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SUMMARY

EIN3/EIL (ethylene-insensitive 3/EIN3-like) transcription factors are positive downstream transcriptional reg-
ulators of ethylene signalling. In apple (Malus x domestica), a small family of MdEIL genes was identified,
with four expressed in fruit. Transgenic lines were generated to manipulate MdEIL1 expression, and fruits
were sampled at harvest maturity and after cold treatment. Their fruit ripening behaviour was compared
with control lines and contrasted to a ACC OXIDASE 1 antisense line (ACO1as) which produced no ripening
associated ethylene. Two transgenic lines showed strong co-suppression of MdEIL1-4 expression as well as
reduced ethylene production, softening and aroma production, while one overexpressing line showed
enhanced ripening. Key genes involved in ethylene biosynthesis and ethylene-dependent genes involved in
cell wall modification (MdXTH1, MdfGAL) and aroma biosynthesis (MdAFS1, MdoOMT1) were downregu-
lated in the co-suppressed lines. Co-suppressed lines showed reduced softening/volatile production after
cold treatment and in contrast to the ACO1as line, expression of cold response-dependent genes (VMdCBF2,
dehydrins MdDHN2, — 14, — 16 and MdNAC29a) remained cold-repressed. The action of MdEILs was shown
using dual-luciferase reporter assays to occur through direct activation of MdAFS1, MdXTH1 and MdfGAL
promoters. Exogenous ethylene was unable to further stimulate ripening promoter activation, but cold
treatment could. Promoter deletion analysis identified potential EIL binding sites in the MdAFST and
MdBGAL promoters and electrophoretic mobility shift assays showed that MdEIL1-3 could all bind to a
32 bp fragment in the MdAFS1 promoter. Together these results indicate that MdEILs contribute to a suite
of apple fruit ripening attributes via activation of genes in an ethylene-dependent manner, but also in
response to cold.

Keywords: aroma production, cold treatment, ethylene signalling, Malus domestica, promoter activation,
softening.

INTRODUCTION & Wang, 2021). Fleshy fruit have traditionally been divided

Fruit ripening is often accompanied by changes in colour,
sugar/acid content, flavour, aroma and texture (Deng
et al., 2022; Li et al., 2016; Wang et al., 2020). These changes
allow for the fruit to be presented in the most attractive ways
to fruit-dispersing frugivores and omnivores, and have also
been selected and bred during domestication to appeal to
human consumers (Bai & Lindhout, 2007; Khan et al., 2014;
Rao et al., 2021). The complex changes in fruit physiology
are driven by a directed programme of molecular and bio-
chemical changes that is influenced by genetic backgrounds,
environmental factors and phytohormones (Fu et al., 2021; Ji
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into non-climacteric (NC) and climacteric (CL) ripening
groups based on differences in their ripening physiology
behaviour (Kou et al., 2021). For example, strawberry, grape
and citrus need to be harvested when ripening programmes
have been completed, and these NC fruits do not show a
respiratory climacteric or produce a large burst of ethylene
after harvest (Liu et al., 2024). In contrast, CL species such as
pear, tomato and kiwifruit can be harvested before ripening
is complete and show characteristic bursts in respiration and
associated ethylene production after harvest, during the final
ripening stages (Giovannoni et al., 2017; Li et al., 2021; Payasi
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& Sanwal, 2010). Whilst there appear to be clear distinctions
between both modes of ripening, many fruit show examples
of both modes, for example in melon, where both NC and CL
varieties exist (Los et al., 2024). It is now well established that
CL fruits share a common mechanism of ripening regulation,
that is, via ethylene regulation (Alexander & Grierson, 2002;
Fenn & Giovannoni, 2021). These fruit not only show a burst
of ethylene production at the onset of fruit ripening, but also
respond to the application of exogenous ethylene by trigger-
ing CL fruit ripening, and conversely, inhibiting ethylene
action can effectively arrest CL fruit ripening (Zhang et al.,
2017a). This mode of ethylene regulation has been commer-
cially exploited to control and improve the shelf-life of many
CL fruits (Ebrahimi et al., 2022; Martinez-Romero et al., 2007).

Ethylene biosynthesis involves the conversion of
S-adenosyl methionine (SAM) to 1-aminocyclopropane-1-
carboxylic acid (ACC) by the enzyme ACC synthase (ACS),
followed by the formation of ethylene by ACC oxidase
(ACO) (An et al., 2018b; Barry et al., 2000; Hu et al., 2019).
As the direct precursor of ethylene, ACC formation is gen-
erally considered to be the rate-limiting step (Li et al.,
2016; Lin et al., 2009), but ethylene formation is also influ-
enced by ACO levels. Two systems of ethylene regulation
have been well established in higher plants: system 1 is
ethylene-autoinhibitory and responsible for basal ethylene
production in non-ripening and non-climacteric fruits and
is involved in wound ethylene production, whilst system 2
is responsible for producing autocatalytic ethylene in cli-
macteric fruit ripening (Barry et al.,, 2000; Huang
et al., 2022; Ji & Wang, 2021; Li et al., 2016; Nieuwenhuizen
et al., 2015; Yue et al., 2020). Autocatalytic regulation
points to a positive feedback loop controlling ethylene syn-
thesis (Dolgikh et al., 2019). The linear ethylene signalling
pathway starts with the perception of ethylene by a family
of receptors embedded in the membranes of the endoplas-
mic reticulum (ER). Subsequently, downstream signalling
is controlled through several components, including
Raf-like serine/threonine kinase constitutive triple response
1 (CTR1) and ethylene-insensitive 2 (EIN2). The transcrip-
tion factor (TF) family EIN3/EIL (ethylene-insensitive
3/EIN3-like) are primary positive regulators of ethylene
responses, inducing secondary and tertiary TFs such as
ethylene-response factors (ERFs) and MYBs, which relay
the signal and enhance/repress the expression of further
downstream ethylene-responsive genes (An et al., 2018b;
Dolgikh et al., 2019; Hu et al., 2019; Huang et al., 2022; Ji &
Wang, 2021; Li et al., 2016; Qiu et al., 2015). EIN3/EIL TFs
function through binding to the primary ethylene-response
element (PERE) or EIL conserved binding sequence motifs
(ECBS) of gene promoters (Chen et al., 2004; Dolgikh
et al., 2019; Ji & Wang, 2021; Tieman et al., 2001). In Arabi-
dopsis, knockouts of both AtEIN3 and AtEILT combined
resulted in a complete ethylene-insensitive phenotype
(Alonso et al., 2003). In tomato, antisense lines with the

greatest reduction in total EIL expression exhibited the
greatest ethylene insensitivity (Tieman et al.,, 2001). A
series of loss-of-function tomato mutants in the SIEIL1-4
genes were analysed and showed significant functional
redundancy, and demonstrated that ethylene plays a posi-
tive role in tomato fruit growth and ripening (Huang
et al., 2022). EIN3 protein levels are controlled by 26S pro-
teasomal  degradation  through interaction  with
EIN3-binding F-box (EBF) proteins in the absence of ethyl-
ene (Gagne et al., 2004).

Cold is an important abiotic stress characterised by
below optimal temperature exposure and can be divided
into chilling stress (above freezing temperature, >0°C) and
freezing stress (<0°C). Cold stress affects plant survival as
well fruit development and ripening (An et al., 2021; Xie
et al., 2018), but conversely cold is also used to prolong
the storage of fruit by inhibiting respiration and other rip-
ening processes. Alterations in physiology and gene
expression patterns in response to cold have been exten-
sively studied (Juurakko et al., 2021), and some of the
molecular mechanisms underpinning the response to cold
have been elucidated. Cold sensing in part occurs by
increased membrane rigidity and by the activation of
mechanosensitive Ca?* channels (Ding & Pickard, 1993), for
example COLD1 in rice is a protein involved in the cold sig-
nalling by interacting with a G protein to activate the Ca®"
channel for temperature sensing (Ma et al., 2015). C-repeat
binding factor (CBF) TFs have been shown to play roles in
the downstream plant response to cold stress (Barrero-Gil
& Salinas, 2017) and redox-mediated structural and func-
tional switching of the CBFs appears to be a pivotal feature
in plant cold tolerance responses (Wi et al., 2022). CBF
expression is induced by another TF called ICE1 (Inducer
of CBF Expression 1) (Chinnusamy et al., 2003). In tomato,
SICBF1 appears to be important for cold tolerance in vege-
tative tissues, but not in fruit (Weiss & Egea-Cortines, 2009),
while in kiwifruit, CBF2 and CBF3 were induced by cold
(0-10°C) in fruit (Gunaseelan et al., 2019). CBFs are master
TFs that are rapidly induced by cold and bind to the C-
repeat/dehydration-responsive motif (CRT/DRE) in the pro-
moter region of the downstream cold-responsive (COR)
genes, such as dehydrins involved in a number of
protective processes in the cell (Peng et al., 2014;
Vazquez-Hernandez et al., 2017) and AtCOR15a involved in
protecting chloroplast membranes during freezing (Wang
& Hua, 2009). AtEIN3 negatively regulates the expression
of CBFs in Arabidopsis (Shi et al., 2012), suggesting a com-
plex interplay between ethylene and cold response
pathways.

