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Abstract

To study the effect of long-term successive subculture on pear somaclonal variation, so as to provide a theoretical basis for the
control and utilization of variation in vitro culture and reproduction. Here, we compared newly established (3-month) tissue-cultured
plantlets of the dwarfing rootstock ‘Qingzhen D1’ (Pyrus communis x P. bretschneideri) with those subcultured for five years, using
an integrated approach that combined phenotypic and anatomical evaluation, endogenous hormone quantification, flow cytometry
(FCM), whole-genome resequencing (WGS), and functional validation of candidate mutations. Long-term subcultured plantlets
exhibited notable phenotypic changes, with approximately 20% of individuals developing lobed leaves; the shoot proliferation
coefficient increased from 2.7 to 5.4, and the rooting rate rose from 75% to 100%. Plant growth regulator and endogenous hormone
quantification revealed elevated 6-benzylaminopurine (6-BA), indole-3-butyric acid (IBA), and zeatin (ZT), and decreased indole-3-
acetic acid (IAA) in long-term subcultured plantlets. FCM confirmed that no ploidy variation occurred during subculture. WGS
identified 452,432 SNPs and 44,892 Indels, yielding a mutation frequency of approximately 5.0 x 10-* per base pair. Based on the
KEGG enrichment results and the observation that long-term subcultured plantlets exhibited elevated endogenous ZT levels, we
selected the cytokinin oxidase/dehydrogenase (CKX) gene (pycom07g02010) located on chromosome 7 for functional validation. A
non-synonymous SNP was identified in this gene, corresponding to a T-to-C transition on the coding strand, which results in a
leucine-to-proline substitution at position 34 (L34P). Transient expression in tobacco demonstrated that the L34P variant partially
impaired the ability of CKX to degrade ZT. Overall, long-term successive subculture altered morphological and physiological traits
linked to shifted growth regulator and endogenous hormone levels, while maintaining relatively stable genetic integrity. These
findings suggest a mechanistic link between somaclonal variation and cytokinin homeostasis, providing a scientific basis for
optimizing pear micropropagation strategies.

Introduction

In vitro propagation using tissue culture technology has the advantage of rapid multiplication, which has been widely used for the
large-scale production of clonal plants. In the in vitro propagation process, subculture is an important procedure and plays an
essential role in optimization of micropropagation systems, multiplication and large-scale plantlet production [ However, in the
long-term subculture process, the phenotype and organogenesis capacity of explants may change. For instance, the leaves of pear
(Pyrus betulaefolia) and apple (Malus xiaojinensis) showed lobed starting from the third and fifteenth generation of subculture, with
subsequent generations showing increasing severity of lobing 2.3 |n vanilla planifolia, subculture generation also affected the
competence to produce shoots, with the fewest shoots per explant being noted during the initial one to five subcultures, whereas
the highest multiplication rate was observed during subcultures six to ten [l Similar results were reported in Aloe vera, where shoot
production in the first subculture was lower compared to that obtained in the sixth subculture 51 Nevertheless, this unidirectional
rising trend does not persist indefinitely during prolonged subculturing for woody plants such as pears. The shoot proliferation
rates of ‘Jinhua’ and ‘Jinshui’ pears increased progressively with increasing subculture generation, but declined gradually after 40—
46 passages 6] At the same time, long-term subculture generation can also affect the rooting capacity of shoots. With increasing
subculture generation, the adventitious rooting abilities of cherry and Malus xiaojinensis was significantly improved 7.3 However,
research on Cedrela fissilis Vellozo demonstrated that long-term subculture significantly suppressed rooting performance, causing
significant declines in root induction rate, root numbers, root elongation, and the survival rates of regenerated plantlets 18],

Somaclonal variation, which refers to genetic or epigenetic alterations during cell and tissue culture, was first proposed in 1981 1],
Somaclonal variation can induce gene polymorphism. So one hand, it can produce new genotypes or traits, which have great value
for the breeding of new varieties; on the other hand, it has adverse effects on the genetic stability of clonal offspring. Genetic
instability poses a significant challenge in commercial micropropagation, undermining the uniformity and genetic fidelity of
propagated plantlets 191 one key factor driving somaclonal variation is long-term subculture. Studies have demonstrated that
somaclonal variation frequency increases with successive subculture generations ol including chromosomal structural variation
(21 changes in chromosome number ['3] base mutations ['4 151, and so on. For example, genetic variation was observed to initiate
at the 6th passage during tissue culture of roselle (16l n coffee suspension cell culture, aneuploidy occurs after 4 months of
subculture ['71. SSR molecular marker analysis demonstrated that extended subculture generations led to increased polymorphic
band variation in ‘Gala’ apple callus (8] The variation rate of banana (Musa spp.) was 1.3% after three cycles of in vitro culture, and
it increased to 3.8% after 11 cycles of in vitro culture 1%, The DNA-level variation frequency of fourth-subculture pitaya plantlets was
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as high as 24% [20] Beyond DNA-level alterations, long-term subculture can also perturb endogenous hormone homeostasis—for
instance, IAA accumulation has been correlated with increased somaclonal variation frequency 211 which in turn modulates
organogenic capacity and phenotypic traits in vitro.

Pear is an important horticultural crop with high economic value. As a highly heterozygous woody species, sexual reproduction
leads to obvious trait segregation. Meanwhile, asexual propagation techniques, including layering and cutting, are limited by poor
rooting ability. Therefore, tissue culture is widely used for rapid propagation in production. However, it remains unclear whether
long-term subculture alters the phenotype, organogenesis capacity, and genetic stability of pear.

In this research, a dwarfing rootstock cultivar, ‘Qingzhen D1' (Pyrus communis L. x Pyrus bretschneideri Rehd. ) was taken as
material. Taken newly established tissue-cultured plantlets as controls, analyzed the changes of the morphology, organogenesis
capacity, and endogenous hormone contents in the plantlets that were successive subcultured for 5 years. At the same time,
genetic stability was assessed through flow cytometry (FCM) and whole-genome sequencing (WGS). And a missense mutation
(L34P, Leu—Pro) at a conserved residue of the cytokinin-degrading gene CKX (pycom07g020170) was analyzed through transient
expression in Nicotiana benthamiana, confirming that L34P partially impairs CKX-mediated ZT degradation. This study helps to
further understand the rules of somaclonal variation of pear during long-term successive subculture, and provides a theoretical
basis for the application of tissue culture in pear propagation.

