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Continuous ethylene supplementation suppresses postharvest sprouting, but it can increase reducing sugars,
limiting its use as an alternative to chlorpropham for processing potatoes. To elucidate the mechanisms involved,
tubers were treated after curing with or without the ethylene binding inhibitor 1-methylcyclopropene (1-MCP at

:gg 1pL L7 for 24 h), and then stored in air or air supplemented with continuous ethylene (10 pL L™1). Across three
1-MCP consecutive seasons, changes in tuber physiology were assessed alongside transcriptomic and metabolomic

analysis.

Exogenous ethylene alone consistently induced a respiratory rise and the accumulation of undesirable
reducing sugars. The transient respiratory peak was preceded by the strong upregulation of two genes encoding
1-aminocyclopropane-1-carboxylate oxidase (ACO), typical of wound and stress induced ethylene production.
Profiles of parenchymatic tissue highlighted that ethylene triggered abscisic acid (ABA) catabolism, evidenced by
a steep fall in ABA levels and a transient rise in the catabolite phaseic acid, accompanied by upregulation of
transcripts encoding an ABA 8’-hydroxylase. Moreover, analysis of non-structural carbohydrate-related genes
revealed that ethylene strongly downregulated the expression of the Kunitz-type invertase inhibitor, already known
to be involved in cold-induced sweetening. All these ethylene-induced effects were negated by 1-MCP with one
notable exception: 1-MCP enhanced the sprout suppressing effect of ethylene whilst preventing ethylene-induced
sweetening.

This study supports the conclusions that: i) tubers adapt to ethylene by regulating conserved pathways (e.g
ABA catabolism); ii) ethylene-induced sweetening acts independently from sprout suppression, and is similar to
cold-induced sugar accumulation.

1. Introduction

Maintaining dormancy and low reducing sugars content during
storage are key priorities for the global potato processing industry.
Control of dormancy during commercial storage is overly reliant on a
longstanding synthetic sprout suppressant, chlorpropham (CIPC), with
85 % of ware potatoes treated in the UK alone (Hinchcliffe et al., 2018).
Over the last 10 years, CIPC has been under regulatory scrutiny, and in
June 2019 the European Union legislated for its withdrawal, such that
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the 2019—2020 season was the last storage season where the application
of CIPC will be permissible. Among the alternative sprout suppressant
strategies available, continuous ethylene supplementation has received
much attention (Daniels-Lake et al., 2005, 2011; Foukaraki et al., 2014,
Foukaraki et al., 2016a, 2016b; Prange et al., 1998, 2005; Rylski et al.,
1974; Suttle, 1998), and in 2003 the Chemical Residue Directorate (UK)
approved its use as a sprout suppressant (Alamar et al., 2017a). The
inhibition of potato sprout growth by ethylene is well-known; and
similar effects of using ethylene to extend ecodormancy have been
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described in other low-ethylene-producing storage organs, like onion
bulbs (Cools et al., 2011; Ohanenye et al., 2019) and sweetpotato roots
(Amoah et al., 2016). Morover, continuous ethylene supplementation
induced an accumulation of abscisic acid (ABA) in potato tubers (Fou-
karaki et al., 2016a), and has been associated with tuber dormancy
(Alamar et al., 2017a; Sonnewald and Sonnewald, 2014).

Despite the positive effect on extending dormancy, ethylene is also
known to elicit the accumulation of reducing sugars (Daniels-Lake et al.,
2005; Foukaraki et al., 2016a, 2016b), similarly to storage temperature
below 7 °C (Bhaskar et al.,, 2010; Liu et al.,, 2013). Thus,
ethylene-induced and low temperature induced sweetening can result in
darker fry colour and associated acrylamide formation during high
temperature (>120 °C) cooking. Whilst low temperature sweetening can
be prevented by storing tubers at temperatures above 7 °C,
ethylene-induced accumulation of reducing sugars can be suppressed
with varying degrees of success: using 1-MCP prior to ethylene treat-
ment (Daniels-Lake et al., 2008; Foukaraki et al., 2016b; Prange et al.,
2005); by a gradual introduction of ethylene into the atmosphere known
as ramping (Colgan et al., 2014); or by physiologically targeting
ethylene application (Foukaraki et al., 2014). Nevertheless, the success
of these strategies relies strongly on many factors (such as treatment
dose, tuber age, and cultivar). Indeed, while the dual effect of ethylene
on sprouting and sugar accumulation have been extensively described,
the underlying mechanisms involved are poorly understood.

Potato tubers produce very low levels of ethylene during storage, and
it is not clearly established whether endogenous ethylene is part of an
ecologically important mechanism for tuber dormancy, or whether tu-
bers have simply retained exploitable machinery for an ethylene
response common to most plant tissues. The aim in this study was to
understand how, and through which regulatory molecular pathways,
exogenous ethylene and/or 1-MCP elicited their effects on potato tuber
quality. Physiological, biochemical, and transcriptional changes of
pathways of interest (ethylene, ABA, and sugar metabolism) induced by
exogenous ethylene were therefore investigated.

2. Materials and methods
2.1. Plant material and storage conditions
Across three seasons (Year 1: 2016—17; Year 2: 2017-18; Year 3:

2018), UK-grown tubers of cvs. VR808 (long storage) and Shelford
(short storage) cultivars were sourced from two diverse geographical

Table 1
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locations (Yorkshire and Cambridge) and transferred to Sutton Bridge
Crop Storage Research (Agriculture and Horticulture Development
Board, Sutton Bridge, Lincolnshire, UK) after harvest for curing
(Table 1). Immediately after arrival, tubers were passed over a grading
line to remove loose soil and rotten, damaged, green and/or undersized
(<45 mm) tubers. After curing, tubers were either treated at curing
temperature (Table 1) with 1-MCP (M-), 1 pL L~ for 24 h (Foukaraki
et al., 2016b), or kept in air (24 h. Control, C-) in storage chambers at
Sutton Bridge, following standard operating procedures. CIPC was not
applied to tubers used in this study.

