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¢ In potato, maturity is assessed by leaf senescence, which, in turn, affects yield and tuber
quality traits. Previously, we showed that the CYCLING DOF FACTOR1 (StCDF1) locus con-
trols leaf maturity in addition to the timing of tuberization. Here, we provide evidence that
StCDF1 controls senescence onset separately from senescence progression and the total life
cycle duration.

e We used molecular-biological approaches (DNA-Affinity Purification Sequencing) to
identify a direct downstream target of StCDF1, named ORESARAT (StORE1502), which is a
NAC transcription factor acting as a positive senescence regulator.

e By overexpressing StORE7S02 in the long life cycle genotype, early onset of senescence
was shown, but the total life cycle remained long. At the same time, StORE7502 knockdown
lines have a delayed senescence onset. Furthermore, we show that StORE1 proteins play an
indirect role in sugar transport from source to sink by regulating expression of SWEET sugar
efflux transporters during leaf senescence.

o This study clarifies the important link between tuber formation and senescence and pro-
vides insight into the molecular regulatory network of potato leaf senescence onset. We pro-
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pose a complex role of StCDF1 in the regulation of potato plant senescence.

Introduction

Plant senescence is the last stage of plant development. During
this period, structures and chemical compounds in the chloro-
plast are broken down allowing nutrients to be recycled and real-
located to other parts of the plant for storage or further
development (Guiboileau ez 4/, 2010). This process includes leaf
senescence, which is characterized by a decrease in chlorophyll
content of leaves, discontinuation of meristem development, and
degradation of macromolecules such as proteins and nucleic acids
(Hortensteiner, 2009). The senescence process has been well-
studied in several plant systems as it is a critical trait which can
influence yield and nutritional value (Woo ez 4/, 2018). Potato
(Solanum tuberosum) is a member of the Solanaceae family and
the most important nongrain food crop (Zaheer & Akhtar, 2016).
Despite a long history of potato cultivation, several aspects of
potato development and life cycle regulation remain elusive.

In many other crops, maturity refers to flowering time, seed
maturity, fruit ripening and leaf senescence (TeKrony ez al,
1979; Maul ez al., 1998; Wang ez al., 2020). In potato, pheno-
typing underground development is difficult. Therefore, breeders
focus mainly on phenotyping the aboveground leaf maturity,
instead of tuber maturity. For potato, plant maturity is consid-
ered to be one of the most important genetically controlled,
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physiological components for phenotyping in breeding programs
for predicted harvest timing and yield improvement (Wallace
et al., 1993; Prat, 2006). Maturity is generally scored on an ordi-
nal scale from 1 to 7 with 1 being green plants and 7 being dead
plants (Hurtado ez al, 2011). Furthermore, potato maturity is
frequently evaluated by scoring only once, at a time point where
the breeder observes the greatest variation in a population. Thus,
the senescence onset, senescence progression speed and other
senescence-related factors remain less well characterized.

Leaf maturity is affected by numerous internal and environ-
mental cues. In potato, tuberization onset and leaf maturity are
tightly linked physiologically and genetically. In fact, these two
traits have often been mapped to the same genetic locus (Visker
et al., 2003; Kloosterman ez al., 2013; Jing et al., 2022). A major-
effect quantitative trait locus (QTL), located on chromosome 5,
is responsible for foliage maturity, tuberization onset, and final
potato yield (Visker ez al., 2003; Kloosterman et al., 2013; J. Li
et al., 2019). This QTL was shown to be functionally linked to a
DOF family gene (DNA-binding with one finger) coding for
a transcription factor named CYCLING DOF FACTORI1
(StCDF1) that was found to regulate tuberization and plant life
cycle length. In diploid potato, the genotypes with truncated var-
iants have earlier leaf maturity. The truncated variants of
StCDF1 exhibit enhanced protein stability caused by inability to
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bind to GIGANTEA (StGI) and FLAVIN-BINDING, KELCH
REPEAT, F-BOX (StFKF1) (Kloosterman et al., 2013). Overex-
pressing truncated StCDFI (§StCDF1.2) in the late tuberizing and
late leaves maturing background (homozygous StCDFI.1) leads
to both early tuberization and a short life cycle in potato (Kloos-
terman er al., 2013). Furthermore, a study based on 6 tetraploid
genomes demonstrated that the allelic variants of StCDFI corre-
late with leaf maturity in a dosage-dependent manner (Hoopes
et al., 2022). Recently, Jing er al. (2022) reported that the
StABI5-like I gene (StABLI) codes for a transcription factor
which also positively influences tuberization onset and leaf senes-
cence. In these studies, early tuberization was linked to the
FLOWERING LOCUS T-like (FT-like) gene SELF-PRUNING
6A (StSPGA). StSPOA is a small globular protein that acts as a
mobile tuberigen and belongs to the phosphatidylethanolamine-
binding protein (PEBP) family (Navarro er al, 2011; Zhang
et al., 2020). In stolon tips, StSPGA forms a tuberigen activation
complex (TAC) with St14-3-3s and S¢FD-LIKE1 (S¢FDLI1) to
activate downstream tuberization-related genes (Teo et al,
2017). Tuber formation requires assimilate translocation. StSP6A
is also found to be involved in leaf-to-stolon sugar transport, by
physically interacting with the sucrose efflux transporter Sugar
Will Eventually be Exported Transporter 11 (StSWEET11) to
promote symplasmic sucrose transport (Abelenda ez al, 2019).
While sugar transport is crucial for plant development through-
out the life cycle, it plays a particularly important role during
senescence, as it enables the mobilization of nutrients from senes-
cing tissues to other parts of the plant for storage or further use
(Wingler, 2018). A molecular link between both StCDFI and
StSP6A with plant senescence has not yet been demonstrated.