Materials and Methods

Plant material and establishment of tissue culture system

Plant material was obtained from the pear experimental orchard of Qingdao Agricultural University. The plant material was the pear
dwarfing rootstock, 'Qingzhen D1/, the offspring of P communis L. dwarf variety ‘Le Nain Vert' and ‘P. bretschneideri Rehd.. One-year-
old branches with full vegetative buds were harvested in March and placed in tap water. The water was changed daily until the
vegetative buds germinated and grew up to about 0.5 cm long. The buds were surface-disinfected with 75% ethanol (30 s) and 2.0%
NaClO (10 min), then rinsed with sterile distilled water for 3-5 times. The explants were cultured on MS 22l medium supplemented
with 0.1% activated carbon and 1.0 g-L™" polyvinylpyrrolidone (PVP). The culture conditions were set as follows: temperature at
2541 °C, the light intensity at 100 pmol-m=2-s™" and 16 h light / 8 h dark photoperiod. After about 20 d, survival explants were
cultured on MS medium supplemented with 1.0 mg-L™" 6-BA and 0.1 mg-L™" IBA for subculture. The plantlets were subcultured
once every 4 weeks. The plantlets continuously subcultured for 3 months and 5 years were considered as newly established tissue
cultured plantlets and long-term subcultured ones, separately.

Morphology and anatomical structure analysis

The newly established and long-term subcultured plantlets, as well as their rooting and transplanted plants were used for
morphological observation and analysis. The leaf length, width, leaf area and area index were analyzed using professional
WinFOLIA (Legentsys Co. Ltd., Canada) analysis software. The plant height and stem diameter were measured with ruler and
vernier caliper, respectively. Each type of subcultured plantlets were taken 30 plants randomly.

For anatomical structure analysis, newly established and long-term subcultured plantlets were taken 30 plants randomly,
separately. The paraffin sections of mature leaves and stems were first prepared according to the method reported by Wang [23],
Then the paraffin section samples were observed and took photos using microscope (Leica RM 2235). Use ImageJ (version 1.53e)
software measurement analysis system to determine the thickness of palisade tissue and sponge tissue, as well as the palisade
sponge ratio (P/S, palisade tissue thickness / sponge tissue thickness). The areas of phloem, xylem and pith were measured by
digimizer software, and the timber ratio (ratio of xylem and pith to phloem) was calculated.

For leaf epidermal stomata observation, colorless nail polish were applied evenly on the abaxial surface of the mature leaves for 2-
3 minutes to form a film, then the film was peeled off gently with tweezer and immediately observed under a microscope. Each type
of subcultured plantlets were taken 30 plants randomly, and 2 mature leaves were used for epidermal stomata observation. Three
fields of view on each leaf were picked randomly for observation and photograph. Then the stomata shapes and densities were
calculated using the ImageJ software.

Page 3/19



Comparison of proliferation ability and rooting ability

To analyze the effect of long-term subculure on proliferation ability, the newly established tissue cultured plantlets and long-term
subcultured ones with strong and uniform growth were inoculated on the subculture medium for 5 weeks. Then the multiplication
index was calculated. The multiplication index = the total number of multiplicated shoots / the number of inoculated plantlets. In
this experiment, three repeats were adopted per treatment, and 10 explants were used in every repeat.

To analyze the rooting ability of long-term subcultured plantlets, the 1.5 cm height newly established and long-term subcultured
plantlets with strong and uniform growth were inoculated on rooting medium (1/2MS medium supplemented with 0.3 mg-L™" IBA),
respectively. The rooting rate, average root length and number were observed and counted 30 days later. The rooted plantlets were
then acclimatized and transplanted to plastic pots under greenhouse conditions, and the survival rate was counted 20 days after
transplantation. The rooting rate = the number of rooting plantlets / the number of inoculated plants x 100%. Number of roots = the
total number of adventitious roots / the number of rooting plantlets. In this experiment, three repeats were adopted per treatment,
and 10 explants were used in every repeat.

Determination of hormone content

The hormone contents of newly established and long-term subcultured plantlets were detected using 6 biological replicate
samples, separately. 0.5 g fresh plant samples were ground and dissolved in T mL solution of methanol/water/formic acid (15:4:1,
v/v/v). 10 pL internal standard mixed solution (100 ng-ml™") was added into the extract. And the mixture was vortexed for 10
minutes, then centrifuged for 5 min (12000 r-min”"). The supernatant was transferred to clean plastic microtubes and evaporated to
dryness, which then dissolved in 100 pL 80% methanol (V/V) and filtered through a 0.22 um membrane filter. Phytohormones
contents were detected by MetWare (http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform.

Analysis of ploidy variation by flow cytometry

The ploidy levels of 100 randomly chosen newly established and long-term subcultured plantlets were determined using a flow
cytometer (Partec GmbH, Germany) as described by Liu 24 And the newly established plantlets were taken as control.

DNA isolation and genome resequencing

Total genomic DNA was isolated from newly established and long-term subcultured plantlets (six biological replicates per group,
each replicate consisting of a pooled sample from five individual plants) using a Plant Genomic DNA Extraction Kit (Sangon
Biotech, Shanghai, China). DNA quality and concentration were assessed by NanoDrop 2000 spectrophotometry (Thermo Fisher)
and 1% agarose gel electrophoresis. Qualified DNA samples (amount > 1.5 ug, concentration > 50 ng-uL-", and free of RNA and
protein contamination) were randomly fragmented to ~350 bp using a Covaris ultrasonicator, purified with Agencourt AMPure XP
magnetic beads, and used for library construction. Library quality was evaluated by Qubit 3.0 fluorometry for preliminary
quantification, NGS3K/Caliper for insert size determination, and qPCR for accurate quantification of the effective library
concentration (> 3 nM). Finally, the qualified libraries were sequenced on the lllumina HiSeq™ platform using the PE150 strategy at
Novogene Co., Ltd. (Beijing, China).

Data quality control and filtering

The original sequence data which was obtained by lllumina platform was transformed into raw data by Base recognition (Base
Calling). Then the raw data was filtered through removing single-end sequencing read pairs with adapters or error rates exceeding
10%, as well as single-end sequencing reads with more than 50% low-quality bases relative to the read length, and the clean data
was finally obtained.