After 1-MCP treatment, tubers were ventilated for 24 h and then
transferred to Cranfield University (Bedfordshire, UK) within 2 h
whereupon they were promptly sorted across treatments and stored in
gas-tight boxes (100 L, water-sealed) inside variable temperature rooms.
The boxes were continuously flushed (5 L min~ 1) with air (Control, -C)
or ethylene (-E), 10 pL L™}, as previously described (Amoah et al., 2017;
Collings et al., 2018).

The experiments followed a completely randomized design with
three replicates (boxes) per treatment/cultivar. To minimize chilling
stress and allow time for wound healing, tubers underwent a controlled
cooling regime from the curing temperature (Table 1), at a rate of 0.3 °C
reduction per day at ambient relative humidity (RH), to a holding
temperature of 8.5 °C, when the first sprout assessment was carried out.
The treatment combinations for each year were: CC, control + control;
CE: control + ethylene; MC: 1-MCP + control; ME: 1-MCP + ethylene
(Fig. 1).

2.2. Sprout assessment and ethylene treatment

Sprout assessment was carried out on 40 tubers per replicate/treat-
ment, and sampling point. Tubers were ranked according to the
following categories: no eye movement; a: peeping; b: sprout < 1 mm; c:
1 mm < sprout < 3 mm; d: sprout > 3 mm. For each season, the first
sprout assessment was done as soon as the temperature reached the final
storage temperature of 8.5 °C; thereafter, tubers were assessed at regular
intervals (Table 1). At the end of the storage (Table 1), sprout vigour
(length and diameter) was recorded (Fig. 2).

Continuous ethylene supplementation (10 pL L™1) was started at the
same time for all the cultivars; when any cultivar showed 10 % of tubers
peeping then ethylene treatment commenced (Foukaraki et al., 2016b).
In each year, cv. Shelford tubers showed 10 % peeping from the
beginning of storage (day 0), and as a consequence ethylene was

Experimental design and storage conditions. Treatments were applied as individual treatments or in combination (CC, CE, MC, ME).

Year and growing Cvs. Harvest  CuringT°Cand Treatments Storage  Storage Ethylene Sprout Sampling Storage end
location duration T°C start start assessment and duration
+ 1.MCP® L Every 2—3 days . 27/03/17
19 Oct 1pLL™, “4h Weekly: from ethylene start in VR808
Year °, 2016/17 VR808, 10 14 °C 8.5°C 07 Nov 15 Nov Nov-Dec; Nov-Dec 141 days
Yorkshire Shelford” Oct 6d 10uL 1! : Monthly: 27/02/17
+ Ethylene® ¥ . ? Jan-Feb Bulk and tissues Shelford
continuous
113 days
b 05/02/18
Year ¢ 1i71(-)1\cl{[CP 1pLL™, 4h Weekly: Daily during the first VR808
? VR808, 03 13°C R Nov-Dec; week in ethylene; 91 days
32(?)11‘135/}1111 Shelford” Oct 8d 10 uL L= 8.5%C 03 Nov 06 Nov Monthly: weekly in Nov-Dec. 27/11/17
+ Ethylene® H‘ ’ Jan-Feb Bulk and tissues Shelford
continuous
24 days
+ 1-MCP” 1
Year 3, 1pLL ™, “4h Weekly
1 12.5° 1 14/12/1
2018 VR808 O(it s d5 ¢ 8 Oct 10uL 11 8.5°C 02 Nov 05 Nov Weekly 4g/da/s 8
Cambridge + Ethylene® H ? Bulk and tissues Y
continuous

@ Shelford tubers have been used as trigger for the start of ethylene treatments, data are not discussed in the paper.

b Applied at Sutton Bridge at curing temperature.
¢ Applied at Cranfield University at storage temperature.
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control + control

> -E: Ethylene 10 pL L1

CE: control + ethylene
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T

Ventilation Temperature pull Ceco
24h  down (~ 2 weeks) r=85°c
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(~ 1 week)

5

I P -C: Control (air) MC:
>

1-MCP + control

ME: 1-MCP + ethylene

I -E: Ethylene 10 puL L-!

M-: 1-MCP, 1 pL L1, 24 h, curing T °C

Fig. 1. Ethylene treatments. Potato tubers cv. VR808 were stored at 8.5 °C under four two-stage treatments for pre-storage and storage: CC (control + control); CE
(control + continuous ethylene); MC (1-MCP + control); ME (1-MCP + continuous ethylene). 1-MCP (1 pL LY was applied at the curing temperature (12.5 - 14

°C. Table 1).

35+ A Year 1 + B Year 2 13.5
- CC = CC
3.0 F =3 CE 1 =3 CE 13.0
. MC . MC
3 ME 3 ME
25 ¢ 1 125
s 20 1 12.0 s
d I Length o
1.5} 1 115
1.0 f 1 T Lengh 11.0
0.5 I-|:|-I = Diameter 4 H |-I:|I = Diameter 4 0.5
0.0 H H 0.0
Length Diameter Isd Length Diameter Isd

Fig. 2. Sprout vigour (length and diameter) at the end of storage. Potato tubers cv. VR808 were stored at 8.5 °C under four different treatments: CC (control +
control); CE (control + continuous ethylene, 10 pL L™Y; MC (1-MCP, 1 pL L7! 24 h, + control); ME (1-MCP + continuous ethylene, 10 pL Lt ethylene). Year 1,
storage duration 141 days. Year 2, storage duration 91 days. Least significant difference (LSDg gs) bars are shown.

initiated as soon as the temperature reached 8.5 °C. Ethylene concen-
tration inside the boxes was checked using a gas chromatograph (Agi-
lent) fitted with a packed Chromosorb column (Chromosorb 103,
112-149 (60/80 mesh), 2 m x 2 mm, stainless steel) and flame ionisation
detector (FID). Ethylene concentration was quantified by comparing
areas under peaks in the chromatograms to calibrations performed with
certified gas (10.1 pL L™}; BOC, Surrey, UK).

