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Abstract

Potato (Solanum tuberosum L.) is one of the most important food crops globally and is especially
vulnerable to heat stress. Significant knowledge gaps remain however, in our understanding of
the devel opmental mechanisms associated with tuber responses to heat stress. This study uses
whole-plant physiology, transcriptomics, and hormone profiling to gain insightsinto the
mechanisms associated with heat stress impacts on potato tuber development. When plants were
grown in projected future temperature conditions, levels of abscisic acid (ABA) were
significantly decreased in leaf and tuber tissues while rates of leaf carbon assimilation and
stomatal conductance were not significantly affected. While plants grown in elevated
temperature conditions initiated more tubers on average per plant, there was a significant
decrease (66%) in mature tubers at final harvest. We hypothesize that reduced tuber yields at
elevated temperatures are not due to reductions in tuber initiation, but due to impaired tuber
filling. Transcriptomic analysis found significant changes in transcript expression for genes
related to response to ABA, heat and auxin biosynthetic process. The known tuberization
repressor genes SELF PRUNING 5G (SSP5G) and CONSTANS-LIKEL (SSCOL1) were found
to be differentially expressed in tubers grown in elevated temperatures. IDENTITY OF TUBER
1 (S1T1) and TIMING OF CAB EXPRESSION 1 (STOC1) are other known tuberization genes
that displayed distinct expression patterns in elevated versus ambient temperatures but were not
differentially expressed. This work highlights potential gene targets and key developmental

stages associated with tuberization to devel opment more heat tolerant potatoes.
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Introduction

Sincethe industrial revolution, average global temperatures have risen by approximately 1.1°C,
and unless carbon dioxide (CO,) emissions are substantially diminished, global surface
temperatures are expected to continue to increase by an additional 1.5-8°C by next century
(IPCC, 2021). These higher-than-optimum temperatures have already been shown to negatively
affect productivity and yield in many major crop plants, including potato (Solanum tuberosum
L.) (Dahdl et al., 2019). Potatoes are the fourth most important food crop globally with atotal
production of 374 million metric tonsin 2022 (FAO, 2022). It is estimated that climate change,
including temperature fluctuations and heat stress, has the potential to reduce potato production
by up to 18-32% by mid-century (Hijmans, 2003). As a staple crop in many countries,
understanding how elevated temperatures associated with climate change affect potato
development and yield are of utmost importance for future global food security (de Haan &
Rodriguez, 2016).

Diploid progenitors of modern tetraploid potatoes are native to the more temperate
climate of the Andes Mountains of South American (Ortiz, 2001), with optimal temperatures for
tuber growth being 14-22°C (Van Dam et al., 1996). Potato plants grown under temperatures
even moderately higher than this range (> 25°C) face a shift in biomass all ocation towards the
aboveground plant, leading to longer stems, more leaves, and decreased tuber yield (Hancock et
a., 2014). Although the degree of this response varies among potato cultivars, even relatively
heat-tolerant cultivars can experience significant yield loss. Additionally, yield lossis
exacerbated the earlier in development the heat stress occurs (Rykaczewska, 2013; 2015). There
isasignificant knowledge gap however, surrounding the mechanism by which elevated

temperatures effect tuberization signaling, tuber development, and in turn, potato yield.
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Potato tubers develop from a stolon, or underground stem, originating from axillary buds
at the base of the main stem. The development of a stolon into atuber is caused by changesin
the carbohydrate metabolism of the plant in response to environmental cues such as photoperiod
and temperature (Kondhare et al., 2021). These cues cause a cascade of internal signals
controlling tuberization, and the process is characterized by three separate stages: tuber initiation,
tuber filling, and maturation (Obidiegwu et al., 2015). During tuber initiation, the stolon apical
tip ceases elongation and begins radia cell expansion and division, driven by transport and
deposition of sucrose synthesized in the leaves during photosynthesis (Zierer et al., 2021).
During the subsequent filling and maturation stage, the deposition of sucrose and other
metabolitesin the stolon continues until the tuber reaches maturity.

Tuberization is mediated by complex interactions between molecular tuberization signals
and environmental cues (Duitt et al., 2017). The most well studied gene responsible for regulating
tuberization is S. tuberosum SELF-PRUNING 6A (SSP6A), aFLOWERING LOCUST (FT)
homolog and mobile protein that induces sucrose transport from the leaves to tubers (Navarro et
al., 2011). During tuber initiation, StSP6A forms the tuberigen activation complex (TAC) in the
stolon tips with FD-like proteins StFDL 1a and StFDL 1b, which are basic leucine zipper (bZIP)
transcription factors (Teo et al., 2017). SSP6A is part of the
PHOSPHATIDYLETHANOLAMINE BINDING PROTEINS (PEBP) family along with 14
other genes related to flowering/tuberization (Zhang et al., 2022). Under heat stress, it is known
that during early stages of tuberization, SSP6A isinhibited post-transcriptionally through RNA-
based interference by a small RNA called SUPPRESSING EXPRESSION OF SP6A (SES),
while transcriptional regulation of SSP6A isthe main regulation processin later stages of tuber

development under heat stress (Lehretz et al., 2019; Park et al., 2022). Studies using SSP6A
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91 over-expression lines found increased tuber count under high temperatures compared to wild

92 type (WT) plants, but yield/tuber weight was still significantly decreased compared to WT in

93  ambient temperature (Park et al., 2022). This indicates that while SSSP6A plays a significant role

94  intuber formation, other genes are responsible for the continued growth and devel opment of

95  tubersto maturity when grown in elevated temperatures.

96 The SICOL1-SSP5G inhibitory pathway is known to be an important suppressor of

97  tuberization. Under long-day photoperiods, the StCOL 1 protein accumulates and in turn activates

98 SSP5G, an inhibitor of SSP6A (Abelenda et al. 2016). Both genes are known to be expressed

99  primarily in leaves, although their expression has also been found in tubers (Park et al., 2022).
100  Another inhibitor of SSP6A isTIMING OF CAB EXPRESSIONL1 (TOC1), acircadian clock
101  gene known to interact with the promoter of SSP6A. Studies have shown that TOCL has
102 increased expression in elevated temperature and interacts directly with the StSP6A tuberization
103  signal, suppressing its positive feed-forward regulation in stolons (Morris et a.,2019).
104 Despite recent devel opments in understanding the effects of heat stress on potato yield,
105 the exact molecular mechanisms controlling tuberization under elevated temperatures remain
106  unknown. Furthermore, few studies have observed developing tubers under chronic heat stress
107  that mimic realistic projected future climate conditions. To address this knowledge gap, we
108 employed dynamically down-scaled global climate projections to determine anticipated future
109  growth conditions for amajor potato-production region for the mid-21% century to study the
110 effects of elevated temperature on potato devel opment. In this controlled growth chamber
111  experiment, we investigated the physiological and molecular changes of both source and sink
112 tissue over time under ambient and elevated temperature conditions. Findings from this study

113  havethe potential to advance our understanding of the physiological mechanisms associated with
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114  potato tuberization in elevated temperature and identify key tuberization genes that may help
115 enhance potato resilience to future elevated temperatures.

