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Abstract 16 

Background 17 

Mature endosperm is a highly differentiated storage tissue with limited capacity for developmental 18 

reprogramming. Although in vitro culture can induce endosperm dedifferentiation and regeneration in 19 

hardy kiwifruit (Actinidia arguta), the transcriptional changes associated with this transition remain 20 

poorly understood. This study investigated early reprogramming of mature endosperm in two cultivars 21 

with contrasting culture responses, focusing on AGAMOUS-LIKE (AGL) transcription factors. 22 

Methods 23 

RNA sequencing was performed on freshly isolated endosperm and explants cultured for 14 days on 24 

thidiazuron-containing medium from cultivars 'Bingo' and 'Weiki', with three biological replicates per 25 

condition. De novo transcriptome assembly was followed by functional annotation, differential 26 

expression analysis and GO and KEGG enrichment analyses. Selected AGL candidates were further 27 
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characterised using sequence alignment, conserved-domain analysis, maximum-likelihood 28 

phylogenetic reconstruction and three-dimensional protein modelling. 29 

Results 30 

The assembly yielded 149,380 unigenes. Comparisons between cultured and freshly isolated 31 

endosperm identified 29,814 differentially expressed genes in 'Bingo' and 35,893 in 'Weiki', with 32 

21,365 shared between the two comparisons. Culture-associated transcriptional changes involved 33 

ribosome biogenesis, protein synthesis, cell wall organisation, transport and carbohydrate and lipid 34 

metabolism. AP2/EREBP, WRKY and MYB transcription factors exhibited shared induction patterns 35 

alongside cultivar-dependent responses in additional regulatory families. Transcripts annotated as 36 

AGL15, AGL61 and AGL62 were up-regulated in both cultivars, whereas additional AGL61-, AGL62- 37 

and AGL80-related transcripts displayed distinct expression patterns. Sequence, domain and 38 

phylogenetic analyses supported the assignment of selected candidates to Type I and Type II MADS-39 

box lineages. Structural modelling provided complementary support for selected annotations while 40 

identifying divergent candidates requiring cautious interpretation. 41 

Conclusions 42 

This study provides a transcriptomic resource for early reprogramming of mature endosperm in A. 43 

arguta and identifies AGL homologues as candidate regulators of this transition. The concurrent 44 

induction of transcripts related to endosperm development and embryogenic competence suggests that 45 

mature endosperm reprogramming may recruit elements of both developmental programmes. These 46 

findings establish a basis for functional testing of AGL candidates and investigation of cultivar-47 

dependent endosperm regeneration. 48 
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INTRODUCTION 56 

Plant tissues show a high potential to modify their metabolism and development, and consequently - 57 

their fate, as an adaptation to environmental fluctuations [1–4]. The conditions of tissue culture allow 58 

this capacity to cell reprogramming to be further enhanced. Unorganized cell tissue, known as callus, 59 

can theoretically be produced from any living plant cell through the process of dedifferentiation [2, 5].  60 

The mechanisms underlying callus formation and organization remain a crucial area of research, as 61 

confirmed by recent studies on Arabidopsis [6]. Research suggests that stem-cell-related genes play a 62 

key role in dedifferentiation, meaning that meristems composed of stem cells possess higher plasticity 63 

and able to change their fate more easily [7]. One of the defining features of stem-like cells is the 64 

decondensation of their chromatin, which allows for the initiation of transcriptional processes [8, 9]. 65 

In contrast, highly differentiated and specialized tissue are resistant to reprogramming and rarely 66 

revert to a stem-like stage.  Nevertheless, the process of cell dedifferentiation can be successfully 67 

induced in a culture setting through the application of stressors, such as wounding or via exogenous 68 

plant hormones, including auxins or cytokines [9]. 69 

The endosperm, a storage tissue unique to flowering plants that develops within fertilized ovule and 70 

persist in the seed, is highly recalcitrant to reprogramming and fate changes. Consequently reports of 71 

endosperm dedifferentiation under tissue culture conditions remain scarce. Furthermore, existing 72 

reports focus predominantly on the optimization of culture conditions, alongside morphological and 73 

histological observations [10–12]. Remarkably, there is complete lack of molecular data concerning 74 

endosperm dedifferentiation. From an evolutionary perspective, the endosperm is hypothesized to 75 

have evolved from an “altruistic twin embryo” that forfeited its own developmental potential to 76 

nourish the second embryo, which forms a seedling and then a new organism [13]. Molecular 77 

evidence suggests that the duplication and diversification of specific genes drove the evolution of the 78 

endosperm as a developmental novelty in flowering plants [14]. The primary function of the 79 

endosperm is to transfer nutrients from maternal tissues to the embryo and store these reserves to fuel 80 

post-germinative seedling growth, rather than to facilitate differentiation into other tissue types. 81 

Notably, in most flowering plants, strict molecular mechanisms (such as mitotic repression of the 82 

central cell) prevent endosperm development in the absence of double fertilization [15]. Furthermore, 83 
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during endosperm development, processes like programmed cell death (PCD) act as barriers against 84 

fate alteration. This phenomenon has been well documented in the starchy endosperm of cereal grains 85 

prior to cell filling [16], and in Arabidopsis endosperm cells adjacent to the embryo to accommodate 86 

embryo expansion [17]. 87 

Due to the process of double fertilization, endosperm cells typically possess a higher nuclear DNA 88 

content than the embryo. Polyploidization plays a pivotal role both as a speciation mechanism in 89 

natural environment and as a powerful tool in breeding programs in agriculture [12]. In this context, 90 

the in vitro culture of isolated endosperm could represent a promising approach, as it could 91 

significantly reduce the time required to obtain plants with higher ploidy levels. Investigating the 92 

relationship between ploidy levels and economically important agronomic traits, such as fruit weight, 93 

remains a key focus in modern plant breeding [18]. Consequently, establishing reliable methods for 94 

endosperm culture continues to be an area of intense research interest [19–21]. 95 

Transcriptomic analyses of plant developmental processes represent one of the most dynamically 96 

explored areas of plant research [22–24]. This omics-based studies are instrumental in unravelling 97 

complex regulatory mechanisms,  including those governing dedifferentiation and callus induction.  In 98 

Arabidopsis, a core set of genes has been identified as crucial for callus induction, operating 99 

independently of the initial tissue type or the specific inducer applied [5, 9, 25].  Most of the key 100 

genes responsible for start of callus formation are classified as transcription factors (TFs), such as 101 

wound-induced APETALA2/ETHYLANE RESPONSE FACTOR (AP2/ERF) transcription factor 102 

WOUND INDUCED DEDIFFERENTIATION 1 (WIND1) and its close homologs, WIND2, WIND3, 103 

and WIND4 [25, 26]. Several other members of the AP2/ERF family critical for wound-induced 104 

callus formation include PLETHORA3 (PLT3), PLT5, and PLT7 [25]. Furthermore, WRKY 105 

transcription factors [27], WUSCHEL related homeobox (WOX) genes [28] and MADS-box genes 106 

[9]  have also been shown to play key roles in the induction of callus.  107 

TFs function as critical regulatory elements that exert strict control over a diverse array of cellular 108 

processes and responses to external stimuli by directly modulating gene expression [29]. A typical 109 

plant TF is characterized by a sequence-specific DNA-binding domain that enables precise 110 
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recognition of and binding to target DNA sequences.  Additionally, it features a transcription-111 

regulation domain responsible for mediating its activity as either an activator or a repressor. To 112 

facilitate its functional architecture, a TF also possesses an oligomerization site that promotes the 113 

assembly of multiprotein complexes, along with a nuclear localization signal ensuring its proper 114 

trafficking to the nucleus [30].  115 

MADS-box proteins represent one of the largest and most diverse groups of TFs. They play a crucial 116 

role in regulating various developmental pathways across nearly all eukaryotic organisms, including 117 

plants [31, 32]. The acronym “MADS” is derived from the initials of its founding members, 118 

MINICHROMOSOME MAINTENANCE 1 (MCM1) from yeast, AGAMOUS (AG) from 119 

Arabidopsis thaliana (Arabidopsis), DEFICIENS (DEF) from Antirrhinum majus, and SERUM 120 

RESPONSE FACTOR (SRF) from humans [33]. Each MADS-box protein possesses a highly 121 

conserved N-terminal domain of approximately 60 amino acids, known as the MADS- box, which 122 

specifically recognizes and binds to CArG box sequences (CC[A/T]6GG).  Based on sequence 123 

characteristics and domain structure, MADS-box TFs are classified into two distinct lineages: Type I 124 

and Type II. [34, 35].  While Type II MADS-box proteins feature a characteristic, fully developed 125 

domain architecture (including the K domain), Type I MADS-box proteins typically lack this K 126 

domain. [36]. 127 

Importantly, it has been hypothesized that the duplication and diversification of Type I MADS genes 128 

resulted in the evolution of the endosperm, as the developmental novelty in flowering plants [14]. The 129 

newly created Type I MADS-box clades, Mγ and Mα*, exhibit preferential expression in floral organs 130 

and seeds compared to vegetative organs. Furthermore, studies have demonstrated that certain Type II 131 

MADS-box proteins positively regulate endosperm proliferation and cellularization in Arabidopsis 132 

[37]. In the genus Actinidia, especially particularly in A. chinensis, the MADS-box gene family has 133 

been examined primarily for its involvement in bud dormancy regulation [38] and floral sex 134 

differentiation [29, 39].  Nevertheless, evidence from Arabidopsis highlights that several genes from 135 

this transcription factor family are essential for proper endosperm and embryo development [40]. 136 

AGAMOUS-LIKE (AGL) genes constitute a distinct subfamily within the MADS-box transcription 137 
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factor (TF) family. In plants, they form a large regulatory network involved in controlling the 138 

development of virtually every organ. While their crucial importance in flower development is well 139 

documented, AGLs also participate significantly in vegetative organogenesis. For instance, AGL21 is 140 

involved in seed germination and lateral root development [41, 42]. Furthermore, AGL15 has been 141 

demonstrated to be crucial for zygotic embryo development, as well as for the formation of embryonic 142 

structures derived from other plant tissues through somatic embryogenesis [43–45]. Similarly, 143 