2.3. Continuous in situ respiration rate measurements

Immediately after the arrival at Cranfield University and prior to the
temperature pull down, small batches of tubers, circa 6 kg per treatment,
were washed with tap water and air-dried before being stored inside 16
L boxes (Year 1, two cultivars.; 3 boxes with air and 3 boxes with
ethylene each cultivar - Sh, cv. Shelford; VR, cv. VR808; -C:CC + MC, -E:
CE + ME. Years 2 and 3, one cultivar, 3 boxes/treatment — VR, VR808;
CC, CE, MC, ME. Fig. 1) at the same condition of 100 L boxes (flow16 L
box = 0.5 L min™"). The 16 L boxes were connected to a highly sensitive
respirometry system (Sable Systems, NY, USA), and respiration rates
were monitored from the beginning of storage (8.5 °C). Respiration rates
were measured continuously for two weeks in situ (storage room at 8.5
°C), and for all treatment combinations, according to Alamar et al.
(2017b).

2.4. Sampling

After sprout assessment, bulk (representing the whole tuber) and
individual tissue (cortex and vascular) samples were collected for every
treatment combination, at regular intervals (Table 1). Bulk samples
consisted of two opposite wedges (including skin) from three different
tubers belonging to the same box (1 rep = 6 wedges), were pooled
together as one replicate. Cortex and vascular samples were also
collected from the same tubers used for the bulk samples (Fig. 4). A
central longitudinal slice of each tuber, 5—6 mm width was peeled, and
vascular, and cortex (excluding vascular ring) tissues were isolated with
a scalpel blade. All samples were immediately snap-frozen in liquid ni-
trogen and freeze-dried in readiness for the further analysis.

2.5. Sugar analysis

Sucrose, glucose, and fructose from the freeze-dried samples (bulk
and individual tissues) were extracted as described by Foukaraki and
colleagues (2016a, 2016b). The extracts were analysed using an Ion
Chromatography system by PepsiCo (IC3000 with CarboPacPA20 col-
umn, and IC5000 with CarboPacSA10 microbore column. Dionex). The
extracts were diluted (1:10, 1:50, 1:100 depending on the sample) prior
to the injectionwith xylose used as an internal standard. Sugar
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Fig. 4. Experimental design of cortex sampling for RNAseq and LC/MS-MS analysis. Potato tubers cv. VR808 were stored at 8.5 °C under four different treatments:
CC (control + control); CE (control + continuous ethylene, 10 pL L'}); MC (1-MCP, 1 pL Lt 24 h, + control); ME (1-MCP, 1 pL L1 24 h + continuous ethylene, 10 pL L
. A, sampling time. B, Potato slice showing individual tissues (cortex and vascular) sampled.

concentrations were calculated against authentic calibration standards
of fructose, glucose, and fructose and expressed as g kg ™! DW.

2.6. Transcriptomics

Cortex samples from year 2 were selected to investigate the tran-
scriptomic variations induced by each treatment. Total RNAs were iso-
lated from samples collected during the first week in ethylene (Fig. 4).
The RNA extraction was performed on circa 15 mg (+1 mg) of freeze-
dried material using CTAB buffer (Untergasser, 2008), before
concluding using the RNeasy plant Kit (Qiagen) following the manu-
facturers procedures for RNA binding, on-column DNAse treatment
(Qiagen), and elution. Before sending the samples for sequencing,
quantity and integrity of nucleic acids were checked with the Genova
Nanodrop (Fisher) and agarose gel (1.5 %) electrophoresis.

The samples were sent to Earlham Institute (Norwich, UK) for Illumina
RNAseq library preparation and sequencing in two batches (TruSeq®
Stranded Total RNA Library Prep Plant and NEBNext® Ultra™ II Direc-
tional RNA Library Prep Kit, respectively. Illumina). Samples were
sequenced using Illumina HiSeq4000 platform which produced paired end
150 bp reads (150 PE), and NovaSeq 6000 SP flow cell which also pro-
duced 150PE reads, respectively. The quality of the generated reads was
assessed using FastQC (Andrews, 2010) before and after the trimming of
Illumina adapters and removal of low-quality reads with LEADING:20
TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:50 as options in Trim-
momatic (Bolger et al., 2014).

Reads were aligned to version 4.04 of the double monoploid (DM)
potato reference (Hardigan et al., 2016) using TopHat2 aligner (Kim
et al., 2013) using -g 20 to allow for multi-mapping. Uniquely mapping
reads were kept by filtering out all multi-mapped reads using Bam-
Toolsfilter (Barnett et al., 2011). Read counts per genes were calculated
using HTSeq count union option (Anders et al., 2015). Normalized
expression values (fragments per million per kilobase -fpkm) were
calculated using a custom perl script for all samples, then genes were
annotated using the version 3.4 of the DM potato genome reference.
Differential expression analysis was performed with DESeq2 (Love et al.,
2014) applying cut-offs of at least a 2-fold change in normalised
expression and adjusted p-value < 0.05.

