.

571

Page 18 of 37

https://mc06.manuscriptcentral.com/botany-pubs

Botany



Draft

19

572 Author contributions

573 Study conception and design: XQL, RT and QY; Greenhouse and growth chamber work: 

574 RT, SN, GZ, GC, MH and XQL; Data analysis and manuscript direction: XQL and OPR; 

575 Manuscript writing and revision: OPR and XQL.

576

577 Acknowledgements

578 This research was supported by A-base funding of Agriculture and Agri-Food Canada (to 

579 XQL). We thank the China Scholarship Council for its support to RT, GDZ, and GC, and 

580 AAFC Fredericton greenhouse management team for taking care of the plants. 

581

582

583 References

584 Balouchi, H. 2010. Screening wheat parents of mapping population for heat and drought 
585 tolerance, detection of wheat genetic variation. Int. J. Biol. Sci. 6:56-66.
586 Barclay, G.M., and Scott, P. 1997. Potato Varieties in Canada.  New Brunswick 
587 Department of Agriculture and Rural Development. Fredericton, NB, Canada.
588 Barutçular, C., Yıldırım, M., Koç, M., Akıncı, C., Toptaş, I., Albayrak, O., Tanrıkulu, A., 
589 and El Sabagh, A. 2016. Evaluation of SPAD chlorophyll in spring wheat 
590 genotypes under different environments. Fresenius Environ. Bull. 25:1258-1266.
591 Demirel, U., Çalişkan, S., Yavuz, C., Tindaş, İ., Polgar, Z., Vaszily, Z., Cernák, I., and 
592 Çalişkan, M.E. 2017. Assessment of morphophysiological traits for selection of 
593 heat-tolerant potato genotypes. Turk. J. Agr. Forest. 41:218-232.
594 Ewing, E.E. 1981. Heat stress and the tuberization stimulus. Am. Potato J. 58:31-49.
595 Hammer, P.A., Tibbitts, T., Langhans, R., and Mcfarlane, J.C. 1978. Baseline growth 
596 studies of 'Grand Rapids' lettuce in controlled environments. J. Am. Soc. Hort. 
597 Sci. 103:649-655.
598 Hancock, R.D., Morris, W.L., Ducreux, L.J.M., Morris, J.A., Usman, M., Verrall, S.R., 
599 Fuller, J., Simpson, C.G., Zhang, R., Hedley, P.E., and Taylor, M.A. 2014. 
600 Physiological, biochemical and molecular responses of the potato (Solanum 
601 tuberosum L.) plant to moderately elevated temperature. Plant Cell Environ. 
602 37:439-450.
603 Lafta, A.M., and Lorenzen, J.H. 1995. Effect of high temperature on plant growth and 
604 carbohydrate metabolism in potato. Plant Physiol. 109:637-643.