To gain insight into how potato tuberization associates with
leaf senescence, understanding the senescence regulatory network
is important. The Arabidopsis NAC transcription factor ORE-
SARA1 (ORE1) has been shown to act as a critical positive senes-
cence regulator (Woo et al., 2004; Rauf ez al., 2013; Qiu ez al.,
2015; Kim ez al, 2018). OREl promotes senescence by
directly binding to BIFUNCTIONAL NUCLEASEI (BENI),
SENESCENCE-ASSOCIATED GENE 29 (SAG29) and other
promoters of senescence-associated genes (Matallana-Ramirez
et al., 2013). Arabidopsis thaliana AtOREI mutants display a
stay-green phenotype (Kim e# al, 2018). In the early develop-
ment stages of plants, A#*ORE]I is targeted and downregulated by
the miRNAI164 at the transcription level (Kim ez al., 2009; Lira
et al., 2017). During leaf senescence, miR164 expression is down-
regulated while ArOREI expression is enhanced (Pulido &
Laufs, 2010). The balance between miR164 and AtORE] tran-
scripts is critical for leaf stage transition. Moreover, a number of
AtORE] orthologues affecting leaf senescence and fruit quality
traits have been identified in tomatoes, termed S/ORE1S02, 3
and 6 according to their chromosomal position (Lira et al,
2017).

Despite all previous research, knowledge about the regulation
of senescence in potatoes is limited. In previous studies, StCDFI
has been mapped as responsible for the onset of tuberization and
senescence (Visker et al., 2003; Kloosterman et al, 2013; J. Li
et al., 2019). In this study, we present various facets of potato
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plant senescence, covering the onset and progression of senes-
cence, as well as the assessment of the total life cycle length.
StCDF1I negatively affects the onset of senescence but accelerates
the progression of senescence and shortens the life cycle. In addi-
tion, we identify the direct downstream target of S:CDFI,
StOREI1S02 (named by analogy to tomato), which has been
found to regulate the onset of senescence specifically in potatoes.
We also found that StOREIs play a key role in sugar transporta-
tion throughout several leaf developmental stages. This study dis-
covered a new connection between tuber formation and
senescence and provides insight into the molecular regulatory
network of potato leaf senescence onset.

Materials and Methods

Plasmids and plant transformation

The sequences of StCDF1.2"? was synthesized by GenScript
and cloned (Supporting Information Fig. S2, see later). Then, it
was cloned into the pPENTR™/D-TOPO vector (Invitrogen™;
K240020) and then PK7GW2 by LR reaction (Invitrogen™;
11791 020). The destination vector was transformed into the late
tuberizing and senescence background potato CE3027 by
Agrobacterium-mediated gene transformation (Visser ez al., 1989).

To knockdown all StORE]Is, a 174 bp fragment targeted to all
three StOREI genes was generated by using VIGS tool
(https://vigs.solgenomics.net/). The fragment was cloned into
pK7GWIWG2(II) to obtain the intron-spliced hairpin RNA(RNAI)
construct and introduced into CE3130 (early senescence genotype)
plants by Agrobacterium tumefaciens-mediated transformation. The
full-length StORE1502 gene was cloned from CE3027 and inserted
into the pK7GW?2 vector. The plant transformation was done in the
same process to CE3027 background.

Plant materials, growth conditions and sampling

In this experiment, two nontransgenic potato (Selanum tubero-
sum L.) lines were used: CE3130 and CE3027, which were off-
spring plants from the diploid C X E population (Celis-Gamboa,
2002; Ramirez Gonzales ez al., 2021). All plants were propagated
in tissue culture by cutting.

Tissue culture plants (2 wk old) were transferred into 19 cm
diameter pots filled with soil (102 060 Potting soil nr.4 Unifarm:
40610 kg Horti Clay; 0.200 EN-m> MD Swedish sphagnum
peat; 0.400 EN-m” Baltic peat medium; 0.400 EN-m” Garden
peat Dolokal; 3820 kg Extra potting soil (bulk); 0.810 kg PG
mix 15-10-20; pH: 5.70; EC: 0.80; EN factor: 1.23 HWW:
180) and grown in a controlled-environment chamber at LD
condition (16 h : 8 h, light: dark, 22°C during the daytime and
18°C during the nighttime, at 70% relative humidity). The
plants were regularly watered and received fertilizer (Osmocote)
once at beginning (2 g per liter of soil). The pots were sorted into
lines of 5. At least 10-20 cm distance was left in between lines to
avoid shading.

Leaf samples for RNA isolation, chlorophyll isolation and
sugar analysis were harvested from the mid part of source leaves
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(fully expanded leaves, normally the 3-4™ branch of leaves from
the bottom, 1-2 cm up from leaf tip) at ZT3 (except the 24 h
time course) and then frozen in liquid N,, powdered and stored
at —80°C.

Nicotiana benthamiana plants for transient assay were grown
from seeds and were maintained in climate-controlled glasshouse
compartments under a day and night regime of 22°C:18°C,
16 h: 8 h, light: dark, at 70% relative humidity. The transient
assays were preformed on the 4-5 wk old Nicotiana benthamiana
plants.

RNA isolation and quantitative polymerase chain reaction

In order to quantify the relative expression levels of the targeted
genes, RNA was isolated from fully expanded leaves using the
MagMAX™ Plant RNA Isolation Kit (A33899) with the King-
Fisher™ Flex Purification System (5400610). One microgram of
total RNA was reverse transcribed in 20 pl mixture with the
iScript cDNA Synthesis Kit (Bio-Rad). The cDNA was diluted
to a volume of 200 pl with MilliQ Water. Aliquots (2 pl) were
then used as templates for subsequent real-time polymerase chain
reaction (PCR) experiments. StELF3e was used as a housekeeping
control (Kloosterman et al, 2013; Ramirez Gonzales et al,
2021), and primers of genes subjected to gene expression analysis
are listed in Table S1. The relative gene expression levels were cal-
culated using the delta CT method, normalized against StELF3e¢
expression.

Statistical analysis of data

The statistical analysis was performed using EXCEL and GRrapH-
Pap PrisM 9. The specific statistical method was chosen based on
data distribution and group comparison setup. The statistical
method used is indicated in the legend.

Sugar content analysis

The leaf powder samples, each weighing 80 £ 2 mg, were supple-
mented with 500 pl of MilliQ water. The samples were then
incubated at 80°C for 20 min with shaking. The tubes were cen-
trifuged for 5 min at maximum speed and the supernatant was
kept. 500 pl of MilliQ water was again added to the pellet and
the steps were repeated 5 more times. To measure the sugar con-
tent, the Sucrose Assay Kit (Sigma-Aldrich; SCA20-1KT) was
used. The absorbance was measured at 570 nm with TECAN
infinite m plex plate reader.