Apple (Malus x domestica Borkh.) is a classic climac-
teric fruit and ethylene production influences many key rip-
ening traits including softening, flavour and aroma
production. Downregulation of the ripening-related ethyl-
ene biosynthesis gene ACC OXIDASE 1 (MdACO1) by
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Figure 1. Phylogenetics of the MdEIL family in apple and expression of MdEIL1-10in apple fruit at harvest.

(A) Phylogenetic tree of EIL transcription factors of Arabidopsis (At), Solanum lycopersicum L. (tomato, Sl) and apple (Md) constructed in Geneious Prime.

(B) Relative quantification gene expression was determined by RT-qPCR using gene-specific primers (Table S2). Data are presented as mean + SE (n = 6) and
normalised against four reference genes. Lower case letters indicate significant differences at the level of P < 0.05 among different genes based on one-way

ANOVA followed by Duncan’s test.
*MdEIL6, MdEIL9 and MdEIL10 expression were not detected.

antisense results in inhibition of ethylene production,
which delays ripening and fruit softening, as well as reduc-
ing sugar accumulation and aroma release (Johnston
et al., 2009; Schaffer et al., 2007). Ethylene induces the
expression of cell wall-modifying enzymes implicated in
softening, such as endo-polygalacturonasel (MdPG1),
B-galactosidase  (MdBGAL) and xyloglucan endo-
transglucosylase/hydrolase (MdXTH1) (Atkinson et al.,
2012; Yang et al., 2018; Zhang, Wang, et al., 2017) and
genes involved in volatile aroma production, such as o-
farnesene synthase (MdAFS1) (Pechous & Whitaker, 2004)
for the production of the sesquiterpene a-farnesene (Sou-
leyre et al.,, 2019), and O-methyltransferase MdoOMT1
involved in estragole biosynthesis (Yauk et al., 2015).
MdEIL1 has been shown to directly bind to the MdMYB1
promoter to induce anthocyanin accumulation and fruit
colouration (An et al., 2018b), and to activate the MdPG1
promotor to promote softening (Tacken et al., 2010).
Regulation of the cold response in apple is less well
described. NAC TFs have been shown to be involved, with
MdNACO029 repressing MdCBF1, 4 expression in apple calli
(An, Li, et al., 2018), while MdNAC104 positively regulated
cold tolerance via CBF-dependent and CBF-independent
pathways (Mei et al., 2023). The MdPG1 promoter was
transactivated by MdCBF2 in apple cell-suspensions, and
transactivation of MdPG1 was further enhanced by exoge-
nous ethylene in tobacco leaves (Tacken et al., 2010).
Using ACC OXIDASE1 suppressed apple lines, it was estab-
lished that MdPG1 participates in initiating fruit softening
by cold temperature in ‘Royal Gala’ apple, independently

© 2025 The Author(s).

from ethylene (Tacken et al., 2010). Overexpression of a
peach CBF gene (PpCBF1) in apple promoted cold hardi-
ness, dormancy and leaf pigmentation, and inhibited plant
growth (Artlip et al., 2014), while dehydrin induction was
associated with cold acclimatisation during dormancy
(Falavigna et al., 2015).

In this study, MdEIL1 overexpression lines and lines
silenced/co-suppressed for MdEIL1-4 (MdEILko) were
identified and characterised. The MdEIL1-4 silenced lines
showed strong reductions in ethylene production, soften-
ing and aroma production compared with wild-type con-
trols. However, in contrast to fruit from ACC OXIDASE1
antisense (ACO1as) and wild-type lines, the MdEILko fruit
showed reduced softening after cold treatment and
induction of cold-related genes. Our results reveal the
importance of MdEIL TFs in fruit ripening in apple and
shed new light on the regulatory mechanism of climac-
teric fruit ripening and the interplay between ethylene
and cold.

RESULTS

Ten MAEIL gene family members (designated MdEIL1-10)
were identified in the apple genome (Table S1) by BLASTP
searching with the Arabidopsis thaliana EIN3 TF (Guo &
Ecker, 2004). Three of these genes were previously pub-
lished as MdEIL1-3 by Tacken et al. (2010). MdEII1-4
showed >82% overall nucleotide sequence identity, while
MdEIL5 and MdEIL6 shared 85% DNA sequence identity
and >72% with MdEIL1-4 (Figure S1a). MdEIL7-10 showed
lower sequence identity with MdEIL1-6 (between 31% and
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45% identity) with highest identity located at the
N-terminus (Figure S1b).

Alignment of the deduced amino acid sequences of
MdEIL1-10 (Figure S1c) demonstrated that they grouped
into five pairs of two genes (Figure 1A). Four pairs
(MdEIL1/2, MdEIL2/4, MdEIL5/6, MdEIL7/8) may potentially
represent homeologs that have arisen due to the ancient
duplication of the apple genome (Velasco et al., 2010) as
these pairs were located on corresponding homoeologous
chromosomes (Table S1). MdEIL2 and MdEIL5 appear to
be ancient tandem paralogs, as they only sit 17 kb apart on
chromosome 7, while the corresponding respective home-
ologs MdEIL4 and MdEIL7 are located in tandem 17 kb
apart on chromosome 2. Phylogenetic analysis indicated
that MdEIL1-6 clustered most closely to AtEIN3 and AtEIL1
from A. thaliana, as well as SIEIL1-4 from Solanum lyco-
persicum (Figure 1A; Figure Sic). MdEIL7, 8 were most
similar to AtEIL3, while MdEIL9, 10 were most similar to
AtEIL4 and 5 (Weiss & Egea-Cortines, 2009). AtEIL3 (SLIM1)
has been reported to play a central role in sulphur
response and metabolism (Maruyama-Nakashita et al.,
2006), while AtEIL4 was found to exhibit restricted expres-
sion in the Arabidopsis embryo (Jeong et al., 2014).

Expression of MdEIL1-10 was assessed in tissues
from apple fruit at harvest maturity relative to the geomet-
rical mean of four reference genes. MdEIL1-4 showed high
expression in fruits while expression of MdEIL5-10 was
much lower in fruit at harvest (Figure 1B).

Molecular characterisation of MdEIL1 transgenic lines

To characterise the function of the MdEILs in apple, an
overexpression construct pHEX2-35S:EIL1 was stably trans-
formed into ‘Royal Gala’ apple plants. In 2016, 10 35S:EIL1
transgenic lines were regenerated as well as four 35S:GFP
control lines and confirmed by PCR to contain the expected
transgene (Figure S2). Eight independent transgenic lines
subsequently yielded enough fruit over two seasons (2023
and 2024 harvests) for further analysis, including six 35S:
EIL1 and two 35S:GFP control lines. The transgenic lines
were grown alongside further wild-type ‘Royal Gala’ plants
(WT2, WT5 and WT7) and two clonal MdACO1-antisense
(ACO1as) lines (Schaffer et al., 2007). No apparent visible
vegetative phenotypes were observed in the transgenic
lines and flowers and fruit developed normally.

The expression of MdEIL1 was assessed by RT-qPCR
in fruit tissue at harvest and after 10 weeks of cold treat-
ment from the 35S:EIL1 transgenic lines, ACO1as, as well
as 35S:GFP and WT controls (Figure 2A). At harvest,
expression of MdEIL1 (the sum of endogenous and trans-
gene MdEILT mRNA) was significantly higher in 35S:EIL1
lines E308, E317 and E322 compared with the controls,
while expression levels in two 35S-EIL1 lines E310 and
E316, and ACO1as, were low, comparable to the controls.
Similar results were obtained in samples from fruit after

10 weeks of cold treatment, but lines E310 and E316
showed significantly lower levels of MdEILT expression
than the controls, while higher expression was detected
for E317, E318 and E322 (Figure 2A).