Page 19 of 37

https://mc06.manuscriptcentral.com/botany-pubs

Botany



Draft

20

605 Levy, D., and Veilleux, R. 2007. Adaptation of Potato to High Temperatures and Salinity 
606 A Review Am. J. Potato Res. 84:487-506 
607 Ling, Q., Huang, W., and Jarvis, P. 2011. Use of a SPAD-502 meter to measure leaf 
608 chlorophyll concentration in Arabidopsis thaliana. Photosynthesis Res. 
609 107:209-214.
610 Liu, Q.-H., Wu, X., Li, T., Ma, J.-Q., and Zhou, X.-B. 2013. Effects of elevated air 
611 temperature on physiological characteristics of flag leaves and grain yield in rice. 
612 Chil. J. Agr. Res. 73:85-90.
613 Liu, Z., Yuan, Y.L., Liu, S.Q., Yu, X.N., and Rao, L.Q. 2006. Screening for 
614 high-temperature tolerant cotton cultivars by testing in vitro pollen germination, 
615 pollen tube growth and boll retention. J. Integr. Plant Biol. 48:706-714.
616 Ma, J., Xiang, H., Donnelly, D.J., Meng, F., Xu, H., Durnford, D., and Li, X.-Q. 2017. 
617 Genome editing in potato plants by Agrobacterium-mediated transient expression 
618 of transcription activator-like effector nucleases. Plant Biotechnol. Rep. 11:249–
619 258.
620 Marenco, R.A., Antezana-Vera, S.A., and Nascimento, H.C.S. 2009. Relationship 
621 between specific leaf area, leaf thickness, leaf water content and SPAD-502 
622 readings in six Amazonian tree species. Photosynthetica, 47:184-190.
623 Marinus, J., and Bodlaender, K.B.A. 1975. Response of some potato varieties to 
624 temperature. Potato Res. 18:189-204.
625 Navarro, C., Abelenda, J.A., Cruz-Oró, E., Cuéllar, C.A., Tamaki, S., Silva, J., 
626 Shimamoto, K., and Prat, S. 2011. Control of flowering and storage organ 
627 formation in potato by FLOWERING LOCUS T. Nature, 478:119-122.
628 Paul, S., Bose, I., and Gogoi, N. 2016. Morphophysiological responses: Criteria for 
629 screening heat tolerance in potato. Curr. Sci. 111:1226-1231.
630 Reynolds, M.P., and Ewing, E.E. 1989. Heat tolerance in tuber bearingSolanum species: 
631 A protocol for screening. Am. Potato J. 66:63-74.
632 Reynolds, M.P., Ewing, E.E., and Owens, T.G. 1990. Photosynthesis at high temperature 
633 in tuber-bearing Solanum species: A comparison between accessions of 
634 contrasting heat tolerance. Plant Physiol. 93:791-797.
635 Rykaczewska, K. 2013. The impact of high temperature during growing season on potato 
636 cultivars with different response to environmental stresses. Am. J. Plant. Sci. 
637 4:2386-2393.
638 Taiz, L., Zeiger, E., Moller, I.M., and Murphy, A. 2015. Plant Physiology and 
639 Development, Sixth Edition. Sinauer Associates Inc.
640 Tiwari, A., Prasad, S., Jaiswal, B., Gyanendra, K., Singh, S., and Singh, K. 2017. Effect 
641 of heat stress on yield attributing traits in wheat (Triticum aestivum L.). Int. J. 
642 Curr. Microbiol. App. Sci 6:2738-2744.
643 Trapero-Mozos, A., Ducreux, L.J.M., Bita, C.E., Morris, W., Wiese, C., Morris, J.A., 
644 Paterson, C., Hedley, P.E., Hancock, R.D., and Taylor, M. 2018. A reversible 

Page 20 of 37

https://mc06.manuscriptcentral.com/botany-pubs

Botany



Draft

21

645 light- and genotype-dependent acquired thermotolerance response protects the 
646 potato plant from damage due to excessive temperature. Planta, 247:1377-1392.
647 Xie, X., Li, X.-Q., Zebarth, B.J., Niu, S., Tang, R., Tai, H.H., Bizimungu, B., Wu, W., 
648 and Haroon, M. 2018. Rapid screening of potato cultivars tolerant to nitrogen 
649 deficiency using a hydroponic system. Am. J. Potato Res. 95:157-163.
650 Yamamoto, A., Nakamura, T., Adu-Gyamfi, J., and Saigusa, M. 2002. Relationship 
651 between chlorophyll content in leaves of sorghum and pigeonpea determined by 
652 extraction method and by chlorophyll meter (SPAD-502). J. Plant Nutr. 
653 25:2295-2301.
654