116

117 Materialsand Methods

118  Growth Chamber Experimental Design

119  Potato plants were grown from seed tubers of the chip-processing cultivar Manisteein a

120  controlled growth chamber experiment. In 2021, seed tubers were obtained from Michigan State
121  University, courtesy of Dr. Dave Douches, and stored at room temperature for 3 weeks to break
122  dormancy. Sprouted seed tubers were cut into halves and planted in 14.2 L pots with Promix BX
123  soil. Plants were grown using 60% relative humidity in controlled growth chambers (Conviron
124 Adaptis, Controlled Environments, Inc) under either ambient (AmbT) or elevated temperature
125 (ElevT) conditions. AmbT conditions represented the average temperature (minimum and

126 maximum) from 1980-2000 (the established control climate period) while ElevT conditions were
127  those projected for the mid-21st century (2040-2060) in a major potato production region in the
128  United States (Eau Claire, Michigan) (Leisner et al. 2017) (Supplementary Table 1).

129 Future projections of surface minimum and maximum temperature for the ElevT growth
130 conditions were obtained from an ensemble of a dynamically downscaled climate simulations
131  produced by the North American Regional Climate Change Assessment Program (NARCCAP)
132 (Mearnset a., 2012). The climate projections are devel oped from a combination of regional

133 climate model (RCM) and global climate model (GCM) simulations. The RCM/GCM

134  combination used for this experiment was the Canadian Regional Climate Model

135 (CRCM)/Canadian Global Climate Model version 3 (CGCM3), thereafter referred to as

136 CRCM_cgecma3. The climate model used in this experiment (CRCM_cgecm3), projects that by the
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137  mid-21% century the largest change in maximum and minimum temperature in Michigan will
138  occur during tuber development (initiation and filling) (Figure 1) and has previously been

139  observed to impact tuber yield (for detailed methodology on the global climate model

140 downscaling see Leisner et al., 2017).

141 Minimum and maximum temperatures [AmbT: 11.1 - 28.8°C; ElevT: 13.8 - 33°C] along
142  with photoperiod changed every two weeks to mimic seasonal fluctuations during a normal

143  potato growing season (mid-May to mid-September) (Figure 1; Supplementary Table 1). The

144  light intensity in the growth chambers was measured at the top of the canopy using aL1-180

145  spectrometer (LICOR Biosciences, Lincoln, NE, USA) and ranged from 300-500 pumol m=2 s71,

146  and the height of the light rack was adjusted every 2 weeks to maintain these light levels as

147  plants grew. Plants were watered twice aweek with 1L of water per plant until 60d, after which
148  they were watered 2-3 times a week to maintain smilar soil moisture. Each chamber was

149  fertilized with ~14g Jack’s Classic All Purpose 20-20-20 Fertilizer diluted in 7L of water once a
150 week once sprouts emerged, about two weeks after planting (JR Peters Inc., Allentown, PA,

151 USA). The plants were rotated twice a week across chambers of the same treatment to minimize
152  chamber effects. Sampling was done on 2 - 4 plants of each treatment every 30 days (d) after
153  planting until maturity (120d). After sampling the plants were removed from the chamber.

154  Samplestaken from plants within the same chamber at the same time point were pooled together
155 astechnical replicates, and each chamber was used as a biological replicate (n = 2).

156

157  Photosynthetic Gas Exchange, Chlorophyll Fluorescence, and Chlorophyll Content

158 Measurements
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159 Midday gas exchange measurements of one leaf per plant was recorded in situ between 11:00
160 and 13:00 to determine photosynthetic CO, assimilation (A) and stomatal conductance (gs) using
161 aLl-6800 portable photosynthesis system (LICOR Biosciences, Lincoln, NE, USA). Leaf

162 temperatures set to reflect chamber settings (16.5 and 18.7°C at 30d, 20.1 and 23.8°C at 60d,
163 19.9 and 23.4°C at 90d, and 17.7 and 20.3°C at 120d for AmbT and ElevT temperatures,

164  respectively). Relative humidity, CO, concentration, and light intensity levels were also set to
165 mimic conditions within the growth chambers. Following gas exchange measurements, two fresh
166 leavesfrom each sampled plant were collected and four, 6mm diameter leaf discs were taken,
167 placed adaxial sde up on 3mM MES buffer. Maximum Photosystem |1 (PSII) quantum

168 efficiency of theleaf discs was measured in terms of F,/Fn, which is variable fluorescence (F)
169  divided by the maximum fluorescence (Fy), at 24, 48, 72, and 96h after dark exposure as

170  described by Zwack et al. (2016). Changes in F,/Fr, were taken to measure the rate of |eaf

171  senescence. After 4 days, each leaf disc was then transferred to 500pL of 100% methanol

172  overnight, and a UV/Vis spectrophotometer was used to measure total chlorophyll of the

173  methanol extract for each leaf disc as described by Zwack et al. (2016) (Beckman Coulter, USA).
174

175 Biomassand Yield Measurements

176  Aboveground biomass and yield measurements were taken at 120d for four plants per chamber.
177 Pant height was taken by measuring the tallest point of each plant. The entire aboveground plant
178 was cut off, and fresh weight (FW) was recorded before placing the plantsin a60°C dryer for 2
179  weeksto measure dry weight (DW). Tubers were collected fresh, counted per chamber, and

180 categorized into 3 different developmental classes based on weight: Tuber Initials (TI) (< 0.69),

181  Intermediate Tubers (IMT) (0.6-5g), and Mature Tubers (MAT) (> 5g). Examples of each tuber
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182 sizeclassare given in Supplementary Figure 1. For tuber count and weight measurements at each
183  sampling point, 2 or 4 individual plants were sampled from each condition. Two plants were
184  sampled at 30d and 90d, while four plants were sampled at 60d and 120d. Final tuber yield per
185 chamber (at 120d) was taken by weighing all tubers with a mass greater than 0.6g (Tls were

186  excluded from final yield). Values were averaged across chambers (n = 2).

187

188 Phytohormone Extraction and Analysis

189  Phytohormone analysis was done on leaf samples at 90d and 120d. Tissue samples were

190 collected from one leaf per plant (four plantstotal) and collected and immediately flash frozen in
191  liquid nitrogen. Tubers were collected and separated into size classes before flash freezing.

192  Pooled tissue was grounded into a fine powder and stored at -80°C. Between 10-20mg of frozen
193  ground tissue powder were placed into microtubes and lyophilized overnight in aFreeZone 1
194  freezedry system at -50°C (LabConco, Kansas City, MO, USA). Phytohormone determination
195 wasdonein the Laboratory of Hormonal Regulationsin Plants, Institute of Experimental Botany
196 of the Czech Academy of Sciences as previously described in Prerostova et al. (2021).