Mutation site detection and annotation

The raw sequence data were converted into raw reads through base calling. Quality control was performed by calculating the
proportion of high-quality reads with a quality score greater than Q30 and the GC content in the raw reads. The clean reads were
then aligned to the reference genome (Pyrus communis Bartlett DH Genome v2.0) using BWA software. Duplicate reads were
removed using SAMtools. SNPs and and InDels of less than 50 bp in length were detected in individual samples following the
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method described by Lilly et al. 281 variants consistently present across all six replicates (30 plantlets per replicate) of long-term
subcultured plantlets were compared with those shared across all six replicates of newly established cultures. Variants unique to
the long-term subcultured group were defined as long-term subculture-specific and selected for downstream analysis. Using
BCFtools, the SNPs and InDels were categorized into intergenic regions, gene regions (exons, introns, and UTRs), upstream regions
(within 1500 bp upstream of the start codon), and downstream regions (within 1500 bp downstream of the stop codon).

Mutation sites effect prediction

The effects of mutation sites were predicted utilizing the SnpEff ver 4.3T program 26] And ANNOVAR program was used to
annotate the polymorphic loci with High-impact (HI) on amino acid and protein. Then the annotated genes with High-impact (HI)
were functionally classified and predicted based on Kyoto Encyclopedia of Genes and Genomes (KEGG; https://www.kegg.jp/)
databases.

Among the KEGG-classified genes, those assigned to the zeatin biosynthesis were of particular interest. After reviewing the
functional annotations, two genes were selected as candidates for validation. To validate the identified SNPs of these genes,
primers were designed (Table S1). PCR amplification was performed using total DNA extracted from long-term subcultured
plantlets and newly established ones, and the products were sent to Sangon Biotech (Shanghai) Co., Ltd. for Sanger sequencing.
Sequence alignment results were compared with the VCF file from whole-genome sequencing data, and the sequences were
simultaneously translated into amino acids for comparison.

Functional analysis of genetic variants

To validate the effect of the point mutation on cytokinin degradation, overexpression constructs for the wild-type CKX (CKX-WT) and
the point-mutated variant (CKX-MUT), together with an empty vector (EV) control, were generated. Agrobacterium tumefaciens strain
GV3101 harboring each construct was used to transiently transform N. benthamiana leaves by agroinfiltration essentially as
described by Sparkes et al. 271 The presence of the transgene at the DNA level was confirmed by PCR, and its expression at the
RNA level was verified by RT-qPCR. Total RNA was extracted from N. benthamiana leaves using the RNAprep Pure Plant Kit
(Tiangen, Beijing, China). First-strand cDNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). qRT-PCR
was performed using SYBR Green Master Mix (Takara) on a CFX96 system (Thermo Fisher Scientific, USA). The N. benthamiana
actin gene was used as the internal reference. Primer sequences are listed in Table S1. Relative expression levels were calculated
using the 2*-AACt method. The ZT contents were quantified as described above.

Statistical analysis

SPSS version 25 software (IBM) was used to conduct the statistical analyses. One-way analysis of variance followed by Duncan's
Multiple Range Test (DMRT, p < 0.05) was done to test the significance of difference. Data represented the mean of different
replications, and the means with the same letters are not significant.

Results

Effect of long-term successive subculture on the phenotypic characteristics of ‘Qingzhen D1’

We first analyzed the growth phenotype differences of newly established (subcultured for 3 month) and long-term subcultured
(subcultured for 5 year) ‘Qingzhen D1’ plantlets. As shown in Table S2, whatever under in vitro culture condition or transplanted and
cultured for 30 d after rooting, no significant differences in plant height, stem diameter were detected. But approximately 20% of
long-term subcultured plantlets developed lobed leaves (Fig.1).

Anatomical observation showed that no significant differences were detected in leaf palisade tissue thickness, spongy tissue
thickness, palisade-to-spongy tissue ratio, as well as stem phloem area, xylem area and pith area between newly established and
long-term subcultured pear plantlets (Table S3). We also observed and measured the leaf epidermal stomata. As shown in Fig.2
and Table 1, the stomatal density of long-term subcultured plantlets showed significantly higher than newly established plantlets.
But the differences of stomatal length and width were not significant.

Table 1 Stomatal analysis of in vitro plantlets
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Tissue-cultured plantlets Stomatal length  Stomatal width  Stomatal density = Stomatal aperture ratio

fum /um No./mm?
Newly established in vitro plantlets 30.7¢3.29 a 27.2+2.95a 156.4+33.2 b 0.84+0.14 a
Long-term subcultured in vitro plantlets  32.8+2.33 a 29.946.58 a 329.8434.8 a 0.89+0.15a

Note: Different lower-case letters showed significant difference (P < 0.05).
Effects of long-term successive subculture on the shoots proliferation and rooting ability of ‘Qingzhen D1’

Though shoot proliferation and rooting ability analysis of newly established and long-term subcultured plantlets, we found that the
multiplication index of long-term subcultured plantlets was 5.4, about twice as much as newly established plantlets (Table 2).
Concerning the rooting ability, cultured on the same rooting medium, 75% of the newly established plantlets could be induced
adventitious roots, while 100% rooting rate was observed in long-term subcultured ones (Table 2). At the same time, the average
root number of newly established plantlets was 8, which was significantly lower than that (18) of long-term subcultured ones. But
there was no significant difference in root length (Table 2). Although a slight difference in survival rate was observed between the
two types ‘Qingzhen D1’ transplanted plants, both were above 80%. In summary, long-term subculture increased the organogenesis
capacity of ‘Qingzhen D1’ explants to some extent.