Page 21 of 37

https://mc06.manuscriptcentral.com/botany-pubs

Botany



Draft

22

655 Table 1 Potato cultivars and their parentage and origin. 
656

Cultivar Cultivar
ID Parentage Origin 

(country)
AC Belmont ACBe Raritan x F51013 Canada
AC Blue Pride ACBP N713-16 x N889-78-3 Canada
Ac Chaleur ACCh Belleisle x N457 Canada
AC Ptarmigan ACPt ND699-13 x f59103 Canada
Adirondack Blue Adri Chieftain x Black Russian USA
All Blue Ablu Unknown USA or UK
Allegany Alle M297-17 x unknown USA
Alturas Alturas A77182-1 x A75188-3 USA
Andover Ando Allegany x Atlantic USA
Atlantic Atl Wauseon x B5141-6 USA
Belchip Belc Wauseon x USDA B5141-6 USA
Butte Butt A492-2 x Norgold Russet USA
CalWhite Calw Pioneer x BC8370-4 USA
Caribe Caribe F55066 x USDA96-56 Canada
Carlton Carlton F47024 x F55069 Canada
Castile Castile Peconic x F107-30 USA
Centennial Russet CRus W12-3 x Nooksack USA
Cherry red CRed ND4750-2R x LA1858 USA
Chieftain Chieft La1027-18 x La1354 USA
Chipeta Chipeta WNC612-13 x Wischip USA
Defender Def Unknown USA
Denali Denali B5141-6 x 1-62-90-64 USA
Desiree Desi Urgenta x Depesche Netherlands
Elba Elba D29-10 x NY27 USA
Epicure Epicure Magnum Bonum x Early Regent England
Eramosa Eramosa F52047 x F60019 Canada
Frontier Russet FRus A66102-16 x WN330-1 USA
Goldrush Goldru Lemihi Russet x ND450-3 Russ USA
Innovator Innov Shepody x RZ-84-2580 Netherlands
Katahdin Kata USDA 40568 X USDA 24642 USA
Kennebec Kenn B127 x USDA 96-56 USA
Langlade Langl Kennebec x W631 USA
Mainechip Main AF186-2 x AF84-4 USA
Mazama Mazama ND1196-2R x Redsen USA
Mirton Pearl Mirton Mira x F5318 Canada
Nipigon Nipigon F53026 x F51043 Canada
Niska Niska Wischip x B5141-6 USA
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Norgold Russet Norg A119-1 x ND2475-8 USA
Norland DR Norl ND626 x Redkote USA
Norqueen Russet Norqu WA 330 x ND9567-2 Russ USA
Ranger Russet Rang Butte x A6595-3 USA
Raritan Raritan F4519 x 834C(29) Canada
Red Cloud RedC NE 185.70-1 x Superior USA
Red Lasoda RedL Mutation of La Soda USA
Red Pontiac RedP Mutation of Pontic USA
Russet Burbank RB A mutant of Burbank USA
Russet Norkotah RN ND9526-4 Russ x ND9687-5 Russ USA
Sebago Sebago Chippewa x Katahdin USA
Shepody SH Bake King x F58050 Canada
Snowden Snow B5141-6 x Wischip USA
Spunta Spunta Bea x USDA 96-56 Netherlands
Superior Super USDA96 x M59.44 USA
Viking Viking Redskin x Nordak USA
White Rose Whit Seed ball from Jackson USA
Yukon Gold Yukon W5279-4 x Norgleam Canada

657
658 Note: the information on the potato cultivars is based on Barclay and Scott (Barclay and 
659 Scott 1997), except that the information of the cultivars Alturas, Cherry Red, and 
660 Innovator was according to Canadian Food Inspection Agency 
661 (http://www.inspection.gc.ca).
662
663
664
665
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666 Table 2 The chlorophyll SPAD values of non-stressed (SPADCK7D) and heat-stressed 
667 (SPADHS7D) plants and their ratios (SPADR7D) after 7 days treatment of potato 
668 cultivars. 