197 Homogenized samples (ca. 1.5-2mg DW) were extracted with 100uL 1M formic acid solution.
198 Mixtures of stable isotope-labeled phytohormone standards were added at 1pmol per sample.
199 The extracts were centrifuged at 30,000 x g for 25 min at 4°C. The supernatants were applied to
200 SPE OasisHLB 96-well column plates (10mg/well; Waters, Milford, MA, USA) conditioned
201  with 100uL acetonitrile and 100uL 1M formic acid using Pressure+ 96 manifold (Biotage,

202  Uppsala, Sweden). After washing wells three times with 100uL water, the samples were eluted
203  with 100pL 50% acetonitrilein water. An aliquot of the extract was analyzed on aliquid

204  chromatography/mass spectrometry (LC/MS) system consisting of UHPLC 1290 Infinity |1
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205 (Agilent, Santa Clara, CA, USA) coupled to 6495 Triple Quadrupole Mass Spectrometer

206  (Agilent, Santa Clara, CA, USA), operating in MRM mode, with quantification by the isotope
207  dilution method.

208 Internal standards used for the phytohormone analysis were: **Cg-IAA (Cambridge

209  Isotope Laboratories, Tewksbury, MA, USA); Hs-SA (Sigma-Aldrich, St. Louis, MO, USA);
210  ?Hs-PA, *Hs-DPA (both from NRC-PBI, Saskatoon, Canada); “Hs-tZ, ?H5-tZR, H5-tZ7G, 2H5-
211 tZ9G, H5-tZOG, *Hs-tZROG, *Hs-tZRMP, °N4-cZ, *H3-DZ, *Hs-DZR, *H3-DZ9G, *Hz-

212  DZRMP, ®He-iP, *He-iPR, *He-iP7G, He-iPIG, *Hg-iPRMP, (*Hs)(*°Ny)-IAA-Asp, (*Hs)(*°Ny)-
213 IAA-Glu, (Hs)(**Np)-IAM, *He-ABA, *Hs-JA, *Ho-GAL, *H,-GA4, *Hp-GAS, 2Hp-GA12, 2H,-
214  GA19 (al from Olchemim Ltd., Olomouc, Czech Republic).

215 Data acquisition and processing was performed with Mass Hunter software B.08

216  (Agilent, Santa Clara, CA, USA). Three technical replicates per sample were averaged together,
217  and technical replicates with arelative standard deviation higher than 30% were excluded.

218 Biological replicates were then averaged together and analyzed using an ANOVA.

219

220 RNA Extraction and Sequencing

221  Total RNA was extracted from the same frozen ground tissue used for the phytohormone

222  analysis. RNA from leaf and tuber tissue collected at each time point was done using the

223  Spectrum Plant Total RNA Extraction kit (Sigma-Aldrich, St. Louis, MO, USA). The RNA was
224 treated with Turbo DNA-freekit, and concentration and integrity were quantified using a

225  NanoDrop Microvolume UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE,

226  USA) and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Library preparation and

227  seguencing was performed by Novogene (Novogene Corporation, Inc., Sacramento, CA, USA).
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228  Libraries were sequencing using the Illumina Novaseq 6000 platform producing 150-bp paired-
229 end (PE) reads. A total of 49 libraries were sequenced, with an average of 44,601,280 total reads
230  per library (Supplementary Table 2). Raw sequence data are available for download at the

231  Nationa Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the
232  BioProject ID PRINA962840.

233

234  Differential Gene Expression Analysis

235 RNA reads from sequencing were quality trimmed (p > 20) and adapters were removed using
236  fastp (v0.23; Chen S., 2023), and quality checks were completed using fastQC (v0.11.9; Chen et
237  d., 2018). Thereads were aligned to the tetraploid Atlantic potato version 3 (ATL_v3) genome
238  from SpudDB using HISAT2 (Hoopes et al., 2022; downloaded August 2023 from

239  http://spuddb.uga.edu; v2.2.1 Kim et al., 2019). Gene count matrices were generated with

240 featurecounts (v2.0.3; Liao et al., 2014) using the representative high confidence gene models of
241  the ATL_v3 genome. The raw count matrices can be found in Supplemental Data File 1 and
242  served asinput for the DEseg2 (v1.38.3; Love et al., 2014) R package in which visualization,
243  modding, and differential syntelog-specific expression analysis of the libraries was completed.
244  Genes with read counts of zero across all libraries were removed from the analysis. P-values
245  were adjusted for false discovery rate using a Bonferroni correction method, and genes with p-
246  adjusted values < 0.05 were considered as differentially expressed genes (DEGS). Functional
247  annotations were downloaded from SpudDB (Downloaded August 2023 from

248  http://spuddb.uga.edu). To visualize variation in gene expression across different tissues and

249  treatments, aprincipal component analysis (PCA) was done to reduce the dimensionality of the

10
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250 datato identify underlying patterns. Normalized gene counts generated from DESeq2 were used
251 asinput for the PCA. PCA figures were generated using ggplot in R (version 4.3.1).

252

253  Gene Ontology (GO) Association

254  Gene ontology (GO) association was done on DEGs from this experiment. GO terms were

255 assigned tothe ATL_v3 gene models by searching the protein sequences against the Arabidopsis
256  proteome (TAIR10) usng DIAMOND (v2.1.8l; Buchfink et al., 2015) with a e-value cutoff of
257  1e-5. Thetop match was used to transfer the GO annotation from the TAIR 10 Gene Ontology
258  Annotations. The GO terms were then slimmed using the map2slim from the go-perl package
259  (v0.15; http://search.cpan.org/~cmungall/go-perl/) to generate the final set of GO dim terms. The
260 file*ATL_v3.working_models.go slim.obo.gz’ generated from this research has been uploaded
261  tothe SpudDB database (http://spuddb.uga.edu/ATL_v3_download.shtml). Additional

262  information regarding all GO terms was obtained from TAIR (The Arabidopsis Information

263  Resource (TAIR), https.//www.arabidopsis.org/download/overview on March 2024) to generate
264  afull list of associated GO terms with each DEGs for T1 (Supplemental File 2).

265

266  ldentifying Genesof Interest in Tuber Development in the Atlantic Potato Genome

267 BLAST (Altschul et al., 1990) was used to identify previously characterized tuberization genes
268  from the double-monoploid (DM) reference genome (v6.1; Pham et al., 2020) in the recently
269 published ATL_v3 genome (Hoopes et al., 2022). SpudDB (http://spuddb.uga.edu/) was used to
270  obtain nucleotide sequences of previously characterized genesin DM and then used as query
271  sequencesfor anucleotide BLAST (blastn) against the ATL nucleotide database within SpudDB.