Table 2 Effect of long-term subculture on shoots proliferation and rooting ability of in vitro plantlets

Variety Multiplication  Rate of Number of Root length Transplant
rooting roots (cm)
index survival rate
(%) (%)
Newly established in vitro plantlets 2.6x1.3b 75 8+3b 3.05+0.95a 80
Long-term subcultured in vitro 5.411.7 a 100 18+5a 4.54+1.25a 87
plantlets

Note: Different lower-case letters showed significant difference (P < 0.05).
Effects of long-term successive subculture on endogenous hormone content of ‘Qingzhen D1’

Considering the hormone and plant growth regulators play roles in plant proliferation and rooting abilities. We detected the
endogenous hormone contents of newly established and long-term subcultured plantlets. As shown in Fig.3, comparing with newly
established plantlets, the contents of 6-BA, ZT and IBA in long-term subcultured plantlets were significantly higher, while the IAA
content decreased. We speculated that the continuous long-term subculture on MS medium supplemented with 1.0 mg-L™! 6-BA
and 0.1 mg-L™" IBA might lead to a certain accumulation of exogenous 6-BA and IBA in the plantlets. And the changes of auxin-
cytokinin balance may disturb normal organogenesis and growth homeostasis, thereby inducing variations in phenotypic traits and
organogenesis capacity in long-term subcultured pear plantlets.

Ploidy analysis of long-term subcultured ‘Qingzhen D1’ plantlets

In order to investigate whether long-term subculture affect genetic stability, we first detected the chromosome ploidy of the two
types of plantlets. As shown in Fig.S1, through analysis of DNA contents by FCM, the peaks in the fluorescence histograms
displayed resemblance between the two types of plantlets, and no statistically significant difference (p<0.05) was obtained in the
geometric means of fluorescence histograms (Table S4). The result proved that the long-term subculture process did not change
the ploidy of 'Qingzhen D1'.

Genomic variation characteristics induced by long-term subculture

Through genome resequencing technique, 463~714 million reads per sample were obtained. And for the samples, the sequencing
depth ranged from 8.50 x to 10.30 x, the GC contents were 37.85 % - 38.31%, and the Q30 all above 90.63%. Through mapping with
reference genome, the mapping rate of all samples ranged from 97.04% to 97.36%, and the cover ratio ranged from 94.27 % to
95.04 %. The result suggested that the resequencing date were dependable and can be used for further analysis.
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Through resequencing dates comparing of long-term subcultured plantlets to newly established ones, a total of 452,432 SNPs and
44,892 Indels were detected. Through statistical analysis, the single site variation frequency of long-term subcultured plantlets was

5.0x10™.

Among these SNPs, 282,175 transitions (Ti), including both interchanges of purines (A-G) and pyrimidines (C-T), 170,221
transversions (Tv), the interchanges between purine and pyrimidine bases, were detected. Transitions were more frequent than
transversions, Ti/Tv ratio was 1.66. The most common mutation type was C:G > T:A (34.2%), followed by T:A > C:G (31.3%). The C:G
> G:C mutation type was the rarest, representing less than 10% (Fig.S2).

Through correlation analysis between the mutation sites and the neighboring bases, we found that SNPs adjacent to adenine (A)
and thymine (T) were more frequent than those adjacent to guanine (G) and cytosine (C). And the frenquency of 5-A [N] N-3'
(30.08%), 5-N [N] A-3' (29.48%), 5-T [N] N-3', and 5-N [N] T-3' (30.13%) were all similar. But the frequency of 5-C [N] N-3' (23.95%)
was similar with 5-N [N] G-3' (23.93%), which were obviously higher than 5-N [N] C-3' (16.46%) and 5-G [N] N-3' (16.48%) (Table 3).

Table 3 Context of SNPs

Context Percentage Context Percentage Context Percentage Context Percentage Context Percentage

(5-3) (5-3) (5-3) (5-3) (5-3)

AINJA  9.30 CINJA 7.4 GINIA 489 TINJA 8.5 NINJA ~ 29.48
ANIC 491 CINIc  3.82 GINIc 286 TINIC 487 NINIC  16.46
ANIG  7.57 CINJG 543 GINIG  3.80 TING 7.3 NINIG  23.93
AINIT 830 CINIT  7.56 GINT 492 TINIT  9.34 NINIT  30.13
AININ  30.08 CININ  23.95 GININ  16.48 TININ ~ 29.50 NININ  100.00

These detected indels (18,769 insertions and 26,123 deletions, with In/Del ratio was 0.7) varied in length, including
mononucleotides, dinucleotides, trinucleotides, and tetranucleotides, etc., even to 20 nucleotides in length. Mononucleotide indels
were the most common mutation types, accounting for 30% of total indels, followed by dinucleotide and trinucleotide indels, each
accounting for 15%-20%. Indels longer than tetranucleotides represented only a small portion (Fig.S3).

Through the distribution analysis of SNPs and Indels on chromosomes, we found that on average the SNP and Indel on most
chromosomes occurred once every 0.84 - 1.23 kb and 8.4 - 11.98 kb, separately, except for chromosome 4, with occurrence once
every 14.6 kb and 141.65 kb (Table 4). The result suggests that different chromosomes display different sensibility for mutations,
and the chromosome 4 had higher stability.

Table 4 SNP and Indel distribution on each chromosome
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chromosome  Chromosome length (Mb) gnp density® (kb)  Indel density? (kb)

chr1 21.57 0.98 9.85
chr2 24.78 0.84 8.4
chr3 23.58 1.00 9.97
chr4 23.00 14.6 141.65
chr5 32.25 0.91 8.82
chr6 24.26 1.07 10.79
chr7 27.73 1.102 11.18
chr8 20.86 0.96 9.35
chr9 21.22 0.94 9.52
chr10 29.59 0.85 8.47
chr11 29.99 1.23 11.98
chr12 24.69 1.18 11.72
chr13 26.82 0.90 9.49
chr14 21.74 0.92 9.55
chr15 39.17 0.85 8.79
chr16 28.94 0.94 9.46
chr17 26.287 1.00 10.37

4SNP density is presented as the average physical distance between two adjacent SNP loci.

Meanwhile, we analyzed the distribution of the SNPs and Indels in genic and intergenic regions. As shown in Fig.4A, 156,945
(34.69%) and 295,487 (65.31%) SNPs distributed in genic and intergenic regions, separately. In the genic region, 66073, 15.35% of
total SNPs, were detected in exons region. Among the SNPs in exons region, 33,749 SNPs were synonymous, which would not
affect protein function in general. And 32,954 SNPS (7.56% of total SNPs) were non-synonymous mutations, including 32,641
missense and 313 nonsense mutations.