Phylogenetic analysis

All sequences for phylogenetic analysis were retrieved from differ-
ent database as follow: Solanum tuberosum L. (http://spuddb.uga.
edu/), Arabidopsis thaliana L. (https://www.arabidopsis.org/),
Solanum  lycopersicum L. (https://solgenomics.net/), Capsicum
annuum L. (hteps://solgenomics.net/), Solanum  melongena
L. (https://solgenomics.net/), Lactuca sativa L. (heeps://lgr.
genomecenter.ucdavis.edu/), Oryza sativa L. (htp://rice.uga.edu/),
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Hordeum wvulgare L. (hteps://ics.hutton.ac.uk/barleyrtd/index.
html), Triticum aestivum L. (https://academic.oup.com/plphys/
article/180/3/1740/6117747#supplementary-data), Brassica oler-
aceae L., Brassica rapa L., Brassica juncea L., Raphanus sativus L.
(http://brassicadb.cn/). The CDS were aligned by MuUsCLE in the
DNASTAR LASERGENE software. The phylogenetic tree was made in
the software using the default settings.

Chlorophyll extraction and analysis

In Fig. 3(e) (see later), the total chlorophyll content was mea-
sured following the Lightenthaler (1987) protocol. First, the
plant tissue was frozen, grinded, and weighed. Then, it was solu-
bilized in 1 ml of 95% ethanol and heated at 80°C for 20 min.
The solution was centrifuged for 5 min at 2800 G-force and the
pellet was extracted. This step was repeated two more times with
1 ml ethanol 95%, and the amount of fresh biomass was calcu-
lated. All the supernatants were finally collected to constitute the
extract. 200 pl of the extract was diluted in 1800 pl of 95% etha-
nol and measured at 648.6 and 664.2 nm using a spectrophot-
ometer. Chlz and & were calculated using the following formulae
(Guzzo et al., 2021):

Chla = 13.36 x (absorbance at 664.2nm)-5.19

X (absorbance at 648.6nm)

Chlb = 27.43 x (absorbance at 648.6nm)-8.12
x (absorbance at 664.2 nm)

Chlorophyll measurement by chlorophyll meter

In Fig. 1(b), the chlorophyll content was measured using the
Apogee  MC-100 Chlorophyll Meter (https://www.apogee
instruments.com/chlorophyll-meter-support/) at ZT3, following
the manufacturer’s guidelines and utilizing the generic settings.
The sampling was done with the mid part of source leaves (fully
expanded leaves, normally the 3—4™ branch of leaves from the
bottom, 1-2 cm up from leaf tip).

Chlorophyll fluorescence measurement

In Fig. 1(c), the parameters of chlorophyll fluorescence were mea-
sured by LI-600 porometer/fluorometer (https://www.licor.
com/env/products/LI-600) at ZT3, following the manufacturer’s
guidelines. The sampling of leaf tissue was performed the same as
in the chlorophyll measurement.

DAP-Seq lllumina library preparation and analysis

DNA Affinity Purification and sequencing (DAP-Seq)
experiments was preformed by (Gonzales, 2022) with full
described mythology. In brief, the gDNA (genomic DNA) from
stolons of S. tuberosum group andigena plants was isolated using
the CTAB method (Doyle, 1991) with three independent repli-
cates. Further, the isolated gDNA was quantified with Qubit 4
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Fig. 1 StCDF1 repress expression of StORE7S02 via directly binding to the promoter of StORE7S02 in Solanum tuberosum. (a) Phenotype of CE3027 (long
life cycle, late tuberizing, homozygous for StCDF1.7), CE3130 (short life cycle, early tuberizing, containing both the StCDF17.2 and StCDF1.3 alleles), OE
StCDF1.2°°°? 14 at 50 and 79 days after planting (DAP). (b) Fold change of chlorophyll content (umol of chlorophyll per m?, measured by Apogee MC-
100 Chlorophyll Meter) from 23 to 72 DAP in CE3027, CE3130, OE StCDF1.2°°®? 1# and OE StCDF1.2°°°? 2#. The chlorophyll content of each line was

standardized to a value of 1 at 23 DAP. Error bars: means =+ SE, with n = 12 technical replicates. (c) Quantum yield of PSII (in light, measured by Licor-600)
of the same samples from (b). Each measurement was plotted as one data point, n = 12 technical replicates. The average of data points from the same time
and plant line are connected by a line. (d) DAP-Seq (DNA affinity purification sequencing) binding peaks of StCDF1 in the promoter region of StORE7502.
Diagram description from the top: input library as negative control (black bar chart), experiment 1 (blue bar chart), experiment 2 (yellow bar chart), experi-
ment 3 (green bar chart). The significant binding sites are shown as colored blocks below the bar charts of each experiment. The gene model of StORE1502
is represented in blue. In the right bottom corner, the scale represents 1 kb. (e) Diurnal gene expression analysis of StORE7502 in CE3027, CE3130 and OE
StCDF1.2°°°? 14 and OF StCDF1.2°° 2#. RGE: relative gene expression. ZT, Zeitgeber time. Error bars: means + SE, with n = 3 biological replicates. (f)
Transcript profiles of StORE7s throughout development in CE3130 and CE3027. Error bars: means =+ SE, with n = 3 biological replicates. (g) Repression of
pStORETS02::iLUC luciferase activity by 35S::StCDF1.17 in Nicotiana benthamiana leaves. The pStORE1S02 were used as a negative control. Relative lumi-

nescence units (RLU) was measured at intervals of 30 min for 40 h in total. Values are given as median + SD, n = 16.

fluorometer and fragmented in a Covaris M220 Focused-
ultrasonicator with target size 200 bp. DNA-ends were trimmed,
A-overhangs created, and the adapters ligated. Adapters were gen-
erated by annealing the oligonucleotides Adapter A 5'-
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3" and
Adapter B 5-GATCGGAAGAGCACACGTCTGAACTC-
CAGTCAC-3.

