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Abstract

For many potato cultivars, tuber yield is optimal at average daytime temperatures in the range 14-22 °C. Above
this range, tuber yield is reduced for most cultivars. We previously reported that moderately elevated temperature
increases steady-state expression of the core circadian clock gene TIMING OF CAB EXPRESSION 1 (StTOC1) in
developing tubers, whereas expression of the StSP6A tuberization signal is reduced, along with tuber yield. In this
study we provide evidence that StTOC1 links environmental signalling with potato tuberization by suppressing StSP6A
autoactivation in the stolons. We show that transgenic lines silenced in StTOC1 expression exhibit enhanced StSP6A
transcript levels and changes in gene expression in developing tubers that are indicative of an elevated sink strength.
Nodal cuttings of StTOC1 antisense lines displayed increased tuber yields at moderately elevated temperatures,
whereas tuber yield and StSP6A expression were reduced in StTOC1 overexpressor lines. Here we identify a number
of StTOC1 binding partners and demonstrate that suppression of StSP6A expression is independent of StTOC1 com-
plex formation with the potato homolog StPIF3. Down-regulation of StTOC1 thus provides a strategy to mitigate the
effects of elevated temperature on tuber yield.
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Introduction

Potato is the leading non-grain commodity in the global food
system and the largest tuber food crop in terms of human con-
sumption (Birch et al., 2012). However, a major constraint to
tuber yield in potato is its sensitivity to environmental stresses.
For example, most commercial potato cultivars are drought sen-
sitive, and potato is particularly vulnerable to increased ambient

temperature, which significantly reduces yields (Levy andVeilleux,
2007). Potato is a cool-climate crop, and if the effects of global
warming are not mitigated they are predicted to decrease tuber
yields by up to 30% by 2050 (reviewed in George ef al.,2018).
Elevated temperature impacts on many aspects of potato
plant physiology, including inhibition of the tuberization signal
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(Ewing, 1981). Recent breakthroughs have elucidated the mo-
lecular details of tuberization signalling, leading to a model that
explains the inhibition of tuberization in long-day conditions.
The central module for photoperiod-sensitive tuberization
consists of CONSTANS-like 1 (StCOL1) and an ortholog of
FLOWERING LOCUS T (FT) termed StSP6A, which en-
codes the tuberization signal (Abelenda et al., 2011; Navarro
et al.,2011).This mobile ‘tuberigen’ signal is produced in leaves
and moves to the stolon tip, where tuberization is initiated.
Expression of this signal is amplified during transport by an
autoregulatory mechanism.

Tuberization is repressed in long-day conditions by increased
expression of an additional FT homolog (StSP5G) acting as a
negative regulator of StSP6A expression. StSP5G is induced in
leaves under non-inductive (long-day photoperiod) conditions
in a PHYTOCHROME B- and StCOL1- dependent manner
(Abelenda et al., 2016). Day-length control of tuberization
is linked to the circadian clock components GIGANTEA
(StGI) and FLAVIN BINDING KELCH REPEAT F-BOX
1 (StFKF1), which control StCOL1 expression by signalling
degradation of the CYCLING DOF FACTOR 1 (StCDF1)
repressors (Kloosterman et al., 2013). Allelic forms of the tran-
scriptional repressors, lacking the C-terminus, were strongly
selected during breeding of day-length-insensitive cultivars.
Truncation of the C-terminal StFKF1 interaction domain im-
pairs StFKF1-StCDF1 interaction and causes StCDF1 stabil-
ization, which leads to constitutive inhibition of the StCOL1
gene. Through these studies we have gained good under-
standing of day-length regulation of the CO-FT module;
however, the mechanism by which other environmental cues,
such as temperature, affect tuberization are much less clear.

Previously, we observed that increased ambient temperatures
suppress StSP6A transcript levels, consistent with their inhibi-
tory effects on tuberization (Hancock et al., 2014). Surprisingly,
however, expression levels of the StSP5G repressor were not
elevated in leaves at higher temperature, and were even signifi-
cantly reduced in tubers. This implies that temperature con-
trols StSP6A transcription through other mechanisms than
regulation of the StCOL1-SP5G expression module. We also
investigated the effect of increased temperature on the tran-
scription of core circadian clock genes and observed a rise in
the expression levels of TIMING OF CAB EXPRESSION
1 (StTOC1) in developing tubers under warm (30 °C) com-
pared with cooler (22 °C) temperatures over a 24 h period.
TOCI1 is an evening-expressed protein (Strayer et al., 2000)
that is part of a five-member family called the PSEUDO-
RESPONSE REGULATORS (PRRs), found in Arabidopsis
to be expressed in succession from morning to night in the
order PRRY9, PRR7, PRR5, PRR3, and TOC1 (Matsushika
et al., 2000). PRR proteins consist of two conserved domains,
the N-terminal PR (pseudo-receiver) and the C-terminal
CCT [CONSTANS (CO), CO-like, TOC1] domain (Wenkel
et al., 20006). Interaction between PRRs and other proteins is
facilitated by the PR domain (Mas et al., 2003; Wang et al.,
2011). Purified TOC1 was shown to bind directly to DNA
through its CCT domain, although the full range of its down-
stream targets was not fully elucidated (Gendron ef al., 2012).

Evidence for molecular nodes connecting environmental
signals with the circadian clock is rapidly emerging (Pokhilko
et al., 2013). Intriguingly, Arabidopsis TOC1 has been con-
nected to drought stress responses, via its role in regulating
several abscisic acid (ABA) signalling components. TOC1 ex-
pression is induced by ABA in a process that is gated by the
clock (Legnaioli et al., 2009). Consistently, plants misexpressing
TOC1 have ABA-dependent stomatal closure defects and
altered tolerance to drought stress (Legnaioli et al., 2009).
Additionally, Arabidopsis TOC1 was observed to interact with
the PHYTOCHROME INTERACTING FACTOR (PIF)
family of transcription factors, the C-REPEAT BINDING
FACTOR/DEHYDRATION-RESPONSIVE ELEMENT-
BINDING (CBE/DREB) proteins,and ABA INSENSITIVE3
(ABI3), respectively involved in hypocotyl elongation, drought
and low-temperature responses, and ABA-responsive gene ex-
pression (Eriksson and Webb, 2011; Soy et al., 2016).

