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Light spectrum modulates stress
and defense gene expression

In potato (Solanum tuberosum
L.) shoot tips during post-
cryopreservation recovery

Jaanika Edesi*?**, Soile Jokipii-Lukkari', Heikki M. Salo?, Hely M. Higgman* &
Anna Maria Pirttila!

Light intensity and spectral quality are two important factors that affect the cryopreservation success
of plant germplasm. In a previous study, we found that light emitting diodes (LEDs) with 90% red

and 10% blue (RB) light have a positive effect on potato (Solanum tuberosum L.) shoot tip recovery
during post-cryopreservation regeneration. In the present study, transcriptome profiles of non-
cryopreserved (-) and cryopreserved (+) potato shoot tips exposed to RB, cool white fluorescent tubes
(CW) and full darkness (D) were compared. Results indicated that light spectrum significantly affects
transcript numbers in post-cryopreserved samples resulting in 3,284 differentially expressed genes of
recovering shoot tips exposed to CW, RB and D. Gene ontology (GO) enrichment analysis revealed that
several stress-related terms were more abundant in CW+, whereas morphogenesis-related processes
were activated under RB+. Overall, cryopreservation had an extensive effect on gene expression,

as 12,017 genes were differentially expressed in non-cryopreserved and cryopreserved shoot tips.
Among all cryopreserved samples, enriched GO terms included various defense and stress responses
to biotic stimuli and oxidative stress, whereas suppressed responses were mainly related to organ
morphogenesis. The present study emphasizes that the optimization of light spectral properties to
decrease light-related stress may greatly benefit the cryopreservation efficiency of plant germplasm.
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Abbreviations
ADK Adenosine kinase
APRT  Adenine phosphoribosyltransferase

BP Biological processes

CW Cool white fluorescent tubes
D Dark

DEG Differentially expressed genes
GA Gibberellic acid

GO Gene Ontology
IAA Indole acetic acid
LED Light emitting diodes

LN Liquid nitrogen

MS Murashige and Skoog

PCA Principal component analysis
qPCR Quantitative real-time PCR
RB 90% red and 10% of blue light
ROS Reactive oxygen species

RT Room temperature
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Potato is the fourth most important crop globally, encompassing numerous cultivars and landraces that are
typically propagated by vegetative means to maintain their distinct traits. While field and in vitro collections are
suitable for short- or medium-term conservation of these resources, both methods require regular multiplication
and maintenance, making them unsuitable for long-term preservation2. Cryopreservation is a powerful tool
for safeguarding plant genetic resources, thereby ensuring the availability of the essential raw materials for
food and agriculture. In cryopreservation, plant material (germplasm) is cooled to an ultra-low temperature
(below —150 °C), while maintaining viability and regeneration capability upon thawing. At an extremely low
temperature, all metabolic processes are arrested, and thus the material can, in theory, be stored infinitely.
Consequently, cryopreservation is the best and most economical method to ensure the long-term preservation
and backup of clonally propagated species*!. The major challenges of potato cryopreservation arise from
several factors that can compromise recovery, including genotype-specific responses®/, stress induced by cryo-
treatments®, and physiological damage during the regeneration phase®. Moreover, most protocols are developed
using a limited number of accessions, making them less broadly applicable across genetically diverse cultivars.
As a result, further optimization is often required to accommodate cultivar-specific variation!®. Among key
factors affecting recovery outcomes, the environmental conditions during the regeneration phase play a critical
role!12,

Light, its intensity, duration, and spectral quality, are among the most important factors that affect plant
growth and morphogenesis'®. Light intensity, both before and after cryopreservation, significantly affects the
outcome of cryopreservation'®. Generally, initial post-cryopreservation recovery is carried out either in low
light conditions or in darkness for some days to several weeks before transferring the plant materials to standard
conditions under fluorescent tubes'>~'”. This is to avoid light-caused photo-oxidation'® and damage to the
photosynthesis apparatus by excess light!.

Besideslightintensity, wehave previously!” found thatlight spectral qualitysignificantlyaffects cryopreservation
success of potato shoot tips in vitro and demonstrated that light emitting diodes (LEDs) consisting of 90% red
and 10% of blue (RB) light promote shoot formation. Furthermore, regeneration percentages of five potato
cultivars were doubled when recovered under RB LEDs instead of cool white fluorescent tubes (CW)'.

In the present study, we examined the biological processes behind the positive effect of RB LEDs on potato
shoot tip recovery. We conducted a comprehensive transcriptome analysis of recovering shoot tips under the
exact same RB LEDs and CW as previously!” in comparison to shoot tips recovering in darkness. Moreover, we
analyzed the overall cryopreservation effect at the transcriptional level by comparing the cryopreserved potato
shoot tips to non-cryopreserved controls.

Although transcriptome-level studies related to plant cryopreservation have greatly advanced our
understanding of the molecular effects of cryoprotectants and ultra-low temperatures, they have primarily
focused on model species Arabidopsis thaliana seed-derived explants?*~22, grapevine zygotic embryos?®, but
also vegetatively propagated non-model species banana?*. However, none of these studies have examined the
influence of light conditions during the post-cryopreservation recovery phase. The present study addresses
this important gap by providing the first comprehensive transcriptomic analysis of cryopreserved, clonally
propagated potato shoot tips, with a specific focus on light spectral quality during recovery.