To assess if expression of any of the other EIL family
genes was affected by overexpression of MdEIL1, the
expression of each gene was measured at harvest and after
cold treatment (Figure 2B-D). At harvest, expression of EIL2,
EIL3 and EIL4 was significantly downregulated in lines E310
and E316, compared with all control lines. After 10 weeks of
cold treatment, this pattern was sustained, but line E308
also showed lower expression for MdEIL2-4. For line E317,
MdEIL2 expression was significantly lower, but MdEIL3, 4
showed no change in expression. There were no significant
differences among the transgenic lines and control lines for
MAdEIL5 expression levels, which was low at harvest and
after 10 weeks of cold treatment (Figure S3), while expres-
sion of MdEIL6 was not detected at either sampling time.
The ACO1as line showed control levels of expression of all
EIL genes, both at harvest and after 10 weeks of cold treat-
ment (Figure 2; Figure S3). Together, these results indicate
that 35S:EIL1 lines E310 and E316 are co-suppressed for
MAdEIL1 and also co-suppressed for MdEIL2-4. These two
lines are hereafter designated E310ko and E316ko. E317 and
E322 are overexpression lines for MdEIL1 both at harvest
and after cold treatment, and are subsequently designated
E3170x and E3220x. MdEIL1-4 share over 95% nucleotide
sequence identity across the 5-end of the open reading
frame (1 kb from the ATG - see Figure S1b), which explains
why multiple genes can be co-suppressed simultaneously.

Ripening phenotypes of MdEIL1 transgenic lines

Ripening phenotypes of MdEIL1 transgenic lines were
assessed over two harvests (Season 1 and Season 2). The
physical appearance of the apple fruits from the MdEIL1
transgenic lines and controls are shown in Figure S4.
Co-suppressed lines E310ko and E316ko both showed a
green skin phenotype, similar to the ACO1as line, in con-
trast to the red blush with yellow background for the trans-
genic overexpression lines and controls. The appearance
of the fruit did not change after cold storage.

Levels of ethylene were measured at harvest in the
fruit of transgenic and control lines in Season 1 (Figure 3A)
and results were similar in Season 2 (Figure S5). E3170x
fruit showed significantly higher levels of ethylene produc-
tion compared to the controls, while co-suppressed lines
E310ko, E316ko and ACO1as all showed very low levels of
ethylene production (Figure 3A). After 10 weeks of cold
treatment, ethylene production was lower in all lines com-
pared to that at harvest. Both overexpression lines E3170x
and E3220x showed significantly higher ethylene produc-
tion compared with the control levels, while lines E310ko,
E316ko and ACO1as showed very low levels of ethylene
production (Figure S5).
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Figure 2. Expression of MdEIL1-4 in fruit of transgenic and control lines at harvest and after 10 weeks of cold treatment. Gene expression was determined by

RT-gPCR using gene-specific primes (Table S2).

(A) MdEIL1, (B) MdEIL2, (C) MdEIL3, (D) MdEIL4. 35S:EIL1 lines E308, E310, E316, E317, E318, E322; control lines 35S:eGFP G311, G319; wild-type WT2, WT5,
WT7; and ACO1as (ACC oxidase 1 antisense). The logqq of relative expression values were used for graphing and analysis, based on normalisation against four
reference genes. Data are presented as mean + SE (n = 6). Lowercase letters indicate significant differences at the level of P < 0.05 among different lines at each

stage based on one-way ANOVA followed by Duncan’s test.

At harvest, fruit firmness for E3170x was softer com-
pared to the controls (Figure 3B; Figure S5), while all other
lines showed similar firmness compared to the controls.
After 10 weeks of cold treatment, E3170x fruit were still
significantly softer, while E310ko and E316ko were firmer
compared to the controls. In Season 1, ACO1as fruit
showed no significant difference in firmness, either at har-
vest or after 10 weeks cold treatment, compared to the
controls (Figure 3B). In Season 2, results were similar,
apart from ACO1las fruit being firmer than the controls
both at harvest and after cold treatment. In both Season 1
and 2 the ACO1las fruit were significantly softer than
E310ko and E316ko after cold treatment (Figure S5).

Soluble solids content (SSC; °Brix) showed no consistent
differences across either season. For example, line E3170x

© 2025 The Author(s).

and ACO1as showed lower SSC in Season 1 at both harvest
and after cold treatment, but this was not observed in Season
2, when line E310ko and E316ko had a lower °Brix at harvest
compared to the controls in Season 1. This was not observed
in Season 2 (Figure 3C; Figure S5). In both seasons, line
E310ko, E316ko and ACO1as were significantly greener, which
was reflected in a higher hue angle; h° (Figure 3D; Figure S5).
The starch pattern index values for E310ko and E316ko were
lower in both seasons at harvest, which indicated that these
fruits contained more starch (Figure Sb).

Aroma volatile compounds produced by MdEIL1
transgenic lines

For Season 1, headspace volatile aroma compounds pro-
duced by MdEIL1 transgenic lines and control lines at harvest
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Figure 3. Ethylene production, firmness and soluble solids content of fruit from transgenic and control lines at harvest and after cold treatment for Season 1.
Ethylene concentration (A), firmness (B), soluble solids content (SSC) (C), flesh colour (hue angle, h°) (D) and starch pattern index (SPI) (E). 35S:EIL1 lines =
E310ko, E316ko, E3170x, E3220x; CTRL (control)= G311, G319, WT2, WT5, WT7; and ACO1as (ACC oxidasel antisense). Nd: not detected, ethylene
<0.5 nmol-kg~"-s~". Data are presented as mean + SE (n = 6). Lowercase letters indicate significant differences at the level of P < 0.05 among different lines at
each stage using one-way ANOVA followed by Duncan'’s test.
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and after cold treatment were collected by SPME and analysed
by gas chromatography-mass spectrometry (GC-MS)
(Table S3). Principal component analysis of the GC-MS data
was carried out with MetaboAnalyst 6.0 (https://www.meta-
boanalyst.ca) to understand the global differences in volatiles
produced. Based on the phenotypic analysis, lines were
assigned to four groups in Figure 4: MdEIL-co-suppressed
lines (ElLko, purple), ACO1las (red), MdEIL-overexpression
lines (ElLox, blue) and control lines (CTRL, green).

At harvest, 87.7% of the variability in headspace vola-
tiles could be explained by the first two principal compo-
nents, with PC1 contributing 81.9% of the total variation.
An overlap was found between the ElLox and control
groups, while the ElLko and ACO1as groups formed sepa-
rate clusters (Figure 4A). The volatiles a-farnesene and (Z)-
3-hexen-1-ol contributed strongly to the discrimination
between control, ElLox groups versus the ElLko, ACO1as
groups (Figure S6a,b). After cold treatment, 82.5% of the
variability in headspace volatiles could be explained by the
first two principal components, with PC1 contributing
72.4% of the total variation. Different from the samples at
harvest, the scores plot showed some overlap between the
ElLko and ACO1as groups, with the ElLox and control
groups again overlapping (Figure 4B). The corresponding
loading plot and biplots again indicated that higher con-
centrations of ripening-related volatiles such as butyl
butanoate, estragole, o-farnesene and n-propyl acetate
were observed in the ElLox and control groups compared
to E310ko and E316ko (Figure S6c,d).

Figure 5 shows the production of key aroma volatiles
in more detail. At harvest, much lower levels of a-

© 2025 The Author(s).

farnesene and estragole were observed in the MdEIL-co-
suppressed lines E310ko, E316ko as well as ACO1las
(Figure 5A,B). The production of the fruity aroma esters
such as butyl butanoate and n-propyl acetate was also
lower in MdEIL-co-suppressed lines E310ko, E316ko and
ACO1as line compared to the controls and other transgenic
lines (Figure 5C,D). In contrast, the concentration of 2-
methylbutyl acetate (2MBA) was not significantly altered in
the MdEIL-co-suppressed or ACO1as lines (Figure 5E). (Z)-
3-hexen-1-ol concentrations were much higher in the
MAdEIL1 co-suppressed lines E310ko, E316ko and ACO1as,
compared with the controls (Figure 5F). This may reflect
increased substrate accumulation of C6-alcohols that usu-
ally get converted by alcohol acyl-CoA transferases (AATs)
into corresponding fruity esters in ripening fruit (Souleyre
et al., 2014).

After cold treatment, ACO1as showed significantly
higher levels of a number of volatiles compared with
E3100x and E3160x, including a-farnesene, n-propyl ace-
tate and 2MBA, but still at lower levels compared with the
controls. This result further highlights that there are signifi-
cant contrasts in volatile induction upon the cold response
in the ethylene biosynthesis mutant (ACO1as) versus both
EIL co-suppressed lines.

