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Abstract
Background  Russeting is a major problem in many fruit crops. Russeting is caused by environmental factors such as 
wounding or moisture exposure of the fruit surface. Despite extensive research, the molecular sequence that triggers 
russet initiation remains unclear. Here, we present high-resolution transcriptomic data by controlled russet induction 
at very early stages of fruit development. During Phase I, a patch of the fruit surface is exposed to surface moisture. 
For Phase II, moisture exposure is terminated, and the formerly exposed surface remains dry. We targeted differentially 
expressed transcripts as soon as 24 h after russet induction.

Results  During moisture exposure (Phase I) of ‘Pinova’ apple, transcripts associated with the cell cycle, cell wall, and 
cuticle synthesis (SHN3) decrease, while those related to abiotic stress increase. NAC35 and MYB17 were the earliest 
induced genes during Phase I. They are therefore linked to the initial processes of cuticle microcracking. After moisture 
removal (Phase II), the expression of genes related to meristematic activity increased (WOX4 within 24 h, MYB84 within 
48 h). Genes related to lignin synthesis (MYB52) and suberin synthesis (MYB93, WRKY56) were upregulated within 3 d 
after moisture removal. WOX4 and AP2B3 are the earliest differentially expressed genes induced in Phase II. They are 
therefore linked to early events in periderm formation. The expression profiles were consistent between two different 
seasons and mirrored differences in russet susceptibility in a comparison of cultivars. Furthermore, expression profiles 
during Phase II of moisture induction were largely identical to those following wounding.

Conclusions  The combination of a unique controlled russet induction technique with high-resolution transcriptomic 
data allowed for the very first time to analyse the formation of cuticular microcracks and periderm in apple fruit 
immediately after the onset of triggering factors. This data provides valuable insights into the spatial-temporal 
dynamics of russeting, including the synthesis of cuticles, dedifferentiation of cells, and impregnation of cell walls with 
suberin and lignin.
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Background
Russeting is a skin disorder in many fruit crop species, 
including apple [1–5]. In russeting, the cuticle and the 
epidermis are replaced by periderm. In many apple cul-
tivars, russeting compromises the visual appearance of 
the fruit, thereby reducing market value. Furthermore, 
postharvest performance is impaired by the increased 
permeance of the skin to water vapor, which may result 
in increased mass loss and shriveling [6–8].

Periderm formation begins in the hypodermis in the 
vicinity of microcracks in the cuticle [9–11]. Micro-
cracks are minute microscopic cracks that are limited to 
the cuticle and not visible to the naked eye [12–14]. They 
are the first visible symptoms in russeting [12, 15] and 
result from a mismatch between cuticle deposition on 
the one hand and growth stress during periods of rapid 
surface expansion on the other hand [16, 17]. Russeting 
is influenced by both environmental and genetic fac-
tors. Environmental factors include the exposure of fruit 
surfaces to moisture or high humidity during periods of 
high strain or mechanical damage [13, 14, 18–21]. There 
are genetic differences in the susceptibility of cultivars to 
russeting. Generally, cultivars with high variability in the 
cell sizes of the epidermis and hypodermis are most sus-
ceptible [22].

Molecular studies indicate that the downregulation 
of cuticle synthesis is an important factor in russeting. 
QTLs (quantitative trait loci) for russeting on chromo-
somes 2, 12 and 15 were identified in populations seg-
regating for russet susceptibility [23, 24]. Within these 
QTLs, the major cuticle regulator MdSHN3 [24] as well as 
the cutin/wax transporter MdABCG11 [23] were associ-
ated with russet susceptibility in apple under field condi-
tions. Comparisons between a russet-resistant and a fully 
russeted sport of ‘Golden Delicious’ demonstrated down-
regulation of two oxidosqualene cyclases (MdOSC1 and 
MdOSC3) during microcracking of the cuticle. A change 
in triterpene content from ursan-type to lupane-type tri-
terpenes was observed in russeted skins, together with an 
increase in MdOSC5, which is activated by MdMYB66 
and to a lesser extent by MdMYB52 [25]. Furthermore, 
a bulk transcriptomic study on russeted and nonrus-
seted fruits revealed a large number of cuticle-related 
genes to be downregulated in russeted apple fruit skins 
at maturity [26]. Additionally, suberin-associated genes 
were highly expressed, together with a dense network of 
possible transcriptional regulators of the later processes 
of russeting (e.g., maturation of the periderm, impreg-
nation of cell walls with suberin) [26]. The transcription 
factor MdMYB93 was later identified as a major regulator 
of suberin synthesis [27], and MdMYB52 was identified 
as a regulator of lignin synthesis [28]. In addition, inves-
tigations at the multispecies level revealed MYB9 and 
MYB107 to be major regulators of suberin formation in 

angiosperms [29]. The majority of transcription factors 
associated with the later processes of russeting belong to 
the R2R3-MYB family and, to a minor extent, to the AP2/
EREBP, bHLH, C2H2, WRKY, and NAC-domain tran-
scription factor families [25–27, 30–32]. Unfortunately, 
all of the above analyses were conducted on fruit at the 
mature stage, while russeting typically occurs during 
early development. In apple, russet susceptibility peaks 
during the first four weeks after full bloom [1, 12, 20, 
33–36]. Unfortunately, only a few studies focused on this 
time period. We therefore used moisture treatment to 
induce russeting at defined developmental stages, includ-
ing the period of highest russet susceptibility [19]. Kha-
nal and coworkers [14] refined the system to specifically 
target early events in russet formation. This modification 
allowed a patch of fruit skin to be exposed to moisture 
(Phase I), while the remaining fruit surface stays dry and 
serves as a control. The moisture is then removed (Phase 
II), and the events occurring after moisture removal can 
be monitored [13, 21].

Here, we present a high-resolution transcriptomic 
study performed during the onset of russeting in apple. 
The objectives of this research were to analyze genes rep-
resentative of Phase I and Phase II of moisture-induced 
russeting and to identify candidates with putative func-
tions in russeting.

Results
We induced russeting on fruits of the cultivar ‘Pinova’ in 
the 2018 and 2019 growing seasons by exposing fruits 21 
or 31 days after full bloom (DAFB) to moisture for 12 d 
(Phase I, ‘12 d wet + 0 d dry’). During Phase I, the control 
fruit remained dry (‘12 d dry + 0 d dry’). For the subse-
quent Phase II, moisture was removed, and samples were 
taken at 1 d (‘12 d wet + 1 d dry’) to 8 d after moisture 
removal (‘12 d dry + 8 d dry’). The number of read pairs 
obtained after quality filtering and trimming of raw reads 
ranged from 56.6 M to 70.5 M for independent replicates. 
Reads mapped uniquely to the HFTH1 genome with a 
frequency between 82.9 and 95.5% (Table S1).