Cultivar No. of HS 
plants SPADCK7d SPADHS7d SPADR7d

Mean ± SE
Russet Norkotah 8 29.45 44.58 1.53 ± 0.10 a
Chieftain 8 31.55 45.38 1.44 ± 0.06 ab
Eramosa 8 28.16 39.60 1.41 ± 0.06 abc
Carlton 8 34.19 46.43 1.36 ± 0.04 abcd
Shepody 8 30.63 40.90 1.34 ± 0.03 abcde
Mazama 8 36.40 48.54 1.33 ± 0.03 abcde
White Rose 8 31.86 42.13 1.32 ± 0.05 abcde
Russet Burbank 8 32.30 41.91 1.30 ± 0.04 bcdef
Caribe 8 33.45 43.25 1.30 ± 0.03 bcdef
Norgold Russet 8 33.75 43.69 1.29 ± 0.03 bcdefg
AC Blue Pride 8 33.58 43.36 1.29 ± 0.02 bcdefg
Mirton Pearl 8 35.39 45.76 1.29 ± 0.04 bcdefg
Cherry Red 8 34.10 44.18 1.29 ± 0.03 bcdefg
Red Pontiac 8 38.85 49.85 1.28 ± 0.01 fbcdeg
Red Lasoda 8 39.55 50.56 1.28 ± 0.01 bcdefg
Centennial Russet 8 38.18 48.69 1.27 ± 0.03 bcdefg
Raritan 8 37.48 47.65 1.27 ± 0.02 bcdefg
Viking 8 37.03 46.76 1.26 ± 0.03 bcdefg
Alturas 4 38.53 46.75 1.26 ± 0.04 bcdefgh
Niska 8 33.49 41.73 1.25 ± 0.01 bcdefgh
AC Ptarmigan 8 35.63 44.29 1.24 ± 0.02 bcdefgh
Yukon Gold 8 39.95 49.56 1.24 ± 0.03 bcdefgh
Desiree 8 38.14 47.40 1.24 ± 0.03 bcdefgh
Innovator 8 36.33 44.93 1.24 ± 0.01 bcdefgh
Superior 8 35.39 43.65 1.23 ± 0.04 bcdefgh
Nipigon 8 35.79 44.03 1.23 ± 0.04 bcdefgh
Atlantic 8 35.14 43.23 1.23 ± 0.03 bcdefgh
Spunta 8 39.98 48.38 1.22 ± 0.06 bcdefgh
Goldrush 8 34.99 42.48 1.22 ± 0.03 bcdefgh
Chipeta 8 35.85 43.43 1.21 ± 0.03 bcdefgh
AC Belmont 8 33.45 40.41 1.21 ± 0.03 cdefgh
Denali 8 37.09 44.80 1.21 ± 0.03 cdefgh
Butte 8 35.63 42.74 1.20 ± 0.05 cdefgh
Defender 8 43.88 52.58 1.20 ± 0.02 cdefgh
Red Cloud 8 42.49 50.40 1.19 ± 0.01 cdefgh
Sebago 8 37.63 44.58 1.18 ± 0.02 cdefgh
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669 Note: The ratio means followed by the same letter are not significantly different 
670 according to the Duncan’s multiple range test at P <0.05. The ratio means were 
671 calculated directly from individual HS plants against the means value of 8 CK plants.

Epicure 8 39.70 46.54 1.18 ± 0.03 defgh
Castile 8 41.38 48.54 1.17 ± 0.03 defgh
Ranger Russet 8 36.05 41.88 1.16 ± 0.03 defgh
Belchip 8 36.38 42.26 1.16 ± 0.02 defgh
Andover 8 35.84 41.60 1.16 ± 0.02 defgh
CalWhite 8 43.86 50.85 1.16 ± 0.01 defgh
Norland DR 8 44.14 50.96 1.16 ± 0.02 defgh
Elba 4 37.23 41.38 1.16 ± 0.06 defgh
All Blue 8 39.86 45.68 1.15 ± 0.02 defgh
Ac Chaleur 4 45.63 55.38 1.15 ± 0.09 defgh
Mainechip 4 41.33 47.20 1.14 ± 0.05 defgh
Norqueen Russet 8 43.08 48.75 1.13 ± 0.02 defgh
Langlade 8 41.96 46.73 1.11 ± 0.04 efgh
Allegany 8 39.88 44.39 1.11 ± 0.01 efgh
Frontier Russet 8 38.24 41.46 1.08 ± 0.03 fgh
Katahdin 8 41.28 44.76 1.08 ± 0.02 fgh
Kennebec 4 38.19 41.45 1.08 ± 0.01 fgh
Snowden 8 36.74 39.40 1.07 ± 0.02 fgh
Adirondack Blue 6 41.38 44.07 1.06 ± 0.05 gh
Mean 37.22 45.31 1.22
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672 Table 3 Height of plants (PHT) in control (CK; 22o C) and heat-stressed (HS; 35o C) 
673 treatments and HS/CK plant height ratio (PHTR) at harvest. 
674

Cultivar
No. of 

HS 
plants

22o C plant 
height (cm)