AGL18, which shares high structural homology with AGL15, plays a critical role in the induction of 144 

somatic embryogenesis [46]. Furthermore, several evidence indicates that AGL genes exert a 145 

significant impact on the proper seed.  For example, a study on Arabidopsis interspecies hybrids 146 

showed that AGL62 and AGL90 are involved in inducing embryo development arrest while 147 

simultaneously triggering endosperm hyperproliferation [47]. 148 

In the majority of dicots, the endosperm is consumed by the developing embryo during seed 149 

maturation [48].  In contrast, seeds of the Actinidia genus are characterized by the presence of a 150 

substantial amount of endosperm tissue in their mature state [49]. A reproducible and efficient 151 

protocol has been established for callus proliferation and adventitious shoot bud induction from 152 

isolated mature endosperm of the hardy kiwifruit, Actinidia arguta (Fig. 1) [49, 50, 51].  Commonly 153 

known as the kiwiberry, this species produces grape-sized, hairless fruits, that are delicate, highly 154 

aromatic and exceptionally rich in vitamin C, carotenoids, and polyphenols [52]. Due to these 155 

desirable traits, along with its remarkable cold hardiness, Actinidia arguta holds significant 156 

commercial potential for fresh fruit production in northern latitudes, making efforts to breed new 157 

cultivars highly valuable [53]. However, the hardy kiwifruit is a climbing, woody, autotetraploid fruit 158 

crop fruit, and non-model plant, which poses substantial challenges in elucidating its molecular 159 

mechanisms and gene regulatory networks [54, 55]. To date, transcriptomic analyses in A. arguta 160 

have focused primarily on dioecy and fruit ripening [40, 54], anthocyanin synthesis [56], low-161 

temperature resistance [57], and plant immunity [55]. 162 
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 163 

Figure 1 Two fate-pathways of mature Actinidia arguta endosperm. In-seed resorption by the 164 

growing embryo during seedling germination versus reprogramming following isolation, embryo 165 

dissection, and in vitro culture protocols according to [49-51]. 166 

 167 

Available transcriptomic reports on endosperm development, have predominantly focused on  in 168 

planta processes in Arabidopsis and cereals. These reports are crucial for understanding the regulatory 169 

mechanisms driving endosperm formation, from double fertilization through cellularization and 170 

proliferation within the ovule [37, 47, 58, 59]. Consequently, it is reasonable to hypothesize that 171 

certain genes responsible for these developmental stages also influence the fate of isolated mature 172 

endosperm during tissue culture. 173 

The objective of this study is to identify the molecular mechanisms determining cell reprogramming 174 

and fate switching of mature endosperm, entering the dedifferentiation pathway   after two weeks of 175 

isolation and culture. Additionally, since hardy kiwifruit is a non-model plant, the phylogenetic 176 

analysis was conducted for selected regulatory genes. Transcriptomic analyses were performed on 177 

mature endosperm from two cultivars, 'Bingo' and 'Weiki', of hardy kiwifruit, Actinidia arguta. It has 178 

been previously shown [51] that the isolated mature endosperm of kiwi berry differed significantly in 179 

efficiency response depending on the cultivar. Specifically, the callus induction rate was twofold 180 

higher for 'Bingo' compared to 'Weiki'. Furthermore, the indirect shoot bud induction was only 181 

detected in this cultivar. We hypothesize that differential expression of genes, including TFs, and 182 

genes involved in metabolic and regulatory pathways, drives this endosperm fate switch and underlies 183 

these cultivar-specific response. Conversely, transcriptomic data shared by both cultivars may 184 



8 

 

highlight the core processes and genes critical for endosperm cell fate switching in hardy kiwifruit, 185 

independent of the genetic background. 186 

 187 

 188 

MATERIALS AND METHODS  189 

Plant material 190 

Fruits of hardy kiwifruit (Actinidia arguta), cultivars 'Bingo' and 'Weiki' were collected with 191 

permission from the Actinidia germplasm collection at Warsaw University of Life Sciences (SGGW) 192 

in Poland. The fruits were stored in a refrigerator at 10°C. Then, the fruits were surface sterilized, and 193 

the seeds were extracted. The seed coats were then excised, embryos removed, and the endosperm 194 

tissue was isolated, according to a protocol previously developed for A. chinensis var. deliciosa [60]. 195 

Isolated endosperm culture 196 

The isolated endosperm explants from both cultivars were put on Murashige and Skoog [61] medium 197 

containing micro- and macroelements with vitamins (Duchefa), supplemented with 3% sucrose, 0.6% 198 

agar and 0.5 mg/L thidiazuron. This medium composition was selected based on the optimal callus 199 

induction efficiency previously reported by Abdullah et al. [51]. The cultures were maintained in 200 

60-mm Petri plates in 25°C in darkness. Following two weeks of culture, explants showing visible 201 

bulges – indicative of endosperm proliferation and/or callus induction (Fig. 2) - were collected based 202 

on macroscopic observations and transferred to Eppendorf tubes. Freshly isolated endosperms were 203 

used as a control. The sample weight was approximately 150 mg (for samples consisting of 204 

two-week-old explants) or 200 mg (for freshly isolated endosperm). The tubes containing plant tissue 205 

were immediately frozen in liquid nitrogen and stored in -80°C. 206 
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 207 

Figure 2 Scheme of sample comparisons used for differential gene expression analysis. The explants 208 

on day 0 are fresh, isolated endosperm with the embryo and external, thick seed coat removed. Note 209 

the explants after 14 days in culture, with visible bulges in the responding regions (arrows). 210 

 211 

RNA extraction  212 

Because of the high concentration of proteins and starch in endosperm tissue, and no working 213 

RNA-isolation kits, the protocol for total RNA extraction based on two-phase extraction method 214 

developed for wheat (Triticum aestivum) by Mortal et al. [62], was used. Briefly, 150-200mg 215 

(depends on sample type) of plant tissue was grinded with liquid nitrogen, transferred to the Falcon 216 

tubes with the pre-warmed EB and Phenol-Chloroform–Isoamylalcohol (PCI) mixture (25:24:1 V/V). 217 

Then, a sample was divided into two Eppendorf tubes and centrifuge. For phase separation, the 218 

centrifugation of supernatant with PCI mixture was repeated twice. Then to the aqueous phase 3M 219 

NaOAC and 100% ethanol were added, and placed in -80°C for 20 min. After this time, the sample 220 

was centrifuged for RNA pellet precipitation. The obtained pellet was dissolved in DEPC water. For 221 

RNA purification, first 4M LiCl was added, set in -80°C for 2 hours, then centrifuged and after 222 

supernatant removing, 2M LiCl was added to the tubes and centrifuged again. The purified pellet was 223 

washed with 70% ethanol and after supernatant discarded was left to completely dry. Finally, the 224 

RNA pellet was dissolved in DEPC water and combined to the one Eppendorf tube. Samples were 225 

stored in -80°C. 226 
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The concentration and quality of isolated RNA were checked spectrophotometrically using NanoDrop 227 

2000c (Thermo Scientific™) by the absorbance at 230, 260, and 280 nm wavelengths measurements. 228 

Additionally, the quality and integrity of RNA were determined using 1% (w/v) agarose gel 229 

electrophoresis under denaturing conditions. Only high quantity RNA samples (OD260/280 = 2.0-2.2, 230 

OD260/230 ≥ 2.0, RIN ≥ 8.0, 28S:18S ≥ 1.5), were employed to construct the sequencing library.  231 

 232 

RNA sequencing 233 

RNA-seq Library Construction and Illumina Sequencing 234 

Messenger RNA (mRNA) was purified from total RNA samples using poly-T oligo-attached 235 

magnetic beads. Following fragmentation, first-strand cDNA was synthesized using random hexamer 236 

primers, and second-strand cDNA synthesis was performed using dTTP for non-directional library 237 

preparation. The workflow was completed via end repair, A-tailing, adapter ligation, size selection, 238 

PCR amplification, and purification. Constructed libraries were quantified using a Qubit fluorometer 239 

(Thermo Fisher Scientific), while their size distribution was assessed via a Bioanalyzer (Agilent 240 

Technologies, Inc). Properly quantified libraries were pooled and sequenced on Illumina platforms 241 

(Novogene Co., Ltd.) to generate paired-end raw reads. All RNA-seq datasets generated in this study 242 

have been deposited in the NCBI SRA database under BioProject PRJNA1542276. 243 

Data Filtering and Transcriptome Assembly 244 

Raw data in FASTQ format were processed through CASAVA base calling for sequencing error rate 245 

and base quality score (Phred) evaluation. To obtain high-quality clean reads, raw reads were filtered 246 

using Novogene’s internal scripts to remove adapter contamination  247 

(P5: 5’-AATGATACGGCGACCACCGAGA-3’; P7: 5’-CGTATGCCGTCTTCTGCTTG-3’), reads 248 

containing more than 10% uncertain nucleotides (N > 10%), and low-quality reads where over 50% of 249 

bases had a Phred score ≤ 5. To reconstruct the Actinidia arguta transcriptome, clean reads were 250 

assembled de novo using Trinity software (v2.6.6; parameters: --minkmercov 3, --min_glue 4). The 251 

assembly was perform through the sequential Inchworm, Chrysalis, and Butterfly modules using the 252 
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default k-mer size of 31. To reduce redundancy, hierarchical clustering of contigs was performed 253 

using Corset (v1.09; parameters: -f true, -m 10), filtering out sequences with fewer than 10 mapped 254 

reads. Transcriptome completeness was subsequently assessed using BUSCO (v3.0.2; in 255 

transcriptome mode: -m tran against the embryophyta_odb9 lineage dataset [63]. 256 

Functional Annotation and CDS Prediction 257 

Comprehensive functional annotation of unigenes was performed by querying seven major databases. 258 

Diamond (v2.1.6) was used with an E-value threshold of 1 × 10-5 against the NCBI non-redundant 259 

protein (nr), KOG/COG, and Swiss-Prot databases (http://www.ebi.ac.uk/uniprot/). The NCBI 260 

nucleotide (nt) database was searched using NCBI BLAST (v2.9.0; E-value = 1 × 10-5). Protein 261 

domains were predicted via hmmscan from the HMMER 3.1 package (E-value = 0.01) against the 262 

Pfam database [64]. Gene Ontology (GO) terms were assigned using Blast2GO (b2g4pipe_v2.5; E-263 

value = 1 × 10-6) and Novogene scripts (http://www.geneontology.org/), while metabolic pathway 264 

annotations were completed using the KEGG Automatic Annotation Server (KAAS) and Diamond 265 

(v2.1.6; E-value = 1 × 10-5) (http://www.genome.jp/kegg/). Coding protein sequences (CDS) were 266 

extracted from BLAST hits or predicted using TransDecoder (v3.0.1), and plant transcription factors 267 

were identified and classified using iTAK software via hmmerscan. 268 

Quantification and Differential Expression Analysis 269 

Clean reads were mapped back to the Corset-filtered transcriptome reference, and expression levels 270 

were quantified using RSEM (v1.2.28; parameters: --estimate-rspd, -mismatch-rate 0.3). RSEM 271 

utilized Bowtie alignments to calculate read counts for each gene, which were then normalized to 272 

Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced (FPKM) values. 273 

Differential gene expression analysis between groups with biological replicates was performed using 274 

the DESeq2 R package (v1.26.0) based on a negative binomial distribution model, adjusting the false 275 

discovery rate (FDR) with the Benjamini-Hochberg (BH) method. Genes with an absolute 276 

log2FoldChange greater than 1 (|log2(Fold Change)| > 1) and an adjusted p-value (padj) below 0.05 277 

were considered significantly differentially expressed genes (DEGs). GO enrichment of DEGs was 278 
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analysed using GOseq (v1.32.0) and topGO (v2.32.0) with a corrected p-value < 0.05, while KEGG 279 

pathway enrichment was assessed via KOBAS (v3.0; corrected p-value < 0.05). Finally, protein-280 

protein interaction (PPI) networks were predicted by mapping DEG sequences against the STRING 281 

database using NCBI BLAST (v2.2.28+; E-value = 1 × 10-10). 282 

 283 

Bioinformatic analysis 284 

The transcripts assembled de novo were annotated against various databases to assign their likely 285 

functions, based on which gene names were tentatively assigned. To confirm the annotations, by 286 

identifying sequences homologous to the selected  Type I MADS-box AGLs, a BLASTx search was 287 

performed against the Non-Redundant (NR) protein database for Actinidia species using the default 288 

parameters. The two sequences with the highest query coverage were selected for further analysis. 289 

Finally, a comparative analysis of the proteins annotated to the studied transcripts was cariied out 290 

using the UniProtKB [65] database, including both reviewed (Swiss-Prot) and unreviewed (TrEMBL) 291 

data The selected target transcripts were translated using the ExPASy Translate Tool  292 

(https://web.expasy.org/). Each of the six resulting reading frames was aligned with the reference 293 

homologue sequences using the MUSCLE algorithm  to identify the correct open reading frame. A 294 

multiple sequence alignment was subsequently performed between  translated transcripts and their 295 

corresponding homologous proteins to identify conserved domains and regions with the high 296 

sequence similarity. Functional domains and motifs within the analysed sequences were further 297 

predicted using the InterPro search tool [66].  298 

 299 

Phylogenetic tree construction  300 

All AGL protein sequences were aligned using MAFFT v7 [67], and the resulting multiple sequence 301 

alignment was subsequently trimmed using trimAl [68] with the gappyout function. An initial 302 

phylogenetic tree was generated using FastTree [69] and was subsequently used as the starting tree for 303 

inference of the final maximum-likelihood (ML) phylogenetic tree using IQ-TREE [70]. The tree was 304 
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inferred using the following command: iqtree -s fasta_file -nt AUTO -m TEST -t fasttree_file.tree -pre 305 

output_folder -bb 1000. All analyses were performed on the LEO5 high-performance computing 306 

(HPC) cluster at the University of Innsbruck. The cluster comprises 62 compute nodes, each equipped 307 

with two 32-core Intel Xeon 8358 (Icelake) processors, providing a total of 64 CPU cores per node. 308 

The resulting phylogenetic tree was visualised and clades were annotated using the Interactive Tree of 309 

Life (iTOL) web server [71].  310 

Additionally, motif analysis was performed using the MEME suite [72] with the following 311 

parameters: "Any number of repetitions" for motif site distribution, a maximum of 3 motifs per 312 

sequence, and a maximum motif width of 75 nucleotides. Subsequently, the sequences of the 313 

identified motifs were verified using the InterPro database [66]. 314 

 315 

3D protein models construction 316 

The corresponding sequences of the AGL proteins of interest were modelled using the AlphaFold 317 

Server [73]. For each protein, the model with the highest confidence score was selected and 318 

downloaded for further analysis. The most similar corresponding protein sequences and their 319 

predicted structures were identified and downloaded from the UniProt database [65]. These sequences 320 

were subsequently modelled using the AlphaFold Server. For AGL9, the corresponding 321 

experimentally resolved structure was instead obtained from the Protein Data Bank (PDB), entry 322 

8CRA [74]. All protein structures were subsequently visualized and analysed using PyMOL 323 

Molecular Graphics System (Reference Format: Schrödinger, LLC. (2024). The PyMOL Molecular 324 

Graphics System (Version 3.0). Available at [75]). 325 
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RESULTS 326 

Comprehensive transcriptome analysis 327 

RNA sequencing of three biological replicates of two cultivars 'Bingo' and 'Weiki' at two time frames: 328 

0 days (freshly isolated endosperm) and two –weeks of cultured endosperm, was performed on the 329 

Illumina HiSeq platform, resulting in a total of 12 samples.  The highest number of clean reads was 330 

obtained for the control (0 days) samples of 'Weiki' – a total of 93,596,927 clean reads and 28,10 Gbp, 331 

with an average of 9.37 Gbp per sample. The lowest number of clean reads was generated for 'Bingo' 332 

samples after 14 days of culturing (77,972,321 in total and 23.40 Gbp, with an average 7.80 Gbp per 333 

sample). The average GC content was approximately 46% across the samples (Fig. 3a). 334 
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 335 
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Figure 3 Overview of the Actinidia arguta de novo transcriptome assembly. (a) Actinidia arguta 336 

transcriptome sequencing data, (b) numerical summary of the assembled transcriptome, (c) percentage 337 

of unigenes annotated to different species, (d) percentage of unigenes annotated in various databases, 338 

(e) number of unigenes annotated in GO, divided into three main categories, (f) number of unigenes 339 

annotated to KEGG pathways, broken down into main categories. 340 

 341 

De novo transcriptome assembly resulted in 422,213 transcripts assigned to 149,380 unigenes, ranging 342 

in length from 301 bp to 16,469 bp, with average lengths of 1,195 bp and 1,054 bp for transcripts and 343 

unigenes, respectively. The largest number of transcripts was in the range from 500 - 1,000 bp (Fig. 344 

3b).  345 

Since the sequencing was performed de novo and a reference genome was unavailable in existing 346 

databases, unigenes were annotated based on sequence similarity to known species. The highest 347 

number of unigenes was assigned to two related species: Actinidia chinensis (29,213; 39.8%) and 348 

Actinidia rufa (27,088; 36.9%) (Fig. 3c).  349 

 350 

Functional analysis 351 

In order to obtain information on the structure and function of the mapped unigenes, their annotation 352 

was performed using the following databases: NCBI, SwissProt/UniProt, PFAM, KOG, GO, and 353 

KEGG, employing BLASTx and BLASTp tools with an E-value threshold of less than 1.0 × 10-¹⁰ 354 

(Fig. 3d). 355 

The unigenes were analysed within the Gene Ontology (GO) framework and classified into three main 356 

categories: biological processes (BP; 79,543), molecular functions (MF; 45,239), and cellular 357 

components (CC; 37,019) (Fig. 3e). In total, 42,377 unigenes were successfully annotated 358 

(Supplementary Material 1: Tab. S1). 359 

Within the BP category, the most highly represented GO terms were: cellular process (23,846), 360 

metabolic process (19,427), biological regulation (7,693), regulation of biological process (7,128), 361 
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localization (6,246), response to stimulus (4,749), signaling (2,361), interspecies interaction between 362 

organisms (1,789), and multicellular organismal process (1,112). 363 

Among the unigenes annotated in the MF category, the most abundant terms included: binding 364 

(20,822), catalytic activity (16,066), transporter activity (3,086), molecular function regulator 365 

(1,604), transcription regulator activity (1,468), and structural molecule activity (1,307). 366 

In the CC category, the most frequently represented terms were: cellular anatomical entity (17,770), 367 

intracellular (10,100), and protein-containing complex (7,480). 368 

To further investigate the biological functions of the transcripts, functional annotation was conducted 369 

using the KEGG database, which enabled the assignment of 24,149 unigenes to 29 pathways, 370 

categorized into the following major groups: Brite Hierarchies, Cellular Processes, Environmental 371 

Information Processing, Genetic Information Processing, Metabolism, Organismal Systems, and Not 372 

Included in Pathway or Brite (Fig. 3f; Supplementary Material 1: Tab. S2). 373 

The most highly represented pathways included: protein families: genetic information processing, 374 

protein families: signaling and cellular processes, protein families: metabolism, translation, 375 

carbohydrate metabolism, folding, sorting and degradation, transport and catabolism, and amino 376 

acid metabolism. 377 

 378 

Differential gene expression analysis 379 

A differential gene expression analysis was performed to investigate which genes may be involved in 380 

altering the developmental pathway of mature endosperm.  381 

Based on the de novo-assembled transcriptome used as a reference, gene expression was analysed 382 

across the following sample comparisons: Bingo 14d vs. 0d (1), Weik 14d vs. 0d (2), Bingo vs. Weiki 383 

0d (3), and Bingo vs. Weiki 14d (4) (Fig.2). Differentially expressed genes (DEGs) were identified 384 

based on the log2 Fold-Change (log2FC) values and statistical significance determined by the adjusted 385 

p-value (padj), using a threshold of |log2FC| > 1 and padj < 0.05. The largest number of DEGs 386 

(35,893) was observed when comparing Weiki 14d vs. 0d, while the fewest were identified when 387 

comparing the control samples, Bingo vs. Weiki 0d.  388 
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The analysis revealed 35,893 DEGs for the Weiki14d vs. 0d comparison, representing the highest 389 

number across all tested conditions. In contrast, the Bingo 14d vs. 0d comparison yielded 29,814 390 

DEGs, a value approximately 1.2 times lower. Considerably fewer DEGs were identified in 391 

comparisons between the two cultivars at the same time points: 1,482 for Bingo vs. Weiki 0d and 392 

8,985 for Bingo vs. Weiki 14d. 393 

Differences in the number of statistically significant DEGs may contribute to the observed variation 394 

between the studied cultivars in their capacity for endosperm proliferation and, consequently, 395 

organogenic callus formation. The distribution of DEGs across the analysed comparisons is presented 396 

as volcano plots (Fig. 4). Across all four comparisons, the majority of DEGs were up-regulated. The 397 

highest number of up-regulated genes (19,548) was detected in the Weiki 14d vs. 0d comparison (Fig. 398 

4b), whereas the lowest number (881) was observed in Bingo vs. Weiki 0d (Fig. 4c). However, this 399 

may also reflect differences not only between the cultivars themselves but also in the duration of the 400 

culture. 401 

 402 

Figure 4 Differentially expressed genes presented in the volcano plots for (a) Bingo 14d vs Bingo 0d, 403 

(b) Weiki 14 d vs Weiki 0d, (c) Bingo vs Weiki 0d and (d) Bingo vs Weiki 14d; padj <0.05 with the 404 

numbers of total, up- and downregulated DEGs (padj ≤ 0.05; log2FoldChange ≥ 1.0). 405 

 406 

Venn diagram analysis further demonstrated substantial overlap between Bingo14d vs. 0d and Weiki 407 

14d vs. 0d, with 21,365 common DEGs, most of which were up-regulated (13,520). Interestingly, the 408 

uniquely expressed genes within these comparisons were predominantly down-regulated (Fig. 5a). By 409 

contrast, Bingo vs. Weiki 0d and Bingo vs. Weiki 14d shared only 555 common genes, of which 360 410 
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were up-regulated. On day 14 of culture, Bingo vs. Weiki 14d comparison revealed 8,430 uniquely 411 

expressed genes, including 4,339 up-regulated genes (Fig. 5b), which is 9.1 and 8.3 times higher, 412 

respectively, than the values obtained for the Bingo vs. Weiki 0d comparison. 413 