Materials and methods

Plant material

Disease-free in vitro plants of potato (Solanum tuberosum L. cv. Agrie Dzeltenie) were kindly provided by the
potato genebank of Estonian Crop Research Institute (ECRI). Cultivar Agrie Dzeltenie was selected for this
study because it had the highest survival and regeneration percentages among five tested cultivars under CW
and RB light treatments'’. Notably, RB light treatment doubled the regeneration percentage of ‘Agrie Dzelteni€e
from 25 to 53%. In addition, this cultivar consistently demonstrated stable regeneration rates across independent
experiments'”?. For propagation, the plants were multiplied by nodal cuttings and placed into 250 ml jars
(Combiness) containing Murashige and Skoog (MS) medium?® supplemented with 2% sucrose and 0.64% (w/v)
agar (pH 5.7). Each jar contained 30 plants. The jars were closed with lids including 0.2 mm filters to enable gas
exchange and placed in a growth chamber illuminated by cool white fluorescent tubes (Philips TL-D 840) with
a 16/8-h light/dark photoperiod (40 pmol m-2s-1) at 22+ 1 °C.

Cryopreservation

For cryopreservation, shoot tips (2-3 mm) of 3.5-week-old in vitro plants were aseptically dissected under a
stereomicroscope. The non-cryopreserved control shoot tips were trimmed to 1 mm, which is approximately the
size of a cryopreserved shoot tip two days post thawing. The explants were then placed onto 4.5-cm sterile filter
papers moistened with 2 ml of liquid MS medium (with 3% sucrose and without growth hormones) and incubated
overnight. Cryopreservation was carried out using the DMSO-droplet method as described by Kaczmarczyk et
al.%. This method was chosen for the present study because it was also employed in previous experiments that
revealed the influence of light quality on cryopreservation outcomes!”?, ensuring consistency and comparability
with earlier findings. Briefly, before cryopreservation, shoot tips were treated with cryoprotectant solution (10%
DMSO (v/v)) in MS medium containing 30% sucrose for 2 h at room temperature (RT) before being transferred
into droplets of 2.5 pl cryoprotectant solution on aluminium foil strips (0.5 x 1.5 cm). After that, the shoot tips
were flash-frozen by immersing the aluminium foil strips directly into cryotubes filled with liquid nitrogen
(LN). The shoot tips were kept in LN for 1 h. After that, the shoot tips were rewarmed quickly by transferring the
aluminium foil strips into liquid MS medium (50 ml) for 1.5 h at RT. After thawing, the cryopreserved samples
(+) were placed on regeneration medium (MS with 0.5 mg/l zeatin riboside, 0.2 mg/1 gibberellic acid (GA,),
0.5 mg/l indole acetic acid (IAA), and 30 g/l sucrose) on small Petri dishes (5.5 cm in diameter) and were allowed

Scientific Reports |

(2025) 15:34570 | https://doi.org/10.1038/s41598-025-18012-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

to regenerate for 48 h in total darkness. For non-cryopreserved (—) control samples, the procedure was the same
as for the cryopreserved ones, except cooling in LN.

Light treatments

After the 48-h dark-incubation, the cryopreserved (+) samples were exposed to three different light conditions:
total darkness (D), cool white fluorescent tubes (CW) (Philips TL-D 840) and a combination of blue and red
LEDs (90% red, 10% blue) (RB) (Hangzhou Welthink Electronic Co.). The non-cryopreserved control samples
(=) were only exposed to CW light. The light treatments were performed in growth chambers at 22 +1 °C. The
spectral characteristics of CW and RB are provided in Supplementary Table S1. The period of light treatments
for both (+) and (-) samples was 16 h, after which the samples (ten shoot tips per each treatment with three
biological replicates) were collected into RNALater and stored at -80 °C until RNA extraction. The intensity of
both RB and CW was 40 pmol m™2s™!. Dark-treated samples were harvested in infrared light (provided by Sony
DCR-TRV320).

Experimental design

First, the overall effect of cryopreservation on the transcriptomic profile was analyzed by comparing cryopre-
served shoot tips (CW+, RB +and D+) to the non-cryopreserved control shoot tips (CW— (Fig. 1). Then, to
study the effect of light versus dark during post-cryopreservation recovery, gene expression under CW +and
RB +was compared with D+. Finally, the effect of light quality was examined by comparing RB +to CW+
(Fig. 1).
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Fig. 1. Experimental design. Cryopreservation effect (grey arrows): the cryopreserved shoot tips (RB+, CW+
and D+) were compared to the non-cryopreserved control (CW-). Light effect (white arrows, grey outline):
the cryopreserved shoot tips (CW+ and RB+) were compared to D+. Light quality effect (white arrows, violet
outline): RB+ was compared to CW+. CW cool white fluorescent tubes, RB combination red and blue LEDs, D
total darkness. Minus (—) denotes non-cryopreserved controls, and plus (+) cryopreserved shoot tips.