35o C plant 
height (cm) HS/CK plant height ratio

Eramosa 8 25.14 98.88 3.93 ± 0.18 a
Caribe 8 28.80 93.50 3.25 ± 0.10 b
Norland DR 8 26.38 78.50 2.98 ± 0.22 bc
AC Belmont 8 27.81 78.25 2.81 ± 0.20 bcd
Chieftain 8 32.75 91.00 2.78 ± 0.24 bcd
Yukon Gold 8 41.25 112.5 2.73 ± 0.09 bcde
Cherry red 8 32.25 85.13 2.64 ± 0.21 bcdef
Innovator 8 41.50 102.25 2.46 ± 0.05 bcdefg
Norqueen Russet 8 40.25 99.00 2.46 ± 0.05 bcdefg
Russet Burbank 8 82.38 111.25 2.34 ± 0.03 cdefgh
AC Ptarmigan 8 31.63 69.88 2.21 ± 0.22 cdefghi
Norgold Russet 7 32.25 70.57 2.19 ± 0.05 cdefghij
Frontier Russet 8 50.13 106.50 2.12 ± 0.05 defghijk
Mazama 8 43.75 84.75 1.94 ± 0.17 efghijkl
Viking 8 55.38 105.13 1.90 ± 0.10 fghijklm
Carlton 8 60.25 111.75 1.85 ± 0.07 fghijklm
Centennial Russet 8 47.43 87.5 1.84 ± 0.13 fghijklm
Red cloud 8 42.81 78.38 1.83 ± 0.07 fghijklm
Langlade 8 52.13 94.25 1.81 ± 0.09 ghijklmn
Goldrush 8 60.38 103.13 1.71 ± 0.04 ghijklmno
Epicure 8 56.38 95.25 1.69 ± 0.06 ghijklmnop
Ranger Russet 8 60.13 99.38 1.65 ± 0.09 ghijklmnopq
Raritan 8 54.14 87.88 1.62 ± 0.07 hijklmnopqr
Spunta 8 61.38 98.13 1.60 ± 0.06 hijklmnopqrs
Superior 8 45.71 72.88 1.59 ± 0.08 hijklmnopqrs
Nipigon 8 67.63 106.13 1.57 ± 0.02 hijklmnopqrs
Mirton Pearl 8 63.63 94.88 1.49 ± 0.04 ijklmnopqrs
CalWhite 8 69.00 101.00 1.46 ± 0.06 ijklmnopqrs
Andover 8 61.63 89.63 1.45 ± 0.08 ijklmnopqrs
Katahdin 8 79.88 114.13 1.43 ± 0.03 ijklmnopqrs
Red Pontiac 8 64.38 88.50 1.37 ± 0.09 ijklmnopqrs
Russet Norkotah 8 47.50 113.00 1.37 ± 0.09 ijklmnopqrs
Niska 8 57.06 77.50 1.36 ± 0.04 jklmnopqrs
Denali 8 55.00 74.25 1.35 ± 0.11 jklmnopqrs
Snowden 8 46.00 61.38 1.33 ± 0.03 klmnopqrs
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Kennebec 8 73.00 96.13 1.32 ± 0.02 klmnopqrs
Chipeta 8 75.50 96.75 1.28 ± 0.07 lmnopqrst
Castile 6 80.63 102.50 1.27 ± 0.11 lmnopqrst
Desiree 8 77.50 94.50 1.22 ± 0.07 lmnopqrst
Shepody 8 67.63 81.13 1.20 ± 0.05 lmnopqrst
Sebago 8 76.25 89.25 1.17 ± 0.04 lmnopqrst
White Rose 8 76.50 89.00 1.16 ± 0.08 lmnopqrst
AC Blue Pride 8 69.75 78.88 1.13 ± 0.11 lmnopqrst
Butte 8 58.13 63.75 1.10 ± 0.15 lmnopqrst
Atlantic 8 51.43 54.75 1.06 ± 0.07 mnopqrst
Mainechip 8 49.67 48.75 0.98 ± 0.29 nopqrst
Defender 8 84.25 81.75 0.97 ± 0.06 nopqrst
Belchip 8 94.75 89.38 0.94 ± 0.04 opqrst
Allegany 8 83.88 79.00 0.94 ± 0.06 opqrst
Red Lasoda 8 66.00 58.50 0.89 ± 0.02 opqrst
Alturas 8 89.63 76.75 0.86 ± 0.08 pqrst
Adirondack Blue 7 70.83 57.14 0.81 ± 0.22 qrst
All Blue 8 77.50 60.63 0.78 ± 0.03 rst
Elba 8 89.00 68.25 0.77 ± 0.23 st
Ac Chaleur 8 56.14 26.13 0.47 ± 0.18 t
Average 　 58.40 85.98 1.64