In view of the altered expression of potato St TOCT at ele-
vated temperature and the links between TOC1 and environ-
mental signalling in Arabidopsis, we investigated the potential
roles of StTOC1 in linking elevated temperature and potato
tuberization.

Materials and methods

Plant material, growth conditions, and phenotyping

Solanum tuberosum L. (cv. Desiree) tissue culture plantlets were propa-
gated in 90 mm petri dishes containing Murashige and Skoog medium
(Murashige and Skoog, 1962) supplemented with 20 g 1™ sucrose and 8 g
I" agar at 1844 °C, 16 h light/8 h dark, and light intensity (photosyn-
thetic photon flux density) of 100 pmol m™2s™". Four weeks after subcul-
ture, in vitro plantlets were transferred to 12 cm pots containing compost
and grown in a glasshouse, under conditions of 16 h light (18 °C) and
8 h dark (15 °C). Light intensity ranged from 400 to 1000 wmol m 2 s™!
at canopy height. After 8 weeks, plants were transferred to growth cab-
inets under two different temperature treatments, 22 °C/16 °C or 30°
C/20 °C, both with 12 h light/dark, and were watered daily. The light
intensity was maintained at 300 pmol m ™ s™!. After 2 weeks under con-
trolled conditions, leaves and underground stolons from three replicate
plants were harvested. Six to ten swelling stolon tips (3—5 mm in length)
were frozen in liquid nitrogen, freeze dried, and stored at —20 °C prior to
microarray analysis. For controlled-environment chamber experiments,
potato plants were grown from tubers in 30 cm diameter pots at day/
night 22 °C/16 °C or 30 °C/22 °C and 12 h night/day cycle, 70% hu-
midity, light intensity of 400 umol m > s™' at canopy height, with daily
watering. Plants were harvested 80 days post-emergence.

Nodal cutting tuberization assay

Solanum  tuberosum L. (cv. Desiree) plants were grown from in vitro-
propagated tissue culture plantlets in 10 cm diameter pots containing
standard compost mix. Plants were raised in a glasshouse maintained at a
daytime temperature of 20 °C and a nighttime temperature of 15 °C. Light
intensity ranged from 400 to 1000 pmol m%s™". Single nodal cuttings con-
sisting of a fully expanded leaf and its subtended bud (Ewing, 1978) were
taken from 7-8-week-old plants and the base of the petiole was placed in
50/50 coir/sand mix. Cuttings were kept in glasshouse conditions for 24 h
and then moved to growth cabinets set at 70% humidity, 16 h photoperiod,
and various temperature regimes (day/night temperatures of 18 °C/14 °C,
24 °C/18 °C, or 26 °C/20 °C). Cuttings were watered daily with pre-
warmed water. Each treatment was repeated five times with six cuttings per
replication. Tubers were harvested after 3 weeks.
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Generation of StTOC1 transgenic potato lines

To generate transgenic StTOCT antisense and overexpressing potato lines,
primers were designed on the PGSC0003DMT400083086 sequence to
amplify the 1650 base pair open reading frame from a S. tuberosum cv.
Desiree tuber cDNA template. BamHI sites were engineered at both ter-
mini to facilitate cloning of this fragment. Primer sequences are given
in Supplementary Table S3 at JXB online. Following BamHI digestion,
the fragment was inserted into the BamHI site of pJIT60 and constructs
were selected in both the sense and antisense orientations respective to
the double 35S promoter. pJIT60 is identical to pJIT30 (Guerineau et al.,
1990) but includes a double 35S CaMV promoter. The cloned StTOC1
fragment was then excised with Kpnl and Xhol and introduced into the
polylinker Kpnl and Sall sites of pBIN19.

Microarray methods

A custom Agilent microarray was used, designed to the predicted tran-
scripts from assembly v.3.4 of the DM potato genome as described by
Hancock et al. (2014). Access to ordering the array design (AMADID
033033) from Agilent is available on request from the authors. The ex-
perimental design and complete datasets are available at ArrayExpress
(http://www.ebi.ac.uk/arrayexpress/; accession E-MTAB-7443).
Briefly, a single-channel microarray design was utilized, with all
swelling stolon RNA samples labelled with the Cy3 dye. A total of 16
microarrays were processed, consisting of four biological replicates for
the wild-type (WT) and the TOC line for each temperature treatment
(22 °C, 30 °C). RNA labelling and subsequent microarray processing
was performed as described by Morris et al. (2014). Entire feature ex-
traction (Agilent FE v.12.03.02) datasets for each array were loaded
as single-channel data into GeneSpring (v.7.3) software for further
analysis. Data were normalized using default single-channel settings:
intensity values were set to a minimum of 0.01 and data from each
array were normalized to the 50th percentile of all measurements on
the array. Unreliable data, flagged as absent in all replicate samples by
the FE software, were discarded. Statistical filtering of data to iden-
tify differentially expressed transcripts between temperature treatments
was performed for the control (WT) and transgenic lines independ-
ently, using volcano plots. Thresholds of greater than 2-fold change
and a Student’s t-test value of P<0.01 were applied. In addition, two-
way ANOVA (P-value<0.05) with Benjamini and Hochberg multiple
testing correction was used to identify those transcripts showing an
interaction between line and temperature. Clustering of gene expres-
sion profiles across the time series for the selected ANOVA interaction
gene list was performed in GeneSpring using the K-means algorithm.
Default parameters (100 iterations, Pearson measure as similarity cor-
relation) were used to generate four cluster sets. Gene lists were ana-
lysed for gene ontology (GO) term enrichment using the AgriGO
v2 package (http://systemsbiology.cau.edu.cn/agriGOv2/; Tian ef al.,
2017). The Phureja DM1-3 PGSC protein ID for the entire genome
was used as background, and Singular Enrichment Analysis was per-
formed using the Fisher test method, Yekutieli false discovery rate, at a
P-value<0.05 with a minimum of 10 mapping entries.