272  Additionally, OrthoFinder (v2.5.4; Emms & Kelly, 2019) was used to confirm orthology

11
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273  between ATL genome genes of interest and DM genome genes of interest. Based on our

274  findings, sequencesin the ATL genome were labeled in accordance with their existing DM gene
275 nomenclature, augmented with numeric suffixes denoting different geneloci (i.e., syntelogs).
276  Syntelogs are homologous genes resulting from a whole-genome duplication event or speciation
277  and are expected to share similar functions. Information regarding the reference DM locus and
278  the corresponding ATL syntelog(s) loci can be found within the Supplementary Table 3. TPM
279  values of the genes of interest were obtained from Salmon (v.1.9.0; Patro et al. 2017) using

280 alignment mode quantification with the transcript sequences (cDNA) of the representative high
281  confidence gene models set available for the ATL_v3 genome in SpudDB. From our tissue

282  sampling, we then averaged TPM values for each syntelog at each timepoint and tissue (n = 2).
283  Exceptionsto the average TPM valueare Tl at 30d and IMT at 90 and 120D where only one
284  Dbiological replicate is available due to lack of sufficient tissue at these time points. Syntelogs
285 graphed in Figure 7 in the manuscript represent syntelog(s) found to be DEGs or those with

286  highest transcript abundance while all syntelogs from the genes described are in Supplementary
287  Figures5A-G.

288

289  Statistical analysis of physiology data

290 Assumptions of normality were validated using the Shapiro-Wilk test and homogeneity of

291  variance was checked using the Levene stest. T-tests, ANOV A, and Tukey post-hoc tests on all
292  physiology data were completed using the stats R package (R Core Team, 2022).

293

294  Data Availability

12
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295 The RNA-Seq raw sequence data of the 49 samples have been uploaded to the National Center
296 for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the BioProject ID
297  PRJINA962840. Matrices containing the raw counts from our analysis can be found in

298  Supplemental Data File 1. GO association tables from DEGsin Tl at each timepoint can be

299 found in Supplemental Data File 2. Syntel ogs identified in this manuscript between DM and

300 ATL genotypes with Orthofinder can be found in Supplemental Data File 3.

301

302 Results

303 Elevated temperature impacts on leaf physiology

304 Tounderstand the effects of elevated temperature on potato leaf physiology, gas exchange of the
305 youngest mature leaves was measured to determine rates of carbon assimilation (A) and stomatal
306 conductance (gs) at each time point. Rates of A and gswere not significantly different between
307 treatment groups except at 60d where the elevated temperature (ElevT) plants had significantly
308 lower rates of both A and gs than ambient temperature (AmbT) plants (Figure 2). Although plants
309 from both AmbT and ElevT treatment groups were initially watered equally, at the 60d sampling
310 date, ElevT plants were noticed to have visibly drier soil than the AmbT plants, after which all
311 plants were watered according to soil moisture level. It is possible that changesin A and gsseen
312  at this sampling point are due to this drying effect and an increased rate of evapotranspiration
313 under higher temperatures (Singh et a., 2015). Both A and gs ratesin the ElevT plants returned
314 to AmbT levels at 90d and 120d when both treatment groups were sufficiently watered, likely
315 attributing the negative effects seen at 60d to water deficit.

316 Chlorophyll fluorescence was also measured at each time point with the maximum PSI|

317  quantum efficiency (F./Fm) used as aproxy for rates of dark-induced leaf senescence (Zwack et
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318 a., 2016). There were no significant differences in senescence rates between treatment groups
319  except at 60d, where the ElevT plants had 44.7% higher Fv/Fm measurements than AmbT leaves
320  after 72hr (Supplementary Figure 2). Thisindicates a possible slower rate of senescence in the
321 ElevT plantsat 60d, which is the same time point when gas exchange measurements showed a
322 dgnificant declinein ElevT plants, likely due to the mild drought stress they were receiving.
323  Additionally, there were no significant differencesin total leaf chlorophyll content between

324  plantsgrownin AmbT and ElevT at any time points measured (Supplementary Figure 3).

325

326 Biomassand Yield

327 At each collection time point, tubers were harvested from all chambers and assigned a size class
328  based on weight: tuber initials (T1), immature tubers (IMT) and mature tubers (MAT)

329  (Supplementary Fig. 1). Tl were collected at each time point in both AmbT and ElevT

330 conditions, while IMT and MAT were not found at the 30d collection point in either treatment
331  (Figure 3). There were no significant differences in the total number of Tl or IMT collected

332  between AmbT and ElevT treatments across developmental time points (Supplemental Table 4).
333 At 90d, no MAT from ElevT plants were collected and at 120d there were significantly fewer
334  average number of MAT per plant in ElevT (2.63 £ 1.8) compared to AmbT (6.12 + 1.1)

335 (Supplementary Table 4).

336 At final harvest (120d), the average number of tubers per plant and average tuber weight
337  per plant were determined for all tubers above 0.6 g (combining both IMT and MAT). Plants
338 grownin ElevT conditions had significantly decreased tuber yield (both count and weight)

339 compared to AmbT plants (Figure 4A-B). For tuber count, an average of 12.25 MAT per plant

340 were collected from AmbT plantswhilein ElevT asignificant decrease to 5.24 MAT per plant
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341  (57% decrease; Fig. 4A) was observed. Regarding tuber weight, AmbT plants had a mean tuber
342  weight per plant of 210g + 73 g compared to 72.3g + 13.5 g for ElevT plants (66% decrease in
343 ElevT; Fig. 4B). Plant height, aboveground FW, and aboveground DW were not significantly
344  different between treatment groups, although the aboveground biomass of ElevT plants was

345  dlightly more than AmbT plants by up to 8% in both fresh and dry weight (Figure 4C-E).

346

347  Phytohormone Content

348 Toinvestigate changesin signaling in plants grown under ElevT, we analyzed endogenous

349  phytohormone content of all tissues (leaf, TI, IMT, MAT) using LC/M S averaged across the 90d
350 and 120d time points. In total, 49 phytohormone metabolite forms could be detected: 10 auxins,
351 23 cytokinins, 5 abscisic acids, 6 jasmonic acids (JAS), and 5 other phenolic compounds

352 including salicylic acid (SA) (Supplementary Table 5A-D), with gibberellic acid forms below
353 detectable levels. There were no significant differencesin total levels of cytokinins, JAs, or SA
354  between treatment groups, likely due to large variation among biological replicates

355  (Supplemental Table 5A-D). Total auxin levels were significantly decreased in leaves, with a
356  46% decreasein leaves grown in ElevT conditions compared to AmbT conditions (Figure 5A).
357  When specific auxin metabolites were compared, the total difference was likely attributable to
358 gignificantly lower levels of oxo-indole-3-acetic acid (OxIAA) in leaves (55% decreased from
359 AmbT to ElevT) (Fig. 5B).

360 Dueto its known role as both a stress hormone and its involvement in promoting tuber
361 induction, the levels of ABA and its metabolites (ABAS) were also analyzed. The levels of ABA
362 weresignificantly lower in ElevT compared to AmbT when averaged across all tissue types, with

363 levelsranging between 76 to 219 pmol/g DW in AmbT and 53 to 144 pmol/g DW in ElevT
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364 (Figure5C). The decreasein ABA levelsisespecially evident in IMT in which ElevT samples
365 had a68% decrease of ABA compared to AmbT (Fig. 5C).