675 Note: The ratio means were calculated directly from individual HS plants against the 
676 means value of 8 CK plants. The ratio means followed by the same letter are not 
677 significantly different according to the Duncan’s multiple range test at P <0.05. 
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678 Table 4. Weight of the largest tuber per plant (LTW) in control (CK; 22o C) and 
679 heat-stressed (HS; 35o C) treatments and HS/CK largest tuber weight ratio (LTWR) at 
680 harvest. 

Cultivar

No. of 
HS 
plants

CK 
largest 
tuber 
weight 
(g)

HS 
largest 
tuber 
weight 
(g)

HS/CK largest tuber 
weight ratio 

Eramosa 8 86.61 26.26 0.30 ± 0.04 a
Chieftain 8 62.75 17.86 0.28 ± 0.04 ab
AC Belmont 8 60.76 14.93 0.25 ± 0.04 abc
Superior 8 40.75 7.24 0.18 ± 0.06 abcd
Cherry Red 8 58.57 9.47 0.16 ± 0.05 bcde
Carlton 8 50.48 7.99 0.16 ± 0.08 bcdef
Denali 8 68.83 10.52 0.15 ± 0.06 bcdefg
Caribe 8 63.89 9.75 0.15 ± 0.05 bcdefg
Epicure 8 52.74 7.99 0.15 ± 0.05 bcdefg
Russet 
Norkotah 8 69.68 9.62 0.14 ± 0  bcdeg
AC Blue Pride 8 70.94 7.99 0.11 ± 0.04 cdefg
Innovator 8 77.41 7.57 0.10 ± 0.02 defg
Andover 8 52.48 4.87 0.09 ± 0.03 defg
Atlantic 8 59.69 5.53 0.09 ± 0.03 defg
Belchip 8 115.65 10.66 0.09 ± 0.02 defg
Norland Dark 
Red 8 77.02 7.04 0.09 ± 0.04 defg
Mazama 8 47.87 4.36 0.09 ± 0.03 edfg
Snowden 8 74.91 6.5 0.09 ± 0.04 edfg
Nipigon 8 84.95 7.29 0.09 ± 0.03 defg
Desiree 8 57.25 4.9 0.09 ± 0.02 defg
Mainechip 8 54.79 4.33 0.08 ± 0.04 defg
Viking 8 104.94 7.88 0.08 ± 0.03 defg
Shepody 8 91.54 6.51 0.07 ± 0.02 defg
Sebago 8 87.09 5.89 0.07 ± 0.02 defg
Raritan 8 80.92 4.69 0.06 ± 0.03 defg
Mirton Pearl 8 74.94 3.85 0.05 ± 0.02 defg
Niska 8 79.65 3.9 0.05 ± 0.02 defg
Goldrush 8 67.08 3.25 0.05 ± 0.02 defg
Katahdin 8 88.55 4.18 0.05 ± 0.02 defg
Defender 8 79.12 3.65 0.05 ± 0.02 defg
CalWhite 8 94.08 4.23 0.05 ± 0.01 defg
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Red Cloud 8 93.26 3.85 0.04 ± 0.02 edfg
Red Pontiac 8 80.19 2.16 0.03 ± 0.02 edfg
AC Ptarmigan 8 37.38 0.95 0.03 ± 0.01 defg
Norqueen 
Russet 8 41.24 1 0.02 ± 0.02 defg
Castile 6 53.32 1.07 0.02 ± 0.01 defg
Langlade 8 87.85 1.89 0.02 ± 0.01 efg
Yukon Gold 8 90.78 1.63 0.02 ± 0.02 efg
Norgold 
Russet 7 71.34 1.21 0.02 ± 0.02 efg
Chipeta 8 94.59 1.42 0.02 ± 0.02 efg
Ranger Russet 8 71.18 1.06 0.01 ± 0.01 efg
Centennial 
Russet 8 66.41 0.97 0.01 ± 0.01 efg
Kennebec 8 88.91 1.01 0.01 ± 0.01 efg
Adirondack 
Blue 7 66.49 0.61 0.01 ± 0.01 efg
Red Lasoda 8 86.93 0.76 0.01 ± 0.01 efg
Frontier 
Russet 8 57.92 0.51 0.01 ± 0 efg
Spunta 8 78.32 0.32 0 ± 0 fg
Elba 8 98.76 0.35 0 ± 0 fg
Allegany 8 82.72 0.27 0 ± 0 fg
Alturas 8 88 0.27 0 ± 0 fg
Russet 
Burbank 8 67.24 0.12 0 g
All Blue 8 52.58 0 0 g
Butte 8 60.06 0 0 g
Ac Chaleur 8 88.34 0 0 g
White Rose 8 29.38 0 0 g
Average  72.17 4.76 0.07