RNA extraction and quantitative RT-PCR

RNA was extracted from potato leaves and tubers as described by
Ducreux ef al. (2008). Quantitative reverse transcription (RT)-PCR
was performed using an Applied Biosystems StepOnePlus™ system as
described by Campbell et al. (2010), with primer sequences listed in
Supplementary Table S3. Assays were validated by assessing the primer
amplification efficiencies as described by Schmittgen and Livak (2008).
Primers were designed within the 3" untranslated region to assess the
level of down-regulation of endogenous StTOCT expression. The reac-
tions were repeated in triplicate with independent cDNAs and relative
expression levels were calculated as described previously (Schmittgen and
Livak, 2008). For normalizations, expression of ef10 was used, as expres-
sion of this gene in potato is stable over a wide range of abiotic and biotic
stresses (Nicot et al., 2005).

Yeast two-hybrid screening of a potato cDNA library

To identify StTOCI interaction partners, a yeast two-hybrid potato leaf
library (Bos et al., 2010) was screened, using StTOCT as the bait, using
the ProQuest™ Two-hybrid system (Invitrogen). StTOC1T was trans-
ferred from the pDONR201 entry vector (described above) into the
destination vector pDEST™32 by LR recombination using Gateway®
technology according to manufacturer’s instructions (Invitrogen). The
resulting pEXP™32-TOC1 construct was transformed into the yeast
strain MaV203, and transformants were recovered by SD-Leu nutritional
selection. A single colony was grown and used to prepare competent
yeast cells that were subsequently transformed with a commercially pre-
pared potato yeast two-hybrid library (Bos et al., 2010). Transformants
were plated on SD —LTH/ SD —LTU growth media for selection of
interacting candidates. Plasmids were isolated from the positive colonies
and co-transformed into MaV203 with either pPEXP™32-TOCT1 or the
empty bait vector pPDEST™?22 to eliminate false positives. Translated nu-
cleotide sequences of positive clones were searched (BLASTP) against
the Spud DB transcripts database (v3.4) to retrieve the ITAG annotations,
and were subsequently used to identify the Arabidopsis homologues
(TAIR 10 proteins database). A reciprocal BLASTP of Spud DB (ITAG)
using TAIR protein sequence was performed to verify hit identities.

Co-immunoprecipitation and bimolecular fluorescence
complementation studies

The StPIF3 and StTOC1 open reading frames (ORFs) were amp-
lified from a ¢cDNA prepared from S. tuberosum cv. Desiree, by using
primers containing the Gateway® recombination (attB) sites, and
cloned into pDONRZ201 according to the manufacturer’s instructions
(Invitrogen). The StPIF3 and StTOC1 ORFs were then transferred to
the binary vectors pGWB6 and pGWB15 to create N-terminal tagged
green fluorescent protein (GFP) and haemagglutinin (HA) constructs,
respectively. Transgenic lines containing the StTOC1-HA fusion con-
struct were generated using the transformation protocol described above.
For co-immunoprecipitation studies, constructs were transformed into
Agrobacterium  tumefaciens strain GV3101. Bacterial cultures expressing
these plasmids were used for infiltration of Nicotiana benthamiana leaves,
together with the p19 protein to suppress gene silencing. To that end,
single colonies were grown at 28 °C overnight in 10 ml YEB medium
with kanamyecin at 50 mg 17" and rifampicin at 10 mg 1'; bacterial pel-
lets were resuspended in 5 ml 10 mM MES, pH5.8, 10 mM MgSO4,
150 uM acetosyringone, and incubated for 2 h with shaking at room
temperature. Agrobacterium cells expressing the tagged protein con-
structs were diluted to ODy;=0.7 and those bearing the p19 plasmid to
ODy=1.0,and 1:1:2 volumes of these cell suspensions in MES—-MgSO4
buffer were used for infiltration. The next day, leaves were treated with
10 uM MG132, and 24 h later they were frozen in liquid nitrogen. For
immunoprecipitation, 250-500 mg of the powdered leaf material was
homogenized in 2 volumes extraction buffer (50 mM Tris—HCI, pH 7.5,
10 mM MgCl,, 150 mM NaCl, 2.5 mM EDTA, 10% glycerol, 25 mM
B-glycerophosphate, 0.1% NP-40, 10 mM NaE, 2 mM Na;VO, 100 uM
PMSE 5 uM B-mercaptoethanol, and protease inhibitors), cleared by two
rounds of centrifugation at 18 400 ¢ for 5 min at 4 °C, and incubated
for 4 h with 40 pl anti-HA agarose beads (Sigma). Beads were collected
by a brief spin-down at 6000 g, washed five times with 500 pl extrac-
tion buffer, and eluted by boiling in 50 ul SDS-loading bufter for 3 min.
Volumes of 10 pl and 40 pl of the eluted fraction were separated on SDS-
PAGE gels to allow immunoblot detection of the immunoprecipitated
HA-StTOC1 and pulled-down GFP-StPIF3 or GFP-StSP6A proteins
with anti-HA-HRP (Roche) and anti-GFP-HRP (Milteny) antibodies.
Leaves expressing the GFP-StPIF3 or GFP-StSP6A proteins alone were
used as a control for non-specific binding to the beads. Proteins in the
different fractions were visualized with the Supersignal West Pico and
Femto substrates (Pierce).

For bimolecular fluorescence complementation (BiFC) studies, the
full-length StPIF3, StTOC1, and StSP6A proteins were directly inserted
after the N- and C-terminal fragments of yellow fluorescent protein
(YFP), by LR clonase incubation of the respective pDONR201 and
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pENTRY S/D TOPO clones with the binary YFN43 and YFC43 BiFC
vectors (Belda-Palazén et al., 2012). The resultant plasmids were trans-
formed into the A. tumefaciens strain GV3101, and N. benthamiana leaves
were infiltrated with the different strain combinations expressing the
YFPY and YFP® protein fusions or the empty vectors, along with the p19
silencing suppressor. Bacterial cultures were suspended in MES—MgSO4-
acetosyringone solution as for the co-immunoprecipitation studies. Two
days after infiltration, leaves were observed under a Leica TCS SP8 laser
scanning confocal microscope, using an Excitation Beam Splitter TD
488/561/633 and emission band width between 495 and 556 nm.