366

367 Differential Gene Expression Analysis

368 Toexaminedifferential expression of genes across the potato transcriptome, RNA-Sequencing
369 (RNA-Seq) was performed on total RNA extracted from all tissue samples. Libraries were

370 dligned to thetetraploid Atlantic Cultivar (ATL_V3) S. tuberosum genome and mapping

371  aignment statistics were assessed (Supplementary Table 2). Principal component analysis (PCA)
372  showed that most of the variation in RNA-seq libraries was accounted for by organ type, with
373  differences between leaves and tubers explaining 91% of the variance (Supplementary Figure 4).
374  Toidentify effects of each treatment on gene expression, a separate PCA was conducted for the
375  sampleswithin each trestment group. From the PCA of AmbT samples, distinct clusters of each
376 tissuetype were observed along with a clear developmental gradient of tuber sizes (Figure 6A).
377  Thiswas not observed however, in the PCA of ElevT, where the clusters of IMT and MAT are
378 moreoverlapping (Figure 6B). This suggests that ElevT has a differential impact on development
379  and tuber identity compared to AmbT with regards to gene expression.

380 Differential expression analysis was then completed to determine genes with significant
381 increases or decreases in expression across treatments, tissues and time points using DESeq2
382 (Loveeta. 2014). Genes with p-adjusted values of < 0.05 were considered differentially

383  expressed. In leaves, there were atotal of 1,078 differentially expressed genes (DEG) between
384 ElevT and AmbT across al time points, with 15, 615, 146 and 302 DEGs at 30d, 60d, 90d, and

385  120d comparisons, respectively (Supplementary Table 6A-D). In Tl, there were atotal of 26,
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386 321, 302, and 6,257 DEGs in the 30d, 60d, 90d, and 120d comparisons, respectively

387  (Supplementary Table 7A-D).

388 GO association of biological processes was completed on DEGs in elevated temperature
389 for Tl. These processes were identified for both DEGs with increased and decreased expression
390 at each timepoint (Figure 6C-D). DEGs with increased expression in Tl in ElevT were involved
391 inresponseto heat, regulation of circadian rhythm and calmodulin binding (Table 1). DEGs with
392  decreased expressionin Tl in ElevT were involved in regulation of flower development, lateral
393  root formation and response to cold (Table 2). More so, a clear overlap between phytohormone
394  and transcriptome expression was seen in processes involving ABA and Auxin as shown in

395 Figure 6C-D.

396

397 Expression Patterns of Known Regulatorsin Tuberization Signaling

398 Wethen investigated the gene expression patterns of key genes and known regulators involved in
399 tuberization signaling in potato. For each key gene of interest, we provide expression

400 information for one syntelog in this section. Syntelogs are homologous genes resulting from a
401  whole-genome duplication event or speciation and are expected to share similar functions.

402  Supplementary Figure 5A-G provides expression data for al syntelogs associated with each gene
403  of interest and individual results from our syntelog analysis are in Supplementary Table 3. The
404  genes of interest observed that induce tuberization include SSP6A

405 (Soltu.Atl_v3.05 1G024440.1), IBEL5 (Soltu.Atl_v3.06_3G019920.1) and IT1

406  (Soltu.Atl_v3.06_2G021580.1) (Figure 7A-C and Supplementary Figure 5A-C). Expression of

407  key genes known to inhibit tuberization were also analyzed, including SCOL1
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408  (Soltu.Atl_v3.02_1G027420.1), SSP5G-A/B (Soltu.Atl_v3.05_3G022530.1), and STOC1

409 (Soltu.Atl_v3.06_4G015370.2) (Figure 7D-F and Supplementary Figure 5D-G).

410 SISP6A expression in leaves was consistent with its known gradual expression pattern
411  (Park et al., 2022) amongst syntelogs and tissues in both treatments but was not differentially
412  expressed in the ElevT treatment (Figure 7A & Supplementary Figure 5A). SBELS5, which is
413  known to be atranscriptional activator that targets SSP6A was also not differentially expressed
414  at any timepoint (Sharmaet al., 2016). Additionally, the expression pattern of SBel5 syntelogs
415 were observed to be aimost identical with exception of syntelog SIBEL5 3 (Fig. 7B &

416  Supplementary Figure 5B).

417 In AmbT, SIT1 expression was highest in T1 at 30d, then decreases by 61% by 60d and
418 eventually decreasesto its lowest expression in AmbT at 120 time point (Fig. 7C). Dueto the
419 early role of SIT1 in promoting tuberization of stolons, we would expect expression of this gene
420 to belower at later stages of tuber development (IMT and MAT), which iswhat was observed
421  (Fig. 7C). SIT1 had relatively lower abundancein ElevT in Tl tissue but was not identified as
422  differentially expressed dueto ElevT.

423 In terms of repressors of tuber formation, one SCOL1 syntelog was observed to have
424 increased expression at 90d in TI (Figure 7; p < 0.08). Additionally, some syntelogs of SSP5G-B
425 in Tl were differentially expressed at both 90d and 120d, while all syntelogs were observed to
426  havesignificant increasein expression at 120d in ElevT. SSP5G-B has been previousy

427  identified as adownstream target of SCOL1, and to be differentially expressed by elevated
428  temperature (Hancock et al., 2014). STOC1 showed increased expression in al tuber classes
429  under ElevT but was not significantly differentially expressed (Fig 7F). In leaves, we saw non-

430 significant reduction in expression of STOCLI at all timepoints except at 30d (Fig. 7F).
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431
432 Discussion

433  Tuber yield loss under heat stressisnot caused by a decrease in photosynthetic parameters
434  Inthis study, we investigated the mechanisms of yield loss that is observed when potato plants
435  are exposed to chronic elevated temperature. From leaf physiology measurements we found that
436 A and gs were not significantly decreased in ElevT compared to AmbT at every time point other
437  than 60d when these plants were found to have drier soil thanin AmbT (Fig. 2). Upon

438  experiencing water deficit, plants produce signals to close their stomatal pores, thus reducing
439 transpiration and conserving water, which significantly reduces gas exchange of leaves (Galmés
440 et al., 2013). Assuch, the significantly lowered rates of A and gs at the 60d time point are most
441  likely due to insufficient watering. Our results also suggest that future project elevated

442  temperatures for potato do not significantly impact leaf senescence (as seen through changesin
443  F,/Fy) or chlorophyll content when water availability is not aconcern (Supplementary Figs. 2,
444  3). Theseresults are cons stent with other studies that found no significant or positive effects of
445  high temperatures on photosynthetic rates and chlorophyll content in potato (Hancock et al.,

446 2014, Park et al., 2022).