Concerning the Indels, 12,439 (27.71%) and 32,453 (72.29%) ones distributed in genic and intergenic regions, separately.
Meanwhile, 2537 Indels, which included 950 nonframeshifts mutations, 1543 frameshifts mutations and some unknown types of
mutations, located in exons, only accounting for 5.65% of those in total Indels, separately. These results suggest that most of the
variations occurred in intergenic regions, and in the exons of genic regions, the number of non-synonymous SNP mutations and
frameshifts Indel mutations are relatively fewer.

According to the SnpEff software, we further analyzed the SNPs and Indels in exonic regions. As shown in Table 5, 65.096% of
SNPs and 65.796% of Indels were classified as having modifier effects. A total of 496 SNPs and 1,528 Indels were predicted to have
high effects, accounting for 0.262% of the exonic SNPs and 20.75% of the exonic Indels, respectively.

Table 5 SNPEFF annotation classification of mutation sites

Type SNP Count  SNP Percentil%l Indel Count Indel Percent %[
High 496 0.262 1,528 20.75

Moderate 31,779 16.788 883 11.99

Low 33,798 17.854 0 \

Modifier 123,226 65.096 4953 67.26
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The high-impact (HI) polymorphisms were annotated by ANNOVAR software, identifying 2,066 mutant genes. KEGG pathway
enrichment analysis revealed that the mutant genes were significantly enriched in pathways related to "folding, sorting and
degradation", followed by "carbohydrate metabolism" and "translation" (Fig. 5).

Functional validation of the CKX gene mutation

Considering our physiological observation that cytokinin contents were markedly elevated in long-term subcultured plantlets. Based
on the KEGG enrichment results, we further manually screened genes involved in the zeatin biosynthesis pathway from all high-
impact variant genes. Among these candidates, pycom079g02070 harboured a non-synonymous SNP: a T-to-C transition at
nucleotide position 1,615,312 on chromosome 7, resulting in a Leu-to-Pro substitution, which may affect protein function (Fig.6A).
So pycom07g020170 was selected for subsequent functional characterization.

To functionally validate the effect of this CKX point mutation, the wild-type (CKX-WT) and point-mutated (CKX-MUT) constructs were
cloned and verified by Sanger sequencing. Following Agrobacterium-mediated transient infiltration into N. benthamiana leaves, PCR
detection confirmed the presence of the transgene in all infiltrated tissues. qRT-PCR analysis confirmed that both CKX-WT and CKX-
MUT were successfully overexpressed in tobacco leaves at comparable levels (Fig.6B). To assess the functional consequence of
the CKX point mutation on cytokinin metabolism, ZT content was quantified in leaves expressing CKX-WT, CKX-MUT, and the empty
vector (EV) control. Compared with the EV control (197.8 + 54.6 ng/g FW), overexpression of CKX-WT significantly reduced ZT
content to 134.9 + 21.6 ng/g FW (131.8%), confirming the cytokinin-degrading function of the wild-type CKX enzyme. In contrast,
CKX-MUT expressing leaves exhibited ZT content of 165.4 + 12.8 ng/g FW, which was intermediate between the EV control and
CKX-WT, and was higher than that in CKX-WT expressing leaves, suggesting a partial impairment of CKX activity caused by the
point mutation (Fig.6C). These results provide a potential mechanistic basis for the altered cytokinin homeostasis observed in long-
term subcultured pear plantlets.

Discussion

In vitro culture serves as a key technology for clonal propagation, germplasm preservation, and genetic improvement of perennial
woody fruit trees such as pear 28] However, long-term successive subculture inevitably increases the risk of somaclonal variation
291 while the phenotypic and organogenesis capacity alterations, genome-wide variation characteristics, and corresponding
molecular mechanisms underlying long-term successive subculture remain poorly understood in pear rootstock.

In our study, compared with 3-month newly-established pear plantlets, 5-year long-term subcultured lines displayed partial leaf
lobing and increased stomatal density (Fig. 1; Table 1). During in vitro subculture, phenotypic changes in plantlets frequently occur,
with leaf morphology alteration being the most commonly observed phenotype, which has been documented in a wide range of
species, including caladium, cannabis, strawberry, cherry, and date palm 30,311 There are also several reports concerning the
effects of in vitro culture on stomata. For example, stomatal opening and density were reported increasing in Philodendron 'Con-go'
plantlets during in vitro culture 32 And Santos et al. 133 reported that Billbergia zebrina plantlets cultured under in vitro conditions
exhibited higher stomatal density. Notably, vegetative growth traits such as plant height and stem diameter remained stable (Table
S2), while only leaf-related phenotypes were altered, consistent with the widely documented observation that leaf morphology is
among the most frequently affected traits in somaclonal variation, whereas variation in plant architecture-related traits is typically
lower and species-dependent 34,351 1t should be noted that this study used only plantlets subcultured for 3 months and 5 years as
experimental materials; including intermediate time points would help to more comprehensively reveal the dynamic effects of
culture duration on phenotypic variation.

Meanwhile, long-term subcultured pear plantlets exhibited stronger shoot multiplication and adventitious rooting capacities
compared with newly established ones (Table 2). Similar results were reported in Castanea sativa, where repeated subcultures
progressively enhanced shoot multiplication, rooting competence, and plantlet survival 1361 However, the response of organogenic
competence to subculture generation is highly species- and genotype-dependent. For instance, in cherry, plum, as well as certain
pear genotypes, shoot multiplication capacity generally decreased with increasing subculture generation 37 whereas in apple
cultivars, shoot proliferation and rooting remained relatively stable after long-term subculture [38],
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Plant growth regulators play central roles in organogenesis 291 | our study, the subculture medium was supplemented with IBA
and 6-BA. After years of successive subculture, exogenous IBA and 6-BA accumulated in plantlets, accompanied by increased
endogenous ZT and decreased IAA (Fig. 3), which may explain the enhanced organogenesis capacities. The resultant increase in
the CTK/IAA ratio promotes shoot induction and cell proliferation 39, Concurrently, accumulated IBA sustains adventitious root
formation. The peroxisomal conversion of IBA to IAA is coupled with NO release, and the combined action of IBA-derived IAA and
NO effectively promotes root initiation [40, 411, Collectively, a high CTK/IAA ratio favouring shoot proliferation, and a sustained IBA
supply supporting rooting—account for the enhanced organogenic capacity of pear plantlets following prolonged subculture. In
addition, cytokinin positively regulates stomatal development progression and final stomatal number in Arabidopsis 42 And
transgenic manipulation of CKX activity directly alters leaf margin morphogenesis: enhanced cytokinin degradation reduces leaf
serration 43 44l whereas elevated cytokinin promotes lobed leaf morphogenesis 45 461, So the characteristic alterations in leaf
morphology, elevated stomatal density, and improved organogenic competence observed in long-term subcultured pear plantlets
may largely be associated with the pronounced increase in cytokinin levels. Although these hormonal changes can explain the
enhanced organogenic capacity and phenotypic alterations, the genetic basis remains to be further explored.