Transient transactivation assay studies

For transactivation studies, the p6A_for: 5~-CACCTGTTAATTTCCTT
TCTT-3" and p6A_rev: 5-CTCTAGGCTTGATAAAATTAAGT-3 pri-
mers were designed to amplify the 2.64 kb upstream start codon region of
the PGSC0003DMT400060057 sequence. The PCR product was cloned
into pENTRY S/D TOPO and mobilized by LR clonase recombination
into the pLuc-Trap3 vector, to generate the p6A::LUC construct. For
luciferase assays, N. benthamiana leaves were co-infiltrated with Agrobacterium
strains expressing this reporter and the 35S::GFP-StPIF3, 35S:HA-TOCI1,
and 35S::GFP-SP6A effector constructs, in the indicated combinations,
along with the p19 silencing suppressor. Bacterial cultures expressing the
p6A:LUC reporter were used at ODg;,=0.3, and the effector and p19
strains at ODy(,=0.7 and 1.0, respectively. To test the activity of the re-
porter alone, or LUC activity levels driven by just one of the effectors,
bacterial cultures were mixed with an Agrobacterium strain expressing the
empty pGWB6 vector, to prevent differences in LUC expression due to
dilution effects. Two days after infiltration, leaf discs of 0.6 cm diameter
were collected from the leaves and transferred to 96-well microtitre plates
containing 195 pl 0.5X Murashige and Skoog liquid medium and the
D-luciferin (Promega) substrate (5 pg ml™). Luminescence was measured
with a LB 960 Microplate Luminometer (Berthold). One disc was used per
well and at least 12 disc replicates were measured per sample. The median
of the activity values and standard error were represented.

Results

StTOC1 misexpression affects tuberization signalling at
elevated temperature

We have previously shown that StTOC1 expression is consti-
tutively elevated in developing tubers under moderately ele-
vated temperature (Hancock et al., 2014). To test whether this
elevated expression had an impact on tuber yield, we gener-
ated transgenic lines down-regulated in StTOC1 expression in
the S. tuberosum cultivar Desiree. Leaves from 27 independent
tissue-cultured transgenic lines expressing the StTOC1 gene
in antisense orientation were screened by quantitative RT—
PCR to assess the inhibition of the endogenous gene (Fig.
1A). For all lines tested there was a significant decrease in
endogenous StTOC1 expression. Three lines (TOCAS32,
TOCAS44, and TOCAS67) displaying the strongest silencing
were selected for further analysis and grown to maturity to
assess StTOCT transcript levels in tubers, which ranged from
50% to 20% of those in the WT (Fig. 1B). A statistically sig-
nificant 19-31% increase in plant height was observed in these
transgenic lines compared with WT controls (Supplementary
Fig. S1), consistent with the reported phenotype of Arabidopsis
toc1-1 mutants (Mas et al., 2003). For more detailed gene ex-
pression analysis, a line exhibiting strong StTOCT transcript
reduction was selected (TOCAS44). Tubers derived from the
primary TOCAS44 line were propagated and swelling stolons
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Fig. 1. (A) Quantitative RT-PCR of primary transgenic tissue culture leaves
to assess the level of StTOCT expression. RQ, relative quantitation. Error
bars represent the SE of three biological replicates. StTOC7 expression
was significantly lower than in wild-type (WT) controls as determined by
Student’s t-test (P<0.05). (B) Gene expression analysis as determined by
quantitative RT-PCR for tubers of selected Desiree StTOC7 antisense
transgenic lines (TOCAS32, TOCAS44, and TOCAS67) compared with

the WT control. Error bars represent the SE of three biological replicates.
StTOCT expression was significantly lower than in WT controls as
determined by Student’s t-test (P<0.05).

were harvested from independent replicates for gene expres-
sion analysis at 22 °C and 30 °C. Expression of the StTOC1
gene was down-regulated in these plants at both temperat-
ures (Fig. 2). Comparison of StSP6A transcript levels between
the WT and the TOCAS44 line revealed a significant increase
(264%, P=0.036) at 30 °C, suggesting that lower expression
of StTOCT suppresses the negative effects of temperature on
expression of the tuberization signal (Fig. 2). As observed pre-
viously (Hancock et al., 2014), StSP5G transcript levels were
reduced in swelling stolons at elevated temperature, and a
trend towards a smaller degree of inhibition was observed in
TOCAS44 lines. This effect was stronger at 22 °C, while differ-
ences at 30 °C were not statistically significant compared with
the WT (Fig. 2C).

Enhanced tuber yield of TOCAS lines in a nodal cutting
tuberization system

To determine whether the enhanced StSP6A transcript level
in StTOC1-silenced lines correlated with increased tuber
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Fig. 2. Gene expression levels of StTOCT, StSP6A, and StSP5G as
determined by quantitative RT-PCR of swelling stolons from line TOCAS44
compared with the wild type (WT) control. Plants were grown at normal

(22 °C) and elevated (30 °C) temperature. RQ, relative quantitation. Error
bars represent the SE of three biological replicates. Significant differences
in expression in the transgenic lines as estimated using Student’s t-test are
indicated by asterisks (P<0.05). Values labelled with the same letter were
not significantly different based on one-way ANOVA with Fisher’s least
significant difference test.

yield, we employed a nodal cutting tuberization system, first
described by Ewing and Wareing (1978) and utilized more
recently in a genetic screen for heat tolerance in potato
(Trapero-Mozos et al., 2018). Incubation of the nodal cuttings
in controlled-environment chambers enabled tuberization to
be monitored at different temperatures.

In WT Desiree, there was a decrease in the fresh weight
of tubers (58%) as the temperature increased from night/day
14 °C/18 °C to 20 °C/26 °C. In contrast, tuber yield im-
proved in TOCAS lines at the elevated temperature (Fig. 3)
and reached up to 147% of the yield under lower-temperature
conditions. This enhancing effect of temperature on tuber
yield contrasted with the reduced tuber yield in WT cuttings
and was consistently reproduced in subsequent experiments.

7.0 1

W 14-18°C 0O18-24°C [@20-26°C

6.0 o

5.0 A1

4.0 1

3.0 1

Mean fresh weight (g)

2.0 1

1.0 A

0.0 - T T ]
WT TOCAS32 TOCAS44

Fig. 3. Comparison of tuber yields at normal (18 °C) and elevated (24,
26 °C) temperature from nodal cuttings of TOCAS32 and TOCAS44 lines
compared with the wild type (WT) control. Error bars represent the SE of
difference from ANOVA of the interaction term (line and temperature).