The coding sequences of the StCDFI.1 (used in experiment
1&2) and StCDFI1.2 (used in experiment 3) were fused to
maltose-binding proteins (MBP) in pDEST-THI1 vector. Then,
the recombined constructs transformed into Escherichia coli
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Rosetta cells to produce the recombinant proteins. Soluble
extracts derived from induced E. coli cultures expressing MBP-
CDF fusions were used to obtain recombinant proteins. Subse-
quently, 400 pl of clarified protein extracts were incubated with a
potato gDNA library at a concentration of 400 ng. We utilized
Amylose Magnetic Beads from New England Biolabs for the
binding of MBP fusion proteins and the purification of protein-
DNA complexes. Then, 20 cycles of PCR were performed using
the recovered DNA with following primers: Primer A (Illumina
TruSeq Universal_Primer) 5AATGATACGGCGACCACCG
AGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

© 2024 The Authors
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CT 3’ and Primer B: Illumina TruSeq Index Primer:5’
CAAGCAGAAGACGGCATACGAGAT-NNNNNN-GTGAC
TGGAGTTCAGACGTGTGCTCTTCCG 3'. For Primer B,
NNNNNN is ‘ATCACG’, ‘CGATGT or ‘ATCACG’ for
experiments 1, 2 and 3, respectively. As a negative control, we
generated an input library by directly amplifying the gDNA
library for 10 cycles. Subsequently, the DNA was further purified
and quantified using the previously described methods. The
indexed libraries underwent sequencing using Illumina HiSeqX
(PE 2 x 50, experiment 1 and input sample) by Novogene (Cam-
bridge Lab, Cambridge, UK), and MiSeq V3 (PE 2 X 75, experi-
ments 2 and 3). The analysis of reads sequencing results is
described in Gonzales (2022).

Transient dual-luciferase reporter system

The putative promoter regions for StOREI1S02 and StSWEET]1
were amplified from CE3027 using primers designed based on
the DM1-3-56-R44 v4.04 genome sequence, as specified in
Table S1. The StORE1S02 promoter region was set as the region
up to 4 kb upstream of the transcription start site which included
the sequence bound by StCDF1 obtained from the DAP-Seq
analysis (Fig. 1d). The StSWEET11 promoter was set as the
region up to 3kb upstream of the transcription start site
(Fig. S4A, see later). The PCR amplification products of both
promoters were cloned into GATEWAY cloning vector
pDONR221 or pPDONR207 and later inserted into pGWB435-
iLUC destination by LR Clonase reaction (Invitrogen).

The StOREISO2mDAP promoter sequence was modified
from the 4.0kb StOREI1S02 promoter fragment previously
cloned into pDONR207. This mutagenesis aimed to modify
the second 250 bp proximal peak region, identified in experi-
ments 2 and 3 of the StCDF1 DAP sequencing results (Gon-
zales, 2022). Primers were designed flanking the CDF1 binding
DAP-seq peak region, introducing a BamHI restriction enzyme
site. Subsequently, the PCR product underwent BamHI diges-
tion to create sticky ends. The digested PCR product was then
subjected to ligation using T4 DNA ligase (Promega). The
resulting ligation mixture was subsequently transformed into a
DHS5a strain of E. coli. Identification of constructs containing
the desired mutation was achieved through restriction digestion.
Finally, validation of the mutations was carried out through
DNA sequencing, before cloning it into the pGWB435iLUC
destination vector.

These reporter constructs were transformed in Agrobacterium
tumefaciens strain  (AGL1) and co-infiltrated into Nicotiana
benthamiana (rdr6i) leaves with 35S:5:CDFI.1 (full length) con-
structs. Agrobacterium  strains resuspended in MMAIi buffer
(10 mM MES (pH 5.8), 10 mM MgSO4 and 150 pM acetosyrin-
gone). A final concentration of 0.2 ODygyq for all constructs was
used for infiltradon. Two days’ postinfiltration leaf disks were
incubated in 2XMS plant supplemented  with
0.02 mg ml™" p-luciferin (Promega). Luciferase activity was
recorded every 30 min in Centro LB-960 microplate luminometer
(Berthold Technologies, Bad Wildbad, Germany), using MIkro-
WIN 2000 (v.4.29) software.

medium
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Results

StCDF1 represses senescence onset and shortens growing
period

Previously, we showed that overexpressing a truncated StCDFI
(8tCDF1.2) in a late tuberizing background (homozygous
StCDF1.1), not only induced early tuberization but also shor-
tened life cycle length (Kloosterman er al, 2013; Hoopes
er al., 2022). By contrast, knocking down S¢tCDFI in an early
tuberizing background (heterozygous StCDF1.2/1,3) resulted in
extended life cycle length (Fig. S1). To study the function of
StCDFI in regulating senescence, we selected two offspring
plants of the CX E population described previously (Klooster-
man et al., 2013; Ramirez Gonzales et 2/, 2021) with different
StCDF1 allele combinations for observing senescence-related
traits in detail (Fig. 1a). To study the impact of StCDF1 in regu-
lating senescence, we aimed at overexpressing StCDF1 in a late
background. Due to the better protein stability, StCDF1.2 was
selected as backbone (Kloosterman et 4/, 2013). Furthermore, to
avoid negative regulation by the IncRNA StFLORE transcript
(Ramirez Gonzales er al, 2021) and thereby ensuring high
expression throughout the day, we edited the coding usage in the
35S:StCDF1.2 construct (Fig. S2) resulting in a construct named
p35S:StCDF1.2°*%. Strong expression of p35S:S:CDF1.2<"
was found in transgenic lines (Fig. S3).

Interestingly, although a longer life cycle was observed in
CE3027 (homozygous StCDFI.1), the lowest leaves have visible
yellowing (50 DAP) earlier than those in CE3130 (early tuberiz-
ing, containing two truncated StCDFI variants: the StCDF1.2
and StCDF1.3 alleles) and OE StCDF1.2°*" (Fig. 1a). The visi-
ble leaf yellowing in CE3130 started at 72 DAP and it rapidly
completed its life cycle within 1 wk. The weekly measurements of
chlorophyll content consistently demonstrate a gradual decline in
the lower leaves of CE3027 starting from 37 DAP. By contrast,
the chlorophyll content in OE StCDFI1.2°*? and CE3130 plants
appears to remain relatively stable until reaching 65 DAP
(Fig. 1b). We observed a similar pattern in change of chlorophyll
fluorescence (quantum yield of PSII) through the time (Fig. 1c¢).
Together, the delayed senescence onset and shortened life cycle

260 trans-

also were clearly visible in overexpressing StCDFI.
genics (Fig. la—c).