Expression of key ripening-related genes in MdEIL
transgenic lines

The expression patterns of key genes involved in ethylene
biosynthesis (MdACO1), cell wall modification (MdXTH1,
MdBGAL) and aroma biosynthesis (MdAFS7 and
MdoOMT1) were investigated by RT-qPCR in the MdEIL
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Figure 5. Concentrations in ug-g~' FW of selected headspace volatiles produced by transgenic and control fruit at harvest and after 10 weeks of cold treatment

(A) o-farnesene, (B) estragole, (C) butyl butanoate, (D) n-propyl acetate, (E) 2-methylbutyl acetate (2MBA), (F) (Z)-3-hexen-1-ol.
35S:EIL1 lines = E310ko, E316ko, E3170x, E3220x; CTRL (control) lines = G311, G319; wild-type = WT2, WT5, WT7; and ACO1as. Nd: not detected, concentrations
<0.05 pg-g~". Data (Table S3) are presented as mean + SE (n = 6). Lowercase letters indicate significant differences at the level of P < 0.05 among different lines

at each stage based on one-way ANOVA followed by Duncan's test.

transgenic lines and controls at harvest and after 10 weeks
of cold treatment. The expression pattern of MdACO1 was
similar at both sample points and corresponded with the
ethylene production results (Figure 3A). Very low levels of

MdACO1 expression were detected in transgenic lines
E310ko, E316ko and ACO1as at both sample points. Over-
all, MdACO1 expression was weakly upregulated after cold
treatment compared to harvest in all lines (Figure 6A).

© 2025 The Author(s).
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Figure 6. Expression of ethylene biosynthetic, cell wall modification and volatile aroma biosynthesis related genes in transgenic and control fruit at harvest and

after cold treatment.

(A-F) Gene expression was determined by RT-qPCR using gene-specific primers (Table S2). (A) ethylene biosynthetic gene MdACOT; cell wall modification
related genes (B) MdPG1, (C) MdXTH1, (D) MdfGAL, and volatile aroma biosynthesis related genes (E) MdAFS1, (F) MdoOMT1. 35S:EIL1 lines = E310ko,
E316ko, E3170x, E3220x; CTRL (control) lines = G311, G319; wild-type = WT2, WT5, WT7; and ACO1as. Log, relative expression values were used for graphing
and analysis, based on normalisation against four reference genes. Data are presented as mean + SE (n = 6). Lowercase letters indicate significant differences
at the level of P < 0.05 among different lines at each stage based on one-way ANOVA followed by Duncan’s test.
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Figure 7. Expression of dehydrins (DHN), NAC and CBF transcription factors in transgenic and control fruit at harvest and after cold treatment at 3°C for 48 h.
Gene expression was determined by RT-qPCR using gene-specific primers (Table S2).

(A-E) dehydrins (MdDHN) 1, 2, 4, 14, 16, (F) MdNAC29a, (G) MdNAC104b, (H) MdCBF2. 35S:EIL1 lines: E310ko, E316ko and E3170x (harvest) or E3220x (cold
treatment); CTRL (control) lines and ACO1as (ACC oxidase antisense). Logqq relative expression values were used for graphing and analysis, based on normali-
sation against four reference genes. For the expression of MdDHN4 and MdDHN16, the scale was set as logqo and rescale margin was set as 80%. Nd: not
detected, the expression values were extremely low. Data are presented as mean + SE (n = 6). Lowercase letters indicate significant differences at the level of
P < 0.05 among different lines at each stage based on the one-way ANOVA followed by Duncan’s test.

Significantly lower expression levels of MdPG1, MdXTH1
and MdfGAL were also detected in the co-suppressed lines
E310ko and E316ko at harvest, as well as after cold treat-
ment. For the ACO1as line, MdPG1 expression was down
at harvest, MdXTH1 expression was lower at both sam-
plings, while MdSGAL was expressed at control level at
both sampling times (Figure 6B-D).

Expression of MdAFS1 at harvest was significantly
lower in the MdEIL-co-suppressed lines E310ko, E316ko
and also in ACO1as. After 10 weeks of cold treatment,
MdAFS1 expression remained low in lines E310ko and
E316ko, while the expression returned to control levels in
ACO1as (Figure 6E). For MdoOMT1, a similar expression
pattern was observed, with lower expression in both
MdEIL-co-suppressed lines E310ko, E316ko and ACO1as at
harvest, but for ACOlas again no downregulation was
observed after 10 weeks of cold treatment (Figure 6F).

Expression analysis of key cold regulated-related genes in
MdEIL transgenic lines

A major difference in ripening behaviour between the co-
suppressed MdEIL lines and ACO1as was that the ACO1as
fruit were significantly softer than E310ko and E316ko after
cold treatment in both Season 1 and 2 (Figure 3B;
Figure S5). ACO1as fruit also showed significantly higher
levels of 2MBA, n-propyl acetate and o-farnesene com-
pared with E3100x and E3160x after cold treatment (Fig-
ure 5). To investigate the molecular basis for this
difference, RT-qPCR was performed on members of the
NAC, CBF and dehydrin families. Dehydrins, also known as
Group Il late embryogenesis abundant (LEA) proteins, are
intrinsically disordered proteins, which have high hydro-
philicity and protect membranes, proteins and DNA from
the effect of abiotic stresses such as cold, drought and
salinity (Sun et al., 2021). CBFs are important regulators
involved in cold adaptation responses (An et al., 2021),
while several NAC TFs such as MdNAC029 and MdNAC104
have been implicated in cold response in apple (An, Li,
et al., 2018; Medina et al., 2011).

BLASTP searching identified 19 dehydrin genes
(MdDHN1-19, Figure S7) and six CBF genes (MdCBF1-6,
Figure S8) in the apple genome. RT-qPCR screening was
initially performed with wild-type ‘Royal Gala’ fruit to iden-
tify which dehydrins, CBFs and NAC TFs were most highly
expressed and either induced or repressed after cold

© 2025 The Author(s).

treatment for 48 h, either at 0.5°C or 3°C (Figure S9). From
these results, MdDHN1, 2, 4, 14 and 16, as well as the
TFs MdNAC29, MdANAC104 and MdCBF2 were further char-
acterised in detail (Figure 7).

MdDHN1 showed strong induction in the E3170x line
but was not strongly cold-induced (Figure 7A). MdDH2, 4,
14 and 16 were all cold-induced in the control fruit
(Figure 7B-E). MdNAC29a showed strong cold induction in
the ACO1as line but not in the E310ko, E316ko and E3170x
line, while MdNAC104 was repressed in the control and
E3170x line, both at harvest and after 48 h cold treatment
(Figure 7F,G). MdCBF2 was induced by cold in ACO1as line
and control line, but not in the MdEIL co-suppressed lines
E310ko, E316ko nor in the E3170x line (Figure 7H).

MdEIL transcription factors activate the MdAFS1, MdXTH1
and MdBGAL promoters

Expression of MdAFS1, MdoOMT1, MdPG1, MdXTH1 and
MdBGAL was downregulated in the MdEIL co-suppressed
lines E310ko and E316ko. Therefore, we hypothesised that
MdEIL1-4 TFs promote the expression of MdAFST,
MdoOMT1, MdXTH1 and MdfGAL either by direct binding
and activation, and/or by activating the expression of
downstream TFs that bind and activate these promoters. A
previous study has demonstrated activation of the MdPG1
promoter by ethylene and/or MdEIL1-3 (Tacken et al.,
2010). To confirm activation in the other four genes, frag-
ments of the MdAFS1, MdoOMT1, MdXTH1 and MdfGAL
promoters, including the ATG start codon and 5-UTR,
extending 2-3 kb upstream, were cloned from ‘Royal Gala’
genomic DNA into the pGreenll0800-LUC luciferase
reporter vector. MdoOMT1 in ‘Royal Gala’ exists as two
expressed alleles, MdoOMT1a and MdOMT1b, and only
MdOMT1b was cloned successfully (three identical clones),
referred to in our study as the MdoOMT1 promoter.
Dual-luciferase assays indicated that activity of
MdAFS1 promoter was significantly induced by MdEIL1,
MdEIL3, MdEIL4 and a mixture of MdEIL1-4 (Figure 8A).
MdEIL3, MdEIL4 and a mixture of MdEIL1-4 showed signif-
icant activation of the MdXTH1 and MdBGAL promoters.
The MdoOMT1 promoter showed no activation by any of
the MdEIL family members (Figure S10). Our results sug-
gest that MdEIL3 most strongly activated the three pro-
moters, with 1.82, 1.52 and 2.04 folds of activation on
proMdAFS1, proMdXTH1 and proMdBGAL, respectively,
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Figure 8. Activation of MdAFS1, MdXTH1 and MdBGAL promoters by MdEIL family members and effects of ethylene and cold treatment on MdAFS1,
MdoOMT1, MdXTH1 and MdBGAL promoters alone and MdEIL1-4 or MdEIL3 TFs on the activities of these promoters. Dual-luciferase activity was measured 3
or 4 days after infiltration of Nicotiana benthamiana leaves. The LUC/REN value of the empty vector (35S-GUS)/control (CTRL) was set as 1.