 414 

 415 

Figure 5 Differentially expressed genes presented in Venn diagrams for (a) Bingo 14d vs Bingo 0d vs 416 

Weiki 14 d vs Weiki 0d and (b) Bingo vs Weiki 0d vs Bingo vs Weiki 14d comparisons. 417 

To gain further insights, GO term enrichment analysis was performed, using Venn diagrams to 418 

identify terms that were common or unique to the studied comparisons (Supplementary Material 2). 419 

Additionally, a list of transcripts showing differential expression that were common or unique to the 420 

compared experimental combinations was prepared (Supplementary Material 3). 421 

The first Venn diagram (Fig. 5a) compares the Bingo14d vs.0d and Weiki14d vs. 0d contrasts, 422 

identifying DEGs that are shared between both cultivars after 14 days of culture, as well as those that 423 

are cultivar-specific. Both cultivars exhibited a common functional pattern, including increased 424 

protein synthesis, as indicated by terms related to “ribosome biogenesis” and ribosomal structure, as 425 

well as processes associated with cell wall organization and formation. In addition, shared responses 426 

involved enhanced “transmembrane transport” and “microtubule-based movement”, together with the 427 

activation of carbohydrate and lipid metabolism. A wide range of enzymatic activities was also 428 

observed, including hydrolases, transferases, and oxidoreductases. At the same time, some differences 429 

between the cultivars were evident. The 'Weiki' cultivar showed specific enrichment in pathways 430 

related to sulfur compound metabolism and modified amino acids. In contrast, the 'Bingo' cultivar was 431 



20 

 

associated with proteins localized in the “cytosol” and with “motor activity”, suggesting differences in 432 

intracellular transport and movement between the two cultivars. 433 

The second Venn diagram (Fig. 5b) compares the Bingo vs. Weiki 0d and Bingo vs. Weiki 14d 434 

contrasts, highlighting DEGs that are consistently dependent on the cultivar at both time points, as 435 

well as those specific to the 'Bingo' cultivar at particular stages of culture. Only one GO term, “lipid 436 

droplet”, was shared between these comparisons, suggesting that lipid storage processes remain 437 

relatively stable in this cultivar regardless of culture duration. In contrast, after 14 days of culture, 438 

significant changes were observed in the expression of genes involved in lipid and carbohydrate 439 

metabolism in the 'Bingo' cultivar. Although both up- and down-regulated DEGs were identified 440 

within these pathways, the majority of DEGs, including those encoding hydrolases and 441 

oxidoreductases, were down-regulated, suggesting an overall reduction in metabolic activity and 442 

energy-related processes. Additionally, the enrichment of the term “transcription regulator activity” 443 

points to the activation of regulatory pathways controlling gene expression. These changes are 444 

accompanied by structural adjustments within the cell, particularly in the cytosol and cell wall, as 445 

indicated by terms such as “cell wall” and “external encapsulating structure”. 446 

Additionally, KEGG pathway enrichment analysis was conducted to examine the metabolic pathways 447 

associated with the identified DEGs (Supplementary Material 4). For Bingo vs. Weiki 0d and Bingo 448 

vs. Weiki 14d, 16 statistically significant common pathways were found. Among the unique 449 

pathways, only one pathway was found - carotenoid biosynthesis, for the  Bingo vs. Weiki 14d 450 

comparison. In contrast, Bingo 14d vs. 0d and Weiki 14d vs. 0d shared enrichment in only three 451 

pathways: oxidative phosphorylation, ribosome, and the citrate cycle (TCA cycle). 452 

 453 

Analysis of TRANSCRIPTION FACTORs differential expression  454 

We identified differential expression in 15 families of transcription factors (TFs) across the studied 455 

sample combinations (Supplementary Material 5). Among these, we focused our analysis on seven 456 

key families: AP2/EREBP, NAC, WRKY, HD-ZIP, MYB, bZIP/ABF, and MADS-box. These 457 

families revealed pronounced variations in transcriptional patterns, which were dependent on both the 458 
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duration of in vitro culture (0 vs. 14 days) and the genotype. Data visualization via heatmaps 459 

(hierarchical clustering, average linkage, Euclidean distance) demonstrated that the primary axis of 460 

sample differentiation was culture duration (Supplementary Material 6). This was reflected by the 461 

consistent grouping of the Weiki 14d vs. 0d and Bingo 14d vs. 0d comparisons, whereas inter-cultivar 462 

comparisons (Bingo vs. Weiki at 0d and 14d) exhibited more dispersed, genotype-specific expression 463 

patterns. 464 

Within the AP2/EREBP family, some of the most dynamic expression changes were observed, with a 465 

clear segregation of transcripts into two major clusters corresponding to up-regulated and down-466 

regulated genes. In the Bingo 14d vs. 0d and Weiki 14d vs. 0d comparisons, a strong induction of 467 

numerous transcripts (log2FC > 5) was evident. This coherent cluster included 18900(Ath_ERF012) 468 

('Bingo' log2FC = 11.35; 'Weiki' log2FC = 10.17) and 117494(Ath_ERF003) ('Bingo' log2FC = 11.19; 469 

'Weiki' log2FC = 9.37). Notably, at the initial time point (0d), distinct groups of genes with reduced 470 

expression were identified in 'Bingo' relative to 'Weiki', indicating that the two cultivars possess 471 

different baseline transcriptional states prior to culture exposure. A marked down-regulation was 472 

recorded for 119363(Ath_ERF1A) (log2FC = -5.74), which persisted through day 14 of the culture 473 

(log2FC = -3.38). Furthermore, a significant up-regulation of two genes, 73090(Ath_ERF109) and 474 

2480(Ath_ERF098), was observed in the Bingo vs. Weiki 14d combination (log2FC = 9.29 and 6.31, 475 

respectively), while their expression was simultaneously strongly reduced in the Weiki 14d vs. 0d 476 

comparison (log2FC = -8.98 and -5.58, respectively). The heatmap structure further suggests the 477 

co-regulation of AP2/EREBP gene subsets whose activation correlates with culture progression, 478 

consistent with their established roles in stress responses and developmental reprogramming. 479 

The NAC family exhibited a relatively uniform expression profile, characterized by a predominant 480 

trend of strong induction at day 14. The heatmap revealed a major cluster of up-regulated transcripts, 481 

including 11744(Ath_NAC043) and 11312(Ath_NAC090). In the Weiki 14d vs. 0d combination, 482 

specific induction was noted for 12074(Ath_NAC043) and 121580(Gmax_NAC6). In a smaller, 483 

distinct cluster for the Bingo 14d vs. 0d combination, the up-regulation of several transcripts was 484 

observed, with the highest values reached by 18220(Ath_NAC056) (log2FC = 7.06) and 485 

36795(Ath_NAC056) (log2FC = 6.97). Interestingly, a strong up-regulation of two transcripts was 486 
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recorded: 525(Ath_NAC090) (log2FC = 6.03) for the Bingo vs. Weiki 0d combination, and 487 

18831(Ath_NAC083) (log2FC = 6.50) for Bingo vs. Weiki 14d. This may indicate a significant role 488 

for these genes in the processes occurring in fresh 'Bingo' endosperm, potentially determining its 489 

further development in in vitro cultures. In contrast to AP2/EREBP, the number of strongly 490 

downregulated NAC genes was limited, suggesting they primarily function as activators of repair and 491 

morphogenetic processes. 492 

In the WRKY family, complex and contrasting expression patterns were detected. Heatmaps revealed 493 

a large cluster of strongly induced transcripts - led by Ath_WRKY9, Ath_WRKY14, and Ath_WRKY44 494 

in Bingo 14d vs. 0d, and Ath_WRKY71 in Weiki 14d vs. 0d - alongside genes exhibiting reduced 495 

expression after 14 days, particularly in 'Weiki'. The segregation of samples according to genotype 496 

highlights a significant cultivar-specific component in WRKY regulation, reflecting their role in 497 

integrating environmental and stress-related signals. 498 

The HD-ZIP family displayed a more structured clustering pattern, with a clear distinction between 499 

activated genes (e.g., Ath_ATHB-52 and Ath_HAT7 in 'Weiki' 14d vs. 0d) and repressed genes (e.g., in 500 

Bingo vs. Weiki 14d, log2FC = -5.86). The clarity of these clusters suggests coordinated regulation of 501 

HD-ZIP genes in controlling tissue organization and the formation of new structures. 502 

The MYB family exhibited the highest degree of heterogeneity. In the 14 vs. 0 comparisons, a 503 

coherent group of strongly up-regulated transcripts included Amaj_MYB306, Achi_MYB123, and 504 

Ath_RAX3. A cultivar-specific feature of 'Bingo' was the activation of an additional subset of genes 505 

(e.g., 12642(Ath_MYB93) and 14027(Ath_MYB35), as well as 115728(Ath_MYB105) and 506 

8676(Ath_MYB108)), which were simultaneously down-regulated in the Weiki 14d vs. 0d 507 

combination, indicating a distinct trajectory of metabolic reprogramming in this cultivar. 508 

Despite a smaller number of transcripts, the bZIP/ABF family exhibited functionally coherent 509 

expression patterns, particularly regarding ABA-mediated responses. Significant upregulation at day 510 

14 was observed for Ath_BZIP11, Ath_FD, and Ath_BZIP44. Additionally, increased expression of 511 

two transcripts was recorded for the Bingo 14d vs. 0d combination (15810(Ath_BZIP34)) and the 512 

Bingo vs. Weiki 14d combination (47715(Ath_ABI5)). The only transcript showing up-regulation in 513 

the Bingo vs. Weiki 0d combination was 19580(Ath_BZIP44) (log2FC = 4.58), which also showed 514 
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increased expression in the Weiki 14d vs. 0d combination (log2FC = 6.32). This suggests that this 515 

family may act as a key sensor of osmotic stress during callus formation. 516 

Hierarchical clustering of differentially expressed MADS-box genes revealed significant 517 

transcriptional changes in endosperm cultured in vitro that depend on both time and genotype (Fig. 6). 518 

The most significant expression differences were observed in temporal comparisons, suggesting that 519 

the transition from the initial state (0 days) to 14 days of culture primarily shapes the transcriptional 520 

profile of MADS-box genes. In both cultivars, a distinct group of genes showed strong 521 

downregulation over time, displaying relatively high expression at day 0 but markedly reduced 522 

expression after 14 days. Conversely, another cluster comprised genes that were strongly induced 523 

during culture, characterized by low or undetectable expression at 0 days and substantial up-524 

regulation at 14 days. These temporal changes were more pronounced in the 'Bingo' cultivar, which 525 

exhibited a greater number of strongly induced genes and more extensive repression of genes initially 526 

expressed in freshly isolated endosperm. Between-cultivar comparisons at 0 days showed relatively 527 

minor differences, with only two transcripts - both annotated as 87029(Ath_AGL16) and 528 

77923(Ath_AGL16) - showing significant down-regulation. However, by day 14, divergence became 529 

evident. Most DEGsshowed upregulation in 'Bingo', including: 77477(Aruf_AGL18), 530 