These phenotypes suggest that senescence-related traits, like
senescence onset, speed of senescence progression and life cycle
length are not positively correlated in potato. Overexpressing
StCDF1.2°“ in a late background or carrying a truncated
StCDFI allele (StCDF1.2/1.3) will shorten the life cycle, but
delay senescence onset. In summary, StCDFI repress senescence
onset and reduced life cycle length.

StCDF1 binds to and represses the expression of a positive
senescence regulator, StORE71502

To understand how StCDFI is involved in the regulation of
senescence, this study used the direct target genes of StCDF1.
Recently, a DAP-seq (DNA Affinity Purification and sequencing)
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of StCDF1 was performed by Gonzales (2022) and this dataset
revealed many novel direct downstream targets of StCDF1. By
manually screening for well-known senescence regulators, we
found that there are multiple binding sites for StCDF1 on the
promoter of StOREIS02 (StORESARA1S02; Fig. 1d), whose
orthologues positively regulate senescence in Arabidopsis and
tomato (Lira ez al, 2017). Based on the DAP-seq results, we
hypothesized that StCDFI might directly regulate the expression
of StORE1S02. Therefore, we examined the expression of
StORE1S02 in CE3130 and OE S:CDF1.2“°*” transgenics and
the background of these transgenics (CE3027). The results show
that during the early light period (ZT0-ZT3), transcription levels
of StORE1S02 in CE3130 and OE S:CDFI.2“* transgenics
were strongly downregulated compared to CE3027 (Fig. le;
Table S2).

This repression can also be found in the StORE1S02 expres-
sion profile during the development (23-57DAP; Fig. 1f) in
CE3130 compared to CE3027. Although the StOREIS02 tran-
script level reached its highest point at 37 DAP in both early and
late backgrounds, the upregulated period of StORE1S02 is longer
in CE3027 (30 DAP-50 DAP) than in CE3130 (30 DAP-43
DAP). To further confirm that the reduced expression of
StORE1S02 is linked to the repressing function of StCDFI, the
35S:5tCDF1.1 construct was co-infiltrated into tobacco leaves
with StORE1S02 promoter constructs driving expression of the
firefly luciferase gene (Fig. 1g). The result shows that StCDF1
downregulates the expression of StOREISO2. Moreover, by
mutating one predicted StCDF1 binding sites, the repression
effect is reduced by over 35% (Fig. S4). Together, StCDF1 bind-
ing to the promoter of StORE1S02 and the co-expression study
confirms that StCDF1 directly negatively regulates the expression
of StORE1S502.

ORE1 orthologs in potato
ORESARAI (OREI) encodes a NAC transcription factor that

positively regulates senescence by promoting nucleic acid degra-
dation and inhibiting chloroplast maintenance (Matallana-
Ramirez et al.,, 2013; Rauf et al,, 2013). In this study, we identified
3 ORE1 orthologs in potato by comparing protein sequences from
Arabidopsis  thaliana and  Solanum  lycopersicum  (ArOREI,
SIORE1S02, SIORE1S03, and SIOREIS06) against the potato
reference genome DM 1-3516 R44 v6.1. The identified homologs
were named StORE1S02, StORE1S03 and StORE1S06 according
to their chromosome localization, as with the tomato S/OREI
genes. The coding sequence (CDS) of the genes were aligned and a
phylogenetic representation including all OREI sequences from
the different crops was created (Fig. 2a). Interestingly, unlike other
plant families, all analyzed Solanaceae species had 3 copies of
OREL

By retrieving and analyzing the CDS of ORE! from 13 species,
we found that all Solanaceae species carry an in-frame insertion
of 24 bp in the ORE1S502 homolog (Fig. 2b). This insertion was
suggested to disrupt the binding and the cleaving by miRI164
(Lira ez al., 2017). We performed a diurnal gene expression ana-
lysis of StORE1I genes in the diploid potato genotype CE3027
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and show that StORE1502 has a much higher expression than the
other two at four different time points (ZT0, ZT3, ZT6 and
ZT12; Fig. 2c). The same pattern can also be found over the
development period (Fig. 1f). Therefore, the transcript abun-
dance of StORE1502 is the highest among all three ORE1 ortho-
logs in potato.

StORE1S02 positively regulates senescence onset

Based on phylogenetic analysis and diurnal gene expression ana-
lysis, StORE1S02 is the closest ortholog to A*ORET and has the
highest expression among all three StOREI genes (Fig. 2a,c).
Therefore, for the p35S:StORE1S02, 3 transgenic lines were gen-
erated in the long life cycle diploid potato genotype CE3027.
The results show both selected transgenic lines (OE#11, OE #21)
displayed higher expression of StORE1S502 (Fig. S5) and they all
showed an early senescence phenotype (Fig. 3a). However, over-
expressing StORE1502 did not shorten the life cycle compared to
the background CE3027 (Fig. 3b).

Interestingly, in both overexpressing StOREIS02 transgenic
lines the expression levels of StOREISO3 and StORE1SOG were
upregulated. This result suggests SFORE1S02 may positively reg-
ulate StORE1SO3 and StORE1SOG6 expression (Fig. 3c¢).

To further confirm the function of StOREIs in potato and
avoid possible redundant effects of different homologs, we
selected the region which is highly similar among all three
StORE1s as RNAI targeting region (Fig. S6). StOREIs knock-
down plants were generated in CE3130, a short life cycle back-
ground. Two lines (KD#3 and KD #4) were selected for use in
this experiment. A delayed senescence phenotype was found
in the StORE1s knockdown lines (Fig. 3d). The chlorophyll level
also indicates that these transgenic lines contain less chlorophyll a
and b compared with the background genotype (Fig. 3e). The life
cycle length of KD lines is extended for an extra 3 wk, but their
life cycle still ended earlier than CE3027 and both OE lines
(Fig. 30).

BIFUNCTIONAL NUCLEASE1 (BFN1I) has been reported to
be positively regulated by OREI in Arabidopsis (Matallana-
Ramirez ¢t al., 2013). In our transgenic lines, we found that
StBEN1 expression was significantly downregulated in KD#3 and
KD#4 lines and upregulated in OE#11 and OE#21 lines, com-
pared to their background plants separately (CE3130 and
CE3027; Fig. 3g). Thus, we confirmed that this senescence-
associated gene StBFNI is positively regulated by StORE1 tran-
scription factors. By checking the senescence phenotype and
senescence-related gene expression of both OE and KD lines, we
provide strong evidence that StORE1 proteins act as positive reg-
ulator for senescence, especially the senescence onset timing, in
potato.