A two-way ANOVA, considering the factors line (or geno-
type) and temperature, showed that the difference in yield was
significant. Using a multiple comparison test (Fisher’s protected
least significant difference) the WT was significantly different
to all antisense lines. The interaction term (line and tempera-
ture) was also significant (P=0.018), showing that TOCAS
lines respond differently to temperature.

In order to validate the results obtained from the nodal cut-
ting tuberization system, a yield experiment was conducted
using pot-grown plants, comparing the tuber yield of the WT
Desiree and TOCAS44 lines grown in a controlled-environment
chamber. For plants grown under night/day 16 °C/22 °C tem-
peratures, there was no significant difference in tuber yield, dry
matter content, or tuber number (Supplementary Fig. S2A). In
contrast, tuber yield was reduced for plants grown under night/
day 22 °C/30 °C temperatures, but this effect was significantly
less pronounced (~40%) for TOCAS44 lines than for the WT.
Tuber number was also elevated under higher-temperature
conditions (by ~41%), although this response was similar in the
WT and TOCAS44 lines (Supplementary Fig. S2B). Thus, the
higher yield at elevated temperature for TOCAS44 plants was
due to higher tuber weight (~50%) compared with the WT
(Supplementary Fig. S2C).

Constitutive overexpression of StTOC1 results in
reduced StSP6A expression and tuber yield

Sets of transgenic lines were generated in which StTOC1 was
overexpressed under control of the constitutive 355 CaMV
promoter. Tuber yield was determined using the nodal cut-
ting assay (Fig. 4A) and, contrary to the effects of decreased
StTOC1 levels, overexpression of StTOCI resulted in de-
creased tuber yield in all three independent lines tested (by
~50% compared with controls). Using a two-way ANOVA,
considering the effects of genotype and temperature, there was
a significant difference between the WT and transgenic lines.
A multiple comparison test (Fisher’s protected least significant
difference) likewise showed that tuber yield was significantly
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Fig. 4. (A) Comparison of tuber yields at normal (14-18 °C) and elevated (20-26 °C) temperature from nodal cuttings of Desiree StTOC7 sense lines
TOCSNSS8, TOCSNS12, and TOCSNS14 compared with the wild type (WT). Error bars represent the SE of difference from ANOVA of the interaction
term (line and temperature). (B) Comparison of tuber yield in stem node cuttings from WT plants and lines TOCHA3 and TOCHA11 overexpressing the
tagged StTOC1-HA protein. Plants were grown at a daytime maximum temperature of 18 °C. Significant differences between transgenic lines and the
WT, as estimated using Student’s t-test, are indicated by asterisks (P<0.01). (C, D) Comparison of gene expression levels of StTOCT (C) and StSP6A

(D) as determined by quantitative RT-PCR of leaves from lines TOCHA3 and TOCHA11 compared with WT. Plants were grown at a daytime maximum
temperature of 18 °C. RQ, relative quantitation. Error bars represent the SE of three biological replicates. Significant differences between transgenic lines,

as estimated using Student’s t-test, are indicated by asterisks (P<0.01).

different in the WT compared with all overexpressing lines.
Transgenic lines overexpressing StTOCT tagged with the HA
epitope at the C-terminus were also generated. As for StTOC1
overexpressers, a significant decrease in tuber yield was ob-
served in nodal cuttings of the tagged lines grown at a daytime
maximum temperature of 18 °C (Fig. 4B). Gene expression
analyses showed that StTOCT transcript levels were strongly
up-regulated in leaves (by 11-fold for line TOCHA11) in both
transgenic lines tested (Fig. 4C), and this was correlated with a
significant decrease (~8-fold) in the expression level of StSP6A
(Fig. 4D). Moreover, in contrast to the silenced lines, S‘ITOC1
overexpressers displayed a statistically significant decrease in
plant height compared with WT controls (Supplementary Fig.
S1), indicative of a conserved function of potato StTOCT in
the circadian control of plant growth.

StTOC1 screening of a yeast two-hybrid library

Previously, several studies have identified proteins that interact
with Arabidopsis TOC1 (Eriksson and Webb, 2011; Soy ef al.,
2016). Interaction with these partners modifies TOC1 func-
tion and has a relevant role in linking light signals to both cir-
cadian and photomorphogenic processes. To identify StTOCI1
partners with a role in tuberization, a yeast two-hybrid potato
leaf library (Bos et al.,2010) was screened using StTOC1 as the
bait. This screen identified 10 StTOCTI-interacting proteins,
including StPIF3 (Table 1; Supplementary Fig. S3). Complex
formation with this PIF potato homolog was confirmed by
co-immunoprecipitation (Supplementary Fig. S3). TOC1 is

shown in Arabidopsis to repress the transcriptional activity of
PIFs (Soy et al.,2016), and this interaction was studied in more
detail in transactivation assays.

Transactivation assays of SP6A using the TOC1 OX
construct

To determine whether the StTOC1 protein plays a role in
StSP6A regulation, transient transactivation assays were per-
formed. The StSP6A promoter (2.64 kb) was fused to the
luciferase reporter gene (p6A:LUC), and this reporter con-
struct was agroinfiltrated into N. benthamiana leaves alone or
in combination with constructs expressing the StTOC1 and/
or StSPOA effector proteins. Since we showed StPIF3 to be
a StTOCT-interacting partner (Supplementary Fig. S3), we
also tested whether complex formation with this PIF factor
is involved in StSP6A promoter regulation (Fig. 5). Notably,
StTOC1 was observed in these assays to suppress StSP6A pro-
moter activity, and this inhibition was much greater when
StTOC1 was co-infiltrated with the StSP6A protein than when
expressed alone. Although previous studies have demonstrated
that StSPOA activates its own expression in stolons (Navarro
et al., 2011), a marginal activation of the p6A::LUC reporter
was observed on expression of the StSPOA effector alone. This
implies that an additional DNA-binding protein not present
in N. benthamiana leaves is required for this regulation. The
finding that StTOC1 suppresses expression of the p6A:LUC
reporter, however, is fully consistent with the expression data of
swelling stolons, where StSP6A transcript levels were increased
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Table 1. List of proteins shown to interact with StTOC1 by screening of a potato yeast two-hybrid cDNA library

Top SpudDB hit (ITAG annotation) SpudDB identifier

Top Arabidopsis hit (TAIR annotation) TAIR identifier

Helix-loop-helix DNA-binding
Pentatricopeptide repeat-containing protein
Retinoblastoma-binding protein
Nucleotidyltransferase

Mahogunin

SAT5, cell number regulator 8-like
Pseudo-response regulator

ATP binding protein

DNA binding protein

Class Il chitinase

Sotub01g039200.1.
Sotub11g006500.1.
Sotub10g025990.1.
Sotub01g033170.1.
Sotub01g036450.1.
Sotub09g007070.1.
Sotub03g016990.1.
Sotub02g022320.1.
Sotub01g048540.1.