681 Note: The ratio means were calculated directly from individual HS plants against the 
682 means value of 8 CK plants. The ratio means followed by the same letter are not 
683 significantly different according to the Duncan’s multiple range test at P <0.05. 
684
685
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686 Table 5. Pearson correlation coefficients among different measured and derived traits and statistical significance (*: P < 0.05; **: P < 0.01; ***: P < 
687 0.001)
688

 
SPAD
CK7D

SPAD
HS7D

SPADR
7D LTWCK LTWHS LTWR PHTCK PHTHS PHTR

SPADC
K16D

SPADH
S16D

SPADR
16D

SPADCK
32D

SPADHS
32d

SPADR
32D

SPADCKD 1 0.73 -0.68 0.17 -0.49 -0.49 0.16 -0.26 -0.33 0.75 0.12 -0.58 0.59 0.48 -0.28
*** *** *** *** 0.05 * *** *** *** *** *

SPADHS7D 0.73 1 0.00 0.11 -0.29 -0.26 0.05 -0.14 -0.15 0.60 0.41 -0.14 0.32 0.72 0.14
*** * 0.05 *** ** * ***

SPADR7D -0.68 0.00 1 -0.13 0.45 0.46 -0.19 0.24 0.33 -0.46 0.24 0.70 -0.53 0.07 0.57
*** ** *** * ** *** *** ***

LTWCK 0.17 0.11 -0.13 1 0.05 -0.17 0.31 0.08 -0.15 0.24 0.02 -0.19 0.33 0.08 -0.23
* *

LTWHS -0.49 -0.29 0.45 0.05 1 0.95 -0.38 0.17 0.55 -0.40 -0.01 0.40 -0.44 -0.06 0.44
*** * ** *** ** *** ** ** ** **

LTWR -0.49 -0.26 0.46 -0.17 0.95 1 -0.44 0.12 0.54 -0.42 0.00 0.42 -0.48 -0.06 0.47
*** 0.05 *** *** ** *** ** ** *** ***

PHTCK 0.16 0.05 -0.19 0.31 -0.38 -0.44 1 0.05 -0.81 0.29 -0.05 -0.34 0.63 0.01 -0.60
* ** ** *** * * *** ***

PHTHS -0.26 -0.14 0.24 0.08 0.17 0.12 0.05 1 0.44 0.02 0.44 0.42 -0.19 -0.17 0.09
0.05 ** ** **

PHTR -0.33 -0.15 0.33 -0.15 0.55 0.54 -0.81 0.44 1 -0.26 0.26 0.52 -0.64 -0.05 0.63
* * *** *** *** ** 0.05 0.06 *** *** ***

SPADCK16D 0.75 0.60 -0.46 0.24 -0.40 -0.42 0.29 0.02 -0.26 1 0.49 -0.43 0.61 0.53 -0.27
*** *** ** ** ** * 0.05 *** ** *** *** *

SPADHS16D 0.12 0.41 0.24 0.02 -0.01 0.00 -0.05 0.44 0.26 0.49 1 0.57 -0.02 0.45 0.30
** ** 0.06 *** *** ** *

SPADR16D -0.58 -0.14 0.70 -0.19 0.40 0.42 -0.34 0.42 0.52 -0.43 0.57 1 -0.61 0.01 0.61
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*** *** ** ** * ** *** ** *** *** ***
SPADCK32D 0.59 0.32 -0.53 0.33 -0.44 -0.48 0.63 -0.19 -0.64 0.61 -0.02 -0.61 1 0.31 -0.75