The individual normalised expression values were transformed into
z-scores, subtracting the gene expression mean, and dividing by the gene
expression standard deviations. The transformed datasets were evalu-
ated and visualised in heat maps using Morpheus software (https
://software.broadinstitute.org/morpheus). Pearson’s correlation anal-
ysis and hierarchical clustering (Morpheus default parameters for cluster
metric and linkage method) were applied to both the complete dataset,
and to specific genes relating with pathways of interest (ethylene,
abscisic acid, starch-sugar metabolism, Supplemental Table 1). Genes
for the specific pathways were selected using the provided annotation in
the version 3.4 of the DM potato reference, and the respective z-score
visualised in heat maps. Then, genes exhibiting differential expression

were individually investigated through ANOVA.
2.7. Plant growth regulators

The samples selected for the transcriptomics and a second batch of
cortex samples from year 1 (storage day 0, 2, and 4) were used for ABA
and ABA metabolites analysis. Freeze-dried powdered potato cortex (5.0
+ 0.1 mg) was extracted with 500 pL of an ice-cold HPLC grade meth-
anol:water:formic acid (60:35:5 v/v/v) solution, following Miiller and
Munné-Bosch (2011) with modifications. The labelled forms of the
compounds [2H3]-dihydrophaseic acid (-)-7/,7',7'-d3 dihydrophaseic
acid (d3-DPA);; [2H3]-phaseic acid (-)-7',7/,7’-(d3-PA); and
[2H4]-abscisic acid (-)-5,8',8/, 8'-(d4-ABA) were added to the mixture as
internal standards at a concentration of 1 pg L™, A blank (internal
standard and extraction solvent) and a double blank (only extraction
solvent) were considered every 12 samples. The samples were first
placed in a star-beater (VWR, Leics., UK) at 30 Hz for 2 min, and then
they were kept on ice and in the dark for 20 min before centrifuging at
24 x g for 10 min at 4 °C. Following centrifugation, the extracts were
freeze-dried overnight to remove the extraction solvent. Samples were
reconstituted with 500 pL of ice-cold HPLC grade methanol:water:for-
mic acid (60:35:5 v/v/v), vortexed and sonicated for 20 s. After
centrifugation (24 x g for 10 min at 4 °C) the supernatant was collected
and filtered through a 0.2 pm nylon filter and collected in silanised
amber HPLC vials.

Endogenous plant growth regulator concentrations were quantified
according to Morris et al. (2019) with slight modifications, using a
LC/MS-MS instrument with an Agilent 1200 series HPLC system (Agi-
lent, Berks., UK) coupled to a Q-Trap 6500 mass spectrometer (AB Sciex,
MA, USA). The extracts were injected onto a Phenomenex Luna 3 pm
C18 100 x 2 mm column with guard column at 40 °C. The mobile phase
was based on two solutions: (A) 2 % acetonitrile in 10 mM ammonium
formate, and (B) 95 % acetonitrile in water with 0.1 % formic acid, using
an increasing gradient of B (2 % for 4 min, 16 % at 20 min and 34.5 % at
25 min) at a flow rate of 200 pL min~'. The presence and abundance of
hormones was calculated by comparing sample peak areas to each
standard calibration curve as relative response between internal stan-
dards and standard.

2.8. Statistical analysis

The data from respiration, sugar, ABA and ABA metabolites, and
selected genes normalised expression were analysed with Statistica
software (v.12 and v.13) with the appropriate ANOVA approach for the
experimental design (e.g. repeated measures ANOVA for respiration).
The Least Significant Difference was calculated with a p < 0.05. When
the interaction between treatment and time was not significant the
Standard Error was represented (p < 0.05). RNAseq data were analysed
with R package Limma (Bioconductor), and Morpheus was used for
Pearson’s correlation and hierarchical clustering analysis and
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visualisation (https://software.broadinstitute.org/morpheus).
3. Results

3.1. Treatment effect on tuber respiration, sprout vigour, and reducing
sugars content

Respiration was monitored in situ throughout storage: within
seventy-two hours from the start of continuous ethylene supplementa-
tion (10 pL L_l), ethylene-treated tubers showed a transient increase in
CO4 production, which peaked at five days before declining, whereas no
increase was detected in the absence of ethylene (Fig. 3).

Preliminary analysis of respiration rate in year 1 focused on the sole
effect of storage treatment (-E vs. -C), regardless of the pre-storage
treatment (C- or M-): an equal number of C- and M- tubers within the
same cultivar (cvs. Shelford and VR808) were pooled together and
supplied with air or air and ethylene (-C and -E, respectively). Both

8
A Year 1
7 - o
B VR-C:CCM(
6t ¢ O  VR-E:CE+ME
& € Sh-C:CC+MC
50 8 s %ﬁ Sh -E: CE+ME

-1

CO3 production (mg kg'l h’l) CO3 production (mg kg'1 h™) CO, production (mg kg'l h'l)

| B ® VRCC

25 ey % O  VRCE
2 Qe v  VRMC

20 F K A VR ME

Time after ethylene start (days)

Fig. 3. Real time respiration activity (CO, production, mg kg~! h™'). Potato
tubers cvs. VR808 (VR) and Shelford (Sh year 1) were stored at 8.5 °C under
four different treatments: CC (control + control); CE (control + continuous
ethylene, 10 pL L'Y); MC (1-MCP, 1 uL L' 24 h, + control); ME (1-MCP +
continuous ethylene, 10 pL L). In year 1, tubers pre-treated with and without
1-MCP (1 pL L'24 h)were mixed in equal quantities so give combined treat-
ments CC + MC and CE + ME. The vertical bars represent the Standard Error as
calculated by repeated measures ANOVA.
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cultivars showed a 3-fold increase in respiratory activity after ethylene
supplementation (Fig. 3A). In years 2 and 3, to elucidate the additional
effect of 1-MCP pre-storage treatment, the analysis focused on each in-
dividual treatment, but for cv. VR808 only (Fig. 3B and C). In the
absence of the 1-MCP pre-storage treatment, ethylene had a strong and
transient effect on respiration rate (Fig. 3B and C, CE treatment) whilst
1-MCP pre-storage treatment completely negated this response (ME
treatment). The respiration peak due to ethylene treatment of cv. VR808
was approximately 4.5-fold lower in year 1 compared to years 2 and 3; a
lower response would be expected in year 1 where half the tubers had
received the 1-MCP pre-storage treatment.