(B) Effect of ethylene on the MdAFS1, MdoOMT1, MdXTH1 and MdSGAL promoters driving the luciferase expression construct.

(C) Effect of ethylene on MdEIL1-4 overexpression on transcription driven by the MdAFS1 promoter.

(D) Effect of cold treatment on the MdAFS1, MdoOMT1, MdXTH1 and MdfGAL promoters driving the luciferase expression construct.

(E) Effect of ethylene on MdEIL3 overexpression on transcription driven by MdAFS1 promoter.

For (C) and (E), CTRL: control/empty vector (35S-GUS) without ethylene at 22°C was set as 1, and the value of other treatments were normalised to this value for
each promoter separately. Data were presented as mean + SE (n = 12). Lowercase letters indicate significant differences at the level of P < 0.05 among different
promoters and stage combinations based on the one-way ANOVA followed by Duncan's test.

followed by MdEIL4 with 1.37, 1.38 and 1.54 folds of activa-
tion respectively, while MdEILT had weaker activation with
1.40, 1.21 and 1.12 folds on the three promoters, respec-
tively, with MdEIL2 showing no activation on the three pro-
moters tested.

Ethylene and cold treatments enhance effects of MdEIL on
promoters

To determine if ethylene had any effect on ripening-related
promoter activation or the transactivation of the promoters
by MdEIL family members, Agrobacterium infiltrated
leaves of N. benthamiana were treated with ethylene for
24 h (100 ppm) and assessed for luciferase activity accord-
ing to Tacken et al. (2010). MdAFS1 promoter activity was
significantly upregulated upon ethylene treatment
(Figure 8B), but this effect was not observed for the other
three promoters tested (MdoOMTI1, MdXTH1 and
MdBGAL). Furthermore, the MdAFS1 promoter was acti-
vated by MdEIL1, MdEIL3, MdEIL4 and the mixture of
MdEIL1-4 in the absence of ethylene, but activation was
increased when ethylene was supplied (Figure 8C).

To assess if MdAFS1, MdoOMT1, MdXTH1 and
MdBGAL promoters were activated by cold or their trans-
activation by EIL family members was affected by cold
treatment, N. benthamiana leaves infiltrated with pro-
moters were treated with cold temperature (5°C) for 24,
48, 144 h and compared to room temperature (22°C),
under standard light conditions. Significant upregulation
was observed in MdAFS1, MdoOMT1, MdXTH1 and
MdBGAL promoter activation after 24 and 48 h of cold
treatment compared to 22°C. However, only the activities
of the MdXTH1 and MdfGAL promoters were upregulated
by prolonged cold treatment for 144 (Figure 8D), indicat-
ing the effect of cold treatment may sometimes act for a
short time period in the N. benthamiana leaf system. The
transactivation by MdEIL3 on MdAFS1, MdoOMTI,
MdXTH1 and MdBGAL promoters was subsequently
assessed after 24 of cold treatment compared with 22°C.
No significant upregulation was observed for MdEIL3 on
MdXTH1 promoter, however, significantly less activation
by MdEIL3 on MdAFS1 and MdBSGAL promoters in the
cold versus room temperature was observed. For
MdoOMT1 promoter, no activation of MdEIL3 was found

© 2025 The Author(s).

at ambient temperature as observed before, but signifi-
cant upregulation was observed after 24 h of 5°C cold
treatment (Figure 8E).

MdEIL binding to ripening promoters

The A(C/T)G(A/T)A(C/T)CT conserved DNA binding motif
has been reported as a conserved EIN3-binding site (Diet-
zen et al., 2020; Kosugi & Ohashi, 2000). MdAFS1 and
MdBGAL promoters were chosen to identify and validate
possible EIL binding sites in ripening genes. Both pro-
moters showed one predicted binding motif (Figure 9). To
test if these predicted binding motifs were relevant for pro-
moter activation, serial deletions of —-1026, —404 and
—223 bp upstream of the ATG for the MdAFST promoter
and —1068, —1024, —503 and —328 bp for the MdfGAL pro-
moter were cloned into the pGreenll0800-LUC reporter vec-
tor, respectively (Figure 9A,C). MdEIL3 was chosen as this
TF showed the highest promoter activation with all pro-
moters tested in our study. The —2000 bp, —1026 bp,
—404 bp and —223 bp proMdAFS1 fragments were all sig-
nificantly activated by MdEIL3, showing between 1.9- and
2.2-fold activation (Figure 9B), supporting the hypothesis
that an EIL binding site might be located in the —89 bp
region of the MdAFS1 promoter, close to the predicted
transcription start site (Figure S11). For the MdGAL pro-
moter, there was no significant difference in activation
between any of the fragments analysed (Figure 9D), sug-
gesting that either an MdEIL3 binding is located in the 5'-
UTR between —328 bp and the ATG (the predicted 5'-UTR
is 676 bp long, Figure S11), or that MdEIL3 activates
another endogenous TF that can bind in this region and
activate the MdfGAL promoter indirectly.

In vitro binding of MdEILs to the proMdAFS1 EIL
binding site

Electrophoretic mobility shift assays (EMSAs) were under-
taken to directly test for binding of three MdEIL TFs
(MdEIL1-3) to the EIL binding site in the MdAFS1 promoter
(Figure 9E). The predicted EIL binding domains were over-
expressed in E. coli as maltose binding protein fusions
(MBP) and purified by Ni?" affinity to more than 95% purity
as assessed by reducing/denaturing SDS-PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis). The
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Figure 9. Luciferase reporter activation assays of MdAFST and MdBGAL promoters by EIL TF combinations and electrophoretic mobility shift assays (EMSAs) of
MdEIL1, 2, 3 binding to the MdAFS1 promoter.

(A) Schematic diagram of the MdAFS1 promoter deleted to —1026 bp, —404 bp and — 223 bp fragments based on the EIL binding site.

(B) Regulatory effects of MdEIL3 overexpression on transcription driven by the —1026 bp, —404 bp and —223 bp proMdAFS1 fragments.

(C) Schematic diagram of the MdSGAL promoter deleted to —1068 bp, —1024 bp and — 503 bp and —328 bp fragments based on the EIL binding site.

(D) Regulatory effects of MdEIL3 overexpression on transcription driven by the —1068 bp, —1024 bp and —503 bp and —328 bp proMdBGAL fragments. Dual-
luciferase activity was measured 3/4 d after infiltration of N. benthamiana leaves. The LUC/REN value of empty vector (35S-GUS)/control (CTRL) was set as 1.
Data were presented as mean + SE (n = 12). Lowercase letters indicate significant differences at the level of P < 0.05 among different combinations based on
one-way ANOVA followed by Duncan’s test.

(E) Sequence alignment of wild-type (WT) and mutant proMdAFS1 probes used for EMSA with the EIL core underlined. EIL binding motif of WT: AGATTCAT
and MUT: TAGCCTCT.

(F) EMSAs of 3'-biotin-labelled proMdAFS1 double-strand DNA probes with MdEIL1, 2, 3 DNA binding domain proteins. Lane 1, WT DNA probe only, no protein;
lane 2, MUT DNA probe only, no protein; lane 3 to 10, WT or MUT probe incubated with MdEIL1, 2, 3 or MBP protein combinations. WT, wild-type; MUT,
mutant; MBP, maltose binding protein.
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results of EMSA demonstrated that specific binding was
observed between a biotin-labelled 32 bp double-strand
DNA fragment of the proMdAFS1T EIL binding site and
MdEIL1, —2 and —3-MBP fusion protein (lane 3, 5, 7), but
not to the MBP protein alone (lane 9) (Figure 9F). In con-
trast, the equivalent 32 bp fragment from the MdAFS1 pro-
moter with a mutated EIL core-binding motif showed no
capacity to bind to the EIL TF proteins (Figure 9F). Together
with the transient reporter system, these results demon-
strate that the MdEILs interact with the predicted EIL bind-
ing site in proMdFAS1, controlling a-farnesene production
in apple fruit.