RNA extraction and sequencing

Three biological replicates (one biological replicate is 10 potato in vitro shoot tips grown in the same culture
vessel) from each of the four different treatments were collected for RNA extraction. Tissue samples were
homogenized using TissueLyser (Qiagen) and total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen)
according to the manufacturer’s instructions. Subsequently, genomic DNA was removed using RNase-free DNase
Set (Qiagen) according to the manufacturer’ instructions. The quality and quantity of total RNA were analyzed
using an Agilent Bioanalyzer 2100 (Agilent Technologies) in combination with the Agilent RNA 6000 Nano Kit.
Approximately 1 pg total RNA (RIN >7.4) was used for library preparation using Illumina’s TruSeq Stranded
mRNA Library Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instructions. Quality
of the libraries was assessed using an Agilent Bioanalyzer 2100 and concentrations with Qubit™ Fluorometric
Quantitation (Life Technologies). The obtained 12 libraries were pooled and run in one lane using an Illumina
HiSeq2500 in high-output, paired-ended, 100 cycle mode, followed by read extraction (FastQ format) using
bcl2fastq v1.8.4 (supported by Illumina).

Bioinformatic analyses

Quality control and mapping the reads

The quality of reads was assessed by FastQC v. 1.11.2%7 with default settings to ensure the per base pair quality
score was above 20, and that there were no overrepresented sequences. TopHat (v2.0.8b) and bowtiel (v 1.1.1)
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were used to map the reads to the S. tuberosum reference genome taking the annotation into account (genome
and annotation: PGSC_DM_v4.03)?%%°. Reads per gene were counted based on the TopHat output using
featureCounts v1.5.0° and the annotation as mentioned above.

Differential expression analyses

The DESeq2 (v1.14.1)*! in Bioconductor/R package (https://www.bioconductor.org/help/workflows/rnaseqGene
/) was used to identify differentially expressed genes (DEGs) between different treatments (control vs. treatments)
and by using a negative binomial test*’. Computing was done in the Linux shell using the taito.csc.fi platform
(https://research.csc.fi). The parameters used in DESeq2 analysis were: mode=“Union”, singleEnd=FALSE,
ignore.strand = FALSE, fragments = TRUE. False discovery rate-adjusted p-value (FDR) was estimated based on
Benjamini Hochberg correction®?, and significance levels were corrected accordingly during DESeq?2 analysis.
Changes in gene expression with an FDR (padj value) of <0.05 were considered significant. Principal component
analysis (PCA) and heatmap were applied to visualize the similarities and distances between samples®!*%. To
evaluate sample clustering, sample distances, and PCA in DESeq2, variance-stabilized transformation of the
count data across the mean was performed, and regularized-logarithm transformation count data (rlog) were
used. However, for DEG analysis, the raw and non-transformed counts were used?!.

Gene ontology enrichment analysis

Gene Ontology (GO) enrichment analysis of differentially expressed genes was performed using the
PlantRegMap®> GO enrichment tool, and was visualized by R package pheatmap v1.0.8% and BINGO v3.03
plug-in for Cytoscape 3.7.0%”. GO terms with corrected p-values (g-values) <0.05 were considered significantly
enriched among differentially expressed genes. For both tools, PRM GO term association file, downloaded from
PlantRegMap, was used. To discover the overall processes affected by cryopreservation and light, enrichment
of up- and down-regulated genes in each treatment comparison was performed, and the result of each list was
visualized in a heatmap. The analysis was applied for DEGs with a 2-fold change (Ifc>1 and < -1) except for the
detailed difference between RB +and CW + where enrichment analysis was performed for all DEGs.

Quantitative real-time PCR (qPCR) analysis

To verify the RNA sequencing (RNA-Seq) results, quantitative real-time PCR (qPCR) was carried out.
Approximately 400 ng of total RNA from each sample (with the exception of 200 ng from one RB +sample)
was reverse transcribed using SuperScript ITI Reverse Transcriptase (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Based on significant expression differences in the RNA-Seq analysis, eight
genes (Supplementary Table S2) were selected for gPCR. The gPCR reactions were performed according to the
MIQE guidelines with newly designed primers (Supplementary Table S2). The amplifications were carried out
with a LightCycler” 480 instrument (Roche Diagnostics, Espoo, Finland) using LightCycler’ 480 SYBR Green I
Master mix (Roche), 0.5 uM gene-specific primers, and 5 pl cDNA (1/20 dilution) in a total volume of 20 pl.
Amplification was initiated by pre-incubation at 95 °C for 10 min, followed by 45 cycles of 10 s at 95 °C, 10 s at
58 °C, and 20 s at 72 °C. The amplification was followed by melting curve analysis to ensure that each primer
pair amplifies a single product. For data analysis, the arithmetic mean of two technical replicates was used. Gene
expression data was normalized by the combined average expression of two reference genes encoding adenosine
kinase (ADK) and adenine phosphoribosyltransferase (APRT), and the relative expression of the target genes
was calculated with the LightCycler” 480 software version 1.5.1.62 using the efficiency-adjusted advanced relative
quantification method.