Transcriptomic data obtained during the 2018 and 2019 
seasons displayed low variability between replicates as 
indexed by principal component analysis (PCA) (Fig. 1A, 
B). Control samples clustered closely together for both 
seasons. In contrast, moisture-treated samples compared 
to untreated controls showed a pronounced diverging 
pattern, with distances between treatments increasing 
with time after moisture removal (Phase II). This corre-
sponded to the observed progress of microcrack forma-
tion within Phase I and periderm development during 
the consecutive Phase II (Figure S1). Clusters observed 
in PCA for the 2018 season (Fig. 1A) were less compact 
than those in the 2019 season (Fig. 1B).
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Transcripts differ between phases I and II of russet 
induction
Stringent filtering of the differentially expressed genes 
(DEGs) obtained from the various datasets revealed 
a total of 3533 DEGs. The number of DEGs was higher 

in 2019 than in 2018 (Table S2). Four times more genes 
were downregulated and two times more genes were 
upregulated in 2019 than in 2018 between the corre-
sponding time points at ‘12 d wet + 0 d dry’ (Phase I) and 
‘12 d wet + 8 d dry’ (Phase II) (Table S2). Consistent with 

Fig. 1  Variability between biological replicates in the RNA-Seq datasets. Apple fruit skin patches of ‘Pinova’ apples were induced to russet by exposed to 
surface moisture for 12 d (Phase I). After termination of moisture exposure, the treated skin patch was exposed to ambient atmosphere (Phase II). Non-
treated control surfaces remained dry during Phase I and Phase II. The distribution of the transcriptome during the 2018 (A) and 2019 (B) seasons was 
determined by principal component analysis (PCA) based on variance stabilization transformation in ‘DESeq2’. PCA revealed clear separation of clusters 
between moisture-exposed (‘x d wet + y d dry’) and control (‘x d dry + y d dry’) samples, whereas the biological replicates within each treatment were 
consistent (indicated by ellipses)
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this observation, there were more russeted fruits in the 
2019 season than in the 2018 season (Figure S2A, B).

For both seasons, we found DEGs putatively involved 
in microcracking in Phase I as well as in periderm forma-
tion in Phase II.

In Phase I samples, in the 2018 season, 242 genes were 
downregulated compared to 22 in Phase II. Of the 242 
genes, 54 genes were downregulated at ‘6 d wet + 0 d dry’ 
as well as ‘12 d wet + 0 d dry’ (Fig. 2A). In contrast, 700 
genes were upregulated exclusively during Phase I and 
310 during Phase II. Of the 700 genes specific to Phase I, 
14 were already differentially expressed after 2 d of sur-
face moisture (‘2 d wet + 0 d dry’) (Fig. 2B).

In 2019, 421 genes were downregulated during Phase I 
and 335 during Phase II, whereas 32 genes were already 
downregulated at ‘12 d wet + 1 d dry’ in Phase II (Fig. 2C). 
The number of upregulated genes was 375 in Phase I and 
959 in Phase II. Of the 959 genes, 103 were already upreg-
ulated at ‘12 d wet + 1 d dry’ during Phase II (Fig. 2D).

Three sampling dates were common in both seasons: ‘0 
d wet + 0 d dry’ (Phase I), ‘12 d wet + 0 d dry’ (Phase I), 
and ‘12 d wet + 8 d dry’ (Phase II). The last two sampling 
times revealed a large number of season-specific DEGs. 
To avoid artifacts from confounding factors unrelated to 
russeting but differing between seasons, further analy-
sis was restricted to DEGs consistent between seasons. 
These comprised 106 genes at ‘12 d wet + 0 d dry’ (Phase 
I) and one gene at ‘12 d wet + 8 d dry’ (Phase II) (Data S1). 
Eight genes were downregulated on both sampling dates 
(Fig.  2E). In both seasons, the number of upregulated 
genes was 414 at ‘12 d wet + 0 d dry’ (Phase I) and 238 at 
‘12 d wet + 8 d dry’ (Phase II) (Fig. 2F; Data S1).

The DEGs downregulated in Phase I (‘12 d wet + 0 d 
dry’) were characterized by gene ontology (GO) terms 
related to cellular processes (e.g., cell division, cell wall 
associated or cytoskeleton). Cuticle-related GO terms 
(e.g., lipid metabolic process, fatty acid metabolic pro-
cess, fatty acid synthetic process, and cellular lipid meta-
bolic process) were downregulated in 2019 and to a lesser 
extent (log2-fold change (log2FC) ≤ -1) in 2018 (Fig. 3A, 
Data S2, S3, S4, S5). The DEGs upregulated in Phase I 
due to moisture exposure comprised stress-related genes 
(e.g., oxidative stress and osmotic stress) (Fig.  3B, Data 
S2, S3, S4).

The DEGs during early Phase II (‘12 d wet + 1 d dry’) 
were similar to those at ‘12 d wet + 0 d dry’ (Phase I). The 
number of GO terms for downregulated DEGs decreased 
over time during Phase II. Beginning at ‘12 d wet + 3 d 
dry’, DEGs associated with suberin and lignin forma-
tion and cell wall metabolism were upregulated (Fig. 3C, 
Data S2, S3, S4). After ‘12 d wet + 8 d dry’ (Phase II), 
only one gene was consistently downregulated in both 
years (Fig. 2E). The upregulated genes at ‘12 d wet + 8 d 
dry’ (Phase II) included genes responsive to hormones, 

including abscisic acid (ABA), and a range of transcrip-
tion factors (Fig.  3C; Data S4). At ‘12 d wet + 8 d dry’ 
(Phase II), processes associated with the metabolism of 
phenylpropanoids, suberin, and secondary metabolites, 
as well as response to lipids and apoplasts, were activated 
(Fig. 3C).

Cluster analysis revealed four clusters of DEGs with 
highly correlated expression patterns, suggesting a close 
relation to the onset of russeting (Fig. 4).