StORET genes do not affect tuberization initiation but
affect sugar transportation

To address whether StORE1S02 genes have an impact on tuberi-
zation, the tuberization phenotype was examined in the StOREI-
RNAI lines and their background plants (CE3130) at 35 DAP.
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Fig.2 ORET orthologs in Solanum tuberosum. (a) Phylogenetic representation of the ORE7 genes obtained from the alignment of their protein sequences.
The different species are clustered by family. Three AtORE7 orthologs were found for all Solanaceae species. All sequences are detailed in Supporting
Information Table S3. In potato, they were named as follows: StORE1S02, StORE1S03, and StORE1S06. (b) Alignment of AtORET and its orthologs in four
Solanaceae species. The miRNA164 binding site in ORE7S02 genes is highlighted in yellow. The red arrowheads correspond to the SImiRNA164 cleavage
sites detected by Lira et al. (2017), in StORE1S03 and StORE1S06. (c) Analysis of StORET gene expression in CE3027 across the diel. Error bars:

means + SE, with n = 3 biological replicates. *, P < 0.05; **, P < 0.01; Compared to StORE1502; t-test.

In previous experiments, CE3130 started tuberizing c. 30-35
DAP. Both KD lines produced tubers at 35 DAP, as did CE3130
(Fig. 4a). In order to confirm the molecular state underlying the
tuberization phenotype, the expression of StSP6A in the trans-
genic lines was measured (Fig. S7). The StSP6A expression
remained high in these KD lines. These results demonstrate that
StORE1 proteins do not function as a trigger of tuberization.
During the observation period, leaf thickening was found in
KD lines (Fig. 4b). We speculated that leaf thickening and cell
enlargement could be an indication of increased sugar accumula-
tion. To test our hypothesis, we analyzed the sucrose and glucose
content in the leaves at 4 different time points. In the KD lines,
the sucrose content increased through time. By contrast, the
sucrose content in CE3130 plants remained the same between
these 4 time points (Fig. 4c). The glucose content remained rela-
tively stable in all plant lines through these 4 different time points
(Fig. S8). We further checked the chlorophyll fluorescence and
there was no significant difference between KD plants and their
background plants (CE3130) among all the time points (Fig. 4e).

© 2024 The Authors
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Together, we observed that under the same photosynthesis rate,
sucrose accumulated in the leaves of StORE1s knockdown plants
throughout the development, but not in their background plant
(CE3130).

Senescence-associated genes (SAGs) are a group of genes that have
been found to be upregulated during senescence in various spe-
cies (Lohman er al, 1994; Gepstein et al., 2003). SAGs are,
therefore, used as molecular markers for detecting senescence
(Gepstein et al., 2003; Zhang et al., 2021). SAG29 has been
found to be a direct transcriptional target of OREI in Arabidopsis
(Matallana-Ramirez et al, 2013) and the induced expression of
SAG29 has been found to be associated with leaf yellowing
(Kamranfar er al., 2018). Interestingly, SAG29 is also known as a
member of the clade IIT SWEET proteins (SWEET15). We show
that the expression of StSAG29 was strongly repressed through-
out different developmental stages (37DAP and 43DAP) in
RNAi StORE1S02 lines compared with CE3130 (Fig. 4d). This
is consistent with an increased sucrose content found in the leaves

(Fig. 4¢). By contrast, StSAG29 has a higher expression in OE
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lines than in CE3027 (Fig. S9). Besides StSAG29/SWEET15, the  co-infiltrated into tobacco leaves with StSWEETI1I promoter
expression of SESWEET11 was also found to be increased in both  construct driving expression of the firefly luciferase gene. The
StORE1S02 overexpressed lines and decreased in both StOREI  results show StORE1S02 can activate expression of SsSWEET11
knockdown lines (Fig. 4f). To further confirm this regulation, we (Fig. S10). We also investigated the expression of StHXKI, a
performed a transient assay. The 358::StORE1S02 construct was ~ well-known player in sugar signaling that regulates leaf
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Fig. 3 StORE7S02 positively regulates senescence. (a) From left to right, CE3027 and CE3027 transformed with 35S::StORE7S02 lines 21 and 11 (OE #21
and OE #11) at 43 days after planting (DAP). (b) From left to right, CE3027 and CE3027 transformed with 355::StORE7S02 lines 21 and 11 (OE #21 and
OE #11), at 95 DAP. (c) Relative expression of StORE1SO3 and StORE1SO6 in CE3027 and CE3027 transformed with 35S::StORE7S02 lines 21 and 11
(OE #21 and OE #11) at 23 DAP. Data are presented as the mean + SE biological triplicates. *, P < 0.05; t-test. (d) From left to right, CE3130 and
StORE1S02 knockdown lines in the CE3130 background (KD #3 and KD #4) at 72 DAP. (e) Analysis of chlorophyll content in CE3027, OE #21 and OE #11
at 43 DAP. And chlorophyll content in CE3130, KD #3 and KD #4 at 72 DAP. Data are presented as the mean + SE biological triplicates. *, P < 0.05; t-test.
Samples from each line were pooled (5 individuals) and measured. (f) Heat map shows the senescence development. Senescence scoring according to the
instructions from Hurtado et al. (2011), with minor modifications: 1 = green plant; 2 = upper leaves with the first signs of yellowing (light green); 3 = yellow
leaves; 4 =25% of canopy brown; 5 =50% of canopy brown; 6 =>75% canopy brown; 7 = dead plant. (g) Relative expression of StBFN17. The gene
expression results of CE3130 and StORE7S02 knockdown lines in CE3130 background (KD #3 and KD #4) at 37 DAP are shown in blue. The gene expres-
sion results of CE3027 and CE3027 transformed with 35S::StORE7S02 lines 21 and 11 (OE #21 and OE #11) at 23 DAP are shown in orange. Data are pre-

sented as the mean =+ SE biological triplicates. *, P < 0.05; t-test.

senescence (Moore et al., 2003). However, no significant differ-
ence was found between the KD lines and CE3130 (Fig. S11).
These results indicate that SSSWEET11 and SAG29/SWEETI15
expression are associated with senescence and regulated by the
StORELI transcription factors.