Differences in respiration activity were transient and lasted one-to-
two weeks from the start of continuous ethylene treatment. In
contrast, long-term ethylene supplementation reduced sprout vigour,
irrespective of 1-MCP pre-treatment (Fig. 2), and increased sugar
accumulation (Fig. 5). Whilst, 1-MCP pre-treatment did not further
reduce sprout elongation caused by continuous ethylene in storage (ME
vs. CE) (Fig. 2), it did induce a one-to-three weeks extension of eco-
dormancy compared to CE in all three years (Fig. 5, arrows. Supple-
mental Fig. 1).

Ethylene elicited increased sucrose, glucose, and fructose concen-
trations from the first weeks of storage in CE tubers (Fig. 5) relative to all
other treatments. Sucrose content in bulk samples exhibited a transient
increase in CE tubers during the first one-to-three weeks of storage,
while no variations were observed among all other treatments (Fig. 5A-
C). Sucrose concentrations in CE tubers dropped within five weeks of
storage, and no significant differences among treatments were identified
thereafter. Glucose and fructose peaked in CE tubers around the third
week of storage in ethylene, and were ca. 10 times higher than at the
beginning of storage (Fig. 5D-I). Following the ethylene-induced accu-
mulation of sugars in CE tubers, a decrease in glucose and fructose
contents was also observed; however, this decline was more gradual and
slightly delayed compared to sucrose (Fig. 5). CE tubers showed at least
four-fold greater reducing sugar concentrations compared to other
treatments for the first three months of the storage period; thereafter the
differences among treatments were lost (Fig. 5D-E, G-H). The applica-
tion of 1-MCP completely inhibited ethylene-induced sugar accumula-
tion, and indeed no differences in sugar profiles were found among ME,
MC, and CC. Taken together, these data suggested that the long-lasting
increase in reducing sugars and delay in sprout growth may depend on
the initial responses triggered by exogenous ethylene. The impact of
ethylene supplementation on the individual sugar profile (rapid accu-
mulation, short plateau and slow decline) seemed to indicate a regulated
and sequential activation of sugar metabolism under ethylene
supplementation.

3.2. Transcriptional changes induced by exogenous ethylene in potato
cortex tissue

Cortex samples collected during the first five days of ethylene
exposure in year 2 (Fig. 4) were selected to investigate the transcrip-
tional differences between CC, CE, MC and ME treatments. Separation
between CE and the other treatments was clearly observed, whilst it was
not possible to differentiate among CC, MC, or ME (Fig. 6). ME tran-
scriptomic changes clustered, and correlated strongly with those of the
MC samples, but were divergent from CE samples, similarly to what was
observed for respiratory activity and reducing sugar accumulation
analysis. Within CE samples, it was possible to identify two sub-clusters,
one limited to day 1, and the other encompassing both days 3 and 5.

Due to the complexity of the experimental design, and the high
number of possible contrasts resulting from the differential expression
analysis (between and within treatments), further investigations were
carried out on specific pathways of interest including ethylene, ABA, and
starch/sugar metabolism.
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3.3. Ethylene responses in cortex tissue: ethylene pathways

The effect of continuous ethylene supplementation on the ethylene
biosynthesis and signalling pathway was evaluated by analysing the
normalised expression levels of genes selected based on annotation
(Fig. 7A). CE tubers exhibited an overall downregulation of ACS (1-
aminocyclopropane-1-carboxylate synthase) genes, while ACO (I-amino-
cyclopropane-1-carboxylate oxidase) family showed an upregulation of
expression in response to ethylene. However, exceptions were found:
ACO_a, was inhibited in CE samples and ACS_4 did not show differential
expression among treatments. Ethylene-induced expression was re-
ported also for ETR1 (Ethylene Receptor 1, PGSCO003DMG400007843)
and another four genes annotated as ethylene receptors genes (Ethylene
receptor_a, PGSC0003DMG400016284, Ethylene receptor. b, PGSC0003
DMG400023402, Ethylene receptor.c, PGSC0003DMG400023402, and
Ethylene receptor homolog b, PGSC0003DMG400031819), whilst 1-MCP
inhibited their expression (MC and ME) (Fig. 7A).

In CE tubers, ethylene strongly increased the expression of two ACO
genes, ACO_c and ACO homologb (PGSC0003DMG400002321 and
PGSCOPGSC0003DMG400017246, respectively), following a pattern
similar to that observed during the transient respiration increase: ACO_c
and ACO homolog b expression peaked at day 3 (55- and 23-times higher

than day 0, respectively), before starting to decline (Fig. 7B). No vari-
ations were identified in ACO genes expression among the other treat-
ments (Fig. 7C) where there was no peak in respiration (Fig. 3B and C).