Results

Read alignment and DESeq2 analysis

The RNA-Seq analysis revealed that 27,438 genes in total were expressed in both control (=) and cryopreserved
(+) samples. In general, the number of expressed genes was similar in control and cryopreserved samples
exposed to CW, RB or D (Supplementary Table S3). The PCA analysis illustrated a clear and distinguished
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Fig. 2. PCA plot of the non-cryopreserved control shoot tips (-) exposed to CW, and cryopreserved (+) shoot
tips exposed to CW, D or RB.
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effect of cryopreservation and light on gene expression, as the samples were clustered by treatment (Fig. 2).
Cryopreservation explained 73%, and light conditions (exposure to CW, RB or D) 16% of the variance between
the two principal components.

Cryopreservation effect: CW+, RB +and D + compared to CW-

Number of DEGs

Cryopreservation and light had an extensive effect on gene expression as 11,977 genes were differentially
expressed between cryopreserved and non-cryopreserved potato shoot tips exposed to different light conditions.
In CW+, 8,639 genes were differentially expressed with 4,464 up- and 4,175 down-regulated DEGs compared to
CW-. In RB +there were 7,947 DEGs compared to CW— with 4,103 up- and 3,844 down-regulated genes. The
highest number of DEGs (9,353) was in D + compared to CW— with 4,708 up- and 4,645 down-regulated DEGs
(Fig. 3A, Supplementary Table S4).

Approximately half of the DEGs were common to all cryopreserved samples. Specifically, among up-regulated
genes, 3,047 DEGs were common to CW+, RB + and D+, while 586 DEGs were specific to CW+, 305 to RB+, and
859 to D+. Among down-regulated genes, 2,720 genes were common to CW+, RB+ and D + shoot tips, 680 were
specifically down-regulated in CW+, 272 in RB+, and 1080 in D+ (Fig. 3A).

Gene ontology (GO) analysis
Cryopreservation effect GO analysis of up- and down-regulated DEGs common to all cryopreserved shoot
tips (identified by Venn diagram) revealed the biological processes of recovering shoot tips independent of light
conditions. The majority of up-regulated processes were related to stress and defense responses to biotic stimulus
(Fig. 4A, B, Supplementary Table S5). The top enriched GO terms were ‘protein phosphorylation, ‘response to bi-
otic stimulus;, ‘defense response’, ‘response to external biotic stimulus; and ‘response to other organism’ (Fig. 4A).
Most of the down-regulated processes common to all cryopreserved samples were related to morphogenesis.
The top enriched GO terms were ‘shoot system development, ‘reproductive shoot system development,
‘anatomical structure morphogenesis, ‘post-embryogenic plant morphogenesis, and ‘regulation of organ
morphogenesis’ (Supplementary Table S6).

Cryopreservation: light-specific differences To reveal the general biological processes in each post-cryopres-
ervation light treatment in comparison to the non-cryopreserved control, we performed the GO analysis for
each comparison separately (CW +vs CW—, RB+vs CW—and D +vs CW-) and the results were visualised by a
heatmap (Fig. 5). This approach confirmed the most common up- and down-regulated processes shared by all
cryopreserved samples, independent of post-cryopreservation light conditions, but also demonstrated the effect
of the different light qualities on potato gene expression, in general (Figs. 4, 5). In CW+, the number of GO terms
related to stress and defense responses was higher than in RB +and D+. GO terms ‘response to chitin, ‘cinnamic
acid biosynthetic process, and ‘response to wounding’ were enriched only in CW +and D +but not in RB+.

A Cryopreserved vs Non-cryopreserved B Light vs Dark
Up-regulated Down-regulated Up-regulated Down-regulated
CW+vs CW-  RB+vsCW- CW+vsCW- RB+ vs CW- CW+vs D+ RB+vs D+ CW+vs D+ RB+vs D+

1051 8% 156 735 232 221

D+ vs CW- D+ vs CW-

Size of each list Size of each list Size of each list Size of each list

4645

4708 4175 3844 1915 967
1020
4103 453

Fig. 3. Venn diagrams of differentially expressed genes (DEGs). (A) Up- and down-regulated DEGs in CW+,
RB+and D +in comparison to CW—. (B) Up- and down-regulated DEGs in CW +and RB + compared to D+.
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Fig. 4. A network of the top activated biological processes (BP) common to all cryopreserved samples
independent of light conditions as revealed by GO enrichment analysis. (A) GO terms related to ‘response to
stimulus’ are shown in blue, ‘secondary metabolite biosynthetic process’ in violet, and ‘protein phosphorylation’
in green. (B) A detailed network of GO terms related to ‘response to stimulus. Only significantly enriched
terms (padj<0.05) are highlighted. The size of the node is relative to the number of genes associated with the
term.