To explore the genetic basis of the hormone contents and phenotypic alterationsobserved in long-term subcultured pear plantlets,
we analyzed the genomic stability and somaclonal mutation frequency through whole-genome resequencing. In our study, the
mutation frequency of long-term subcultured pear plantlets was approximately 5.0 x 10~4. In Arabidopsis, in vitro cultured lines
exhibited mutation rates of 4.2 x 1077 to 24.2 x 10-7 ', Rice clones maintained in vitro for 20 years accumulated mutations at 2.9 x
10-%t0 3.6 x 10-3 [/, In sweet orange callus subcultured for over 30 years, the mutation frequency reached 1.7 x 1077,
approximately 100-fold above the natural background 481 This comparison suggests that pear displays a moderate somaclonal
mutation level among these tested species. Although the overall mutation frequency was relatively high, only 0.262% of exonic
SNPs and 20.75% of exonic InDels were predicted to have high-impact effects on gene function. These findings suggest that the
genetic stability of long-term subcultured pears generally acceptable, with a low risk of widespread functionally consequential
mutations. In addition, the mutation characteristics observed in this study, such as the mutation frequency (~ 5.0 x 10-%), the
predominance of C:G > T:A transition, the highest SNP frequency in 5-T[N]T-3' and lowest in 5-G[N]C-3', and uneven variant
distribution across chromosomes with chr4 exhibiting markedly lower mutation density, were consistent with genomic variation
signatures observed in our previous work on leaf regeneration process 241 The consistent mutational patterns observed across two
distinct in vitro culture systems indicated that these sequence mutational features might represent conserved features of
somaclonal variation in pear.

Due to the upregulation of endogenous ZT content in plantlets subjected to five years of long-term subculture, the T-to-C transition
identified in a cytokinin oxidase/dehydrogenase (CKX) gene of these long-term subcultured plantlets is particularly noteworthy. CKX
catalyzes the irreversible degradation of cytokinins, and mutations impairing its enzymatic activity can directly alter endogenous
cytokinin homeostasis 491 Qur transient expression assay in Nicotiana benthamiana further indicated that the L34P substitution
partially blocks CKX-dependent ZT breakdown, triggering excessive accumulation of endogenous ZT, which in turn may further
destabilize the genome and promote additional variation. But the functional evidence relies on a heterologous transient system,
which cannot perfectly reflect the endogenous regulatory context of pear. Subsequent stable transformation or CRISPR editing in
pear are essential to validate the effect of the L34P mutation on endogenous ZT accumulation. In addition, it has been reported that
exogenous 6-BA application could increase total endogenous cytokinins in Medicago arborea callus 5%, and similar response was
observed in Amelanchier alnifolia 5. So we speculated that the L34P mutation of CKX gene together with sustained accumulation
of exogenous 6-BA account for the elevated ZT content in long-term subcultured plantlets. Nevertheless, stable transformation is
still required to confirm the role of the CKX L34P mutation, which will be the focus of our further research.

Somaclonal variation arises from diverse abiotic stresses imposed during in vitro culture. Long-term exposure to exogenously
supplied cytokinins is regarded as a critical hormonal stress and induces somaclonal variation. For example, supplementation with
6-BA and NAA markedly increased somaclonal variation in African violet [52: excessive 6-BA concentrations promoted somaclonal
variation in banana [%3; and 8-10 mg-L-" 6-BA induced red-leaf variants in anthurium at rates of 3%-7% [54.

Accordingly, we speculated that long-term subculture on 6-BA-containing medium results in the persistent absorption and retention
of exogenous 6-BA, which may induce endogenous ZT biosynthesis. Then the higher level of cytokinin stress drives the emergence
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of the CKX L34P mutation. This mutation may weaken CKX-mediated ZT catabolism and elevate cytokinin concentration, thereby
contributing to the enhanced organogenic competence and the characteristic alterations in stomatal density and leaf architecture
in long-term subcultured pear plantlets. Meanwhile, a self-reinforcing feedback loop may establish: high cytokinin levels induce CKX
variants, which in turn exacerbate cytokinin overaccumulation; the higher hormonal stress continuously impairs genome stability
and accelerates the generation of additional somaclonal variation throughout long term in vitro subculture. It is worth noting that
whether the high cytokinin levels and the phenotypic changes will affect growth after transplanting to the field remains to be tested
through long-term field trials.

Conclusions

Long-term subculture of pear dwarf rootstock ‘Qingzhen D1’ altered leaf morphology, increased stomatal density and greatly
improved shoot multiplication and rooting abilities, accompanied by accumulation of exogenous 6-BA and endogenous ZT as well

as reduced IAA. Genome resequencing analysis showed that the overall mutation frequency was approximately 5.0x10™* per site.
Most variants distributed in intergenic regions, and only a tiny fraction of exonic mutations exerted high functional impacts. A
functional missense mutation in CKX (L34P) was identified, which partially impairs ZT degradation and may contribute to cytokinin
accumulation. This research provides a basis for monitoring somaclonal variation in pear micropropagation.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

The whole-genome sequencing data supporting the conclusions of this article are available in the NCBI Sequence Read Archive
(SRA) under the BioProject accession PRINA1511452 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA1511452). The raw
sequence data are available under the SRA accessions SRR40127118-SRR40127129.

Competing interests
The authors declare that they have no competing interests.
Funding

This work was supported by the National Key R&D Program of China (2018YFD1000102) and the China Agriculture Research
System (CARS-28-07).

Authors' contributions

LQ, YYJ and WR conceived and designed the experiments. LQ performed the experiments. LQ and YYJ wrote the manuscript. LJL,
LDL, CZH, MCH, SJK and LCLassisted with the experiments. All authors read and approved the final manuscript.