3.4. Ethylene responses in cortex tissue: upregulation of ABA

Variation in ABA metabolism was studied through metabolomic (LC/
MS-MS) and transcriptomic approaches. Cortex samples collected dur-
ing the first week of ethylene treatment across years 1 and 2 were
selected (Fig. 4A). Ethylene supplementation induced a remarkably
rapid decline in ABA concentrations in CE tubers within the first two
days of treatment (Fig. 8A, B): CE cortex showed a 9-fold decrease in
ABA by day 2 in year 1 (Fig. 8A), and a 15-fold decline by day 1 in year 2
(Fig. 8B). The rapid decrease in ABA was associated with a transient
accumulation of phaseic acid in both year 1 (14-fold increase) and year 2
(detected in CE samples only) (Fig. 8C, D), while dihydrophaseic acid
was not detected. Neither ME tubers, nor the other treatments (CC, MC)
showed significant variations in ABA catabolism during the first week of
storage. The transcriptomic analysis of ABA metabolism genes high-
lighted that the expression of CYP707A1.a (PGSCO0003DMG40000
1960), encoding ABA 8’hydroxylase, was strongly upregulated in CE
tubers from the beginning of storage (7-times higher at day 1 than day
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Fig. 6. Pearson’s correlation of global transcriptomic data. Cortex was sampled from cv. VR808 tubers stored at 8.5 °C under four different treatments: CC (control +
control); CE (control + continuous ethylene, 10 pL L™1); MC (1-MCP, 1 L L' 24 h, + control); ME (1-MCP + continuous ethylene, 10 pL L™%). d0, day 0. d1, day 1.
d3, day 3. d5, day 5. The number following the day indicates the replicate. The similarity matrix is separated according to the three hierarchical clusters identified

(Supplemental Fig. 2).

0), and maintained the upregulation throughout the first week (43-fold
higher at day 5 than day 0) whilst its expression was unaffected by other
treatments (Fig. 8E). During the same period, transcripts from four
members of the NCED (9-cis-epoxycarotenoid dioxygenase) gene family,
responsible for the key rate-limiting step in ABA biosynthesis, did not
show any significant difference in response to any treatment.

3.5. Ethylene responses in cortex tissue: upregulation of starch catabolism
and reducing sugars accumulation

Sugar profiles obtained from cortex tissue during the first week of
ethylene supplementation in both years 1 and 2 confirmed that CE was
the only treatment able to affect sugar content. The results showed that
sucrose and reducing sugars accumulated within four-five days from the
start of exogenous ethylene treatment, and that sucrose accumulation
occurred as a first response (Fig. 9B, C). Reducing sugars accumulation
in the cortex was slightly delayed (Fig. 9E, F, H, I), as was also found in
the bulk samples (Fig. 5). In year 1, sugar accumulation profiles were

also studied in the isolated vascular tissue (Fig. 9A, D, G; Fig. 4B). The
expression profiles of starch and sugar metabolism genes highlighted
that CE was strongly differentiated from any other treatment (CC, MC,
ME), and exhibited the highest impact on gene expression (Fig. 10A).

In the cortex, ethylene induced the expression of genes encoding
proteins involved in starch breakdown (a-and p-amylase, and starch
granule-bound R1 protein) and hydrolysis of disaccharides: neutral
invertase 1 (NIN1; PGSC0003DMG400009909), neutral/alkaline inver-
tase.b (PGSC0003DMG400026107). Related to the induction of inver-
tase gene expression, a Kunitz-type invertase inhibitor (PGSCO003DMG
400010146) exhibited a substantial reduction in expression in CE tubers
(13-fold) immediately after the start of ethylene treatment and was
maintained at very low expression levels throughout the first week of
storage (Fig. 10C). Sucrose transporter transcripts were also induced in
CE tubers (Fig. 10A, B). At the same time, ethylene negatively affected
the expression of genes related to early steps of starch biosynthesis, such
as those encoding glucose-1-phosphate adenylyltransferase, and a-1,4
glucan phosphorylase, and two isoamylases (Fig. 10A).
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Fig. 7. Ethylene biosynthesis and signalling.
Cortex was sampled from cv. VR808 tubers
stored at 8.5 °C under four different treatments:
CC (control + control); CE (control + contin-
uous ethylene, 10 pL L™!); MC (1-MCP, 1 pL L™}
24 h, + control); ME (1-MCP + continuous
ethylene, 10 pL L~'). Heat map of selected
ethylene biosynthesis and signalling genes (A);
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SRS S M e and gene expression vs. time plots for ACO
ACS4_b genes for CE tubers (B) and CC tubers (C). Gene
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ACO_a expression is reported from RNAseq data, where
— 2?25" fpkm is fragments per kilobase of transcript per
i‘é‘;‘:": receplor homolog_a million mapped reads. Error bars representing
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4. Discussion

In June 2019, the European Union decreed that CIPC would be
withdrawn as a sprout suppressant for potato storage. This landmark
decision was taken although the permitted Maximum Residue Levels
applied have been continually reduced over the last decade. As a
consequence, concomitant research on viable CIPC alternatives (e.g.
exogenous ethylene, essential oils, controlled atmosphere) has acceler-
ated (Alamar et al., 2017a). Among these alternatives, exogenous
ethylene is well known to affect potato physiology during storage and
many have reported the positive effects on sprouting delay, alongside
the propensity to promote the undesirable accumulation of reducing
sugars (Daniels-Lake et al., 2005, 2011; Foukaraki et al., 2014, Fou-
karaki et al., 2016a, 2016b; Prange et al., 1998, 2005; Suttle, 1998).
1-MCP has been tested and has showed potential in reducing
ethylene-induced sugar accumulation (Daniels-Lake et al., 2008; Fou-
karaki et al., 2016b; Prange et al., 2005). Nevertheless, there remains a
paucity of understanding over the molecular mechanisms which explain
how ethylene and 1-MCP affect tuber physiology. In addition, 1-MCP has
yet to be registered as a commercially approved storage technology for
potato.

The current work has shown that exogenous ethylene elicited an
increase in respiration activity and soluble sugars of tubers (CE), and
that these pathways were triggered within a few days from the start of
ethylene supplementation. In contrast, these responses were totally ab-
sent in presence of 1-MCP (ME).