Light effect: CW +and RB +in comparison with D+

Number of DEGs

The 16-h light-exposure had a significant effect on transcript accumulation during post-cryopreservation
recovery as 3,259 genes were differentially expressed in CW +and RB+in comparison to D+. In CW+, the
number of DEGs was double compared to DEGs between RB +and D+. Specifically, the number of DEGs in
CW +was 2,882 with 1,915 up- and 967 down-regulated genes, while in RB+, the number of DEGs was 1,473
with 1,020 up- and 453 down-regulated genes (Fig. 3B). The majority of genes were specifically up-regulated in
CW+ (1,051) while only 156 transcripts were specific to RB + compared to D+. Even the number of commonly
up-regulated genes (864) was lower than the number of genes induced specifically by CW+. Similarly, among
the down-regulated genes, the highest number of DEGs was specific to CW +with 735 DEGs, while both light
conditions shared 232 DEGs, and 221 were specifically down-regulated in RB+ (Fig. 3B).

GO analysis

Among up-regulated DEGs in both CW +and RB+, numerous GO terms related to biological processes (BP)
were activated. Concurrently, no significant GO enrichment was observed among the down-regulated DEGs.
The majority of the activated GO terms common to both CW +and RB + were related to photosynthesis and
abiotic stimuli (Fig. 6A, B). The most highly enriched photosynthesis-related GO terms were ‘photosynthesis,
‘photosynthesis, light reaction, ‘generation of precursor metabolites and energy, ‘regulation of photosynthesis’
and ‘photosynthesis, light harvesting’ The terms related to light included ‘response to light stimulus], ‘response to
radiation, ‘response to light intensity’, ‘response to far-red light), ‘response to blue light’ and ‘response to red light’
(Fig. 6B). In addition, ‘response to high light intensity’, ‘photorespiration; ‘photoinhibition’ and ‘photoprotection’
were activated in both CW +and RB+ (Fig. 6C). Several GO terms related to photosystem II assembly and repair
were also upregulated in both light types, but in CW+, more terms with higher enrichment scores were identified
(Fig. 6D). Activation of ‘flavonoid metabolic process’ (Fig. 6E) was identified in both light types compared
to darkness. Several stress-related terms were more abundant in CW +than in RB+ (Fig. 6F). In general, the
processes shared by both light conditions had higher enrichment scores in CW + than in RB+.
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Fig. 5. Heatmap comparison of top enriched GO terms related to biological processes (BP) based on up-
regulated DEGs in cryopreserved vs. non-cryopreserved shoot tips exposed to different light conditions

(CW +vs. CW—, RB+vs. CW-and D +vs. CW-). The stronger the red colour, the higher the enrichment score
(-logl0 g-value). Grey - not enriched.
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Fig. 6. Up-regulated pathways in CW +and RB +in comparison to D+. The higher the number (-log10
g-value), the stronger the GO enrichment. The terms are grouped related to their function. (A) Photosynthesis.
(B) Response to light stimulus. (C) Response to high light intensity. (D) Assembly and repair. (E) Secondary
metabolite-/ pigment-related. (F) Defense response.

In addition, several stress and defense-related GO terms, such as ‘response to stress’ and ‘defense response to
other organism, were enriched only in CW +and not in RB +in comparison to D+. (Fig. 6F). There were no GO
terms specifically up-regulated by RB +only.

Light quality effect: RB + compared to CW+

Number of DEGs

The recovering shoot tips in RB + had 499 DEGs compared to CW +with 155 up- and 344 down-regulated genes.
However, the expression differences for most genes remained below 2-fold, as only 18 genes were up- and 114
were down-regulated more than 2-fold (Ifc>+1 or < -1), whereas 73 genes were up- and 280 down-regulated at
the 1.5-fold level (Ifc 0.6) (Supplementary Table S4).

GO analysis
GO analysis revealed that several processes related to photosynthesis and responses to stimuli were enriched
among the down-regulated genes in RB+in comparison to CW+. The most enriched photosynthesis-related
terms among DEGs with 1.5-fold down-regulation were ‘response to abiotic stimulus, ‘response to stimulus,
‘response to cytokinin, ‘photosynthesis’ and ‘response to chemical’ (Fig. 7A). In addition, several responses to
both abiotic and biotic stimuli were down-regulated in RB + compared to CW+. These were ‘response to abiotic
stimulus, ‘response to temperature stimulus), ‘response to stress, and ‘response to chemical’ including ‘response
to cold; ‘response to heat, ‘defense response to other organism, and ‘defense response to bacterium’ (Fig. 7B).
GO analysis of RB+-induced DEGs were enriched in terms related to developmental processes and hormones.
Fourteen of the 34 enriched terms were related to development and ten to hormones. The top enriched terms
were ‘regionalization, ‘regulation of hormone levels, ‘cytokinin metabolic process, ‘pattern specification process’
and ‘xylem and phloem pattern formation’ (Supplementary Table S7).

Verification of the RNA-Seq results

The RNA-Seq results were verified by a qPCR analysis of eight genes with significant expression differences
between the treatments in the transcriptome analysis. The studied genes encoded e.g. stress and cell wall-related
proteins and transcription factors specific to RB +treatment. The expression profiles resulting from RNA-Seq
and qPCR were highly similar (Supplementary Fig. S1) indicating the reliability of the results in general.