DISCUSSION

EIL genes are important for ethylene-dependent apple fruit
ripening

EIN3/EIL TFs are known to act as positive regulators of ethyl-
ene responses (Chang et al., 2013), however, a detailed
understanding of their contribution to apple fruit ripening
has been lacking. To examine the role of MdEILs in apple
fruit ripening and in response to cold, we generated trans-
genic lines to manipulate MdEILT expression. Two
transgenic lines E310ko and E316ko showed strong evi-
dence of gene silencing/co-suppression of all four MdEIL
genes expressed in ripe fruit (Figure 1), and two transgenic
lines (E3170x, E3220x) showed evidence for MdEIL1 overex-
pression. Significantly lower expression levels of ethylene-
related genes, ACOT7, cell wall genes, MdPG1, MdXTH1,
MdBGAL and volatile biosynthetic genes, MdAFS1,
MdoOMT1 were detected in the MdEILko lines at harvest
and after cold treatment (Figure 6). As a consequence, fruit
from these lines released very little ethylene, were firmer
(Figures 3 and 4) and produced lower concentrations of ripe
aroma volatiles. One of the MdEILox lines showed opposite
effects and was softer than the control and produced more
ethylene, both at harvest and after cold treatment.

The reduction in ethylene-dependent fruit ripening
processes in the MdEILko lines was similar to that
observed in previously characterised transgenic lines in
which the ethylene biosynthetic gene ACC oxidase was
downregulated by an antisense construct to produce
ACOas lines (Johnston et al., 2009; Schaffer et al., 2007).
However, the effects of MdEIL co-suppression were gener-
ally more pronounced with firmer fruit at harvest and
lower levels of aroma volatiles such as a-farnesene, estra-
gole and several fruit esters such as 2-MBA and butyl
butanoate being produced. The skin colour development
was also affected in both ACOas and MdEILko lines, which
fits the model that MdEIL1 signalling promotes MdMYB1
promoter activation and expression, resulting in positive
regulation of anthocyanin biosynthesis/red pigmentation in
the fruit apple skin (An et al., 2018b). On the other hand,
the SSC was not affected in any of the MdEILox, ko or
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ACO1as lines, indicating SSC levels act relatively indepen-
dent of ethylene signalling. These results are similar to that
observed after treatment of apples with 1-MCP, where SSC
was found to be relatively unaffected postharvest with this
potent inhibitor of ethylene signalling (Bai et al., 2005; Fan
et al., 1999). Together, these results confirm the impor-
tance of MdEILs as key regulators of ethylene-dependent
ripening processes in apple fruit.

MdEILs act as transcriptional activators by interaction
with ripening-related genes

As TFs, the EIN3/EIL gene family can activate or repress
the expression of target genes by binding to target pro-
moters and regulating ethylene-related responses (Shi
et al., 2012). In kiwifruit, AdEIL activated the AJACOT and
AdXET5 promoters (Yin et al.,, 2010), whilst in melon
CmEIL1 and 2 promoted the activity of CmACO1 (Huang
et al., 2010). MdEIL1 has been shown to bind to the
MdMYB1 promoter to positively regulate anthocyanin bio-
synthesis and red colouration in apple fruit (An et al.,
2018b). MdEILT has also been shown to bind to the
MdERF1B promoter in vitro and in vivo, inducing its
expression (Wang et al., 2022). In transient assays, MdEIL2
and MdEIL3 TFs activated the MdPG1 promoter in the pres-
ence of ethylene in apple (Tacken et al., 2010).

To further explore the relationship between MdEIL
TFs and apple ripening-related gene expression, we
selected MdAFS1, MdoOMT1, MdXTH1 and MdfGAL as
potential target genes. Dual-luciferase assays showed that
MdEIL3 showed the strongest activation on MdAFS1,
MdXTH1 and MdSGAL promoters, followed by MdEIL4.
MAdEIL1 showed weaker activation and MdEIL2 showed no
activation on the promoters tested (Figure 7). The activity
of MdoOMT1b promoter showed no activation by any
of the MAEIL family members at room temperature
(Figure S10), but was activated by MdEIL3 in the cold.
Analysis of MdAFST and MdBGAL genes showed predicted
EIL binding sites in both promoters. MdEIL3 was shown to
activate the MdAFS1 promoter (Figures 9) and to directly
bind to the EIL binding site at —89 bp upstream of the ATG
as was shown by EMSA. Thus, for MdAFS1, MdEILs likely
act as direct transcriptional activators. Although MdEIL1-3
were shown to activate MdfGAL expression, the binding
site is yet to be resolved. In this case, and for other
ripening-related genes, activation may either occur directly
or indirectly in concert with other TFs.

MUdEIL genes play a role in cold response-dependent fruit
ripening

After cold treatment, ethylene release from many different
fruit is reduced, and low temperature has been reported to
suppress expression of ethylene biosynthetic genes, espe-
cially ACC synthase, resulting in the inhibition of ethylene
production (Shi et al, 2012; Yin et al, 2009). In
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Arabidopsis, EIN3 predominantly targets ERF1 that is
involved in modulating ethylene responses (Dolgikh
et al., 2019; Kosugi & Ohashi, 2000), but it also directly
binds to the promoters of CBF1-3 to repress their expres-
sion (Shi et al., 2012). In ACC oxidase antisense (ACOas)
apple fruit suppressed for ethylene production, fruit soften-
ing was shown to be induced by cold temperature alone
(Tacken et al., 2010). The authors proposed that cold-
induced apple fruit softening occurred via upregulation of
transcription of MdPG1 under control of MdCBF2.

In this study, we directly compared the cold response
of ACOas and MdEIlLko fruit treated for 10 weeks at 3 or
5°C and then returned to room temperature for 7 days. Eth-
ylene production after cold treatment was strongly sup-
pressed to a similar extent in both ACOas and MdEILko
lines. In contrast, MdEILko lines showed reduced cold
temperature-induced softening and were firmer than
ACOas fruit after treatment (Figure 3B; Figure S5). Volatile
production was also more strongly repressed in the
MdEILko lines after cold treatment, with E3100x and
E3160x showing significantly lower levels of a number of
volatiles, including o-farnesene, n-propyl acetate and
2MBA, compared with cold-treated ACO1as (Figure 5). This
differential response suggested a new role for MdEIL TFs
in apple fruits’ response to cold. This was investigated by
RT-gPCR analysis in ACOas and MdEILko fruit to test the
expression of members in key gene families involved with
cold responses, including dehydrins and CBF + NAC TFs.
In contrast to the ACO1as line, expression of several cold
response-dependent genes (MdCBF2, dehydrins MdDHN2,
—14, — 16 and MdNAC29a) remained cold-repressed in the
MdEILko lines. Whether these effects are direct or indirect
will be investigated in future studies.

Together, our results confirm that EIL TFs in apple
strongly affect ethylene-dependent fruit ripening, but also
reveal unexpected effects of EIL TFs on modulating fruit
responses to cold temperature treatment.

EXPERIMENTAL PROCEDURES
Phylogenetic analysis and gene cloning

Phylogenetic analysis was conducted with amino acid translations
of putative EIL genes from apple and the model plants A. thaliana
and S. lycopersicum. Apple gene sequences were obtained from
the GDR database (https://www.rosaceae.org/). Other gene sequences
were obtained from NCBI (https:/www.ncbi.nlm.nih.gov/). Multi-
ple alignments were generated, and phylogenetic trees con-
structed with Geneious Prime Build 2021-11-16, using the
Geneious Tree Builder tool.

The control construct 35S:GFP was generated by cloning
eGFP (S65T) into the pHEX2 vector (Hellens et al., 2005) by Gate-
way cloning and driven by the CaMV 35S promoter. The full cod-
ing sequence of MdEILT was amplified from ‘Royal Gala' apple
with gene-specific primers (see Table S2) and cloned in frame
with the EGFP gene (S65T) into the pHEX2-35S:GW:eGFP vector.

First, the eGFP was PCR amplified with primers containing Clal
and Xbal restriction sites and ligated into pHEX2 behind the Gate-
way cloning cassette. Secondly the MdEILT ORF without stop
codon was amplified and cloned using Gateway cloning following
manufacturer’s instructions (Invitrogen, USA) into pHEX2-GW-
eGFP. The resulting 35S:EIL1 construct has the MdEIL1:eGFP
transgene driven by the CaMV 35S promoter. Previous work in
tomato has shown that a GFP fusion of SIEILT (‘LeEILT') is func-
tional and can partially compensate for the Nr mutation (ethylene
receptor mutant) in tomato (Chen et al., 2004).

Generation of transgenic apple plants

The 35S:EIL1 construct was transformed into Agrobacterium
tumefaciens strain LBA4404 by electroporation. Tissue cultured
leaves of ‘Royal Gala’ apple were used for transformation and
transformed leaves were placed on medium containing
100 pug-mL~" kanamycin sulphate to regenerate transgenic shoots
as previously described (Chen et al., 2022; Yao et al., 1995). Trans-
genic plants were grafted onto ‘M9’ rootstock and grown in a con-
tainment greenhouse alongside wild-type (WT) ‘Royal Gala’ and
MdACO1-antisense (ACO1as, plant AO3) ‘Royal Gala’ lines (Schaf-
fer et al., 2007). Plants were grown under ambient greenhouse
conditions (Souleyre et al., 2014) and hand-pollinated with
‘Granny Smith’ as the pollen donor. 35S:EIL1 and 35S:GFP trees
typically carried <25 fruit per tree. Fruit on WT and ACO1las
trees were thinned to ~20 fruit per tree.