50524(Ath_AGL16), 87029(Ath_AGL16), 77923(Ath_AGL16), 82010(Achi_AGL-like), 531 

29968(Ath_AGL61), 10198(Ath_AGL61), 64734(Ath_AGL9), 99599(Achi_MADS-like), and 532 

92759(Ath_ANR1). Two transcripts were down-regulated: 38584(Achi_MADS-like) and 533 

69856(Aruf_AGL6). Comparison of 14-day cultured endosperm with fresh endosperm revealed 534 

cultivar-independent down-regulation of transcripts such as 77477(Aruf_AGL18), 535 

77828(Ath_AGL104), 68610(Ath_AGL66), 49606(Ath_AGL27), and 57276(Cmik_AGL19). In 536 

contrast, increased expression was observed for 64735(Vvin_MADS4), 47258(Vvin_AP3), 537 

29968(Ath_AGL61), 75170(Vvin_MADS9), 15357(Ath_AGL15), and 104080(Ath_AGL62). Genotype-538 

specific DEGs were also identified. In 'Bingo' (14d vs. 0d), unique down-regulation occurred in 539 

37050(Ath_ANR1), 8260(Ath_AGL65), and 32624(Ath_AGL80), while induction was noted for 540 

61066(Vvin_AP1) and 53739(Achi_SOC1e). In 'Weiki', unique up-regulated DEGs included 541 
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102265(Vvin_AP3), 30963(Ath_AGL21), 1393(Ath_AGL61), and 48563(Ath_AGL24), while 542 

7944(Aruf_AGL62) and 53740(Achi_SOC1g) were down-regulated. 543 

Overall, culture duration exerted a dominant influence on transcriptional profiles, while significant 544 

genotype-specific effects remained evident. The induction of genes from the MYB, WRKY, and 545 

AP2/EREBP families suggests that they constitute a core regulatory module supporting stress 546 

adaptation, hormonal signaling, and the transcriptional reprogramming required to initiate 547 

dedifferentiation. Meanwhile, the divergent signatures of MADS-box, NAC, and bZIP/ABF genes 548 

may reflect enhanced cellular plasticity and a more robust capacity for forming regenerative centers. 549 

These distinct transcription factor profiles ultimately contribute to the variations in developmental 550 

potential observed between the two cultivars during long-term in vitro culture.  551 
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 552 

Figure 6 Heatmap of MADS-box genes differentially expressed in endosperm tissue in 'Bingo' and 553 

'Weiki' cultivars after 0 and 14 days of culture. 554 
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MADS-box family genes – differential gene expression analysis and functional 555 

annotation 556 

Among the transcripts showing differential expression, we identified those annotated as genes 557 

belonging to the MADS-box family. Many of these annotations corresponded to genes previously 558 

described in the model species Arabidopsis thaliana, as well as in species belonging to the genus 559 

Actinidia, including Actinidia chinensis, Actinidia rufa and others.  560 

Gene names were constructed according to the following format. For example: 15357(Ath_AGL15) – 561 

where 15357 represents the transcript identifier, ‘Ath’ is the abbreviation for the species Arabidopsis 562 

thaliana, and AGL15 is the transcript annotation corresponding to the gene as recorded in databases. 563 

Based on information from the UniProt database, we classified these genes into five groups according 564 

to their function: regulation of flowering, flower development, endosperm development, root growth 565 

and other functions (Fig. 7; Supplementary Material 7). The resulting distribution reflects the diverse 566 

regulatory roles of these transcription factors throughout plant development.  567 

 568 

Figure 7 The classification of annotated Actinidia arguta transcripts based on their role in plant 569 

development. 570 

 571 

The first group comprises genes associated with the regulation of flowering. Nine transcripts were 572 

assigned to six different genes, four of which were identified in Arabidopsis thaliana and two in 573 

Actinidia chinensis. The encoded MADS-box proteins function as transcription factors that govern the 574 
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transition from the vegetative to the reproductive phase and the timing of floral induction. 575 

Annotations indicate their involvement in the regulation of RNA polymerase II-dependent gene 576 

expression, as well as in embryo development and the establishment of seed dormancy, highlighting 577 

the broad regulatory scope of this class. 578 

The second category consists of genes involved in flower development. Seventeen transcripts were 579 

annotated to eleven different genes. Five of these genes were assigned to Arabidopsis thaliana, 580 

another five to Vitis vinifera, and only one to Actinidia rufa. These gene products serve as key 581 

regulators of floral organ identity and inflorescence architecture. Functionally, they belong to the 582 

classical Type II MADS-box factors, which control tissue differentiation programs and reproductive 583 

organ morphogenesis through the formation of multimeric protein complexes. 584 

Another group includes genes related to endosperm development. A total of nine transcripts were 585 

annotated to three genes within this group. Four transcripts were assigned to AGL61, three to AGL62, 586 

and two to AGL80. Nearly all genes were identified in Arabidopsis thaliana, with the exception of one 587 

gene – AGL62 – which was identified in Actinidia rufa. Functional annotations point to their roles in 588 

the differentiation of the central cell within the embryo sac, the regulation of endosperm cell 589 

divisions, and the control of early seed development. Many of these genes belong to the M-type (Type 590 

I) MADS-box group, which is characteristically associated with gametophytic and seed-specific 591 

regulatory functions. 592 

The fourth category is composed of genes participating in root growth. The smallest group consisted 593 

of three transcripts assigned to two different genes of Arabidopsis thaliana. Their products regulate 594 

meristematic cell differentiation, cell elongation, and the developmental transition of the plant, 595 

suggesting a functional integration of root system development with the overall plant ontogeny. 596 

The final group, designated as others, encompasses MADS-box genes with less clearly defined 597 

functions or potentially pleiotropic regulatory effects. In total, 20 transcripts were classified and 598 

assigned to genes from five different plant species: Arabidopsis thaliana, Actinidia rufa, Actinidia 599 

chinensis, Cinnamomum micranthum, and Camellia lanceoleosa. While annotations indicate their 600 
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involvement in general transcriptional regulation and transcription factor activity, there is a lack of 601 

definitive data assigning them to a specific developmental process. 602 

We searched the identified DEGs for genes potentially involved in endosperm development and 603 

dedifferentiation processes under controlled in vitro conditions. In this study, we focused on genes 604 

belonging to the third group (“Endosperm development”), particularly Type I MADS-box genes. We 605 

also considered two genes belonging to different groups: “Flower development” and “Flowering 606 

regulation”, that, according to the literature, may affect endosperm development: 64734(Sl_AGL9) 607 

and 15357(At_AGL15).  608 

Analysis of the differential expression of AGL family genes in the samples indicated diverse 609 

transcriptional patterns related to both the 'Bingo' and 'Weiki' cultivars and the time frame (Tab. 1; 610 

detail information in Supplementary Material 8). 611 

Comparing 'Bingo' 14d with 0d revealed a clear induction in the expression of several genes, 612 

including 15357(Ath_AGL15) (log2FC = 5.59), 29968(Ath_AGL61) (log2FC = 3.58), 613 

104080(Ath_AGL62) (log2FC = 5.11), and 17213(Ath_AGL80) (log2FC = 2.65). Conversely, the same 614 

comparison shows repression of genes such as 7944(Aruf_AGL62) (log2FC = -4.16) and 615 

68068(Ath_AGL62) (log2FC = -1.65). 616 

Analysis of Weiki 14d vs 0d shows a similar pattern. The strongest induction was observed in the 617 

104080(Ath_AGL62) gene (log2FC = 6.78). Additionally, clear overexpression of 15357(Ath_AGL15) 618 

(log2FC = 5.24) and AGL61 (log2FC = 1.18 – 5.32 depending on paralogues) was observed in 'Weiki'. 619 

A comparison between the cultivars after 14 days (Bingo vs Weiki 14d) reveals more subtle 620 

differences. Notably, 64734(Slyc_AGL9) (log2FC = 1.22), 29968(Ath_AGL61) (log2FC = 1.46), and 621 

10198(Ath_AGL61) (log2FC = 1.33) showed slightly higher expression levels in 'Bingo' than in 622 

'Weiki'.  623 

Differential expression analysis revealed the presence of genes unique to both the 'Bingo' and 'Weiki' 624 

cultivars. In the case of 'Weiki', these included 1393(Ath_AGL61) and 46683(Ath_AGL61), which 625 

were upregulated, as well as 7944(Aruf_AGL62), which was downregulated. The 'Bingo' cultivar 626 

showed decreased expression of 68068(Ath_AGL62) and 32624(Ath_AGL80), and increased 627 

expression of 17213(Ath_AGL80). 628 
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In summary, these results demonstrate that AGL family genes undergo dynamic regulation depending 629 

on the cultivar and time frame. The induction of AGL15 and AGL61 paralogues in both cultivars after 630 

14 days suggests that they may be important regulators of key developmental or adaptive processes. 631 

Differences in gene types and their expression patterns observed between the studied cultivars may be 632 

associated with differential responses of the endosperm to culture conditions and variations in their 633 

capacity for dedifferentiation. 634 
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Table 1 Selected AGAMOUS-like genes potentially involved in endosperm dedifferentiation and 635 

proliferation identified for Bingo 14d vs 0d, Weiki 14d vs 0d and Bingo vs Weiki 14d combinations 636 

with different expression level 637 

Gene ID 

De novo transcription 

annotation (description / 

species) 

Fold change (log2) | padj < 0.05 

Bingo 14d vs 0d Weiki 14d vs 0d 
Bingo vs Weiki 

14d 

UP-REGULATED TRANSCRIPTS 

Cluster-5580.64734 

Agamous-like MADS-box 

protein AGL9 homolog / 

Solanum lycopersicum 

    1.22 | 6.5496e-05 

Cluster-5580.15357 

Agamous-like MADS-box 

protein AGL15 /  

Arabidopsis thaliana 

5.59 | 4.8476e-10 5.24 | 5.9565e-09 

  

Cluster-5580.29968 

Agamous-like MADS-box 

protein AGL61 / 

Arabidopsis thaliana 

3.58 | 4.229e-24 2.53 | 6.0156e-13 1.46 | 9.6926e-06 

Cluster-5580.1393 

Agamous-like MADS-box 

protein AGL61 / 

Arabidopsis thaliana 

  5.33 | 0.01221   

Cluster-5580.46683 

Agamous-like MADS-box 

protein AGL61 / 

Arabidopsis thaliana 

  1.18 | 0.013932   

Cluster-5580.10198 

Agamous-like MADS-box 

protein AGL61 / 

Arabidopsis thaliana 

  

  

1.34 | 0.033306 

Cluster-5580.104080 

Agamous-like MADS-box 

protein AGL62 / 

Arabidopsis thaliana 

5.11 | 3.8482e-14 6.78 | 8.1466e-21   

Cluster-5580.17213 

Agamous-like MADS-box 

protein AGL80 / 

Arabidopsis thaliana  

2.65 | 0.006041     

DOWN-REGULATED TRANSCRIPTS 

Cluster-5580.7944 

AGAMOUS-like 62 / 

Actinidia rufa  

 