The first cluster contained nine genes that were down-
regulated in Phase I as early as ‘2 d wet + 0 d dry’, which 
remained so until ‘12 d wet + 8 dry’ in Phase II. SHN3 
[37–39] and MYB94 [40, 41] were identified within this 
cluster, where orthologous genes had major regulatory 
functions in cuticle synthesis. The second cluster con-
tained putative regulators for russeting, e.g., MYB93. This 
gene is a major regulator of suberin formation in apple 
[27]. This cluster was characterized by strong upregula-
tion (log2FC ≥ 2) several days after moisture removal (‘12 
d wet + 3 d dry’) in Phase II. The third cluster contained 
transcriptional regulators that were activated immedi-
ately or shortly after termination of the moisture treat-
ment (‘12 d wet + 0 d dry’ and ‘12 d wet + 1 d dry’) on the 
fruit skin patches. Within this cluster, Wuschel-related 
homeobox 4 (WOX4) and MYB84 were observed, which 
are orthologous genes of major regulators during peri-
derm initiation. Many genes in the fourth cluster were 
already slightly upregulated at the timepoint of moisture 
removal (‘12 d wet + 0 d dry’), especially in season 2019 
(Fig.  4). This cluster contains MYB36, the orthologous 
gene of which in Arabidopsis thaliana regulates develop-
mental transitions from proliferation to differentiation of 
cells in the root endodermis [42].

Validation of selected DEGs by qPCR
Earlier studies established that (1) microcracking of the 
cuticle occurs within 48  h of moisture exposure and 
(2) periderm initiation begins within 24  h of moisture 
removal [13, 14, 21, 43]. Therefore, putative regulators 
must be expressed early during Phase I and at the begin-
ning of Phase II, i.e., at ‘12 d wet + 1 d dry’. Based on these 
findings, a set of 12 DEGs was selected that represented 
candidate genes for early regulation during Phase I and 
Phase II (Fig.  5A) and/or are related to either cuticle 
(Phase I) or periderm formation (Phase II). These com-
prised transcription factors derived from clusters specific 
to Phase I (MYB17, NAC35) or Phase II (AP2/B3-like 
transcription factor family protein (AP2B3), WOX4, 
MYB84, MYB-like 102 (MYB102), MYB52, WRKY56, 
MYB67, MYB93), one late embryogenesis abundant 
hydroxyproline-rich glycoprotein (LEA) and one SGNH 
hydrolase (SGNH). The genes were analyzed by quanti-
tative real-time PCR (qPCR) to validate their expression 
patterns (Fig. 5B). The expression patterns of the selected 
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genes were similar for RNA-Seq and qPCR. MYB93 was 
used to trace the early processes of suberin synthesis 
[21, 27, 43] during Phase II and thus was representative 
of periderm formation as indexed by the occurrence of 
phellem cells.

NAC35 and MYB17 were downregulated during early 
Phase I within both seasons at time points when micro-
cracking occurred (Fig.  5A, B; Figure S1). The genes 
AP2B3, WOX4 and LEA showed increased expression at 

‘12 d wet + 1 d dry’ (Fig. 5A, B). At ‘12 d wet + 2 d dry’, the 
expression of MYB84, MYB102, MYB52 and WRKY56 
increased as indexed by qPCR. Upregulation of MYB93 
and SGNH started one day later at ‘12 d wet + 3 d dry’. The 
increase continued until ‘12 d wet + 8 dry’ (Fig. 5B). The 
expression pattern was consistent between the two sea-
sons (Fig.  5A, B). The transcriptional regulator MYB67 
was only differentially expressed at ‘12 d wet + 8 d dry’, 

Fig. 2  Effect of the growing season on gene expression patterns in moisture-induced russeting in ‘Pinova’ apples. Venn diagrams of differentially ex-
pressed genes during the 2018 (A, B) and 2019 growing seasons (C, D). Comparison of common treatments and their respective controls between the 
two seasons (E, F). Only genes with a log2-fold change (log2FC) ≥ 2 or ≤ -2, a false discovery rate (FDR) ≤ 0.05 and a mean of at least five transcripts per 
million (TPM) for moisture-exposed (‘x d wet + y d dry’) or control (‘x d dry + y d dry’) samples are illustrated
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Fig. 3  GO term analysis following moisture-induced russeting of apple. Russeting on ‘Pinova’ apple fruits was induced by moisture in a two-phase ex-
periment. During Phase I, a patch of fruit skin was exposed to surface moisture for 12 d (Phase I). After termination of moisture exposure (Phase II), the 
treated skin patch was exposed to the ambient atmosphere. The nontreated controls remained dry during Phase I and Phase II. Treatments and respective 
controls are listed in Table S3. Moisture exposure began at 21 or 31 days after full bloom (DAFB) during the 2018 and 2019 seasons. The GO term analysis 
indicated weakening of the cell structure during Phase I and hormone-regulated repair mechanisms of microcracks during Phase II. Common DEGs at 
‘12 d wet + 0 d dry’ (A, B) and ‘12 d wet + 8 d dry’ (C) identified by the Venn diagrams (see Fig. 2) were subjected to singular enrichment analysis (SEA) to 
obtain GO terms associated specifically with Phase I or Phase II. The top 20 GO terms for biological process, molecular process and cellular component are 
shown, which were derived from the orthologous genes found in the TAIR10 database. Only GO terms with a minimum of five genes and an FDR ≤ 0.01 
were selected
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when the first phellem cells had formed (Fig.  5, Figure 
S1).

Expression patterns of DEGs match russet susceptibility in 
cultivars differing in russet susceptibility
To confirm a role in russeting, the expression pattern of 
the selected DEGs was studied in four cultivars differing 
in russet susceptibility. Russet susceptibility decreased 
from ‘Karmijn’>‘Pinova’>‘Idared’>‘Gala’, as indexed by 
the portion of russeted surface area within the moisture-
exposed skin patch [44] (Figs. S3, S4). Downregulation 
of the Phase I-related gene MYB17 correlated with the 
degree of russet susceptibility (Fig.  6). Only for NAC35 
was there no relationship to russet susceptibility (Fig. 6).

Generally, the expression patterns of Phase II-related 
genes (LEA, WOX4, AP2B3, MYB52, MYB67, MYB84, 
MYB93, MYB102, WRKY56 and SGNH) corresponded 
to the extent of microcracking during Phase I (Figure S5) 
and matched the degree of russet susceptibility of the 
four cultivars during Phase II (Fig. 6, Figure S3).