Compared to the extended life cycle of KD plants, the
CE3130 plants finished their life cycle 3 wk earlier. We harvested
all CE3130 and half of the KD plants and measured total tuber
weight at 72 DAP. The other half of the KD plants was harvested
at 95 DAP. In the first harvest, the total tuber weight of CE3130
was higher than all KD lines (Fig. 4g). In the second harvest,
both KD lines achieved higher yield compared to the first harvest.
However, the total yield of KD lines in the second harvest
showed no significant difference to the total yield of CE3130
(Fig. 4g).

We also compared the total yield from StORE1S02 overexpres-
sing lines with their background CE3027. The yield of both OE
#11 and OE #21 plants was significantly reduced compared to
the background (CE3027; Fig. 4h). Among these transgenics, the
higher expression of StOREI1S02, the greater the reduction in
yield. The OE #11 line, which has the highest expression of
StORE1S02 (Fig. S5), failed to make any tubers. The OF #21
line has a lower expression level of StORE1S02 compared to line
#11 and is able to make tubers but the yield is significanty
reduced (Fig. 4h).

These results together indicate that
StORE1S02 expression may delay the sugar transport from leaf to
tuber but has no significant impact on yield in practice. However,
overexpressing StORE1S02 significantly reduced the yield. Thus,
StOREIs play a key role in sugar transportation and premature
senescence caused by overexpressing StORE1S02 will lead to
severe yield loss.

knocking down

Discussion

Potato aboveground maturity is considered to be an important
trait for potato production, especially regarding the final yield.
In many other plants such as wheat, tomato, delayed senescence
contributes to longer periods of photosynthesis and can increase
final yield (Lira et al, 2017; Joshi et al., 2019). However, in
potato, previous field studies indicated this link between senes-
cence and final yield is more complicated. Clot er al (2023)
reported that the C x E population showed a negative

© 2024 The Authors
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correlation between life cycle length and yield, and we observed
the same in the genotype CE3027 in this research. By contrast,
a positive correlation between long life cycle and high yield is
seen in commercial potato breeding programs (Stockle
et al., 2010; Kleinwechter et al., 2016; Yuan et al., 2016). The
varieties used in these breeding programs have undergone selec-
tion for early tuberization and late senescence in order to achieve
high yield and high starch content (Hoopes et al., 2022; Clot
et al., 2023). Therefore, the genotypes from research populations
that have not undergone this selection, could consequently show
a different correlation. Consequently, using research populations
with a wider genetic base could help uncover the biological
functions underlying the correlations between life cycle length
and yield.

Allelic variation of StCDFI has been found to influence var-
ious developmental traits including tuberization, senescence and
yield (Kloosterman et al, 2013). Having a truncated StCDFI
(8¢tCDF1.2/1.3) not only promotes early tuberization and short-
ens life cycle length but also has major impact on yield (Klooster-
man ¢t al, 2013; Manrique-Carpintero et al, 2015; Marand
et al., 2019; Hoopes er al., 2022; Clot ez al., 2023). Thus, it is
apparent that StCDF1 plays a complex role in regulating potato
plant development.

In this study, we demonstrated that StCDFI.2 has different
effects on three senescence-related traits. Our data indicate that
plant senescence is not a single quantitative trait, but a combina-
tion of several morphological traits including senescence onset,
senescence progression speed and total life cycle length. Constitu-
tive overexpression of StCDFI delays senescence onset but pro-
motes more rapid senescence progression and shortened life cycle
length (Fig. 1a). This result indicates that these senescence-
related traits are not associated with each other but regulated
separately.

We identified a direct downstream target of StCDFI, which
has been known to act as a positive senescence regulator in other
crops, StORE1502 (Woo et al., 2004; Lira ez al., 2017). In potato
(Solanum tuberosum), three ORESARAI homologs are present;
StORE1S02, StORE1S03, and StORE1S06. Among these three
homologs, StOREIS02 is the closest to SIORE1S02 and shares
the feature of an insertion near the binding sites of the
miRNA164 (Lira et al., 2017). This is the case also for eggplant
(8. melongena) and Capsicum (C. annuum), which also belong to
the Solanaceae family of plants.
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In this study, we confirmed that SfFORE1S02 acts as a positive
regulator for leaf senescence in potato, as has been seen in
other plant species (Rauf ez al., 2013; Lira ez al., 2017), specifi-
cally regulating senescence onset. Overexpressing StORE1S02 in
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CE3027, which has a late tuberization time and a long life cycle,
induced early yellowing in the lower leaves, but life cycle length
was not affected. In the young/top leaves, overexpressing
StORE1S02 interestingly failed to induce cell death and leaf
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Fig. 4 StORE1S02 affects sugar transport in Solanum tuberosum. (a) From left to right, underground phenotype of CE3130 and StORE7502 knockdown
lines in CE3130 background (KD #3 and KD #4) at 35 days after planting (DAP). (b) Light microscopy image of a leaf cross section of CE3130 and
StORE1502 knockdown lines (KD #3 and KD #4). The leaves were harvested at 30 DAP. (c) Sucrose content in leaves of CE3130 and StORE7502
knockdown lines in CE3130 background (KD #3 and KD #4) at different time points (23, 30, 37 and 43 DAP). (d) Relative expression of StSAG29/SWEET15
in CE3130 background (KD #3 and KD #4) at different time points (23, 30, 37 and 43 DAP). Data are presented as the mean =+ SE biological triplicates. **,
P < 0.01; t-test. (e) Quantum yield of PSII (in light, measured by Licor-600) of CE3130 and StORE7 knockdown lines in CE3130 background (KD #3 and
KD #4) at different time points (23, 30, 37 and 43 DAP). Error bars represent the SE of the mean. (f) Relative expression of StSWEET17. The gene expression
results of CE3130 and StORE7502 knockdown lines in CE3130 background (KD #3 and KD #4) at 37 DAP are shown in blue. The gene expression results of
CE3027 and CE3027 transformed with 35S::StORE1S02 lines 21 and 11 (OE #21 and OE #11) at 23 DAP are shown in orange. Data are presented as the
mean = SE biological triplicates. *, P < 0.05; **, P < 0.01; t-test. (g) Average of tuber weight per plant for knockdown plants and their background