Time after ethylene start (days)

4.1. Potatoes respond to exogenous ethylene by activating conserved
pathways

Continuous ethylene supplementation induced a transient increase
in respiration rate of CE tubers which lasted for ca. 5 days (Fig. 3). These
in situ respiratory results were in general agreement with previous works
describing a respiration peak for potato tubers within a few hours from
commencement of exogenous ethylene treatment, when tubers were
held at room temperature (Day et al., 1978; Huelin and Barker, 1939;
Rylski et al., 1974). In the present study, the observed transient respi-
ration peak was completely inhibited by 1-MCP (ME); this inhibition
suggested that the transient respiration increase, which relates to the
ethylene-induced sugar accumulation, may be analogous to that
described in cold stored tubers (Duplessis et al., 1996).

Building on this, a similarly transient expression of two ACO genes
was observed: ACO_c and ACO homolog b (Fig. 7B). Upregulation of ACO
gene expression, or ACO enzyme activity, following exogenous ethylene
has been described for other storage organs (Cools et al., 2011; Alamar
et al., 2020), but not for potato tubers. The transcriptomic profiles of
ethylene receptors in this work showed that in potato cortex the
expression of four receptor genes (ethylene receptor. a, ethylene receptor. b,
ethylene receptor ¢ and ethylene receptor homologb) was induced by
ethylene and inhibited by 1-MCP (Fig. 7A). Our results indicate that
stored potato tubers, even though they are characterised by very low
levels of endogenous ethylene, responded to exogenous ethylene sup-
plementation by activating a series of conserved pathways that also exist
in many plant organs.
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Fig. 8. Abscisic acid (ABA. DW, mg kg™
accumulation and catabolism. Cortex was
sampled from cv. VR808 tubers stored at 8.5 °C
under four different treatments: CC (control +
control); CE (control + continuous ethylene, 10
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4.2. Exogenous ethylene induced reducing sugar accumulation through a
similar mechanism to cold-induced sweetening by down-regulating a
Kunitz-type invertase inhibitor

Although it is well known that exogenous ethylene elicits the accu-
mulation of reducing sugars (Briddon, 2006; Colgan et al.,2012; Dan-
iels-Lake et al., 2005; Foukaraki et al., 2014, Foukaraki et al., 2016a,
2016b; Prangeet al., 1998, 2005), the mechanisms behind this
ethylene-induced sweetening have not been characterised. The accu-
mulation of reducing sugars is undesirable for processing potatoes
because the Maillard reaction can lead to dark fry colour and possible
acrylamide formation under high cooking temperatures. The results of
the current study showed that ethylene rapidly induced a transient
accumulation of reducing sugars within four to five storage days (Figs. 5
and 9). Foukaraki et al. (2014, 2016b) reported that ethylene-induced

sweetening was longstanding and could last several months, while the
data herein highlighted that reducing sugars returned to original levels
after three months of storage. Reducing sugar content is a
cultivar-dependent trait affected by many factors, including storage
conditions (Neilson et al., 2017): temperature below 7 °C induces
so-called cold-induced sweetening (Bhaskar et al., 2010; Foukaraki
et al., 2014, Foukaraki et al., 2016a, 2016b; Liu et al., 2013), while
exogenous ethylene supplementation is responsible for the
ethylene-induced sweetening (Daniels-Lake et al., 2005; Prange et al.,
1998, 2005; Pritchard and Adam, 1994). It is clear that the invertase
gene family plays a crucial role in the cold-induced accumulation of
reducing sugars (Bhaskar et al., 2010; Liu et al., 2013; Mckenzie et al.,
2013). The transcriptional profiles presented in the current work
showed that, as soon as ethylene treatment began, starch biosynthesis
and breakdown were inhibited and induced, respectively. At the same
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Fig. 9. Sugar content of tuberous parenchyma. Cortex and vascular tissues were sampled from cv. VR808 tubers stored at 8.5 °C under four different treatments: CC
(control + control); CE (control + continuous ethylene, 10 pL L™Y; MC (1-MCP, 1 pL L' 24 h, + control); ME (1-MCP + continuous ethylene, 10 pL LY. Sucrose (A,
B, C). Glucose (D, E, F). Fructose (G, H, I). Data are on a dry weight basis. Least significant difference (LSDg os) bars are shown.

The expression profiles of starch and sugar metabolism genes highlighted that CE was strongly differentiated from any other treatment (CC, MC, ME), and exhibited

the highest impact on gene expression (Fig. 10A).

time, two invertase genes (NIN1, and neutral/alkaline invertase_b) were
upregulated in CE tubers, whilst ethylene strongly inhibited a Kunitz--
type invertase inhibitor (Fig. 10). The expression of this Kunitz-type
invertase inhibitor has been related with cold-induced sweetening, and its
overexpression decreased susceptibility to cold-induced sweetening (Liu
et al., 2013). The data from the current study highlighted that the
downregulation of this Kunitz-type invertase inhibitor was greater (13-fold
lower by day 1 of storage in ethylene) than the upregulation of NIN1 and
Neutral/alkaline invertase_b (2.1- and 5.6-fold, respectively), suggesting a
predominant role of this invertase inhibitor in the accumulation of
reducing sugars. This result appears to be in agreement with Fischer
et al. (2013), who reported that the Kunitz-type invertase inhibitor
protein showed the highest (negative) correlation with tuber sugar
content. Taken together, these findings seemed to suggest that
cold-induced and ethylene-induced sweetening may be triggered by the
same factors: the shift in the dynamic equilibrium between starch bio-
synthesis/breakdown, and the concomitant robust downregulation of
the Kunitz-type invertase inhibitor expression. Further analyses of the
expression of this Kunitz-type invertase inhibitor during storage, or the

10

behaviour of over-expression lines (Liu et al., 2013), would be helpful in
elucidating whether the downregulation described in the current work
also plays a role in the duration of ethylene-induced sweetening.
Moreover, the present work also highlights the possibility of searching
for favourable natural alleles of this gene that are less responsive to
external factors, such as temperature and exogenous ethylene, so as to
prevent sugar accumulation.