Acknowledgements

The authors thank Novogene Co., Ltd. for assistance with sequencing and bioinformatics analysis. Additionally, | thank my husband
for his invaluable assistance with data uploading and his wholehearted support with computer software throughout this study.

References

Page 11/19



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Rocha DI, Vieira LM, Tanaka FAQ, Silva LC, Otoni WC. Somatic embryogenesis of a wild passion fruit species Passiflora

cincinnata Masters: direct and indirect embryogenic responses, histological and ultrastructural aspects. Plant Cell Tissue
Organ Cult. 2007;91:89-99.

. Luo 'Y, Zhang X, Wang R, Yang YJ. Leaf lobing induced by long-term subculture in pear (Pyrus betulaefolia). Plant Cell Tissue

Organ Cult. 2020;143:585-595.

. Xiao ZA, Li W, Liu QH, Luo Y. Abnormal leaf morphology and enhanced rooting capacity induced by long-term subculture in

Malus xiaojinensis. Acta Hortic Sin. 2014;41:1853-1860. (In Chinese with English abstract).

. Pastelin C, Rosales M, Lozada F, Bello-Bello JJ. Evaluation of in vitro shoot multiplication and ISSR marker based assessment

of somaclonal variation in Vanilla planifolia. Plant Cell Tissue Organ Cult. 2019;139:65-76.

. Kanwar K, Joseph J, Bhardwaj SV. Micropropagation and somaclonal variation in Aloe vera. In: Aloe vera: a multipurpose

industrial crop. Studium Press; 2015. p. 55-78.

. Liu LM. Morphogenic competence and genetic stability of in vitro cultured pear plantlets during long-term subculture. Ya'an:

Sichuan Agricultural University; 2008. Dissertation. (In Chinese).

. Huang XM, Li J, Huang HB. Improvement of adventitious rooting in cherry rootstock by long-term subculture. Acta Hortic Sin.

2005;32:826-829. (In Chinese with English abstract).

. dos Reis de Oliveira T, Balfagén D, Sousa KR, Aragao VPM, de Oliveira LF, Floh EIS, Silveira V, Gdmez-Cadenas A, Santa-Catarina

C. Long-term subculture affects rooting competence via changes in the hormones and protein profiles in Cedrela fissilis Vell.
(Meliaceae) shoots. Plant Cell Tissue Organ Cult. 2022;148:137-153. https://doi.org/10.1007/s11240-021-02172-6.

. Larkin PJ, Scowcroft WR. Somaclonal variation — a novel source of variability from cell cultures for plant improvement. Theor

Appl Genet. 1981;60:197-214. https://doi.org/10.1007/BF02342540.

Lazaro-Castellanos JO, Mata-Rosas M, Gonzalez D, Arias S, Reverchon F. In vitro propagation and genetic stability of
endangered cactus species. Plant Cell Tissue Organ Cult. 2018;133:335-345.

Bairu MW, Stirk WA, Dolezal K, Van Staden J. The role of topolins in micropropagation and somaclonal variation of banana
cultivars 'Williams' and 'Grand Naine' (Musa spp. AAA). Plant Cell Tissue Organ Cult. 2008;95:373-379.
https://doi.org/10.1007/s11240-008-9451-4.

Lee M, Phillips RL. The chromosomal basis of somaclonal variation. Annu Rev Plant Physiol Plant Mol Biol. 1988;39:413-437.
https://doi.org/10.1146/annurev.pp.39.060188.002213.

Evans DA, Sharp WR, Flick CE. Somaclonal and gametoclonal variation. In: Evans DA, Sharp WR, Ammirato PV, Yamada Y,
editors. Handbook of plant cell culture. Vol. 1. New York: Macmillan; 1989. p. 97-132.

Jiang C, Mithani A, Belfield EJ, Mott R, Hurst LD, Harberd NP. Regenerant Arabidopsis lineages display a distinct genome-wide
spectrum of mutations conferring variant phenotypes. Curr Biol. 2011;21:1385-1390.
https://doi.org/10.1016/j.cub.2011.07.002.

Roberto SR, Colombo RC, Faria RT. Influence of micropropagation through somatic embryogenesis on somaclonal variation in
ornamental plants. Ornam Hortic. 2015;21:313-322.

Konar S, Karmakar J, Ray A, Adhikari S, Bandyopadhyay TK. Evaluation of subculture ages on organogenic response from root
callus and SPAR based genetic fidelity assessment in the regenerants of Hibiscus sabdariffa L. Ind Crops Prod. 2019;135:294-
304. https://doi.org/10.1016/j.indcrop.2019.04.018.

Clarindo WR, Carvalho CR, Mendonga MAC. Cytogenetic and flow cytometric analysis of long-term cell suspension cultures of
Coffea arabica: evidence for aneuploidy after extended subculture. Plant Cell Tissue Organ Cult. 2012;108:265-274.
https://doi.org/10.1007/s11240-011-0041-5.

Gao DH, Shi YM, Zhang Z, Han MY. SSR analysis of genetic variation in apple callus during long-term subculture. J Fruit Sci.
2009;26:29-33. (In Chinese with English abstract).

Rodrigues PHV, Tulmann Neto A, Cassieri Neto P, Mendes BMJ. Influence of the number of subcultures on somaclonal
variation in micropropagated banana (Musa spp. AAB group). Pesqui Agropecu Bras. 1998;33:1111-1117.

Nie Q, Chen C, Gao J, Guo Q. Assessment of genetic fidelity of in vitro propagated pitaya (Hylocereus spp.) plantlets using ISSR
markers. Plant Cell Tissue Organ Cult. 2019;138:299-308.

Page 12/19



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Peng X, Zhang T, Zhang J. Effect of subculture times on genetic fidelity, endogenous hormone level and pharmaceutical
potential of Tetrastigma hemsleyanum callus. Plant Cell Tissue Organ Cult. 2015;122:67-77. https://doi.org/10.1007/s11240-
015-0750-2.

Murashige T, Skoog F. A revised medium for rapid growth and bioassays with tobacco tissue cultures. Physiol Plant.
1962;15:473-497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x.

Wang H. A method for preparing paraffin sections of plant tissues. In: Wang H, editor. Plant microtechnique. Beijing: China
Agriculture Press; 2007. p. 45-62. (In Chinese).