Phase II genes display similar expression patterns in 
samples where russeting is induced by moisture or by 
mechanical wounding
Mechanical wounding of apple fruit skins induced rus-
seting. Hence, the expression patterns of the DEGs were 
also analyzed following wounding [43].

The Phase I-specific transcription factors MYB17 and 
NAC35 were downregulated immediately after wounding 
(Fig. 7).

AP2B3, WOX4, MYB84, MYB102, MYB52, WRKY56 
and LEA were upregulated 2 d after wounding, and 
SGNH, MYB67 and the suberin-specific gene MYB93 
were upregulated after 4 d (Fig.  7). The expression of 
AP2B3, LEA and MYB102 peaked at 2 d and decreased 
to a constant level thereafter. The expression of MYB67 
was similar to that of MYB93 and SGNH, although the 
increase was somewhat smaller. Similar DEGs were iden-
tified in the cultivar comparison following wounding. 
There was no relationship between the russet susceptibil-
ity of the cultivars and the DEGs (Figure S6). In contrast 
to moisture-induced russeting, which induced russeting 
only in a fraction of the exposed skin patch, russeting fol-
lowing wounding covered the entire area of the wounded 
patch in all four cultivars (Table S4).

Discussion
Our discussion focuses on (1) the suitability of moisture-
induced microcracking for studying russeting in apples, 
(2) the changes in the transcriptome occurring during 
Phase I and (3) those occurring during Phase II of mois-
ture-induced russeting.

Fig. 4  Heatmap illustrating distinct expression patterns of transcriptional 
regulators during moisture-induced russeting. Russeting in ‘Pinova’ apples 
was induced in a two-phase experiment: During Phase I, a patch of fruit 
skin was exposed to surface moisture for 12 d (Phase I, ‘12 d wet’). After 
termination of moisture exposure (Phase II), the treated skin patch was 
exposed to the ambient atmosphere (‘y d dry’). The nontreated control 
(‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). 
The heatmap revealed a dense network of transcriptional regulators that 
were differentially expressed during the early phase of russet formation. 
Cluster 1 contains Phase I-related genes, and Clusters 2 to 4 contain Phase 
II-related genes. Expression values are the mean log10(TPM) values of three 
independent biological replicates comprising six (season 2018) or ten 
(season 2019) fruits each. Genes with a log2FC ≥ 2 or ≤ -2, an FDR ≤ 0.05 
and a mean of at least five TPM in ‘Moisture’ or ‘Control’ at any time during 
the two seasons are illustrated. Gene clusters were obtained via hierarchi-
cal clustering with the R package ‘pheatmap’
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Moisture-induced russeting
Russeting in susceptible apple cultivars is triggered by a 
number of environmental factors [13, 14, 18–21, 36, 45–
53]. Under field conditions, these factors are impossible 
to control, resulting in high variability of russeting within 
a tree, between trees, and between orchards, regions and 
seasons.

This makes systematic studies on russeting and the 
identification of triggers of russeting at a molecular level 

difficult. Moisture-induced russeting is a promising sys-
tem that offers several advantages. First, surface moisture 
is a common factor in the natural russeting of apples [15, 
18, 36, 54]. Second, experimental induction of russeting 
using moisture may be performed at the developmental 
stage where fruit is most susceptible to russeting. This 
is the first 40 days after full bloom [1, 12, 20, 33–36]. 
However, most studies of transcriptomes of russeted 
apple fruit are based on natural russeting assessed at the 

Fig. 5  Comparison of gene expression results obtained by RNA-Seq (A) and qPCR (B). The data obtained by the two methods reveal consistent gene 
expression. Russeting in ‘Pinova’ apples was induced in a two-phase experiment: During Phase I, a patch of fruit skin was exposed to surface moisture 
for 12 d (Phase I, ‘12 d wet’). After termination of moisture exposure (Phase II), the treated skin patch was exposed to the ambient atmosphere (‘y d dry’). 
The nontreated control (‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). Moisture exposure began at 21 or 31 days after full bloom 
(DAFB) during the 2018 and 2019 seasons. The dashed line indicates the termination of moisture exposure. Genes with specific patterns for Phase I and 
Phase II were analyzed. Expression values obtained from RNA-Seq data (A) represent means ± SEs of TPM of three independent biological replicates 
comprising six (season 2018) or ten (season 2019) fruits each. * indicates a significant difference between ‘Moisture’’ and ‘Control’ at FDR ≤ 0.05. Expression 
values derived from qPCR (B) represent means ± SEs of three independent biological replicates comprising ten fruits each. ‘*’ indicates a significant differ-
ence between ‘Moisture’ and ‘Control’ at p ≤ 0.05 (Student’s t test)
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Fig. 6  Expression pattern of putative candidate genes during moisture-induced russeting of four apple cultivars. A two phase experiment was conduct-
ed to induce russeting in four apple cultivars (‘Karmijn’, ‘Pinova’, ‘Idared’, and ‘Gala’) that vary in their susceptibility to russet: During Phase I, a patch of fruit 
skin was exposed to surface moisture for 12 d (Phase I, ‘12 d wet’). After termination of moisture exposure (Phase II), the treated skin patch was exposed 
to the ambient atmosphere (‘y d dry’). The nontreated control (‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). The dashed line 
indicates the termination of moisture exposure. The expression of genes associated with Phase I (MYB17, NAC35) as well as Phase II (AP2B3, WOX4, MYB84, 
LEA, MYB102, MYB52, WRKY56, SGNH, MYB67, MYB93) was analyzed. Expression values represent the means ± SEs of three independent biological replicates 
comprising six fruits each. ‘*’ indicates a significant difference between ‘Moisture’ and ‘Control’ in each cultivar at p ≤ 0.05 (Student’s t test)
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mature stage [24–26, 29–32]. Furthermore, the begin-
ning of russet induction is precisely defined in moisture-
induced russeting. In contrast, when assessing russeting 
at the mature stage, the time of the onset of russeting is 
unknown. This makes it impossible to establish causal 
relationships between potential trigger(s) of russeting. 
Third, our system of moisture-induced russeting allows 
us to compare the transcriptomes of the nonrusseted 
control and the russet-induced skin patch on an indi-
vidual fruit basis. Thus, differential gene expression is 

standardized for differences between cultivars, stages of 
fruit development and environmental factors to which 
the fruit is exposed in the tree canopy. This is not the case 
when susceptible and resistant cultivars are compared. 
In the latter case, differences between cultivars and the 
specific environment of the fruit cannot be separated 
from genetic differences in russet susceptibility. These 
arguments demonstrate that moisture-induced russeting 
offers a high degree of control. The system was success-
fully used previously [13, 14, 21, 43]. The data obtained 