CE3130. *, P < 0.05; **, P < 0.01; t-test. Error bars represent the SE of the mean. (h) Average of tuber weight per plant for overexpressed plants and their
background CE3027. *, P < 0.05; **, P < 0.01; t-test. Error bars represent the SE of the mean. (i) A hypothetical model for the function of StCDF1 in
regulating tuberization and senescence suggesting that StCDF1 represses the expression of StCO and StSP5G, indirectly promoting StSP6A expression to
facilitate tuberization. Simultaneously, StCDF1 negatively regulates StORE7S02 at the transcriptional level. StORE1S02, when activated, promotes leaf
senescence by enhancing the expression of genes involved in nucleic acid degradation (StBFN7) and sugar transportation processes (StSWEET11&15).

yellowing. We hypothesize that either the SftORE1S02 transcript
or its protein’s function was blocked in the young/top tissue.
Other than posttranscriptional regulation by miRNAI64, a
kinase-based posttranslational mechanism was reported by Dur-
ian et al. (2020). Furthermore, the OREL protein undergoes
ubiquitin-mediated degradation, which is influenced by the
nitrate state (Park er al, 2018). Therefore, we propose that
the lack of impact on the top/young leaves when overexpressing
StORE1S02 may be attributed to distinct posttranslational modi-
fications within various tissues, such as phosphorylation and
polyubiquitination. Altogether, we propose that the onset of
plant senescence is regulated separately from the life cycle length
of the whole potato plant and more experimentation is required
to fully understand the molecular mechanism.

Previous studies in other crops reported that early leaf senes-
cence has a large negative impact on final yield (Xujun
et al., 2005; Ma ez al., 2018; Yang ez al., 2020). In this study, we
demonstrate the reduction in final yield, by inducing early senes-
cence in potatoes. In addition, we found that the lower fully
expanded leaves play an essential role as source leaves for tuberi-
zation and final yield accumulation, while the upper sink leaves
do not. This result provides insight into the interesting negative
correlation between long life cycle length and low yield in potato
genotypes like CE3027. This genotype has a long life cycle due
to apical meristem maintenance keeping young top leaves green.
However, the photosynthesis in these top young leaves does not
contribute to final yield. Considering yield is a highly polygenic
trait, it is possible that senescence onset and senescence progres-
sion speed were already inadvertently selected for during breeding
for high yield in the past. In most of these breeding programs,
senescence was treated as an individual trait, phenotyped at a sin-
gle time point. Our research provides the novel insight that the
different senescence components can all influence final yield.
This allows for more precise selection of traits in breeding. For
example, for late maturing genotypes which already have a long
life cycle, targeted selection for delaying senescence onset or slow-
ing down the senescence progression might be the route to
improve the final yield.

The increased sucrose content in leaves and reduced expression
of StSWEET11¢715, together with the delayed tuber growth, sug-

gest sugar transport from leaves to tuber was negatively regulated
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in KD lines. Sugar signaling has a significant impact on leaf
senescence (Hoeberichts et al, 2007; van Doorn, 2008; W. Li
et al., 2019). However, whether leaf senescence is promoted by
sugar accumulation or by sugar deficiency is still remains unre-
solved (Pourtau et al, 2006; van Doorn, 2008; Horacio &
Martinez-Noel, 2013; Zhaowei et al., 2020; Asim et al., 2022).
Here, we found that plants with low StORE1S02 transcript dis-
play enhanced sugar accumulation in leaves and delayed leaf yel-
lowing. This suggests that internal sugar accumulation is not the
decisive factor for promoting early leaf senescence. Furthermore,
our work provides a new mechanism for ORESARAI in inducing
senescence, namely that StOREls activate the expression of
downstream sucrose efflux transporters to promote efficient
phloem loading by SUC/SUT transporters. As such, we provide
new evidence that leaf senescence contributes to tuber formation
through nutrient release and rearrangement. Together, we pro-
pose that StORE1 transcription factors induce leaf senescence
that contributes to tuber formation, especially as a stimulator for
tuber bulking, but not as a tuberization inducer.

In potato, StCDF1I regulates day-length-dependent tuberiza-
tion onset by indirectly inducing the expression of StSPGA
(Kloosterman et al., 2013). StSPGA interacts with Sc(SWEET11
to block sucrose leakage, promoting symplasmic transport of
sucrose and tuber formation (Abelenda ez 4/, 2019). The fine
balance between StSP6A and StSWEETII in expression level
has a great impact on final yield (Abelenda ez 4f, 2019). In this
study, we uncovered that StCDF1 represses senescence onset by
directly repressing the expression of StORE1S02. StORE1S02,
as an activator of StSWEET genes, bridges the gap between
StCDFI and StSWEETs. Therefore, in the photoperiod-
dependent tuberization regulation, StCDF1 promotes tuberiza-
tion onset by keeping the expression balance of StSP6A and
StSWEET: (Fig. 4i).

This new study sheds light on the mechanisms underlying
potato development and yield potential, with important implica-
tions for potato breeding, particularly hybrid breeding. Our find-
ings highlight the significant impact of S¢tCDFI on regulating
potato plant development and reproductive progress. To uncover
additional genetic loci that regulate development, ScCDF1 allelic
variation should be considered in future breeding programs and
incorporated into population designs.
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Fig. S7 Log scale of the relative expression of StSP6A in
StORE1S502 knockdown and overexpressing plants at 37DAP.

Fig. S8 Glucose content in leaves of CE3130 and StORE1502
knockdown lines in CE3130 background (KD #3 and KD #4) at
different time points (23, 30, 37 and 43 d after plant, DAP).

Fig. S9 Relative expression of the StSAG29/SWEETI5 in
CE3130 background (KD #3 and KD #4) at different time
points (23, 30, 37 and 43 DAP).

Fig. S10 Transient assay to test the activation of pSSSWEET11::
iLUC luciferase activity by 35S:StOREI1S02 in Nicotiana
benthamiana leaves.
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Fig. S11 Relative expression of the StHXK/ in the same samples
as in CE3130 and StOREIS02 knockdown lines in CE3130
background (KD #3 and KD #4) at 37 DAP.

Table S1 Specific primer pairs for gqRT-PCR reaction.

Table S2 Statistical analysis for Fig. 1(e).

Table S3 ORE1 homologs in 13 plant species.
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