For the harvest time point, apple fruits of the control and all
the different transgenic lines were harvested at ~150 days after
anthesis (DAA). At this time point control fruit are fully mature,
and ethylene production has just commenced (Souleyre
et al., 2014). For cold treatment, apple fruits were placed in a ven-
tilated cold room at 3 or 5°C for 10 weeks. Fruits were sampled
after being held for a further 7 days at room temperature.

RT-gPCR analysis

For each transgenic and control line at harvest and after cold treat-
ment, six randomised fruits were sampled (two fruit per replicate,
three biological replicates). Representative wedges of cortex
including skin were cut from around the equator and combined
into one tube and powdered before storage at —80°C. Total RNA
was extracted using the Spectrum Plant Total RNA Kit. First-strand
c¢DNA was synthesised with the ThermoFisher SuperScript IV syn-
thesis system. RT-qPCR was performed using a LightCycler 480
(Roche Applied Science) with SYBR Green Master Mix (Roche
Applied Science) as described previously (Yauk et al., 2014). The
reference genes MdPDi (MDP0000233444), MdH1 (MDP0000
223691), MdUBC (MDP0000223691) and MdACT (MDP0000170174)
were chosen as the internal control (Storch et al., 2015) and
the relative expression levels were normalised to the geometrical
mean values (Vandesompele et al., 2002) of the four reference
genes and calculated using AACt method (Fu et al., 2021). Gene-
specific primer sequences for RT-qPCR were shown in Table S2.

Phenotypic analysis of apple fruits

Fruit firmness of the flesh was measured twice at the mid-point
for each fruit as described previously (sun and shade side) using a
fruit texture analyser (Giiss model GS14, South Africa) fitted with
a 11.1 mm diameter Effegi penetrometer probe, 8.9 mm depth,
10 mm measurement speed (Burdon et al., 2014). The soluble
solids content (SSC) of a drop of juice from each fruit was deter-
mined using an Atago digital refractometer (PAL-1 Atago). Internal
ethylene concentrations were measured according to Schaffer
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et al. (2007). Skin colour was measured at the opposite sites of the
apple (sun and shade side) using a CR-400 Colorimeter (Minolta)
under daylight settings (D65) while the starch pattern index (SPI)
was assessed using the method described in Blanpied and
Silsby (1992).

For volatile compound analysis, 0.5 g of frozen and ground
fruit tissues from different transgenic lines and WT apple were ali-
quoted into 20 mL brown headspace vials. NaCl (30% w/w) was
added while samples were kept frozen until analysis. Volatile anal-
ysis by SPME GC-MS was conducted according to Wang
et al. (2023) with minor modifications. Volatiles were collected at
40°C for 10 min with agitation, controlled by a multipurpose sam-
pler injection system (Gerstel Miilheim, Germany). SPME fibres
(1 cm) coated with 50/30 uM DVB/CAR/PDMS were used for the
volatile collection. Separation was effected using a 30 m x
0.25 mm internal diameter x 0.25 pM film thickness DB-WAX Ul
(Agilent, Santa Clara, CA) capillary GC column in an Agilent7890
GC coupled to a Leco BT time-of-flight mass spectrometer (Leco
Corp., St Josephs, MI). Compounds were semi-quantified using
single diagnostic ions (e.g. m/z 93 ion for terpenes) and identified
by comparison with the National Institute of Standards and Tech-
nology (NIST) database and literature values. The sample peak
areas were converted into ng-g~" fresh weight (FW) by compari-
son with the internal standard cyclohexanone (2.025 pg per sam-
ple) or hexadecane standard added in each sample. All the
samples consisted of at least three replicates.

Dual-luciferase promoter activation assays

Target promoters were cloned into pGreenll0800-LUC vector (Hel-
lens et al., 2005) using the primers listed in Table S2. Constructs
were then transformed into A. tumefaciens strain GV3101 +
pSOUP. The A. tumefaciens cells were freshly streaked on a plate
and grown overnight, then suspended in infiltration buffer (10 M
acetosyringone, 10 mM MgCl,) to an ODgg = 0.5 for 2 h. The A.
tumefaciens cells mixture of empty vector / TF and promoters in a
ratio of 2:1 or 9:1 (v/v) were infiltrated into six N. benthamiana
leaves from three plants. N. benthamiana plants were grown in a
greenhouse at 22°C, under 16 h light and 8 h darkness. Luciferase
(LUC)/Renilla (REN) luciferase activities were detected after 3 or
4 days of infiltration with a dual-luciferase assay kit (Targeting
System, America) on 96-well plates using a Victory M200 machine.
The regulatory effects of TF on promoters were calculated as the
LUC/REN ratios with 12 replicates used for each analysis.

For ethylene treatment, N. benthamiana plants infiltrated
with 35S-GUS control/TF and promoters (4:1 ratio TF to promoter)
were treated with 100 ppm (uL:L™") ethylene after infiltration for
3 days and kept in 20 L containers with air mixing and CO, cap-
ture using solid lime (CaOH,) for 20 h (Tacken et al., 2010). The
35S-GUS vector was generated by Gateway cloning the pENTR™-
GUS into pHEX2 according to manufacturer’s instructions (Invitro-
gen). The Luciferase (LUC)/Renilla (REN) luciferase activities were
measured after 24 h. For the cold treatment, after 3 days of infil-
tration with empty vector/TF and promoters, plants were moved
to a growth cabinet at 5°C with 8 h light, 16 h dark. As controls
plants were moved to a growth cabinet at 22°C with 8 h light, 16 h
dark. The Luciferase (LUC) / Renilla (REN) luciferase activities were
detected after 24, 48 and 144 h.

Protein expression and electrophoretic mobility shift
assays

For protein expression and purification, the N-terminus of the Ara-
bidopsis EIN3 coding sequence (amino acids 1-314/base pairs
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1-942 bp) containing the DNA binding domain (Qiu et al., 2015)
were aligned with MdEIL1, MdEIL2 and MdEIL3. The equivalent N-
terminus for each gene was cloned into the pMAL-c6T vector to
create a recombinant fusion protein behind the His-maltose bind-
ing protein (His-MBP) (Primers shown in Table S2). The constructs
were transformed into Escherichia coli strain BL21 DE3 Codon”
RIL (Agilent, USA). Recombinant protein production was auto-
induced at 37°C for 4 h and then 16°C for 48 h as described in
Studier (2005), and purification was conducted as previously
described (Zeng et al., 2020). The purity of the recombinant pro-
teins was confirmed by SDS-PAGE and protein concentration was
detected with a Nanodrop 2000. Samples were stored in 10% (v/v)
glycerol in small aliquots at —80°C until further use.

The oligonucleotide probes containing ElL-specific cis-
elements and its mutant derived from the MdAFS1 promoter were
synthesised and 3'-end biotin-labelled on the forward strand
(Macrogen, Korea). The two complementary oligos were mixed in
Platinum Taq PCR buffer (Invitrogen, USA) and denatured at 95°C
for 5 min in a heat block and allowed to anneal slowly to room
temperature. Electrophoretic mobility shift assays were performed
as described in Nieuwenhuizen et al., 2015 with minor modifica-
tions. For gel electrophoresis, 4%-20% Mini-PROTEAN® TGX™
Precast Protein Gels (Bio-Rad, USA) were used, pre-equilibrated in
0.5x cold TBE buffer and 9 pg of recombinant protein was com-
bined with 0.9 fmol of probe. After transferring to positively
charged nylon membrane, the blots were blocked with casein
blocking buffer (1% casein in TBS). The His-MBP protein alone
and mutant biotin-labelled probe were used as negative controls,
and the probe sequences are listed in Table S2.