Fig. 7  Expression of putative candidate genes involved in russeting during moisture-induced (A) or wound-induced (B) russeting. Russeting in ‘Pinova’ 
apples was induced by surface moisture in a two-phase experiment: During Phase I, a patch of fruit skin was exposed to surface moisture for 12 d (Phase 
I, ‘12 d wet’). After termination of moisture exposure (Phase II), the treated skin patch was exposed to the ambient atmosphere (‘y d dry’). The nontreated 
control (‘Control’) remained dry during Phase I and Phase II (‘x d dry + y d dry’). Russeting was also induced by mechanical wounding using sandpaper 
(‘Wounding’). The nontreated fruit skin served as a control (‘Control’). The data revealed similar expression patterns between the two types of russet induc-
tion. Gene expression of candidate genes for the onset of periderm formation was determined at 0, 2, 4 and 8 d after moisture termination (A) or after 
wounding (B). Expression values represent the means ± SEs of three independent biological replicates comprising six fruits each. ‘*’ indicates a significant 
difference between ‘Moisture’ and ‘Control’ or ‘Wounding’ and ‘Control’ at p ≤ 0.05 (Student’s t test)
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demonstrate that during Phase I within 48 h of moisture 
exposure, cuticle synthesis decreases, and microcracks 
are formed. The microcracks represent the first visible 
symptoms of russeting [10, 12, 15]. During the subse-
quent Phase II after moisture removal, microcracks are 
exposed to the ambient atmosphere, and the periderm 
begins to differentiate [13, 21, 43]. Stringent filtering of 
DEGs combined with high sequencing depth (59.8 to 
75.1  million read pairs per biological replicate) allowed 
us to also identify lowly expressed genes such as tran-
scription factors relevant to russeting. Furthermore, 
performing the experiment in different growing seasons 
allowed us to identify consistent changes between the 
two seasons. This comparison demonstrated a remark-
able degree of overlap that was further confirmed by 
qPCR of selected genes in subsequent seasons. In addi-
tion, Phase II processes were consistently altered in the 
wounding treatments. Like exposure to surface moisture, 
the developmental stage of the wounding treatment is 
well defined, and the treatment is performed during the 
phase of maximum susceptibility to russeting. Based on 
these arguments, the induction of russeting by moisture 
exposure or wounding is a helpful tool in identifying trig-
gers of russeting.

Genes differentially expressed in phase I
Phase I of russet induction was characterized by a large 
number of downregulated genes related to either cutin 
and wax synthesis (SHN3 [37], GPAT6 [55], WSD1 [56], 
ABCG11 [57], LTP3 [30]), transcriptional regulation 
(MYB17, NAC35) or cell cycle and microtubule forma-
tion (Tubulin/FTsZ family protein (HF08104) and ATP 
binding microtubule motor family protein (HF30539)). 
These data are consistent between RNA-seq and qPCR. 
They also confirm the findings of earlier studies on cutin 
and wax deposition in relation to moisture-induced rus-
seting [21, 43].

The downregulation of genes involved in cuticle forma-
tion is considered to be an early factor associated with 
microcracking during Phase I [23–26, 30]. We therefore 
compared the transcriptional dynamics of these genes to 
those of our new set of candidate genes in our RNA-Seq 
dataset (Figure S7). Cuticle-related genes decreased dur-
ing Phase I after 6 d of moisture exposure (‘6 d wet + 0 
d dry’) in 2018 and after 12 d (‘12 d wet + 0 d dry’) in 
both seasons (Figure S7). Several regulators in Cluster 
1 (Fig.  4) were downregulated, including homeobox 7, 
NAC35, two GRAS transcription factors, MYB17, and TF 
IIIA. These were downregulated before the cuticle-related 
genes SHN3, ABCG11, GPAT6, KCS10, WSD1 and CER6 
(Figure S7) were downregulated during Phase I.

The transcription factors MYB17 and NAC35 were the 
earliest genes downregulated after the beginning of the 
moisture treatments. The expression pattern of MYB17 

correlated closely with that of SHN3 [24, 38, 39]. How-
ever, the downregulation of MYB17 occurred slightly ear-
lier during Phase I as well as to a greater extent. MYB17 is 
highly similar to AtMYB16 and AtMYB106. The last two 
are involved in the regulation of epidermal cell growth 
and cuticle formation [58, 59]. A putative role of MYB17 
in cuticle formation is also consistent with the cultivar 
comparison of moisture-induced russeting (Fig.  6) and 
the experiment on wound-induced russeting (Figure S6). 
Here, the expression of MYB17 was much lower in sus-
ceptible cultivars than in resistant cultivars. Wounding 
resulted in decreased expression of MYB17.

The second transcription factor, NAC35, was cho-
sen because overexpression of AtLOV1, an ortholog of 
NAC35 in Arabidopsis thaliana, changed epidermal cell 
organization and increased lignin content in cell walls 
when overexpressed in switchgrass [60]. The MYB17 
expression patterns of NAC35 were consistent between 
the qPCR experiments and the RNA-Seq analysis.

The expression of MYB17 and NAC35 after moisture 
treatment was also confirmed in a fourth experiment in 
which russet induction by wounding and moisture was 
compared. In both treatments, MYB17 and NAC35 were 
downregulated. This downregulation is in line with that 
of other cuticle-specific genes, such as SHN3, GPAT6, 
KCS10, WSD1, CER6 and ABCG11, described in earlier 
studies [43]. However, their differential regulation after 
mechanical wounding indicates that the downregulation 
is not related to microcracking typical of Phase I of russet 
induction but rather to the tissue damage that accompa-
nies skin cracking.

Genes upregulated during Phase I were stress response 
genes such as 1-aminocyclopropane-1-carboxylic acid 
(acc) synthase 6 (HF20852), peroxidase superfamily pro-
tein (HF39739), and heat shock protein 70 (HF0032) and 
genes related to oxidative stress, osmotic stress and salt 
stress. There were no upregulated genes that are involved 
in periderm formation.

Interestingly, the regulation of genes as indexed by 
the log2FC in expression was larger in the 2019 than in 
the 2018 growing season. This was consistent with more 
severe russeting in 2019 than in 2018, probably as a result 
of seasonal differences in temperature and rainfall (Sup-
plementary data, [13]) (Figure S2).