447 Despite lack of significant effects of elevated temperature on leaf physiology in our

448  experiment, we still observed a significant decrease in tuber number and yield from ElevT plants
449  (Fg. 3; Fig. 4; Supplementary Table 4). Thisimplies that elevated temperatures affect the

450  aboveground and belowground components of potato plants differently. Moreover, many studies
451 indicate significant increases in aboveground biomass of potato plants exposed to high

452  temperatures (Tang et al., 2018; Timlin et al., 2006). Although there were no significant

453  differencesin aboveground biomass observed in this study, measurements increased sightly
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454  under ElevT (Fig. 4C-E), consstent with findingsin literature. Thus, results from our study

455  suggest areduction in photoassimilate production is not adriver of yield loss under heat stress.
456

457  Changesin phytohormone content in potato under heat stress may impact tuberization

458 Internal signaling in potato plantsis crucial for the formation of tubers and maintenance of sink
459  strength, both through genetic regulation and through hormone signaling (Dutt et al., 2017). In
460 the present study, our phytohormone analyses revealed several changesin phytohormone

461  content. Thisincluded significantly lower levels of ABA active form across all tissue types under
462 ElevT (Fig. 5C). Besidesitsrole in stress response, ABA contributes to tuber development in S
463  tuberosum through antagonistic action on GA (Chen et ., 2022; Li et a., 2021). GA isan

464  important inhibitor of tuberization through inducing stolon elongation which in turn inhibits
465  tuber induction by repressing radial growth of stolonsinto tubers (Xu et al., 1998). ABA isalso
466  known to regulate dormancy of potato tubers, with lower levels generally associated with shorter
467  dormancy periods (Wang et al., 2020). In thisregard, the decreased ABA levels observed in

468  tubersunder elevated temperatures could explain the reports of heat sprouts and early dormancy
469  breaks seen in potatoes grown under high temperature in other studies (Zhang et al., 2021).

470  Recent work showed that StABI5-like 1(SIABL1), a transcription factor central to ABA

471  signaling, isabinding partner of FT-like genes SSP6A and SSP3D. When interacting with

472  StSP6A and SISP3D, it was shown that an alternative tuberigen activation complex isformed
473  and promotes tuberization (Jing et al., 2022). Overexpression of this SABL1 gene resulted in
474  earlier flowering, tuberization and overall shorter plant life cycle. Coupled with the finding of
475  ABA-associated DEGs from our Tl tissue (Fig. 6C-D), these results indicate that further work is

476  needed to understand the role of ABA signaling in tuber devel opment under higher temperatures.
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477

478  Chronic elevated temperaturesinhibit tuber filling, but not initiation

479  Tuber production of a potato plant consists of three main separate processes: tuber

480 formation/initiation, tuber filling, and tuber maturation stage (Liu et al., 2020). Quantification of
481  thenumber of Tl and IMT produced under ElevT showed no significant change compared to
482  AmbT (Fig. 3; Supplementary Table 4). However, we observed an increased average number of
483 Tl at 30d in ElevT compared to AmbT (Fig. 3). These results suggest that tuber initiation is not
484  significantly inhibited under chronic elevated temperatures. Nevertheless, we did observe a

485  significant decreasein MAT yield collected from ElevT plants (Fig. 3; Supplementary Table 4).
486 Thisimpliesadisruption in the norma developmental process under ElevT, hindering tubers
487  from reaching maturity or filling adequately. Past studies with acute ElevT treatments have

488  shown it negatively impacts potato yield by reducing amount of fully matured potato tubers (Kim
489 & Lee 2019).

490 Additionally, there were observable differences between RNA-seq clustering between
491 treatments. Plants grown in ElevT conditions showed stronger clustering of MAT and IMT

492  libraries compared to MAT and IMT samples from plants grown in AmbT conditions (Figure 6
493  A-B). Thisindicatesthat IMT from plants grown in ElevT conditions exhibit more similar

494  transcript expression patternsto MAT than when grown in AmbT. This aligns with previous
495  reportsthat identified an increase in physiological age of tubers because of €levated temperatures
496 (Wiersema, 1985). Therefore, chronic heat stress increases the developmental age of tubers

497  whichin turn decreases the potato in-season growing time and its post-harvest tuber dormancy

498 time (Wiersema, 1985). Thisimpliesthat heat stress caused by future climate change likely
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499  disrupts normal signaling patterns that occur between tuber initiation and maturation, impacting
500 tuber development and ultimately yield.

501

502 Changesin expression of tuberization genes were observed in elevated temperature

503 There has been considerable work in recent years on understanding the effects of elevated

504 temperature on the tuberigen SISP6A expression and itsrole in tuberization (Lehretz et al., 2017;
505 Park et d., 2022). A previous study observing transgenic SSP6A over-expressor lines concluded
506 that SSP6A likely controls tuber formation, but not continued growth of tubers asyield was il
507  dignificantly decreased in transgenic SSP6A over-expressor lines under high temperatures (Park
508 et al. 2022). In this study, there were no significant differences with expression of SSP6A under
509 ElevT abeit there was a consistent decrease in SSP6A abundance in this treatment (Figure 7A).
510 Inthe current study we found the tuberigen repressor, SSP5G-A had relatively higher expression
511 inleavesat 30d and had significantly increased expression under ElevT at 90d in T1 (Fig. 7E). In
512  our results, we saw preferential expression of SSP5-A in leaves while SSP5G-B had higher

513 expression in tuber classes under both treatments (Supplementary Fig. 5E-F). These results align
514  with past studies that have observed higher expression of SSP5G under ElevT in leaves, while
515 we also observed them to be DEGs under Tl (Hancock et al., 2014).

516 Moreover, SCOL1 which is known to induce expression of SSP5G, was observed to
517 haveincreased expressionin Tl under ElevT at 90d (Fig. 7D). SCOL1isa CONSTANS-like
518 gene part of awell described CONSTANS/FLOWERING LOCUST (CO/FT) module that is
519 central for sensing photoperiod and regulating devel opmental processes within Arabidopsis and
520 morerecently in other plants (Turck et al., 2008). From our data, in AmbT we see similar

521  expression patterns between FT-like SSP6A and SCOLL1 in leaves, which is crucial for proper
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522  photoperiod sensing and leads to proper tuber development and increased tuber yield (Supp. Fig.
523  5A,5D; Fig. 3). On the other hand, expression of SCOL1 in leaves grown in ElevT conditions
524  showsadistinct pattern to SSP6A across sampled time points (Supp. Fig. 5A, 5D). The

525  contrasting patterns of CO/FT are particularly crucial in leaves since they serve as the primary
526  dite for photoperception, where the CO/FT module has an effect in plant development (Valverde,
527  2011). We can then infer that divergence in the patterns between AmbT and ElevT inleavesis
528 possibly leading to an incorrect perception of environmental cues necessary for proper tuber

529  development in ElevT. Taken together, SCOL1 may be involved both in misperception of

530 environmental signals at ElevT through improper coordination of the SCOLL/SSP6A modulein
531 leavesaswell as contributing to the reduction of tuber yield through induction of tuber

532  repressors (XHPG) in the same ElevT conditions.