1
1
1
1
1
1
1
1
1

Sotub029026280.1.1

StPIF3, Phytochrome interacting protein3 At19g09530
SVRY7, Suppressor of variegation7 At4g16390
DWNN domain, a CCHC-type zinc finger At5g47430
Nucleotidyltransferase At3g61690
RING/U-box superfamily protein At3g06140
PLACS family protein At2g37110
Pseudo-response regulators At5g24470
Octicosapeptide/Phox/Bem1p family protein At4g05150
Basic Helix-Loop-Helix 121 At3g19860
Basic Chitinase At3g12500

—— p6A —— p6A+SP6A
p6A+TOC1 —— p6A+TOC1+SP6A
—A— p6A+TOC1+PIF3 —A— p6A+PIF3

12 3 4 5 6 7 8 9 10111213 14
TIME (HOURS)

Fig. 5. Relative luminescence units (RLU) from transient expression
studies of the 2.64 kb StSP6A promoter fused to the LUC reporter

gene (p6A::LUC) co-transformed with the 35S::StTOC1, 35S::StPIF3,

and 35S::StSP6A effector constructs. Agrobacterium tumefaciens cells
containing these constructs were co-infiltrated into N. benthamiana leaves
and luciferase activity was measured in excised leaf discs at intervals of

1 hfor 14 h. Error bars represent the SD of n=12 leaf discs. Studies were
repeated three times, with similar results.

in the StTOC1 down-regulated lines (Fig. 2). This observa-
tion reflects that StTOCT acts as an inhibitor of the StSP6A
autoregulatory loop, possibly by interfering with the transcrip-
tional activity of StPIF3 (Soy ef al.,2016). However, StPIF3 did
not induce p6A::LUC activity when expressed either alone
or in combination with StTOC1 (Fig. 5), which suggests that
StTOC1-StPIF3 complex formation may have a relevant role
in the growth effects observed upon StTOCT misexpression,
but it is not directly involved in the regulation of StSP6A.

StTOCT1 interactions in planta

GFP-tagged proteins for StPIF3, StTOC1, and StSP6A
were localized following infiltration of N. benthamiana leaves
(Supplementary Fig. S4). Remarkably, the GFP-StPIF3 and
GFP-StTOC1 proteins localized to nuclear bodies, whereas
StSP6A-GFP was distributed in both the cytoplasm and

nucleus, as previously observed for other PEBP proteins (Zhan
et al.,2017).

We further analysed StTOCI1 in planta interactions by using
BiFC assays, where the N- or C-terminal portions of YFP were
fused to StTOCT, StPIF3, and StSP6A. Agrobacterium strains
expressing these fusions were infiltrated into N. benthamiana
leaves, and reconstituted fluorescence by these proteins was as-
sessed using confocal microscopy (Fig. 6). Interaction in the
nucleus was observed between StTOC1 and StSP6A (Fig. 6A),
StTOCT and StPIF3 (Fig. 6E) and StTOC1 with itself (Fig. 6D).
No interaction was evident between StSP6A and StPIF3 (Fig.
6B); negative controls are shown in Fig. 6C, E Very low levels
of fluorescence were observed in leaves expressing the YFP™-
StSPOA protein and the empty YFC43 vector (Fig. 6C), used as
a negative control. However, this signal was much weaker than
for the YEPN-SP6A and YEPC-TOC1 proteins, and, similarly
to the GFP-SP6A tagged protein, it was distributed in both
the nucleus and cytosol. In addition, yellow fluorescence as
a result of YFPC-StTOC1 and YFPN-StPIF3 interaction ini-
tially had a diffuse pattern but formed nuclear speckles fol-
lowing light irradiation (evident in Fig. 6]), as expected for a
phytochrome-interacting factor (Possart et al.,2017). Therefore,
BiFC confirmed an in vivo interaction of the StSP6A and
StTOCT proteins in the nucleus (Fig. 6A), as implied by the
transactivation experiments (Fig. 5). Co-immunoprecipitation
studies further corroborated the interaction between StSP6A
and TOC1 (Supplementary Fig. S3), thus unveiling a major
role of this complex in the negative control of the StSP6A
autoregulatory loop.

Changes in gene expression in swelling stolons
associated with StTOC1 down-regulation

Transcriptomic analyses were performed using a custom
Agilent microarray (see Materials and methods) containing
probes representing transcripts of all 39 031 protein-coding
genes predicted from the potato genome sequence (The Potato
Genome Consortium, 2011).

For the identification of genes that differentially respond
to elevated ambient temperature in the transgenic lines,
transcripts whose expression levels displayed a significant
interaction with respect to genotype and temperature (594
probes) were identified by two-way ANOVA.A GO enrich-
ment analysis using the AgriGO v2 platform (Tian et al.,
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Fig. 6. In planta protein—protein interactions between StTOC1, StPIF3, and StSP6A. Representative confocal microscopy images showing the
reconstituted BiFC fluorescence in epidermal N. benthamiana cells. YFP fluorescence generated by protein—protein interaction was detected 2 days
after infiltration. The interactions tested are indicated in panels A-l. (C) and (F) show the StSP6A-YFN43 and StTOC1-YFN43 fusions infiltrated with the
empty YFC43 vector, used as negative controls. Weak fluorescence in the cytosol and nucleus was observed for the StSP6A-YFN43 negative control
(C). Strong fluorescence by the reconstituted YFP protein (A) denotes that StSPEA and StTOCT interact in the nucleus. BiFC studies confirmed a nuclear
interaction of the StPIF3 and StTOC1 proteins (E), and the dimerization of StTTOC1 (D). No YFP fluorescence was observed in leaves infiltrated with the
StSP6A-YFN43 and StPIF3-YFC43 constructs (B), indicating that these proteins do not interact. (G), (H), and (l) are higher magnifications of (A), (D), and

(E), respectively.