The mechanism of moisture-induced microcracking of 
the cuticle is probably related to failure of the hydrated 
cuticle when exposed to growth stress and strain. Cuticle 
hydration decreases the fracture force, which facilitates 
microcracking [61]. Additionally, the growth strain is 
particularly high during early fruit development, when 
the growth rate in surface area is high relative to the sur-
face area present at that time (Figure S8). Importantly, 
the mechanical properties of the cuticle do not differ 
between russet-susceptible and nonsusceptible cultivars 
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[44]. In apple, the epidermis and hypodermal cell layers 
form the structural backbone of the fruit skin [62]. Rus-
set-susceptible cultivars differ from nonsusceptible culti-
vars in that they have a higher variability of cell sizes in 
the epidermis and hypodermis [22]. Variable and larger 
cell sizes of the fruit skin cause stress concentration and 
failure when the skin is strained. During this process, 
the cuticle is dragged along and fails in response to the 
underlying cells [63]. Based on the above arguments, the 
change in mechanical properties of the cuticle and the 
decrease in cuticle deposition as a result of the down-
regulation of genes involved in cuticle formation during a 
phase of high growth stress are causal in failure. Variable 
cell sizes predispose fruit skins to russeting.

Genes differentially regulated during phase II
Periderm formation occurs during Phase II. It requires 
the differentiation of a periderm in hypodermal cell lay-
ers underneath an epidermis with a microcracked cuticle. 
Periderm formation is a three-step process comprising 
(1) the formation of a meristem, the phellogen, that (2) 
then begins to divide to produce stacks of phellem cells. 
The final step in periderm formation (3) is the incrus-
tation of the phellem cell walls with suberin and lignin. 
Earlier studies established that in moisture-induced rus-
seting, this three-step process begins in Phase II only 
after removal of moisture when the treated skin patch is 
exposed to the ambient atmosphere [13, 21], irrespective 
of the duration of moisture exposure. Our findings are 
consistent with this conclusion.

Based on the above arguments, during the early Phase 
II, differentially expressed genes should comprise 
genes characteristic of meristematic tissue. This was 
indeed the case. Differentially expressed genes included 
various MYB, NAC, WRKY, and homeobox transcription 
factors, WOX4, AP2/B3 and several LEAs, expansins, 
laccases and peroxidases (Figure S9, Data S6, S7). The 
expression of these genes increased immediately after 
moisture removal and exposure of the skin patch to the 
ambient atmosphere. Many of these genes are related to 
periderm formation (Figs. 4, [25, 30, 64–68]).

Recently published studies suggested that genes encod-
ing proteins with acyltransferase or esterase/lipase 
activity, cell wall metabolism, pentacyclic triterpene 
synthesis, the phenylpropanoid pathway, suberin syn-
thesis and transport of lipids are possible candidates in 
russeting [23, 25, 26, 30]. The cell wall-associated genes 
xyloglucan endotransglucosylases/hydrolases (XTH), 
expansins (EXP), peroxidases (PRX) and laccase 7 (LAC7) 
increased in moisture-exposed patches during the transi-
tion from Phase I to Phase II at ‘12 d wet + 0 d dry’. Three 
acyltransferases associated with triterpene-hydroxycin-
namates as well as several genes associated with ester-
ases/lipases (GDSL), pentacyclic triterpene synthesis, 

suberin synthesis, phenylpropanoid synthesis and lipid 
transport increased in gene expression at ‘12 d wet + 3 d 
dry’ or afterward (Figure S9). Transcriptional regulators 
found within Clusters 3 and 4 (Fig. 4) were upregulated 
earlier than most of the genes associated with phenyl-
propanoid or suberin synthesis (Figure S9), while genes 
found in Cluster 2 showed expression patterns similar to 
those of suberin-associated genes.

A total of four genes (WOX4, AP2B3, LEA, and MYB84) 
were validated by qPCR. The increase in expression was 
consistent between qPCR and RNA-Seq and occurred 
within 24  h (WOX4, AP2B3, LEA) and 48  h (MYB84) 
after exposure to the ambient atmosphere. Furthermore, 
the expression of all four genes was markedly higher in 
russet-susceptible cultivars than in nonsusceptible culti-
vars, implying a role in russeting.

The ortholog of WOX4 in Arabidopsis [69–72] and 
poplar [73] is related to the formation of the vascular 
cambium. In moisture-induced russeting in apple, WOX4 
was among the earliest expressed genes in Phase II. In 
the 2019 and 2020 seasons (cultivar comparison), it was 
already expressed to some extent late in Phase I (Figs. 5 
and 6). The upregulation, however, was restricted to cul-
tivars of high susceptibility in Phase I (Fig. 6). In Phase II, 
WOX4 was more regulated in susceptible than in resis-
tant cultivars. Interestingly, WOX4 was also expressed 
after mechanical wounding (Fig.  7, Figure S6). These 
arguments suggest that WOX4 is a candidate gene for 
phellogen formation.

An ortholog of AP2B3 in Arabidopsis, AtNGA1, regu-
lates 9-cis-epoxycarotenoid dioxygenase 3 (AtNCED3), 
which is involved in ABA formation upon drought 
stress [74]. AP2B3 was induced even earlier than WOX4 
(Fig.  5). The function of AP2B3 is consistent with its 
expression during early Phase II. Moisture removal after 
Phase I increased water loss from the microcracked cuti-
cle – the microcracks shunted the barrier properties of 
the cuticle [63]. The water loss, in turn, induced drought 
stress. In line with this, we found an ortholog of NCED3 
in apple (HF22773) that was differentially expressed in 
Phase II. AP2B3 expression was also reported in russeted 
fruit at later developmental stages [25].

The early induction of LEA is consistent with the above 
arguments (Figs. 5 and 7). LEA proteins are known to be 
responsive to ABA and are enriched in response to abi-
otic stress, including drought [75]. The LEA gene in our 
study is an ortholog of AtNHL26, which is active within 
the phloem [76].

The DEG MYB84 is an ortholog of MYB1 of Quer-
cus suber, where it is specific to phellem cells [66, 67]. 
Additionally, in Arabidopsis hypocotyls and roots, 
MYB84/RAX3 are expressed in the periderm [65]. These 
arguments are consistent with a role of MYB84 in the for-
mation of the phellogen.
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During the later Phase II of periderm formation, we 
expect differential expression of genes related to the 
incrustation of cell walls with suberin and lignin. This 
was confirmed in our experiment. The GO term analy-
sis of the differentially expressed genes identified genes 
involved in suberin, phenylpropanoid and lignin metab-
olism and synthesis, genes involved in ABA metabolism 
and genes related to cell wall synthesis (Fig. 3). In addi-
tion, a number of transcription factors belonging to the 
MYB, WRKY and NAC families were found to be solely 
expressed during late Phase II (Fig. 4).