4.3. Exogenous ethylene rapidly activates ABA catabolism in cortex tissue

The role of ABA in mediating potato dormancy has been well char-
acterised in meristematic tissue and it is known that ABA accumulation
reaches a maximum during tuberisation and dormancy onset, while ABA
decline is a key factor in determining dormancy break (Aksenova et al.,
2013; Alamar et al., 2017a; Sonnewald, 2001; Sonnewald and Sonne-
wald, 2014; Suttle, 2004). Despite this, the role of parenchymatic ABA in
mediating dormancy has not been studied. It has been reported that
tubers treated with continuous ethylene (10 pL L) exhibited increased
ABA concentration in parenchymatic tissue after six weeks of storage,
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Fig. 10. Starch and sugar metabolism. Cortex was sampled from cv. VR808 tubers stored at 8.5 °C under four different treatments: CC (control + control); CE
(control + continuous ethylene, 10 pL L1; MC (1-MCP, 1 pL L~! 24 h, + control); ME (1-MCP + continuous ethylene, 10 pL L~ 1). Heat map of selected starch and
sugar metabolism genes (A); and gene expression for Sucrose transport protein_a gene (B); and Kunitz-type invertase inhibitor gene (C). Gene expression is reported from
RNAseq data, where fpkm is fragments per kilobase of transcript per million mapped reads. Least significant difference (LSDgqs) bars are shown. NIN,

neutral invertase.

together with decreased amounts of dihydrophaseic acid, an ABA
catabolite (Foukaraki et al., 2016a). The results of the current work
showed that within 24 h from the beginning of continuous ethylene
treatment, CE tubers showed a rapid and sharp decline in ABA content
(15-times lower than day 0) together with a concomitant transient in-
crease in phaseic acid (Fig. 8). In addition, exogenous ethylene upre-
gulated the expression of CYP707A1_a, encoding catabolic enzyme ABA
8-hydroxylase, from the beginning of storage, while no variations were
found in the expression of ABA biosynthesis genes. The results describe a
clear temporal progression from an early but sustained induction of
CYP707A1_a, followed by a temporary rise in phaseic acid, and an
associated gradual decline and exhaustion of ABA. This behaviour is
consistent with a rise in catabolism transcriptionally regulated by
CYP707A1_a, combined with a low and static rate of synthesis.
Destefano-Beltran et al. (2006), investigating the expression pattern of
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ABA biosynthesis and catabolism genes in different tissues of potato
tuber, described a constant downregulation of CYP707A1 and
CYP707A2 expression in cortex tissue during storage. The results of the
current work clearly showed that exogenous ethylene strongly induced
the expression of CYP707A1_a in cortex (7- and 43-fold greater at days 1
and 5, respectively, compared to day 0). This observation is similar to
the ethylene-induced ABA catabolism (via CYP707A5 upregulation) re-
ported in deep water rice during the submergence response (Saika et al.,
2007; Yang and Choi, 2006).

Rylski and colleagues (1974) described a dual role of ethylene in
sprouting regulation, where after a short ethylene treatment, sprouting
was hastened, while following continuous ethylene sprouting was
delayed; similarly, cessation of exogenous ethylene supplementation
induced increased sprouting (Foukaraki et al., 2014). The ABA catabo-
lism results presented herein might partially explain why short or
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interrupted ethylene treatments accelerate sprouting in potato tubers: if
ABA is acting as a sprout growth inhibitor in potato sprouts, rapid
depletion of ABA in response to ethylene may accelerate sprouting in the
short-term, whereas longer-term effects of ethylene through different
pathways may induce ecodormancy. However, it is important to
recognise that the directionality of the effects of ABA on growth is
dose-dependent in many systems (Humplik et al., 2017).

4.4. 1-MCP enhances the effect of ethylene on extending dormancy and
reducing sprout elongation

Exogenous ethylene inhibits sprout elongation, while ecodormancy
is extended by the combination of ethylene and 1-MCP. Previous works
reported that ethylene was able to extend ecodormancy in potato
(Daniels-Lake et al., 2005; Foukaraki et al., 2016a, 2016b; Prange et al.,
1998; Rylski et al., 1974). However, using improved phenotyping, this
study has highlighted that ethylene had less effect on ecodormancy
when applied alone (CE) (Fig. 5, arrows), but strongly delayed sprout
elongation (Fig. 2). An analogous behaviour was recently described in
transgenic lines of potato overexpressing the gene StCEN, a homologue
of TERMINAL FLOWER 1/CENTRORADIALIS associated with a quanti-
tative trait loci (QTL) for potato sprout vigour (Morris et al., 2019).
Despite the phenotypical similarity, the current work did not find a link
between exogenous ethylene and StCEN expression, which did not show
any significant variations, neither related to ethylene, nor to other
treatments.

Cools and colleagues (2011) reported that greater inhibition of
sprout growth in onion was achieved by combining ethylene and 1-MCP.
Similarly, in this study, the weekly sprout assessments highlighted that
1-MCP combined with ethylene (ME) was successful in extending eco-
dormancy of tubers by one-to-three weeks compared to ethylene alone
(CE) (Fig. 5, arrows).

5. Conclusions

The current study showed for the first time that potato tubers adapt
to continuous exogenous ethylene (10 pL L1) supplementation by acti-
vating a series of conserved mechanisms already reported during low
temperature storage adaptation. In addition, ethylene has a strong
enhancer effect on parenchymatic ABA catabolism and this may explain
the dual effect that ethylene can have on sprout suppression. Moreover,
the results highlighted that ethylene- and cold-induced sweetening are
both (inversely) related to expression of one Kunitz-type invertase inhib-
itor gene, opening the possibility for improved breeding strategies.
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