2017) showed that these 594 probes were enriched in sev-
eral terms related to cellular and metabolic processes (Fig.
7). Further cluster analysis, using the K-means clustering
algorithm, grouped this gene set into four main clusters
(Supplementary Fig. S5), listed in Supplementary Table S2.
This table also includes the GO annotation for each probe in
the list. Cluster 4 groups 64 genes with particularly marked
up-regulation in TOCAS swelling stolons (Supplementary
Table S2). This dataset includes the multicystatin, beta-
expansin 1, chitin-binding lectin, and polyphenol oxidase
genes, which showed 39-fold, 11-fold, 9-fold, and 9-fold in-
creases, respectively, in the TOCAS44 line at 30 °C com-
pared with the WT at 22 °C.

We further examined the expression patterns of sets of genes
that have been previously identified as having important roles
in tuber development. For example, genes related to starch bio-
synthesis have been defined in previous studies (Ferreira ef al.,
2010; Van Harsselaar ef al., 2017), and displayed at time point
ZTO striking differences in expression levels between the WT
and TOCAS44 tuberizing stolons, under both normal and ele-
vated temperatures (Supplementary Table S1). Most genes in-
volved in starch metabolism were expressed at lower levels at
22 °C in the WT compared with TOCAS44, suggesting that
StTOCT affects starch synthesis at normal temperatures. In
addition, comparison of the expression levels of starch-related
genes at elevated temperature revealed a general trend towards
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higher expression in the TOCAS44 line. As StTOCT1 suppresses
the impact of heat by enhancing tuber yield, we also analysed
the abundance of heat shock response transcripts in these sam-
ples. Genes encoding heat shock proteins were expressed at a
higher level in the TOCAS44 stolons compared with the WT
at 22 °C.The increase in expression of heat shock proteins at
elevated temperature was also stronger in the TOCAS44 lines

than in the WT (Supplementary Table S1).

Discussion
Environmental control of tuberization

The molecular basis of the photoperiodic control of
tuberization is firmly established and key regulatory mod-
ules have been described (Abelenda et al., 2011; Navarro
et al., 2011; Kloosterman et al., 2013; Abelenda et al., 2016). In
view of the sensitivity of tuberization to moderately elevated
temperature, we studied whether the same regulatory mod-
ules integrate temperature cues or, rather, involve additional
temperature-responsive mechanisms. It has previously been
demonstrated that elevated temperature affects tuber develop-
ment by inhibiting the expression of the tuberization signal
(Ewing, 1981; Hancock et al., 2014). However, elevated tem-
perature is known to affect multiple processes in potato plant
physiology. For example, carbon transport to sink organs and
the incorporation of assimilated carbon into starch in the tuber
are both reduced at elevated temperatures (Wolf et al., 1991).
Photosynthetic performance is adversely affected alongside
tuber formation, as heat leads to chlorophyll loss and reduced
CO, fixation (Reynolds ef al., 1990).

Clues as to how the circadian clock is linked to tem-
perature inhibition of the tuberization signal were obtained
from expression studies, which demonstrated that StTOC1

expression increased at elevated temperature in developing
tubers (Hancock et al., 2014), leading us to investigate the ef-
fects of StTOCT misexpression in transgenic lines.

Phenotypic effects of altered StTOC1 expression

Gene expression patterns were compared in StTOCT antisense
lines and WT controls under standard and moderately elevated
temperature conditions. At 30 °C, down-regulation of StTOC1
expression was associated with increased StSP6A transcript
levels in swelling stolons, suggesting that under these condi-
tions StTOCT is a negative regulator of tuberization (Fig. 2).
Consistent with these data, the tuber yields of StTOCT antisense
lines nodal cuttings were higher at moderately elevated tempera-
ture than in the controls (Fig. 3). We have recently demonstrated
that the nodal cutting system can be used to predict the tuber
yield performance of whole plants under elevated temperature
(Trapero-Mozos et al., 2018). In the current work, the effect of
enhanced tuber yield at elevated temperature in StTOCT anti-
sense lines was also observed in a whole-plant experiment, where
higher tuber yields were observed to be due to an increase in
mean tuber size (Supplementary Fig. S2). Additional work will
be required to determine whether this effect is due to earlier
tuberization or an accelerated rate of tuber bulking. To further
support a negative effect of StTOC1 on tuberization, we also
generated transgenic lines in which StTOCT was overexpressed.
In contrast to the antisense lines, in these lines tuber yield was
reduced, and overexpression of StTOC1 was seen to reduce
StSP6A expression in leaves (Fig. 4).

In addition to its effects on tuberization, the StTOC1 ex-
pression level also impacted on plant height, as antisense lines
showed an elongated above-ground phenotype compared with
the WT, whereas overexpressing lines showed a decrease in plant
height (Supplementary Fig. S1). Previously, similar effects on
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hypocotyl elongation have been reported for Arabidopsis TOC1,
due to an interaction of TOC1 and PIFs inhibiting the tran-
scriptional activity of these factors (Mas et al., 2003, Soy et al.,
2016). StSP5G was observed to be increased in tubers from
StTOC1 down-regulated lines, in contrast to expectations for
a primary negative regulatory role of StSP5G on StSP6A ex-
pression in the tuber (Fig. 2). Previous studies using grafting ex-
periments indicate that StSP5G has a major repressive action
on StSP6A expression in leaves, but this negative control is less
important in below-ground tissues (Navarro et al., 2011). This
tissue-specific regulation is consistent with the expression pat-
terns we previously observed in developing tubers from potato
plants undergoing moderate heat stress (Hancock ef al., 2014).
Global gene expression profiling analyses of swelling StTOC1
antisense stolons, using the Agilent 60-mer microarray platform,
showed that genes related to starch metabolism were strongly
up-regulated under normal and moderately elevated temper-
atures in the transgenic lines, which supports the notion that
StTOCT is a negative regulator of tuberization (Supplementary
Table S1). Analysis of genes encoding heat shock proteins also
revealed a greater capacity of the transgenic lines to respond to
an increase in temperature compared with the WT controls.