We selected six genes (MYB93, MYB102, MYB52, 
WRKY56, SGNH, and MYB67) with putative functions in 
suberin formation for further validation by qPCR. Again, 
the expression patterns obtained by qPCR and RNA-Seq 
were consistent. The increased expression of MYB93 was 
consistent with that obtained in earlier studies [21, 43]. 
Its expression pattern perfectly mirrored the differential 
russet susceptibility in the cultivar comparison (Fig.  6). 
Additionally, the expression of MYB93 after wound-
ing further supported a role in russeting. In response 
to mechanical wounding, a periderm was induced after 
four days, which then began to divide to produce phel-
lem [43]. The suberization of the cell wall is consistent 
with the expression of MYB93. MYB93 has been reported 
to be involved in suberization of russet periderm [27]. 
MYB93 was also reported to interact with other genes. 
When overexpressed in N. benthamiana leaves, MYB93 
induced the expression of MYB52, MYB67, WRKY56 and 
MYB84, the last to a slightly lower extent.

Similar to MYB93, MYB102 is another interesting can-
didate for periderm formation during late Phase II. The 
expression of its ortholog AtMYB102 in Arabidopsis is 
directly induced by ABA. In Arabidopsis thaliana, ABA 
increased the suberization of roots [77]. Furthermore, 
MYB102 responded to wounding [78], which is consis-
tent with its role in the late phase of periderm formation.

Similarly, AtGELP96, an ortholog of SGNH, has key 
functions in the polymerization of suberin together 
with four other GELPs (GELP22, GELP38, GELP49, and 
GELP51) in A. thaliana roots [79]. This finding supports 
the putative functions of these genes in the accumulation 
of suberin in phellem cells after the phellogen has devel-
oped. Both the expression pattern and the annotations of 
MYB52, MYB67, MYB102 and WRKY56 indicated that 
these genes also contributed to the differentiation of the 
developing periderm during late Phase II rather than the 
development of the phellogen. MYB52, MYB67, MYB102 
and WRKY56 were all induced at later stages of periderm 
formation. Their expression patterns were highly corre-
lated with the extent of russeting in the cultivar compari-
son (Fig. 6).

Conclusion
The analysis of the transcriptome during periderm forma-
tion revealed a distinct pattern of gene expression. Based 
on the expression profiles and the supposed functions 
in heterologous plant systems, the following sequence 
of events results in periderm formation and, hence, rus-
seting (Fig. 8). The downregulation of genes involved in 
cutin and wax synthesis and deposition and the simul-
taneous change in the mechanical properties of the 
cuticle due to hydration result in microcrack formation 
during moisture exposure. After moisture removal, the 
tissue underneath the microcracks comes into contact 
with the ambient atmosphere. A cascade of transcrip-
tional regulatory events is now initiated. The increase in 
transpiration caused by the impaired barrier properties 
of the cuticle locally induces water stress as indexed by 
the expression of stress-related genes. At the same time, 
a yet unknown trigger induces the differentiation of the 
phellogen, as indexed by the expression of genes related 
to meristematic activity during early Phase II. The subse-
quent incrustation of the phellem with suberin and lignin 
(late Phase II) is consistent with the expression of genes 
involved in suberin and lignin synthesis and the regula-
tion thereof. Notably, the differentially expressed genes 
identified in the transcriptomic analysis of the develop-
mental time course during Phase II were also observed in 
the comparison of cultivars varying in russet susceptibil-
ity and the response to mechanical wounding.

This study provides transcriptomic resources for early 
events of artificially induced russeting in apple and fur-
ther data on the comparison of mechanically induced 
versus moisture-induced russeting in terms of the expres-
sion of selected genes, which may help finally identify the 
molecular triggers of russet induction.

Materials and methods
Plant materials
Apple fruits (Malus x domestica Borkh.) of ‘Karmijn’, 
‘Pinova’, ‘Idared’ and ‘Gala’, all grafted on M9 rootstocks, 
were cultivated in experimental orchards of the horticul-
tural research station of the Leibniz University Hanover 
at Ruthe (52° 14’ N, 9° 49’ E). These cultivars differ in sus-
ceptibility to russeting in the order ‘Karmijn’>‘Pinova’>‘Id
ared’>‘Gala’ [44] (Figs. S3, S4).

A total of four experiments were conducted. First, the 
time course of change in the transcriptome was inves-
tigated in moisture-induced russeting in ‘Pinova’ using 
RNA-Seq and validated via qPCR. Samples were taken 
from a total of 125 trees. Second, gene expression in 
moisture-induced russeting was investigated in four cul-
tivars differing in russet susceptibility using qPCR. The 
number of trees sampled was 30 per cultivar. Third, gene 
expression in wounding-induced russeting was inves-
tigated in four cultivars differing in russet susceptibility 
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Fig. 8  Sketch of sequence of events in moisture-induced russeting of apple fruit skins. In Phase I, the skin patch is exposed to moisture for 12 d during 
early fruit development (21–31 days after full bloom (DAFB)). In Phase II, the moisture is removed and the fruit surface exposed to atmospheric conditions. 
In Phase I microcracks in the cuticle are detected as early as 2 d of moisture exposure. Over time, these microcracks expand tangentially and radially. They 
traverse the cuticle radially by day 6 of moisture exposure. As the fruit enters Phase II, meristem-related genes are activated indicating the formation of 
a phellogen in the hypodermis underneath a microcrack (0–3 d after moisture removal). During the late stage of Phase II (starting 3–4 d after moisture 
removal), the phellogen differentiates a phelloderm and produces suberized phellem cells. By 8 d after moisture exposure, a continuous periderm has 
developed. Gene groups that are up-regulated during each phase (Phase I, early Phase II, and late Phase II) are marked by a red arrow on the right side of 
the panel. Conversely, gene groups that are downregulated during these phases are indicated by a blue arrow. SM = surface moisture, C = cuticle, E = epi-
dermis, H = hypodermis, MC = microcrack, PG = phellogen, PM = phellem, PD = phelloderm.
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using qPCR. The number of trees sampled was 20 per 
cultivar. Fourth, gene expression was compared between 
moisture- and wounding-induced russeting in ‘Pinova’ 
using qPCR. Here, the number of trees was 125. Experi-
ments were performed in four different growing seasons 
(Table S3, Figure S10).