*** * *** * ** *** *** *** *** *** * ***
SPADHS32D 0.48 0.72 0.07 0.08 -0.06 -0.06 0.01 -0.17 -0.05 0.53 0.45 0.01 0.31 1 0.38

*** *** *** ** * **
SPADR32D -0.28 0.14 0.57 -0.23 0.44 0.47 -0.60 0.09 0.63 -0.27 0.30 0.61 -0.75 0.38 1

 *  ***  ** *** ***  *** * * *** *** **  
689
690 Note: 
691 CK: 22°C/18°C control conditions. 
692 HS: 32C/28C heat treatment conditions. 
693 SPADCK7D: The 7th day SPAD values for plants in CK.
694 SPADHS7D: The 7th day SPAD values for plants in HS.
695 SPADR7D: HS/CK SPAD ratios for the 7th day measurements.
696 LTWCK: The largest tuber weight of plants in CK.
697 LTWHS: The largest tuber weight of plants in HS.
698 LTWR: The HS/CK ratio of the largest tuber weight 
699 PHTCK: The plant height at harvest for plants in CK.
700 PHTHS: The plant height at harvest for plants in HS.
701 PHTR: The plant height HS/CK ratio at harvest.  
702 SPADCK16D: The 16th day SPAD values for plants in CK.
703 SPADHS16D: The 16th day SPAD values for plants in HS
704 SPADR16D: HS/CK SPAD ratios for the 16th day measurements
705 SPADCK32D: The 32nd day SPAD values for plants in CK.
706 SPADHS32D: The 32nd day SPAD values for plants in HS
707 SPADR32D: HS/CK SPAD ratios for the 32nd day measurements
708  
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709
710
711 FIGURE LEGENDS
712
713 Fig. 1. Leaf morphology and size in control (CK) and heat-stressed (HS) treatments. A. 
714 Plants of the cultivar Yukon Gold four weeks after the start of heat treatment in 
715 greenhouse experiment. B: CK Plants of the cultivar Shepody at harvest. C. HS Plants of 
716 the cultivar Shepody at harvest.
717
718
719 Fig. 2. Leaf length and width of plants in growth chambers. CK: Means of two plants 
720 under non-stress conditions. HS. Means of two plants with heat stress treatment. Cultivar: 
721 Russet Burbank.
722
723
724 Fig. 3. Correlation among plant height, largest tuber weight and SPAD chlorophyll 
725 values. analysis. A. SPADR32D vs PHR; B. SPADR32D vs. LTWP; C. PHR vs. 
726 LTWP. SPADR32D: chlorophyll SPAD HS/CK ratio. PHTR: plant height ratio between 
727 heat/control conditions. LTWR: largest tuber weight HS/CK ratio. 
728
729
730 Fig. 4. Heatmap clustering of potato cultivars using multiple traits. SPADHS7D: 
731 chlorophyll SPAD of 35°C/28°C heat stressed plants. SPADCK7D: chlorophyll SPAD 
732 values of the plants under 22°C/18°C control conditions. PHTHS: plant height of the 
733 plants under 35°C/28°C heat stress. PHTCK: plant height of plants under 22°C/18°C 
734 control conditions. LWT35: largest tuber weight of plants under 35°C/28°C heat stress 
735 conditions. LTWCK: largest tuber weight of plants under 22C°/18°C control conditions. 
736 SPADR7D: chlorophyll SPAD HS/CK ratio. PHTR: plant height ratio between 
737 heat/control conditions. LTWR: largest tuber weight HS/CK ratio.  
738
739
740 Fig. 5. Ordination of potato cultivars on the first two Principal Components. The cultivars 
741 in the encircled group are Eramosa, Chieftain, AC Belmont, Caribe, and Cherry Red (in 
742 the order from right to left).
743
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Fig. 1. Leaf morphology and size in control (CK) and heat-stressed (HS) treatments. A. Plants of the cultivar 
Yukon Gold four weeks after the start of heat treatment in greenhouse experiment. B: CK Plants of the 

cultivar Shepody at harvest. C. HS Plants of the cultivar Shepody at harvest. 
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