Many genes previously identified as being stress respon-
sive were also elevated in StTOC1 down-regulated lines,
including those encoding multicystatin, polyphenol oxidase,
chitin-binding lectin, and beta expansin 1. Phytocystatin and
polyphenol oxidases have been reported to be activated in re-
sponse to abiotic stress (Halford and Foyer, 2015). Likewise,
overexpression of a wheat expansin gene in tobacco was de-
scribed to confer enhanced tolerance to oxidative stress (Han
et al., 2015). These observations, coupled with other reports
implicating StTOC1 in additional stress responses, make these
transgenic lines a useful resource for the study of further abi-
otic stress treatments and processes.

StTOCT1 binding partners

AsTOCI function has been shown in Arabidopsis to be modi-
fied on interaction with other partners (Soy et al., 2016), we
aimed to identify the binding partners of potato StTOCI.
In yeast two-hybrid screens, TOC1 was found to bind sev-
eral PRRs and PIF factors, including PIF3 (Soy et al., 2016).
This suggests that these interactions may link light signals with
TOC1-regulated developmental processes. Interestingly, we
demonstrated a conserved interaction of potato StTOC1 and
StPIF3, and so the effects on plant height in the potato trans-
genic lines could be due to StTOCT1 inhibition of PIF3 ac-
tivity (Supplementary Fig. S3). These results also demonstrate
that the elongated StTOCT antisense phenotype is not associ-
ated with decreased tuber yield but reflects the involvement of
StTOCT in additional circadian-regulated processes.

To investigate the role of StTOC1 in StSP6A control in
more detail, we performed transactivation experiments using
the StSP6A promoter fused to luciferase. Here, a negative ef-
fect of StTOC1 on StSP6A expression was observed, which
was enhanced when StSP6A was co-expressed with StTOC1
(Fig. 5). This implies that StTOC1 and StSP6A can interact
and the resulting complex inhibits StSP6A transcription more
effectively than StTOC1 on its own. This result is consistent

with the elevated expression levels of StSP6A observed on
StTOC1 down-regulation, and shows that the feed-forward
loop that leads to amplification of StSP6A expression in the
stolon can be controlled at elevated temperature by StTOC1.

Previous studies have demonstrated that PIFs play a prom-
inent role in thermomorphogenic hypocotyl elongation in
Arabidopsis (Foreman et al., 2011) and that these factors dir-
ectly bind the FT (Arabidopsis SP6A ortholog) promoter in
a temperature-dependent manner (Kumar et al., 2012). In
contrast, potato StPIF3 was unable to activate StSP6A expres-
sion (Fig. 5), and we presume that PIFs cannot directly bind
the StSP6A promoter since none of the required E or G-box
elements are present within the upstream region of this gene.
Additionally, in transactivation experiments, co-infiltration
of StPIF3 with StTOC1 effector constructs did not result in
more inhibition of StSP6A promoter activity than was ob-
served with StTOCT alone. Inspection of the 2.64 kb pro-
moter fragment used in transactivation assays (Potato Genome
Sequencing Consortium, 2011) shows that this region does
contain TOC1 recognition motifs (four TGTG sequences 1 kb
upstream of the transcription start site). This raises the possibility
that StTOC1 directly binds the StSP6A promoter, which ex-
plains suppression of the p6A::LUC reporter on co-infiltration
with vectors expressing the StTOCI protein. An even stronger
inhibition of the StSP6A promoter (almost 100%) was ob-
served on co-infiltration of StTOC1 and the StSP6A effector
constructs. Bimolecular fluorescence complementation and
co-immunoprecipitation assays confirmed that StTOC1 does
interact with StSP6A, as well as with StPIF3, in addition to
dimerizing with itself (Fig. 6). It is also clear that the StTOC1-
StPIF3 complex does not inhibit StSP6A promoter activity, in
contrast to the StTOC1-StSPOA interaction. Thus, these data
suggest that StTOCT inhibits StSP6A expression, and hence
tuberization, by counteracting the StSP6A teed-forward regu-
latory loop.The elevated expression of StTOCT at higher tem-
perature is therefore consistent with the observed reduction in
StSP6A promoter activity and transcript levels, leading to de-
creased tuber yields. The enhanced yield of TOCAS lines and
reduced tuber yield in StTOC1 overexpressing lines fully sup-
ports this regulatory model. In addition, although StTOC1 and
StPIF3 can interact, a role for the StTOC1-StPIF3 interaction
in the regulation of StSP6A promoter activity was not revealed
in this study, suggesting that this interaction likely impacts on
plant height, as has been observed in Arabidopsis.

Interestingly, recent work has identified a SP6A-specific
small regulatory RINA that shows enhanced expression under
elevated temperatures (Lehretz et al., 2019). The expression
of this small RNA provides another mechanism for the tem-
perature regulation of tuberization. These studies illustrate the
highly complex tiers of control that have evolved to regulate
tuberization, emphasizing the critical nature of this develop-
mental process in the plant life cycle.

Conclusions

Here we extended studies in Arabidopsis linking environmental
signals to photomorphogenesis to the crop species potato. We
demonstrate that StTOCT1 is a temperature-responsive nega-
tive regulator of the StSPOA tuberization signal in stolons, and
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that StSP6A interacts with StTOCI, resulting in a feedback
mechanism that regulates StSP6A expression. These studies
add to our current understanding of tuberization control and
demonstrate a main integration mechanism of thermal and de-
velopmental signalling via a circadian clock core component.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Comparison of plant height of glasshouse-grown
Desiree StTOCT transgenic lines with WT plants.

Fig. S2. Whole-plant tuber yield from WT and TOCAS44
grown at normal and elevated temperatures.

Fig. S3. Protein—protein interactions between StTOCI,
StPIF3, and StSP6A.

Fig. S4. Localization of GFP-tagged proteins for StPIF3,
StTOC1, and SP6A following infiltration of Nicotiana
benthamiana leaves.

Fig. S5. Comparison of gene co-expression profiles by
K-means clustering into four gene sets.

Table S1. Gene expression data from swelling stolons in
Desiree WT and TOCAS44 associated with starch metabolism,
starch degradation, transcription factors related to starch me-
tabolism, and heat shock genes.

Table S2. Lists of genes represented in K-means clusters de-
scribed in Supplementary Fig. S5.

Table S3. Primer/probe sequences used in this study.
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