533 One other inhibitor of SISP6A has been recently found to have increased expression in
534  ElevT of in-vitro tuberization studiesis STOCL (Morris et a., 2019). From our RNA-seq data,
535 wefound no significant difference in expression of STOC1 albeit we observed its expression to
536 increase over time and remain high in all tuber tissue classes under ElevT compared to AmbT
537 (Fig. 7F). Within IMT and MAT we can also observe opposite expression patterns of STOC1
538  with SSP6A, indicating STOC1 may inhibit transcription of SSP6A in IMT and MAT near the
539 end of the growing season. This datais consistent with previous studies that have found increases
540 inexpression of STOCL in tubers under higher temperatures (Hancock et al. 2014). These results
541  further highlight STOC1 as a potential gene responsible for heat tolerance in potato plants.

542 One tuberization pathway that remains unexplored under ElevT isthrough IDENTITY
543 OF TUBER, SIT1. SIT1 isagene found to both interact with SSP6A and induce tuberization

544  under non-inductive conditions (Tang et a., 2022). From our data, we observed non-significant
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545  differencein expression dueto ElevT athough we observed consistently less expression of SIT1
546 inall tuber tissuesunder ElevT except at the 120d timepoint. Notably, it isat the 120d timepoint
547  when we see arecovery of tuber yield, asat 90d we saw no MATSs had developed in our ElevT
548  treatment. Future work is needed to understand the possible role of SIT1 in driving tuberization
549  even under chronic elevated temperature conditions.

550

551 Conclusion

552  Theexpected risein global temperatures in coming decades poses an impending threat to the
553  production of many staple crops, especially ones that are as susceptible to heat stress such as S
554  tuberosum. Understanding the effects of abiotic stress on crop plantsisthusacrucial goal for
555  coping with climate change. Here, we take a whole-plant approach to investigate the mechanisms
556  of potato yield loss under heat stress using arealistic projection of future climate for major

557  potato growing regions. Leaf-level physiology, endogenous phytohormone levels, and yield of
558 potato plants grown under chronic ElevT were measured. Leaf gas exchange parameters (A and
559  gs) were not significantly negatively impacted by ElevT, nor were leaf chlorophyll content or
560 rates of leaf senescence. We observed a significant decrease in leaf ABA and auxin levelsin

561 leavesand tuber tissues under ElevT conditions, which indicates a possible role of these

562  hormonesin tuberization signaling in potato grown in ElevT. ElevT conditions lead to a

563  reduction in the average number of tubers per plant at all timepoints except at 30d. From this we
564  hypothesize that chronic ElevT isimpacting tuber yield by inhibiting proper tuber filling and not
565 by inhibiting tuber initiation. We also characterized expression of genes under chronic ElevT that
566  are known contributorsto tuberization. Results from this analysis contribute to the intricate

567 understanding of the genetic regulation of tuberization under elevated temperatures in potato
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568 plants, highlighting the potential role of the SCOL1-SSPGB pathway as one target for

569 generating heat tolerant potato cultivars (Figure 8). Other potential candidate genesto be
570 explored are STOCL1 and SIT1, offering different genetic pathways to sustain and enhance
571 potato yield in the face of global warming and elevated temperatures.

572

25


https://doi.org/10.1101/2024.08.02.606361

573

574

575

576

S77
578

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606361; this version posted August 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Tables
Timepoint GO Term ATL Transcript ID ATL Functional Annotation
30d Heat Acclimation Soltu.Atl_v3.12_4G008690.1 Co-chaperone GrpE family
protein
Calmodulin binding | Soltu.Atl_v3.10_3G006070.1 lipid transfer protein
Vegetative to Soltu.Atl_v3.06_2G022450.2 ubiquiting-conjugating
reproductive phase enzyme
transition of meristem
60d Response to Absiscic Soltu.Atl_v3.5043390.1 Transmembrane amino acid
Acid transporter family protein
Regulation of Soltu.Atl_v3.01 1G022500.4 Homeodomain-like
circadian rythim superfamily protein
Photoperiodism, Soltu.Atl_v3.04_3G013030.1 gigantea protein (Gl)
flowering
90d Response to Heat Soltu.Atl_v3.12_4G003540.1 related to AP2
Adventious Soltu.Atl_v3.09_1G015110.1 | cytochrome P450, family 83,
Development subfamily B, polypeptide
Response to sucrose Soltu.Atl_v3.5027640.4 alcohol dehydrogenase
120d Responseto Absiscic | Soltu.Atl_v3.09_4G023670.3 Mitochondrial transcription
Acid termination factor family
protein
Response to heat Soltu.Atl_v3.12 2G026260.1 | temperature-induced lipocalin
Plant organ Soltu.Atl_v3.5105180.1 AINTEGUMENTA-like
morphonogenesis

Table 1. Subset of DEGswith increased expression found in T1 and their associated GO

term.
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Timepoint GO Term ATL Transcript ID ATL Functional Annotation
30d lateral root formation | Soltu.Atl_v3.08 0G002640.2 Acyl transferase/acyl
hydrol ase/l ysophospholipase
superfamily protein
jasmonic acid Soltu.Atl_v3.10_0G019400.2 ubiquitin-specific protease
mediated signaling
pathway
regulation of timing of | Soltu.Atl_v3.03 4G023830.1 | Transducin family protein/
transition from WD-40 repeat family protein
vegetative to
reproductive phase
60d ethylene-activated Soltu.Atl_v3.01 0G011970.1 | ethylene-responsive element
signaling pathway binding factor
responseto abscisic | Soltu.Atl_v3.04_3G011570.1 alcohol dehydrogenase
acid
plant-type Soltu.Atl_v3.02_4G008170.1 PATATIN-like protein
hypersensitive
response
90d response to auxin Soltu.Atl_v3.07_4G010580.1 | SAUR-like auxin-responsive
protein family
positiveregulation of | Soltu.Atl_v3.05 4G021720.1 PEBP
flower devel opment (phosphatidylethanolamine-
binding protein) family
protein
response to cold Soltu.Atl_v3.03_4G009740.1 | dehydration response element
B1A
120d auxin biosynthetic Soltu.Atl_v3.06_4G001800.1 Flavin-binding
process monooxygenase family
protein
responseto abscisic | Soltu.Atl_v3.07_4G009150.1 membrane bound O-acyl
acid transferase (MBOAT) family
protein
abscisic acid catabolic | Soltu.Atl_v3.08_1G000950.1 | cytochrome P450, family 707,
process subfamily A, polypeptide