Discussion

Light effect

Potato exhibits significant genetic diversity>, largely due to the high number of varieties. However, due to its
highly heterozygous nature, its sexually produced seeds are not true-to-type and as a result, these varieties can
only be preseved by vegetative propagation. Cryopreservation offers an ideal solution, allowing the stable, long-
term storage of disease-free material without the need for continuous subculturing®.
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Fig. 7. GO enrichment analysis of down-regulated DEGs in RB +in comparison to CW+. (A) The top 20
enriched GO terms related to biological processes (BP). Terms related to ‘photosynthesis’ are shown in green
and ‘response to stimulus’ in red. (B) A detailed network of GO terms related to ‘response to stimulus’. Only
significantly enriched GO terms (padj <0.05) are highlighted. The size of the node is relative to the number of
genes related to the GO term.

The present study emphasizes the importance of light conditions during post-cryopreservation recovery
of potato shoot tips in vitro. Both light conditions had an extensive effect on transcript accumulation during
potato shoot tip recovery, as 3,259 genes were differentially expressed between RB+, CW +and D+. Interestingly,
more genes (1,051) were induced by CW +alone than shared by CW +and RB+ (864), and only 156 genes were
specifically up-regulated in RB + shoot tips of potato.

In general, during initial post-cryopreservation recovery, thawed shoot tips are placed into diminished light
or darkness from a few days to weeks to reduce stress and the generation of reactive oxygen species (ROS)
caused by light!>164%41 The present study suggests that some of the light-associated stress could depend on
the light spectrum. Among the top down-regulated genes in RB+compared to CW +are several associated
with stress response. For example, a chloroplast small heat shock protein (PGSC0003DMG400011628, log,FC
= -1.95) and heat shock protein 83 (PGSC0003DMG400005573, log,FC = -1.73) are chaperones involved in
protecting proteins during extreme temperature and oxidative stress*>*>. Snakin-2 (PGSC0003DMG40001598,
log,FC = -2.52), an antimicrobial peptide from potato is induced by wounding and pathogen infection*!
and plays a role in early defense signaling and wounding responses*®. The downregulation of 24 K germin
(PGSC0003DMG400031010, log,FC = -3.18 ) which is involved in various abiotic and biotic stress responses
as well as development and defense®® further reflects reduced activation of protective mechanisms. In addition,
carbonic anhydrase (PGSC0003DMG40000493, log,FC = -2.83) which functions in CO, conversion and
pH homeostasis but is also known to respond to high illumination, osmotic and biotic stress*’~* was also
repressed under RB + conditions. Together, these findings suggest that red-blue light may provide a less stressful
environment for shoot tip recovery resulting in increased survival and regrowth following cryopreservation.
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Light intensity in both light treatments was 40 pmol m~2s~!, and the only difference was the proportion of
different wavelengths. CW had twice as much blue light and half as much red light as RB. In addition, in CW,
approximately half of the given light contained green and yellow wavelengths. Takahashi et al.*!. demonstrated
that yellow wavelengths cause photodamage to photosystem IT, which may explain the enrichment of photosystem
II repair-related GO terms in CW+. One of the advantages of using LED-based illumination is their much
lower heat-emission compared to cool white fluorescent tubes. Despite the fact that both light treatments were
carried out in a climate-controlled growth chamber, it is possible that some of the elevated photoinhibition and
photosystem repair processes were due to heat emission by cool white fluorescent tubes.

There was a relatively low number of specifically induced genes in RB+, and they were related to
photomorphogenetic processes affecting organ and tissue development. The positive effect of RB LEDs on potato
shoot tip recovery has been observed in our previous study where an identical RB light treatment promoted
the post-cryopreservation regeneration of five potato cultivars, resulting in double regeneration percentages
compared to CW'”. A prolonged incubation in darkness may alter shoot recovery, and therefore, in general, a
transfer to light is beneficial for the recovery of high-quality plants'*. On the other hand, red light has been shown
to strongly inhibit potato sprout elongation®. Chen et al. (2018) found that combined red-blue light, specifically
at ared-to-blue ratio of 3:1, improved overall growth and microtuberization of in vitro potato plantlets compared
to white, red, or blue light alone®!. Similarly, Chen et al. (2021) observed that monochromatic red light promoted
stem elongation, weaker roots, reduced photosynthetic activity, but increased carbohydrate accumulation on
potato plantlets grown in vitro. In contrast, monochromatic blue light caused dwarfing, stronger roots, increased
protein accumulation, and lower chlorophyll content without reduced photosynthetic activity. Red-blue light, on
the other hand, produced the most balanced and favorable growth effects®2.

In other plant species, the combination of red and blue light has been shown to affect, e.g., growth and
medicinal component accumulation of Dendrobium denneanum®, root biomass and flavonoid content of
Scutellaria baicalensis>*. However, the effect of modified light conditions on cryopreservation success is still not
well studied. Optimization of the light spectral properties to decrease light-related stress and to gain a maximum
benefit through specific wavelengths that drive photomorphogenesis could greatly benefit the cryopreservation
efficiency of plant germplasm. In the current study, two genes which were specifically strongly upregulated
in RB+encoded bHLHI transcription factors (PGSC0003DMG401007298 and PGSC0003DMG400009058).
These genes represent interesting candidates responsible for controlling responses of shoot tips to light
spectra during post-cryopreservation recovery. According to a BLAST search in NCBI (National Center for
Biotechnology Information), the former gene encodes a homolog of UPBEAT] that is known to regulate the
expression of certain peroxidases™. Therefore, it is possible that UPBEAT] is contributing to ROS homeostasis
after cryopreservation. However, to verify this hypothesis, gene functional studies would be needed in the future.
Previously, it has been shown that transcription factor WRKY22, which affects osmotic stress, is required during
cryo-stress acclimation in Arabidopsis shoot tips*2.