-4.17 | 0.022319  
Agamous-like MADS-box 

protein AGL29 / 

Arabidopsis thaliana 

Cluster-5580.68068 

Agamous-like MADS-box 

protein AGL62 / 

Arabidopsis thaliana 
-1.65 | 0.043549     

Agamous-like MADS-box 

protein AGL62 / Camellia 

sinensis 

Cluster-5580.32624 

Agamous-like MADS-box 

protein AGL80 / 

Arabidopsis thaliana 

-1.06 | 0.020385     



31 

 

A comparative analysis of homologous protein sequences corresponding to AGL gene transcripts from 638 

Actinidia arguta revealed a high level of similarity with sequences derived from closely related 639 

species, particularly Actinidia rufa and A. chinensis (Supplementary Material 9). Most alignments 640 

were characterized by very low E-values (in the range of 10-³⁰ or lower), indicating statistically 641 

significant sequence similarity. In a few cases, the percentage identity (Per. Ident.) exceeded 80–90%, 642 

especially for transcripts associated with AGL15, AGL62, and AGL80, suggesting a high degree of 643 

sequence conservation. Other alignments showed moderate identity levels (30–60%) and slightly 644 

higher E-values, which may reflect the presence of functionally distinct paralogs or evolutionary 645 

divergence among homologs. 646 

Further comparative analysis of the identified homologous proteins focused on their molecular and 647 

functional properties. The lengths of the aligned amino acid sequences varied widely – from 172 to 648 

471 residues – with most proteins falling within the 200–300 amino acid range, which is typical for 649 

members of the MADS-box transcription factor family. Protein molecular masses correlated with 650 

sequence lengths and ranged from 19.8 to 48.5 kDa. 651 

All analysed proteins were assigned to the MADS-box transcription factor family. Domain analyses 652 

performed with InterPro, Pfam, and SMART confirmed the presence of conserved characteristic 653 

motifs, including the MADS-box, K-box, and MEF2-like domains. The structural models available in 654 

the AlphaFold database revealed a high degree of similarity among the proteins and preservation of 655 

key interaction interfaces. Protein-protein interaction data obtained from the STRING database further 656 

suggested that these AGL proteins are involved in complex transcriptional regulatory networks, 657 

although current experimental evidence is largely based on the Arabidopsis thaliana model. 658 

Subcellular localization predictions indicated that all identified proteins are predominantly nuclear, 659 

consistent with their regulatory functions; however, AGL15 and AGL61 may undergo dynamic 660 

nucleocytoplasmic shuttling. Expression profiling demonstrated distinct spatiotemporal patterns: 661 

transcripts of AGL61, AGL62, and AGL80 were specifically detected in the central cell of the embryo 662 

sac and in early endosperm, whereas AGL9 and AGL15 showed broader expression across floral 663 
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organs, embryos, and young seedlings. Notably, AGL15 expression was inducible by the auxin 2,4-D, 664 

pointing to a hormonally regulated mechanism of transcriptional control. 665 

 666 

AGL transcripts – protein alignment and domain architecture 667 

A multiple sequence alignment of the translated amino acid sequences of the selected transcripts and 668 

their homologues was performed using MAFFT (Supplementary Material 10). The alignment focused 669 

on regions of the highest conservation and sequence homology, with the highly divergent N- and C-670 

terminal flanking regions truncated to enhance clarity and the reliability of the comparative analysis. 671 

The resulting alignment was of high quality, with the analysed transcripts showing homology to 672 

established reference sequences. This high degree of conservation supports the accurate identification 673 

and annotation of these transcripts as members of the MADS-box gene family. A highly conserved 674 

MADS domain (comprising approximately 55–60 amino acids) was identified at the N-terminus, the 675 

defining feature of this class of transcription factors. 676 

Further structural analysis revealed distinct domain architectures among the sequences. In several 677 

transcripts, the MADS domain was followed by an intervening domain (I) and a well-conserved 678 

keratin-like domain (K), which is essential for protein dimerisation and protein–protein interactions. 679 

The presence of this M-I-K domain organisation confirms that these genes belong to Type II 680 

(MIKC-type) of the MADS-box family. Conversely, a subset of proteins lacked the K domain and 681 

featured significantly shorter, more divergent C-terminal regions. These proteins possessed only the 682 

MADS domain, a configuration typical of Type I (M-type) genes. 683 

The alignment revealed notable differences in the length and conservation of the C-terminal regions 684 

between the two types. MIKC-type proteins exhibited longer structured regions corresponding to the 685 

K domain, whereas M-type proteins were characterised by higher sequence variability and the 686 

absence of this motif. 687 
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Phylogenetic tree of AGLs potentially involved in endosperm development 688 

Phylogenetic analysis enabled the classification of Actinidia arguta transcripts belonging to the 689 

MADS-box gene family (Fig. 8). Based on the Maximum Likelihood (ML) reconstruction, the 690 

phylogenetic tree revealed several distinct clades corresponding to homologs of AGL6, AGL15, 691 

AGL61, AGL62, AGL80, and SEPALLATA (SEP1/SEP3/AGL9). The inferred phylogenetic 692 

relationships showed strong general support, as indicated by high bootstrap values (≥80) in most 693 

clades. 694 

 695 

Figure 8 Phylogenetic analysis of 29 sequences, including the analysed Actinidia arguta transcripts 696 

(highlighted in red) and their homologues, alongside their predicted conserved motifs identified using 697 

MEME. The phylogenetic tree illustrates the relationships among the analysed sequences, with 698 

bootstrap support values indicated at the corresponding nodes. Three motifs were identified: motif 1 699 

(red), the shortest motif, present in most sequences; motif 2 (blue), the longest motif, detected only in 700 

AGL80-related sequences; and motif 3 (green), detected in AGL9- and AGL15-related sequences. 701 
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The largest cluster comprised members of the AGL29/AGL61/AGL62/ subfamily. A. arguta 702 

transcripts assigned to AGL62, such as transcript 7944(Aruf_AGL62), clustered closely with AGL62 703 

orthologs from related Actinidia species and Arabidopsis thaliana, supporting their orthologous 704 

relationships. Similarly, transcripts assigned to AGL61 formed well-supported clusters with the 705 

corresponding reference sequences, indicating a high degree of evolutionary conservation within this 706 

lineage. Notably, the close phylogenetic proximity and partial intermixing of AGL61 and AGL62 707 

sequences within this cluster likely reflect their shared ancestry and close evolutionary relationship 708 

within the Type I MADS-box gene family. 709 

A distinct and well-supported clade was identified for AGL80 homologs. The close clustering of A. 710 

arguta transcripts 32624(Ath_AGL80) and 17213(Ath_AGL80) with AGL80 sequences from other 711 

taxa suggests a high degree of evolutionary conservation within this subfamily. Another region of the 712 

phylogenetic tree comprised regulators associated with floral organ development, including AGL6, 713 

AGL15 and member of the SEPALLATA group, such as SEP1, SEP3, and AGL9. In particular, 714 

transcript 64734(Slyc_AGL9) clustered within the SEP/AGL9 clade together with well-characterized 715 

homologous, supporting its classification within this subfamily. 716 

Bootstrap analysis based on 1000 replicates provided strong support for the major clades and helped 717 

assess the consistency of the phylogenetic reconstruction. The deeper nodes anchoring the principal 718 

lineages, particularly the AGL80 clade (100% bootstrap support) and the SEP/AGL6/AGL15 group 719 

(97% bootstrap support), were strongly supported. In contrast, several nodes within the 720 

AGL61/AGL62 cluster displayed lower to moderate bootstrap support, indicating that the 721 

relationships among some sequences within this group were less consistently resolved. Nevertheless, 722 

the overall agreement between the bootstrap consensus and the maximum likelihood (ML) tree 723 

topology further supports the stability of the major relationships inferred. 724 

Furthermore, domain analysis revealed three distinct structural features among the analysed proteins . 725 

A highly conserved MADS domain (indicated in red) was formally identified via InterPro in all 726 

sequences, confirming their classification as members of the MADS-box transcription factor family. 727 

The K-box domain (indicated in green) was detected exclusively in proteins belonging to the 728 
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AGL6/SEP and AGL15 lineages, supporting their classification as canonical MIKC-type or Type II 729 

MADS-box proteins. In contrast, the K-box domain was absent in the AGL61/AGL62 and AGL80 730 

subfamilies, consistent with their classification as Type I MADS-box proteins, which generally lack 731 

the characteristic K domain. A third domain (highlighted in light blue) was detected specifically in 732 

AGL80-related sequences. InterPro annotated part of this region as a coiled-coil structural motif, 733 

however, its precise structural and functional significance remains unclear and requires further 734 

investigations. 735 

 736 

Three-dimensional structural modelling of AGL proteins 737 

To further validate the automated annotation and homologs identified via NCBI BLASTx searches, 738 

three-dimensional structural models were generated for selected AGL protein sequences. The 739 

64734(Slyc_AGL9) transcript was structurally verified using the experimentally determined AGL9 740 

structure (PDB entry 8CRA, chain 2) as a reference (see Fig. 9). The predicted model exhibited high 741 

structural similarity to the experimental template, with clear alignment across the main helical regions 742 

(Fig. 9a). Furthermore, key residues involved in complex interactions within the 8CRA structure 743 

(M150, L154, L157, L164 and L171) were highly conserved in the predicted protein and mapped to 744 

positions M180, L184, L187, L194 and L201, respectively. Structural alignment also confirmed that 745 

the predicted protein (salmon) covers a fragment corresponding to chain 2 (green) of the 8CRA 746 

template, while the rest of chain 2 (light blue) and its interacting partner (chain 1, dark blue) were not 747 

included in the model (Fig. 9b). Collectively, these structural insights strongly support the 748 

classification of 64734(Slyc_AGL9) as an AGL9 homologue.  749 
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 750 

 751 

Figure 9 Three-dimensional structural analysis of AGL9. (a) Structural comparison of the 752 

experimentally resolved AGL9 structure (PDB entry 8CRA, chain 2; green) and the predicted 753 

structure of 64734(Slyc_AGL9) (salmon). Residues previously identified as involved in binding in the 754 

8CRA structure are indicated, with the corresponding residues in the predicted structure given in 755 

parentheses. (b) Structural comparison showing the position of the predicted AGL9 structure (salmon) 756 

relative to the complete 8CRA structure. The matching fragment of chain 2 is shown in green, the 757 

remaining portion of chain 2 in light blue, and chain 1 in dark blue. 758 

 759 

The remaining AGL transcripts were structurally modelled using AlphaFold (Supplementary Material 760 

11). Overall, the predicted structures showed a high degree of correspondence with the available 761 

reference structures, particularly within the central regions containing conserved domains, such as the 762 