Table 2. Subset of DEGswith decreased expresson found in Tl and their associated GO

term.
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Figure 2. Gas exchange measur ements of potato plantsgrown in AmbT and ElevT
conditions. Rates of A) carbon assimilation (A, measured in umol m? s*) and B) stomatal
conductance (gs, measured in mol m?s*) of potato plants are shown. Solid lines represent AmbT
plants while dashed lines represent ElevT. Error bars represent standard error between biological
replicates (n = 2). Asterisks indicate significant differences between AmbT and ElevT from

pairwise T-tests at each time point (* = p < 0.05; ** = p < 0.01).
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Figure 3. Stacked bar plot showing the average number of tubers per plant per treatment
for each size class. Counts are shown as average number of tubers per treatment per size class.
Two plants were harvested per chamber at 30 and 90d, and four plants per chamber were

harvested at 60 and 120d, respectively.
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798 Figure4. Final harvest data from potato plantsgrown in AmbT and ElevT conditions. Box
799 plots showing the A) average total number of tubers per plant, B) average total tuber weight per
800 plant, C) average plant height (cm), D) average aboveground fresh weight (FW) per plant (g),
801 and E) average aboveground dry weight (DW) per plant (g) for each treatment group at 120d.
802  Values represent the average of four plants per chamber (n = 2). Tuber initials were excluded
803 from final yield measurements. Asterisksindicate significant difference from AmbT (* =p <
804 0.05;** =p<0.01).
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Figure5. Total levelshormonelevelsin varioustissuesin potato in AmbT and ElevT
conditions. A) Total levels of total auxins (pmol/gDW) across tissues; B) Levels of oxo-indole-
3-acetic acid (OxIAA) (pmol/gDW) in leaves; and C) Levels of the active form of ABA active
across tissues pooled from 90 and 120d old plants. Asterisks indicate a significant difference
from the corresponding tissue under AmbT (* = p <0.05; *** = p < 0.0001). Error bars are

standard errors between biological replicates (n = 2).
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819 Figure6. PCA and venn diagram of expression patternsacross RNA-Sequencing libraries.
820 PCA with libraries colored by tissue type for AmbT (A) and ElevT (B). Graphs were produced
821 using prcompin R. (C) Venn diagram highlighting the number of shared increased DEGs

822  between developmental stages of tubers under both AmbT and ElevT, with selected GO terms of
823 DEGs at each timepoint. (D) Venn diagram highlighting the number of shared decreased DEGs
824  between developmental stages of tubers under both AmbT and ElevT, with selected GO terms of
825 DEGs at each timepoint. Venn diagram was made using

826  https://molbiotools.com/listcompare.php.
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Figure 7. Transcript abundance (TPM) of known tuberization genesin each tissue type. A-

C: Tuberization promoting genes (A - SSP6A, B- SBEL5, and C - SIT1). D-F: Tuberization
inhibitor genes (D-F. D- SCOL1, E- SSP5G-B, and F-S'TOC1,). TPM values are presented each
tissue type for each timepoint over the course of 120 days. Solid lines represent AmbT plants
while dashed lines represent ElevT. No ElevT mature tubers were collected at 90d, so no datais

shown for that point. (* = p<0.10; ** = p <0.05).
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Figure 8. Model for known and potential changesin gene expression and hormone levels
under elevated temper ature. Dashed lines with arrows indicate movement, small arrows
indicate increases or decreases in expression under elevated temperature. Lines with closed ends
indicate inhibition while double arrowed lines between genes/proteins indicate interaction.
Enclosed text are metabolite and plant physiology related parameters corresponding to above and
belowground changes. Blue oval represents protein version of a SSP6A. SSP6A, FLOWERING
LOCUS T homologue SELF PRUNING 6A; SSP5G, small RNA FT-homolog inhibitor;
STOCL, TIMING OF CAB EXPRESSION 1; SIT1, IDENTITY OF TUBER 1; ABA, Abscisic

Acid.
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854  Supplementary Figure 1. Example of tuber size classesfor this experiment. Photographs of
855  tuber initials (T1), immature tubers (IMT), and mature tubers (MAT) collected from AmbT and
856 ElevT conditions throughout the growth chamber experiment.
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Supplementary Figure 2. Measur ement of maximum PSI| efficiency (Fv/Fm) in AmbT and

ElevT. Measurements were taken on leaves over the course of 96h to represent leaf senescence.

Error bars are standard error between biological replicates (n = 2). Asterisksindicate significant

differences between AmbT and ElevT from pairwise T-tests at each hour of measurement (** =p

<0.01).
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869 Supplementary Figure 3. Leaf total chlorophyll (uM) content measured in AmbT and

867

=k
(5.}

Total Chlorophyll (pM)

870 ElevT treatments. Total chlorophyll values are averaged per four 6mm leaf discs collected from
871 60, 90, and 120d old plants. Error bars indicate standard error between biological replicates (n =

872  2). Pairwise T-tests were completed between treatments at each time point.
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Supplementary Figure 4. Principal component analysis (PCA) of all RNA-Sequencing

libraries. Library samples are identified by treatment, timepoint and tissue. Graphs were

produced using ggplot in R.
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Supplementary Figure 5A. TPMs of known tuberization promoter gene SSP6A syntelogsin
each tissue type over the course of 120 days. Solid lines represent AmbT plants while dashed
lines represent ElevT. No ElevT mature tubers were collected at 90d, so no datais shown for that
point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological

replicate(n=1o0r2) (p<0.10="*; p<0.05=**).
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Supplementary Figure 5B. TPMs of known tuberization promoter gene SIBELS5 syntelogsin

each tissue type over the course of 120 days. Solid lines represent AmbT plants while dashed

lines represent ElevT. No ElevT mature tubers were collected at 90d, so no datais shown for that

point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological

replicate(n=1o0r2) (p<0.10="*; p< 0.05=**).
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899  Supplementary Figure 5C. TPMs of known tuberization promoter gene SIT1 syntelogs in each
900 tissuetype over the course of 120 days. Solid lines represent AmbT plants while dashed lines
901 represent ElevT. No ElevT mature tubers were collected at 90d, so no datais shown for that

902 point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological
903 replicate(n=10r2) (p<0.10=*; p<0.05=**),

904
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907 Supplementary Figure 5D. TPMs of known tuberization inhibitor gene SCOL1 syntelogsin
908 eachtissuetype over the course of 120 days. Solid lines represent AmbT plants while dashed
909 linesrepresent ElevT. No ElevT mature tubers were collected at 90d, so no datais shown for that
910 point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological
911 replicate(n=10r2) (p<0.10=*; p<0.05="*%*),

912
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Supplementary Figure 5E. TPMs of known tuberization inhibitor genes SSP5G-A syntelogs in
each tissue type over the course of 120 days. Solid lines represent AmbT plants while dashed
lines represent ElevT. No ElevT mature tubers were collected at 90d, so no data is shown for that
point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological

replicate(n=1o0r2) (p<0.10=*; p< 0.05=**),
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922  Supplementary Figure 5F. TPMs of known tuberization inhibitor genes SSP5G-B syntelogsin
923  eachtissuetype over the course of 120 days. Solid lines represent AmbT plants while dashed
924  linesrepresent ElevT. No ElevT mature tubers were collected at 90d, so no datais shown for that
925 point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological
926 replicate(n=1o0r2) (p<0.10=*; p<0.05=**),
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Supplementary Figure 5G. TPMs of known tuberization inhibitor gene STOC1 syntelogsin

each tissue type over the course of 120 days. Solid lines represent AmbT plants while dashed

lines represent ElevT. No ElevT mature tubers were collected at 90d, so no dataiis shown for that

point. TPM values were determined from Salmon (Patro et al. 2017) and averaged per biological

replicate(n=10r2) (p<0.10=*; p<0.05=**).
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