Statistical analysis

Data were analysed with SPSS 20.0 software and expressed as
mean + SE (standard error). One-way ANOVA analysis was
applied and the differences between samples calculated using
post hoc Duncan’s test were considered significant at the level of
P < 0.05. Figures were plotted with Origin Pro 2022.
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Figure S1. MdEIL genes in the apple genome. (a) Nucleotide align-
ment distance matrix (% identity) for the full open treading frames
(ORFs) of MdEIL1-10 and (b) for the DNA binding region only (1
kb 5" from the start ATG). >65% identity is highlighted in pink. (c)
Alignment of deduced amino acid sequences of Malus domestica
MdEIL1-10, Arabidopsis thaliana AtEIL1-5, and AtEIN3 and Sola-
num lycopersicum SIEIL1-4. The different conserved amino acids
are coloured (25% threshold). Gene IDs: MdEIL1: MD15G1441000;
MdEIL2: MD07G1053800; MdEIL3: MD08G1245800; MdEIL4: MD02
G1266200; MdEIL5: MDO07G1053500; MdEIL6: MD02G1266300;
MdEIL7: MD11G1022400; MdEIL8: MD03G1020800; MdEIL9:
MD01G1025900; MdEIL10: MD15G1327300; AtEIL1: Q9SLHO0.1;
AtEIL2: 023115.1; AtEIL3: 023116.1; AtEIL4: QILX16.1; AtEIL5:
Q9FJQ5.1; AtEIN3: 024606.1; SIEIL1: NP_001234541.1; SIEIL2:
NP_001234721.1; SIEIL3: NP_001234546.1; SIEIL4: NP_001233931.1.
The parameters used for sequence alignment and phylogenetic
tree building are shown at the bottom.

Figure S2. Genomic DNA was extracted from the leaves of pHEX2:
EIL1 lines (E), and pHEX2:eGFP control lines (G) using a NucleoS-
pin Plant Il DNA mini kit (Macherey-Nagel) following manufac-
turer’s instructions. PCR was used to confirm that each line was
transgenic using primers designed to amplify the GFP transgene
(upper lanes, each sample in duplicate) and primers designed to
span the MdEILT-GFP junction (bottom panel, single sample).
Primers are given in Table S2. PCR conditions were 94°C for 2
min, 35 cycles of 94°C for 30 s; 58°C for 30 sec and 72°C for 45 sec.
MQ: MilliQ water, no template control.

Figure S3. Expression of MdEIL5 in fruit of transgenic and control
lines at harvest and after 10 weeks of cold treatment. Gene
expression was determined by RT-qPCR using gene-specific
primers (Table S2). pHEX2:EIL1 lines = E308, E310, E316, E317,
E318, E322; control lines = G311, G319; wildtype = WT2, WT5,
WT7, and ACO1as. The logqo of relative expression values were
used for graphing and analysis. Data are presented as mean + SE
(n = 6). Lowercase letters indicate significant differences at the
level of P < 0.05 among different lines.

Figure S4. Photographs of apple fruits at harvest (150 DAFB) from
pHEX2:EIL1 lines = E308, E310ko, E316ko, E3170x, E318, E3220x;
control lines = G311, G319; wild-type = WT2, WT5, WT7, and
ACO1as. N.B. The fruit of transgenic lines E310ko, E316ko and the
MdACO1as line are clearly greener than all other lines. For scale -
the blue trays holding the fruit are 48 x 31 cm.

Figure S5. Ethylene production, firmness, soluble solids content
hue angle and starch pattern index (SPI) at harvest and after cold
treatment. For Season 1 (2023 harvest), fruit were harvested at 150
DAA and stored for 10 weeks at 5°C and returned to room temper-
ature for 7 days. (a) ethylene concentration, (c) firmness, (e) solu-
ble solids content (SSC), (g) hue angle measured at harvest and
after cold treatment and (i) starch pattern index (SPI) measured at
harvest. pHEX2:EIL1 lines = E3170x, E310ko, E316ko, control
(CTRL) lines = G311, G319 and ACO1as. For Season 2 (2024 har-
vest), fruit were harvested at 150 DAA and stored for 10 weeks at
3°C. (b) ethylene concentration, (d) firmness, (f) soluble solids con-
tent (SSC), (j) starch pattern index (SPI) measured at harvest and

after cold treatment and (h) hue angle after cold treatment.
pHEX2:EIL1 lines = E3170x, E310ko, E316ko, control (CTRL) lines =
G311, G319 and ACO1as.

Figure S6. Loading plots (left, in blue) and biplots (right, in red) of
headspace volatiles produced by transgenic and control lines at
harvest (a, b) and after cold treatment (c, d) based on loading 1
and 2 or principal component 1 and 2. Groups: ACO1as; ElLko
lines = E310ko, E316ko; ElLox lines = E3170x, E3220x; control and
wild-type (WT) lines = G311, G319, WT2, WT5, WT7. Original data
were normalised by log,o transformation and mean centering.
Figure S7. Phylogenetic tree of the apple dehydrin (MdDHN) gene
family compared to Arabidopsis (ARATH). The following
GenBank/Uniprot identifiers from Arabidopsis were used to identify
homologues in apple by BLAST searching of the Malus x domes-
tica ‘Golden Delicious’" genome GDDH13 v1-1. Arabidopsis:
RD29A_ARATH, RD29B-1 (AAB25482), RD29B-2 (0OA095316),
HRD11_ARATH, XERO2_ARATH, DHR18_ARATH, XERO1_ARATH,
DHLEA_ARATH, COR47_ARATH, ERD10_ARATH, ERD14_ARATH,
At4g38410 (AAO39908). Nineteen apple dehydrin homologues
MdDHN1-19 were identified. Their gene model numbers are listed
in Table S2. Methods: Alignment: Geneious Muscle, Tree: Geneious
Tree Builder, Tree build method: UPGMA, Genetic distance model:
Jukes-Cantor. Bootstrap: 1000 replicates, support threshold >70%.
MdDHN1-12 numbering is based on Falavigna et al. (2015).

Figure S8. Phylogenetic tree of the apple C-repeat binding factor
(MdCBF) gene family compared to Arabidopsis (At). Homologues
in apple were obtained by BLAST searching of the Malus x do-
mestica ‘Golden Delicious’ genome GDDH13 v1-1 (cutoff <1E)
with AtACBF1 (AT4G25490.1), AtCBF2 (AT4G25470.1), AtCBF3
(AT4G25480.1), AtCBF4 (AT5G51990.1), AtDDF1 (AT1G12610.1),
AtDDF2 (AT1G63030.1) and apple MdCBF2 - (AP2D7/GU732431).
DDF: Dwarf and Delayed Flowering 1. Gene model numbers for
apple CBFs are listed in Table S2. Methods: Alignment: Geneious
Muscle, Tree: Geneious Tree Builder, Tree build method: UPGMA,
Genetic distance model: Jukes-Cantor. Bootstrap: 1000 replicates,
support threshold >70%.

Figure S9. Expression of apple dehydrins (MdDHN1-19), CBFs
(MdCBF1-6) and MdNAC029, MdNAC104. To identify which genes
showed evidence of cold induction and/or repression, two post-
harvest treatments were screened using RT-qPCR. Harvest 1 (H1)
consisted of wildtype ‘Royal Gala’ fruit that had been stored at 1°C
for 10 weeks and were then left to sit at room temperature for 1
week. The sample was then stored at 0.5°C for 48 h (0.5°C). Har-
vest 2 (H2) fruit was tree harvested, kept at room temperature and
subsequently stored at room temperature (H2) or 3°C for 48 h
(3°C). For each of the four samplings, cDNA was prepared from
three biological reps independently and subsequently pooled into
a single pooled sample (four pools in total). Gene names
highlighted with blue arrows were selected for further RT-qPCR
experiments. Primer pairs that did not amplify in any
samples/genes that were not expressed, were not graphed
(MdDHN3, 7, 9-13, 18, MdCBF1, 3, 4). Primers are listed in
Table S2.

Figure S$10. Regulatory effects of MdEIL family members overex-
pression on transcription driven by the MdoOMT1 promoter.
Dual-luciferase activity was measured 3/4 d after infiltration of N.
benthamiana leaves. The LUC/REN value of empty vector (pHEX2-
GUS)/control (CTRL) was set as 1. Data were normalised with con-
trol and presented as mean + SE (n = 12). Lowercase letters indi-
cate significant differences at the level of P < 0.05 among different
combinations.

Figure $11. Mapping of RNAseq reads to identify 5-UTR regions
in MdAFS1 and MdBGAL. (a) MD10G1311000: MdAFST, (b)

© 2025 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, €70059



MD02G1079200: MdBGAL. The selected sequences started just
downstream of predicted ‘TATA’ boxes and ends at ‘ATG’ start
codon. The predicted length of 5-UTR area for proMdAFS1 and
proMdBGAL are 110 bp (a) and 650 bp (b), respectively.

Table S1. Chromosome location of MdEIL1-MdEIL10.
Table S2. Gene specific primers for RT-gPCR, cloning and EMSA.
Table S3. Headspace volatiles in MdEIL, control and ACOas lines.
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