MADS-box. In contrast, greater structural variation was observed in the N- and C-terminal regions. 763 
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Several cases, however, showed limited structural correspondence. For the two AGL62 transcripts, 764 

68068(Ath_AGL62) and 104080(Ath_AGL62), discrepancies in the sequence alignment were 765 

reflected in pronounced structural differences, which prevented reliable superimposition with the 766 

corresponding reference structure. Similarly, the 32624(Ath_AGL80) transcript showed structural 767 

correspondence only within a short region. The limited structural similarity, together with the 768 

pronounced divergence observed in the phylogenetic analysis, indicates that the structural features of 769 

this protein should be interpreted with caution. Nevertheless, the combined phylogenetic and 770 

structural analyses provided valuable insights into its evolutionary relationships and supported the 771 

overall characterisation of the studied AGL proteins.  772 

 773 

DISCUSSION 774 

The present study investigates the molecular features associated with the cell fate switch of mature 775 

endosperm in two cultivars of hardy kiwifruit (Actinidia arguta), 'Bingo' and 'Weiki'. Transcriptomic 776 

data revealed distinct gene expression profiles for each sample type (freshly isolated tissue versus 777 

explants after two weeks of culture) and cultivar. Particular attention was given to genes specifically 778 

expressed in 'Bingo', owing to its more effective endosperm dedifferentiation and callus proliferation 779 

induction compared to 'Weiki'. To our knowledge, this is the first report concerning the transcriptional 780 

profiles of mature endosperm undergoing reprogramming. 781 

Previously, we demonstrated that defined culture conditions (including the isolation of the endosperm, 782 

the removal of the seed coat and embryo, and the use of Murashige and Skoog medium supplemented 783 

with TDZ as exogenous PGR) effectively unblock the restriction on endosperm cell fate switching in 784 

A. arguta, leading to callus proliferation and adventitious shoot bud regeneration [50, 51]. In the 785 

present study, two-week-old explants selected for transcriptomic analysis exhibited macroscopically 786 

visible changes compared to freshly isolated endosperm. As demonstrated by Sala-Cholewa et al. 787 

[49], a distinct enlargement of explants was detectable as early as seven days of culture. Furthermore, 788 

histological analysis confirmed that dedifferentiation and initial cell divisions occurred within one to 789 

two weeks of culture. Based on these observations, we hypothesized that the transcriptional profiles of 790 
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the studied explants would be significantly altered compared to the freshly isolated mature endosperm 791 

used as the starting explants. 792 

There are limited  reports concerning the changes in isolated endosperm tissue under culture 793 

conditions that alter the fate of this specific storage tissue. Most studies focus on the optimization of 794 

culture protocols, including the type of basal medium, plant growth regulators (PGRs), the 795 

developmental stage of the isolated endosperm (mature or immature) and the efficiency of the explant 796 

as indicated by callus proliferation and organogenesis [10–12]. Some biochemical and histological 797 

studies on the development of isolated endosperm have been conducted on Passiflora [76, 77] and 798 

Actinidia [49]. To the best of the present author’s knowledge, no reports have been published on 799 

molecular studies exploring the reprogramming of mature endosperm through dedifferentiation and 800 

proliferation pathways. 801 

Activation of genes involved in cellular processes 802 

 Dedifferentiation induces profound structural remodeling within the plant cell. Storage organelles are 803 

broken down to mobilize nutrient reserves, while the nucleus and nucleoli enlarge, signaling enhanced 804 

ribosomal RNA synthesis [78]. As stated in the previous histological study, storage reserves – visible 805 

as protein bodies and lipid droplets – are mobilized during the first weeks of culture in the mature 806 

endosperm tissue of A. arguta [49]. This aligns with scientific literature reporting that seeds of the 807 

Actinidia genus are generally rich in proteins and lipids. However, the vast majority of fats are located 808 

within the endosperm [79–81]. In the present work unigenes  associated with the term “lipid droplet” 809 

– which are responsible for the synthesis and structural integrity of protein-coated lipid droplets – 810 

were predominantly expressed in the cultivar 'Bingo', both in freshly isolated endosperm and in 811 

cultured explants.  While these subcellular structures are best known as the primary storage 812 

compartments in seeds, they have also been heavily implicated in plant stress response [82]. 813 

The processes of structural adjustments prepare the cell for further metabolic and mitotic action. In 814 

the present study, majority of expressed genes common to both cultivar after culturing were 815 

categorized into the classes of the “transcription regulator activity”, “ribosome biogenesis”, “cell wall 816 
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organization”, “transmembrane transport”, “carbohydrate metabolism”, and “catalytic activity” It is 817 

noteworthy that genes involved in “protein processing in the endoplasmic reticulum”, “MAPK 818 

signaling pathway”, “regulation of transcription”, “transcription regulator activity” and “carbohydrate 819 

metabolic process” showed higher activity in cultured 'Bingo' explants. This may be related to shoot 820 

regeneration, which has been reported for this cultivar after several weeks of culture [49–51]. The 821 

shoot regeneration process from callus is influenced by a number of factors, such as increasing the 822 

accessibility of gene loci associated with pluripotency and shoot fate determination [83]. The process 823 

of dedifferentiation in plant cells is characterized by a series of complex mechanisms that enable the 824 

reversion of a differentiated cell to a stem-like cell [78, 84, 85]. The key mechanism involves the 825 

modulation of gene expression followed by the reorganization of chromosome composition. The 826 

condensed areas of heterochromatin undergo relaxation, resulting in the formation of transcriptionally 827 

active euchromatin. This reactivation of previously silenced genes is contingent upon epigenetic 828 

modifications, including DNA methylation and histone acetylation. The present study revealed a 829 

significant number of unigenes annotated to “genetic information processing” categories for both 830 

cultivars, including “transcription”, “translation”, “folding, sorting, and degradation”.  831 

A majority of the differentiated plant cells are arrested in the G0 phase of the cell cycle. 832 

Dedifferentiation enables these cells to restart the cell cycle and re-enter the phases (G1, S, G2 and 833 

M), which include mitosis and cytokinesis [78, 85]. In this study, the presence of unigenes annotated 834 

to the category “microtubule-based movement” suggests that processes involved in organelle 835 

movement and phragmoplast formation are actively induced [86]. This transition requires an increased 836 

metabolic rate to provide the energy and molecular building blocks required for DNA replication and 837 

mitosis. Endosperm is the tissue characterized by a high content of accumulated storage reserves, the 838 

endosperm must activate “catalytic activity” molecular function, along with “carbohydrate 839 

metabolism”, “amino acid metabolism”, and “lipid metabolism” (KEGG pathways). Furthermore, the 840 

identification of  unigenes classified under “ribosomes” and “ribosomes biogenesis” points to the 841 

robust activation of the cellular machinery involved in protein synthesis. Another process correlated 842 

with dedifferentiation – involving the reprogramming and rebuilding of cellular components as well 843 
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as the removal of superfluous or damaged macromolecules and organelles – is autophagy [87]. In the 844 

present study, the up-regulation of unigenes related to the “phagosome” was observed for both 845 

cultivars after two weeks of culture. 846 

In the present study, we observed the activity of unigenes related to the  “phenylpropanoid 847 

biosynthesis” and “flavonoid biosynthesis” categories in cultured endosperm tissue. The 848 

phenylpropanoid biosynthesis pathway is associated with the biosynthesis of various secondary 849 

metabolites, including lignin and flavonoids [88]. Flavonoids  exhibit diverse biological functions, 850 

such as protection against ultraviolet radiation, signaling, auxin transport, and participation in stress 851 

responses [89]. Furthermore, research indicates that flavonoids, including quercetin, are present in 852 

high concentrations in vegetative tissues of A. arguta [90]. It is possible that the activation of these 853 

genes initiates following the reprogramming of endosperm tissue towards callus formation.  854 

Range of transcription factors engaged in the endosperm dedifferentiation 855 

Transcription factors (TFs) serve as the primary regulators of gene expression, orchestrating multiple 856 

functions related to modulation of plant development and stress response. They dictate the activity of 857 

other downstream TFs, as well as genes encoding metabolic enzymes and structural proteins.  858 

Furthermore, cross-regulation represents a key feature of these gene regulatory networks. TFs control 859 

all steps of dedifferentiation [78], particularly chromatin remodeling mediated by epigenetic 860 

processes, including DNA methylation and histone modifications (such as acetylation and 861 

methylation) [91]. They also govern transcriptional and translational events [92] alongside post-862 

transcriptional mechanisms involving microRNAs [93] and post-translational regulation [94]. Despite 863 

their importance to plant biology and basic research, the identification and characterization of TFs 864 

driving dedifferentiated endosperm has remained entirely unexplored. 865 

In this study, the activity of a number of transcription factors (TFs) was detected in the analyzed 866 

explant samples, indicating the complex regulatory mechanisms are induced during the 867 

reprogramming of mature endosperm (Fig. 9). Notably, a shared expression pattern emerged, 868 

characterized by the strong upregulation of specific transcripts across all cultured explants. These core 869 
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transcripts belong to AP2/ERF-BP, WRKY and MYB families, which are known to mediate signaling 870 

cascades and transcriptional regulatory networks involved in plant growth, development, and 871 

responses to biotic and abiotic stress factors [95–98]. The similar activation of these genes suggests 872 

they form a core regulatory module essential for initiation of mature endosperm reprogramming.  In 873 

contrast, several other TFs, including members of the NAC, HD-ZIP, bZIP-ABF and MADS-box 874 

families, exhibited significant up- or down-regulation that varied depending on the cultivar. 875 

Interestingly, many TFs from these families have previously been implicated in regulating endosperm 876 

and seed development in planta, highlighting their functional versatility. 877 

 878 

Figure 10 Transcription factor (TF) genes expressed in (a) freshly isolated mature endosperm and (b) 879 

endosperm explants cultured for two weeks. Genes expressed in both cultivars are framed, whereas 880 

genes uniquely expressed in 'Bingo' or 'Weiki' are displayed in separate squares. 881 

The AP2/EREBP family represents a large, plant-specific multigene family of TFs whose members 882 

contain highly conserved AP2/ERF DNA-binding domains, originally described in the homeotic gene 883 

APETALA2 (AP2) and in ethylene-responsive element binding proteins (EREBPs) [99]. These genes 884 

are mainly activated in response to various environmental stressors, such as drought [100] or cold 885 

[95]. Furthermore, AP2/EREBPs TFs have been implicated in various hormone-related signal 886 

transduction pathways, including cytokinin signaling, which regulates plant growth and development 887 

[96, 101]. The exogenous application of cytokinins is critical for initiating differentiation in the 888 
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mature endosperm of A. arguta, thereby   directing explants toward either organogenic or non-889 

organogenic pathways [49]. In the present study, we observed a significant upregulation of ERF003 890 

and ERF012 in freshly isolated endosperm. However, the expression profiles of other genes within 891 

this family varied between the two cultivars at the onset of the culture. Following a two-week culture 892 

period, ERF098 and ERF109 were found to be expressed at higher levels specifically in the 'Bingo' 893 

explants. 894 

WRKY TFs play key roles in modulating the balance between plant immunity and growth during 895 

environmental stress responses, thereby optimizing plant adaptation [97]. Regarding endosperm 896 

development, WRKY10 has been reported to participate in endosperm cellularization in Arabidopsis 897 