Cryopreservation effect

Overall, cryopreservation had an extensive effect on the gene expression of potato, as 5,767 DEGs common
to all cryopreserved samples were up- or down-regulated in comparison to non-cryopreserved shoot tips.
Similarly, a high number of genes were differentially expressed in Arabidopsis seedlings cryopreserved by the
droplet vitrification method in comparison to non-cryopreserved controls?. In the study by Ren et al.?°, 10,049
genes were differentially expressed between non-cryopreserved controls and cryopreserved seedlings, which
were recovered for 24 h post cryopreservation under controlled growth conditions (8/16-h light/dark cycle with
150 umol m~2s™! light). These studies illustrate the extensive and complex effect of cryopreservation on the
transcriptome in both Arabidopsis and potato. Taking into account the differences in genome size between
potato (844 Mb, 39,031 geneszs, and Arabidopsis (135 Mbp, 27,655 genes, Ensembl Plants Database, https://pl
ants.ensembl.org/Arabidopsis_thaliana/Info/Annotation), the proportion of differentially expressed genes was
lower in potato compared to Arabidopsis. This can be due to the different experimental material, as in our study
in vitro shoot tips were used, while Ren et al.?’ used 60-h germinated seedlings. In addition, the cryopreservation
protocol, recovery phase, and light conditions were different in the study by Ren et al.?’ from the present one.
The plant vitrification protocol used by Ren et al.?’ consists of many steps (dehydration, cryoprotection with
PVS2 or PVS3, cooling in liquid nitrogen, rewarming, and removal of cryoprotectant) and aims to the removal
of all freezable water from the cell solutes so that they can freeze without the formation of water crystals. The
steps in the vitrification protocol are known to induce several abiotic stress responses, and therefore, to prepare
the plant to better cope with cooling to ultra-low temperatures.

In Arabidopsis seedlings, several abiotic stress responses were activated, resulting in the up-regulation of
heat- and cold-stress-responsive genes during osmo- and cryoprotection, while the cooling-rewarming phase
caused the most drastic changes?’. In the study by Gross et al.2}, cryoprotectant treatment during the vitrification
protocol caused the main transcriptional changes in Arabidopsis shoot tips excised from 7-day-old seedlings.
In that study, the changes in gene expression caused by cryoprotection exceeded those induced by the liquid
nitrogen cooling phase?!. Both studies reflect the cryoprotectant-related stress responses in the vitrification
protocol and highlight the benefit of using shoot tips of young in vitro plants.

The DMSO-droplet method used in this study was selected for its prior application in related studies
investigating light quality effects on cryopreservation!”-?. This method involves fewer steps than vitrification-
based protocols, requiring only cryoprotection with 10% DMSO, cooling, rewarming, and cryoprotectant
removal. However, despite these operational advantages, the DMSO-droplet method generally results in lower
regeneration percentages compared to droplet-vitrification methods based on PVS2 or PVS3!2%, It has been
shown that, with DMSO-droplet method some freezable water remains in the shoot tips which may affect post-
cryopreservation recovery*’ and participate in the extensive cryopreservation effect on transcript abundance as
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observed in the present study. The superior performance of vitrification-based methods has led institutions such
as the International Potato Center (CIP) in Peru and the Leibniz Institute for Plant Genetics and Crop Plant
Research (IPK) in Germany to adopt PVS2 or PVS3 droplet-vitrification as their standard protocols*2.

In our study, cryopreservation induced a cascade of stress and defense responses related to biotic stimuli,
which may be related to the quantitative defense responses caused by the overall cryopreservation process.
It is well-known that several key regulatory factors in signalling pathways respond to both biotic and abiotic
stresses. Consequently, the extreme conditions of cryopreservation may have activated these shared pathways
leading to the significant biotic stress related GO term enrichment®. However, previous cryopreservation-
related studies have mainly reported abiotic stress factors such as cold, heat, water deprivation and oxidative
stress®®2!. Therefore alternatively, the defense responses observed in the current study may be induced by
endophytic symbionts residing in potato shoot tips. Latent endophytic bacteria and fungi are commonly
present in in vitro plant tissues with no sign of contamination until severe stress®®. Endophyte appearance is
a common post-cryopreservation drawback of many clonally propagated species!>?>¢1-63 In the present study,
no signs of contamination were observed, but responses to biotic stimuli were activated in all cryopreservation
treatments. In some light conditions, biotic responses were more pronounced, but the effect was inconsistent.
For example, the GO terms ‘response to biotic stimulus), ‘defense response), ‘response to external biotic stimulus,
and ‘response to other organism’ were enriched in all cryopreserved samples, but in CW +and D+, the effect
was more pronounced. Moreover, ‘response to chitin’ and ‘chitin metabolic process, ‘chitin catabolic process’
were enriched only in CW +and D +but not in RB+. This could be due to the non-homogenous distribution of
endophytes in donor plants, causing variability in endophyte occurrence in different batches of samples, as has
been observed during mint cryopreservation®2. Overall, in the present study, the analysis of light quality effect
during post-cryopreservation recovery indicates that light conditions play a role in defense responses. However,
since the different light spectra were not tested on non-cryopreserved controls and the study included only a
single cultivar, the interpretation and generalization of the results are limited.