Russet induction
Russeting was induced either by moisture exposure or 
by mechanical wounding [13, 14, 21, 43]. For moisture 
exposure, two-phase experiments were conducted (Fig-
ure S11). Apple fruits 10–12  mm in diameter (21–32 
DAFB) were selected (Table S3, [13, 14, 21, 43]). The tip 
of a 2.0 ml polyethylene tube (Eppendorf, Hamburg, Ger-
many) was mounted in the equatorial plain of the apple 
fruit using nontoxic silicone rubber (Silicone RTV; Dow 
Toray, Japan). After curing (approximately 1 h), the tubes 
were filled with 1 ml deionized water for moisture expo-
sure (Phase I) through a hole in the tip. The hole was 
then sealed, and the tube was checked for leakage on a 
daily basis. The opposite side of the fruit served as a con-
trol and remained dry [13, 14, 21]. The fruit skin was 
exposed to moisture (‘Moisture’) for 12 d (‘12 d wet + 0 
dry’, (‘Phase I + Phase II’)) during Phase I. For termina-
tion of moisture exposure, the tube was removed, and the 
treated skin patch was exposed to the atmosphere (Phase 
II). At this point, the treatments were terminated. During 
the subsequent Phase II, changes in the treated fruit skin 
patches were observed for up to 136 d (‘12 d wet + 136 d 
dry’) after termination of the moisture treatment (Phase 
II).

For wounding-induced periderms, the fruit skin was 
gently abraded in the equatorial plane using sandpaper 
(grit size 1000; Bauhaus, Mannheim, Germany) (‘Wound-
ing’). The opposite surface of the same fruit served as 
the control. Wounding was performed at 38–40 DAFB 
(Table S3). This time point corresponded to the time of 
moisture termination in the moisture-induced russeting 
experiment.

RNA extraction and quality assessment
Patches of treated, i.e., moisture-exposed or wounded, 
or nontreated, i.e., control, skins were excised using a 
razorblade, immediately frozen in liquid N2 and held 
at -80  °C until further analysis. Each replicate com-
prised skin patches of a minimum of six fruits (approxi-
mately 60–80  mg). The tissue was ground in liquid N2 
to a fine powder using a mortar and pestle. Total RNA 
was extracted using the InviTrap Spin Plant RNA Mini 
Kit (STRATEC Molecular GmbH, Berlin, Germany) and 
lysis buffer RP according to the manufacturer’s protocol. 
Total RNA was treated with DNase using the DNA-free™ 
Kit (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) to remove remaining DNA. The quantity and 

purity of RNA were determined photometrically at 230, 
260 and 280  nm on a Nanodrop 2000c spectrophotom-
eter (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). The integrity and purity of the RNA were checked 
on a 1.5% agarose gel. Before RNA-Seq, the RNA integ-
rity number (RIN) was determined using the Agilent 
RNA 6000 Nano Kit on a Bioanalyzer 2100 and the Plant 
RNA Nano parameters (Agilent Technologies, Santa 
Clara, CA, USA). The RIN ranged from 8.4 to 10.0 (Table 
S1).

RNA-Seq library preparation and sequencing
For each replicate, 1  µg of total RNA was sequenced 
(Novogene, Cambridge, UK). The library was prepared 
with the NEBNext® Ultra™ RNA Library Prep Kit (Ips-
wich, Massachusetts, USA) according to the manufactur-
er’s instructions. For sequencing, 2 × 150  bp paired-end 
cDNA libraries were prepared. Sequencing was per-
formed on an Illumina® NovaSeq™ 6000. A minimum of 
59.8  million read pairs were generated for each sample 
(Table S1).

Mapping and counting of reads
Reads obtained from Illumina sequencing were trimmed 
and filtered with Trimmomatic (v0.39) [80] with the 
following parameters: TRAILING: 20 AVQUAL: 20 
SLIDINGWINDOW: 5:20 MINLEN: 75. The quality of 
trimmed reads was checked by FastQC (v0.11.9) [81]. 
Afterward, reads were aligned to the Malus x domestica 
HFTH1 v1.0 genome using STAR (v2.5.4b) followed by 
read count quantification with the “--quantMode Gene 
Counts” function [82, 83]. Annotations of transcripts 
were obtained by blastp against the Arabidopsis thaliana 
genome (TAIR10, www.arabidopsis.org, 31.01.2023) as 
described by Zhang and coworkers [83].

Differential gene expression and enrichment analysis
Differential gene expression analysis was conducted 
with DESeq2 (v1.32.0) [84]. Genes with a log2FC ≥ 2, 
≤ -2 (‘Moisture’ vs. ‘Control’) and a false discovery 
rate (FDR) ≤ 0.05 were considered to be differentially 
expressed and used for downstream analysis. Gene 
abundance was obtained through transcripts per million 
(TPM) calculation with StringTie (v2.1.3) [85]. Singular 
enrichment analysis (SEA) was performed with DEGs 
having a mean of at least five TPM for ’Moisture’ or ‘Con-
trol’ samples. Orthologous genes from Arabidopsis thali-
ana were investigated using the webtool AgriGO (v2.0) 
and the parameters selected species: Arabidopsis thali-
ana; reference: TAIR genome locus (TAIR10_2017), user 
defined; statistical test method: hypergeometric; multit-
est adjustment method: Hochberg (FDR); significance 
level: 0.01; and minimum number of mapping entries: 

http://www.arabidopsis.org
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5 [86]. Heatmaps of differentially expressed genes were 
generated with the R package ‘pheatmap’ (1.0.12) [87].

Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was conducted on 
a QuantStudio™ 6 Flex Real-Time PCR System (Applied 
Biosystems, Waltham, MA, USA). Primer design, cDNA 
synthesis, primer efficiency testing and qPCR were per-
formed as described earlier [21] (Table S5). Gene expres-
sion values were determined according to Pfaffl [88] with 
slight modifications described by Chen and coworkers 
[89]. Gene expression data were normalized using PRO-
TEIN DISULFIDE ISOMERASE (PDI) (MDP0000233444) 
[90] and MdeF-1alpha (AJ223969.1) [26] as reference 
genes. Each data point comprised three independent rep-
licates of two to three technical replicates each.
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