[102], while WRKY71 is engaged in maintaining the proper function of the aleurone layer in rice 898 

[103]. In the present study, the cultured explant exhibited a distinct upregulation of WRKY9, 899 

WRKY14, and WRKY44 in 'Bingo', whereas WRKY71 was specifically upregulated in 'Weiki'. 900 

MYB TFs serve as central regulators of plant development and stress responses, including the control 901 

of phenylpropanoid metabolism [98]. In the current work, a distinct up-regulation of genes associated 902 

with the “phenylpropanoid biosynthesis” pathway was noticed in the cultured explants. Previous 903 

reports have also highlighted the specific roles of certain MYB TFs in proper endosperm 904 

development. For instance, at the onset of seed formation in Arabidopsis, storage compounds such as 905 

oils and storage proteins initially accumulate in both the endosperm and the embryo. However, the 906 

endosperm-specific expression of MYB118 subsequently represses the synthesis of these storage 907 

compounds, thereby establishing the embryo as the primary deposition site for nutrient reserves in the 908 

mature seed [104]. In present work MYB93, MYB35, MYB105 and MYB108 were significantly 909 

upregulated in 'Bingo' and simultaneously down regulated in 'Weiki' after two weeks of culture.  910 

Conversely, a strong upregulation of MYB306, MYB123, and RAX3 was noticed in both cultivars 911 

following the culture period. 912 

NAC TFs play pivotal roles in plant development and stress responses [105]. A defining feature of 913 

NAC TFs is their ability to regulate gene expression through diverse mechanisms, including binding 914 

to specific DNA motifs within target gene promoters, interacting with other regulatory proteins, and 915 
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modulating chromatin structure. Additionally, NAC genes are implicated in post-translational 916 

regulatory pathways [94]. In Arabidopsis, certain members of the NAC family induce programmed 917 

cell death to eliminate specific endosperm cells, allowing the embryo to grow and expand without any 918 

obstacles [106]. In the present experiment, NAC043 and NAC090 exhibited significant up-regulation, 919 

while NAC083 demonstrated notable up-regulation after two weeks of culture, particularly in the 920 

'Bingo' samples. 921 

HD-ZIPs TFs are crucial mediators of plant responses to various biotic and abiotic stressors [107]. 922 

They also exert an indirect influence on the regulation of secondary metabolite-driven processes. 923 

Following the two-week culture period, a distinct upregulation of ATHB-52 and HAT7 was observed 924 

specifically in the 'Weiki' cultivar. 925 

Plant bZIPs and ABF TFs often collaborate with other TF families, such as WRKY and NAC, to form 926 

complex, non-redundant regulatory networks. Their activity is tightly controlled through 927 

post-translational modifications (including phosphorylation and ubiquitination), enabling plants to 928 

adapt swiftly to  environmental changes [108]. The present study revealed a significant upregulation 929 

of BZIP11, FD, and BZIP44 in the cultured explants, with a particularly high expression of BZIP34 930 

and AB15 observed in the 'Bingo' cultivar. 931 

MADS-box and AGLs are potential key regulators in the ‘awakening’ of mature endosperm  932 

In the present study, the expression of AGL genes, classified as Type I and II MADS-box genes, was 933 

identified in endosperm explants following two weeks of culture. Particularly genes AGL61 and 934 

AGL62 (from Type I clad Mα*), AGL80 (from Type I clad Mγ), and AGL9, AGL15 (from Type II) 935 

were overexpressed. The upregulation of AGL15 and AGL61 was evident in both the 'Bingo' and 936 

'Weiki' cultivars, suggesting that these genes play a crucial role in the reprogramming of mature 937 

endosperm. 938 

AGL15 is highly expressed in various embryogenic tissues, including Arabidopsis and maize zygotic 939 

embryos, dandelion apomictic embryos, alfalfa somatic embryos, and canola microspore-derived 940 
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embryos [43]. Furthermore, both AGL15 and AGL18 are essential for the induction of somatic 941 

embryogenesis in Arabidopsis [46]. 942 

AGL61 forms a heterodimer with AGL80, and their expression is considered exclusive to the central 943 

cell of the embryo sac and early endosperm [109, 110]. However, recent findings have revealed that 944 

during somatic embryogenesis in Dimocarpus longan, the AGL61/80 regulatory network controls the 945 

expression of the BGAL9 gene, which encodes a β-galactosidase enzyme that plays a pivotal role in 946 

cell wall modification [111]. 947 

Inactivation of AGL62 and AGL90 is known to cause dysfunction in endosperm development [47]. 948 

AGL62 is responsible for activating small invertase inhibitors in the syncytial endosperm and 949 

controlling the rate of embryo growth in Arabidopsis by regulating the expression of InvINH1 [112]. 950 

The InvINH1 promoter contains an enhancer region enriched with CarG motifs. Although the 951 

consensus motif bound by Type I MADS-box proteins has not been studied as extensively as that of 952 

Type II, the latter are well documented to bind a consensus sequence known as the CarG-box 953 

(CC(A/T)6GG) [113]. Type II MADS-box proteins are often recruited by multiple CarG motifs within 954 

target promoters, where they form higher-order heterotetrameric complexes that regulate floral organ 955 

identity. Similar motifs to the CarG-box have also been identified as the binding sites for the Type I 956 

MADS-box gene PHE1/AGL37. 957 

LEAFY COTYLEDON2, FUSCA3, and ABA INSENSITIVE3, which encode B3 domain 958 

transcription factors that serve as master regulators of embryogenesis, were identified and verified as 959 

direct target genes of AGL15 [44].  Downstream genes targeted by these B3-domain factors are often 960 

co-regulated by AGL15; among these, INDOLEACETIC ACID-INDUCED PROTEIN30 (IAA30) has 961 

been shown to participate actively in promoting somatic embryo development [44]. 962 

Phylogenetic placement and structural modelling support the functional annotation of the studied 963 

AGLs 964 

The phylogenetic reconstruction, combined with protein motif analysis, provided valuable insights 965 

into the evolutionary diversification and structural organization of the analysed MADS-box family. A 966 
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particularly noteworthy finding was the close phylogenetic relationship between the AGL61 and 967 

AGL62 lineages, accompanied by their highly conserved domain architecture. In contrast to the 968 

classical Type II (MIKC-type) MADS-box proteins, such as SEPALLATA and AGL6, which possess 969 

the characteristic K-box domain required for higher-order protein complex formation, members of the 970 

AGL61, AGL62, and AGL80 subfamilies lacked this domain, consistent with their classification as 971 

Type I MADS-box proteins [114, 115]. Despite their simpler protein architecture, functional studies 972 

in model species have demonstrated that Type I MADS-box proteins operate through highly 973 

coordinated interaction networks. Although AGL61 and AGL62 do not interact directly, members of 974 

these Mα-type lineages share interaction partners from the Mγ-type lineage, most notably AGL80, 975 

highlighting the conserved interaction patterns characteristic of Type I MADS-box proteins [116]. In 976 

Arabidopsis thaliana, the AGL61-AGL80 heterodimer is indispensable for central cell specification, 977 

whereas AGL62 plays a crucial role in regulating early endosperm development [109, 117]. The close 978 

phylogenetic proximity of the newly identified Actinidia arguta homologs to the AGL61, AGL62, and 979 

AGL80 clades, together with their conserved MADS only motif composition, suggest that these genes 980 

have retained conserved functions associated with female gametophyte and early seed development. 981 

The conservation of both their evolutionary relationships and structural features is consistent with the 982 

conserved role of Type I MADS-box genes and their interaction networks in regulating reproductive 983 

development across angiosperms [118]. 984 

To complement these phylogenetic and motif-based findings, 3D structural modeling provided 985 

structural context regarding both domain organization and transcript annotation. For the candidate 986 

64734(Slyc_AGL9) transcript, the predicted model aligned strictly with chain 2 (the SEP3-specific 987 

K-domain monomer) of the experimental 8CRA heterotetrameric structure [74], without incorporating 988 

chain 1 (AG). This structural selectivity reflects the canonical interface features of class E MADS-box 989 

factors, which assemble into higher-order floral quartets alongside class C proteins [119] while 990 

maintaining lineage-specific residues within their K-domains [120].  991 

Beyond AGL9, AlphaFold modeling performed without an experimental structural template for the 992 

remaining Type I MADS-box candidates (including AGL61, AGL62, and AGL80) further 993 
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corroborated their predicted protein architecture. Across these models, high structural conservation 994 

was consistently restricted to the central DNA-binding MADS cores, whereas greater conformational 995 

flexibility was observed in the terminal extensions – a spatial arrangement consistent with the absence 996 

of a structured K-domain in Type I factors. Interestingly, 3D structural superimposition identified 997 

several sequences that warrant cautious interpretation. The AGL62 transcripts 68068(Ath_AGL62) 998 

and 104080(Ath_AGL62) showed difficulties in structural alignment, whereas 32624(Ath_AGL80) 999 

displayed limited structural overlap. These findings corresponded with the relatively long branch 1000 

lengths observed for these sequences in the phylogenetic analysis. However, such differences may 1001 

reflect local sequence variation, transcript assembly-related limitations, or uncertainty associated with 1002 

structure prediction, rather than representing genuine functional divergence. Further analyses would 1003 

help determine whether the observed sequence variation is associated with substantial changes in the 1004 

predicted protein structures. 1005 

 1006 

Conclusion 1007 

In the present study, we did not focus on the common genes typically associated with 1008 

dedifferentiation and described in model plant. Due to our work with endosperm tissue, our research 1009 

centered on AGL genes, which play a crucial role in proper endosperm development under in vivo 1010 

conditions. This raises the question: are specific AGL genes primarily responsible for dedifferentiation 1011 

and callus induction in mature A. arguta endosperm? Several of the genes identified in the present 1012 

study, such as AGL15, coincide with those involved in callus proliferation in Arabidopsis tissue [5]. 1013 

However, it is noteworthy that others may be specific to endosperm dedifferentiation, such as AGL61. 1014 

By comparing two cultivars with different response efficiencies, this study provides an overview of 1015 

AGL gene regulatory patterns during the dedifferentiation of mature endosperm. The results presented 1016 

demonstrate that the upregulation of certain AGL genes belonging to Types I and II of the MADS-box 1017 

family is essential to shift the fate of mature endosperm cells, consistent with their role in proper in 1018 

planta endosperm development. Notably, comparative and phylogenetic analyses of AGL transcripts 1019 

in the non-model plant A. arguta provide a valuable framework for generating future mutants. Such an 1020 
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approach could precisely establishing their role in endosperm development in this fruit crop species, 1021 

both in vivo and under experimental conditions. 1022 
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