In RB+, the ‘response to biotic stimulus; ‘defense response to bacterium’ and ‘defense response to fungus’
were down-regulated in comparison to CW+. Light conditions are known to regulate plant defense mechanisms,
but also to influence bacterial and fungal physiological responses. For example, red light has been shown to
inhibit mycelial growth of the symbiotic fungus, Trichoderma atroviridae, while normal growth of the fungus
was observed under blue and white light®*. Similarly, for Colletotrichum acutatum, a fungal pathogen, higher
fungal growth was observed under blue and white wavelengths as well as under dark compared to red light®.
Moreover, white and red light inhibit the mobility, while blue light can increase the infection capacity of the
tomato pathogen Pseudomonas syringae®®. Therefore, post-cryopreservation light quality may affect the
responses of endophytic organisms residing in plant tissues.

In addition to procedural and environmental variables, genotypic differences likely contribute to the observed
variation in transcriptomic responses following cryopreservation. The regeneration of ‘Agrie Dzeltenie’ in
previous studies was 26% and 21% under CW treatment!”?°. Therefore, the transcriptomic responses observed
in this study may, in part, reflect genotype-specific reactions of ‘Agrie Dzeltenie, and future studies involving
multiple cultivars are necessary to determine the broader applicability of these findings. While this study focuses
on a single cultivar using the DMSO-droplet method, future investigations could benefit from comparing the
effect of light spectral quality across a broader range of genotypes, other vegetatively propagated crops and
cryopreservation protocols. Specifically, applying light treatments with different light quality and intensity
combinations, in conjunction with high-performance vitrification methods could help optimize recovery for
recalcitrant cultivars. Additionally, understanding the transcriptional responses of plant material preserved
with DMSO-based (e.g., PVS2) versus DMSO-free (e.g., PVS3) methods may provide further insights into the
stress responses and recovery mechanisms, which could be influenced by both the chemical composition of the
cryoprotectants and the post-thaw light environment.

Conclusions

Potato cryopreservation has progressed markedly over the past decades and is now widely used for long-
term preservation of both improved cultivars and landraces in major genebanks worldwide. For example, the
International Potato Center (CIP), which houses more than 4100 accessions from seven cultivated species
have been successfully cryopreserved with minimum recovery rate over 20%. Through continuous protocol
refinement, CIP has recently raised the average full-plant recovery rate from 58 to 73%. Despite these advances,
some accessions remain recalcitrant and exhibit poor recovery. Therefore, further improvements to the protocols
are still needed. Many large genebanks have cryopreserved numerous accessions decades ago, prior to the latest
protocols, highlighting the importance of post-cryopreservation enhancements. In particular, optimizing
post-thaw conditions—such as oxidative stress management, growth regulator application, and environmental
parameters—could further improve the recovery of cryobanked material and help achieve higher post-
cryopreservation success rates™!!.

This study provides the first comprehensive transcriptome analysis of cryopreserved potato, thereby revealing
unique transcriptional changes related to cryopreservation of vegetatively propagated species. Our findings show
that cryopreservation triggers complex effects on gene expression, including activation of defense responses to
both biotic stimuli and oxidative stress. Specifically, we observed that varying light spectral quality—particularly
red-blue (RB) illumination—significantly influences transcript accumulation during shoot tip recovery.

In previous work, we have shown that RB light is beneficial for the regeneration of potato after
cryopreservation. In line with this, the shoot tips recovering in RB+had fewer stress-related transcripts in
comparison to CW +treatment in the current study. In addition, we identified transcription factors specific
to RB+treatment that represent interesting candidates for controlling responses of potato shoot tips to light
spectra during post-cryopreservation recovery. Interestingly, among all cryopreserved samples, enriched GO
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terms included various defense and stress responses to biotic stimuli, such as ‘response to other organism, which
may relate to endophytes commonly detected in clonally propagated materials.

The obtained knowledge can be used to improve the preservation of plant genetic resources for food and
agriculture. Therefore, optimization of light spectral properties in order to decrease light-induced stress, and
on the other hand, to gain the maximum benefit through specific wavelengths that drive photomorphogenesis,
may greatly benefit the cryopreservation efficiency of plant germplasm. These findings may help to further
understand the critical steps needed for successful cryopreservation of clonal crops and therefore improve the
cryopreservation efficiency of plant germplasm in the future.

Data availability

The RNA-seq data generated in this study is publicly available from GenBank’s GEO ( https://www.ncbi.nlm.nih
.gov ) under accession number GSE262492. All other datasets generated and analyzed during the current study
are available from the corresponding author upon reasonable request.
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