Liu Q, Yang YJ, Liu JL, Song JK, Li DL, Wang R. Establishment of regeneration system of pyrus and the genetic stability analysis
of regenerated population. Plant Cell Tissue Organ Cult. 2022;152:215-228. https://doi.org/10.1007/s11240-022-02378-2.
Lilly JW, Bartoszewski G, Malepszy S, Havey MJ. A major deletion in the cucumber mitochondrial genome sorts with the MSC
phenotype. Curr Genet. 2001;40:144-151. https://doi.org/10.1007/s002940100238.

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, Land SJ, Lu X, Ruden DM. A program for annotating and predicting
the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain w1118; iso-2;
iso-3. Fly. 2012;6:80-92. https://doi.org/10.4161/fly.19695.

Sparkes IA, Runions J, Kearns A, Hawes C. Rapid, transient expression of fluorescent fusion proteins in tobacco plants and
generation of stably transformed plants. Nat Protoc. 2006;1:2019-2025. https://doi.org/10.1038/nprot.2006.286.

Bell RL, Reed BM. In vitro tissue culture of pear: advances in techniques for micropropagation and germplasm preservation.
Acta Hortic. 2002;596:412-418. https://doi.org/10.17660/ActaHortic.2002.596.66.

Bairu MW, Aremu AO, Van Staden J. Somaclonal variation in plants: causes and detection methods. Plant Growth Regul.
2011;63:147-173. https://doi.org/10.1007/s10725-010-9554-x.

Chen J, Henny RJ, Norman DJ. Somaclonal variation of caladium [Caladium bicolor (Ait.) Vent.] from in vitro propagation. Acta
Hortic. 2021;755:357-364.

Jones AMP, Saxena PK, Murch SJ. Evolving cannabis tissue culture: challenges and advances. In: Cannabis genome and
breeding. Springer; 2023. p. 1-25.

Xu J, Wang Y, Zhang M, Chen L. Stomatal opening and density in Philodendron 'Congo' plantlets during in vitro culture. Plant
Cell Tissue Organ Cult. 2020;142:113-122.

Santos DS, Cardoso-Gustavson P, Nievola CC. Morphophysiological responses of Billbergia zebrina Lindl. (Bromeliaceae) in
function of LED wavelengths during in vitro culture. Plant Cell Tissue Organ Cult. 2020;143:153-165.

Etienne H, Bertrand B. Somaclonal variation in Coffea arabica: effects of genotype and embryogenic cell suspension age on
frequency and phenotype of variants. Tree Physiol. 2003;23:419-426. https://doi.org/10.1093/treephys/23.6.419.

Bradai F, Pliego-Alfaro F, Sdnchez-Romero C. Somaclonal variation in tissue culture: a case study with olive. In: Recent
advances in plant in vitro culture. IntechOpen; 2016. https://doi.org/10.5772/50367.

Giovannelli A, Giannini R. Reinvigoration of mature chestnut (Castanea sativa) by repeated graftings and micropropagation.
Tree Physiol. 2000;20:1243-1248. https://doi.org/10.1093/treephys/20.18.1243.

Vujovi¢ T, Ruzié Dj, Cerovi¢ R. In vitro multiplication of low vigorous sweet cherry rootstock 'Gisela 5' and plum rootstock
‘Myrobalan' as affected by subculture duration. J Fruit Ornam Plant Res. 2012;20:107-118.

Liu Y, Shi XX, Du GQ, Chang TF. Organogenesis characteristics of apple shoot explants in vitro after subcultured for years. Chin
Agric Sci Bull. 2011;27(16):206-209. (In Chinese).

Skoog F, Miller CO. Chemical regulation of growth and organ formation in plant tissues cultured in vitro. Symp Soc Exp Biol.
1957;11:118-131.

Schlicht M, Ludwig-Miiller J, Burbach C, Volkmann D, Baluska F. Indole-3-butyric acid induces lateral root formation via
peroxisome-derived indole-3-acetic acid and nitric oxide. New Phytol. 2013;200:473-482. https://doi.org/10.1111/nph.12377.
Frick EM, Strader LC. Roles for IBA-derived auxin in plant development. J Exp Bot. 2018;69:169-177.
https://doi.org/10.1093/jxb/erx298.

Vatén A, Soyars CL, Tarr PT, Nimchuk ZL, Bergmann DC. Modulation of asymmetric division diversity through cytokinin and
SPEECHLESS regulatory interactions in the Arabidopsis stomatal lineage. Dev Cell. 2018;47:53-66.€5.
https://doi.org/10.1016/j.devcel.2018.08.007.

Page 13/19



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, Schmiilling T. Cytokinin-deficient transgenic Arabidopsis plants show
multiple developmental alterations indicating opposite functions of cytokinins in the regulation of shoot and root meristem
activity. Plant Cell. 2003;15:2532-2550. https://doi.org/10.1105/tpc.014928.

Navarro-Cartagena S, Micol JL. Is auxin enough? Cytokinins and margin patterning in simple leaves. Trends Plant Sci.
2023;28:54-73. https://doi.org/10.1016/j.tplants.2022.08.019.

Shani E, Ben-Gera H, Shleizer-Burko S, Burko Y, Weiss D, Ori N. Cytokinin regulates compound leaf development in tomato. Plant
Cell. 2010;22:3206-3217. https://doi.org/10.1105/tpc.110.078253.

Efroni I, Han SK, Kim HJ, Wu MF, Steiner E, Birnbaum KD, Hong JC, Eshed Y, Wagner D. Regulation of leaf maturation by
chromatin-mediated modulation of cytokinin responses. Dev Cell. 2013;24:438-445.
https://doi.org/10.1016/j.devcel.2013.01.019.

Noro Y, Takano-Shimizu T, Syono K, Kishima Y, Sano Y. Genetic variations in rice in vitro cultures at the EPSPs-RPS20 region.
Theor Appl Genet. 2007;114:705-711. https://doi.org/10.1007/s00122-006-0470-4.

Wang X, Ke L, Wang S, Fu J, Xu J, Hao Y, Kang C, Guo W, Deng X, Xu Q. Variation burst during dedifferentiation and increased
CHH-type DNA methylation after 30 years of in vitro culture of sweet orange. Hortic Res. 2022;9:uhac036.
https://doi.org/10.1093/hr/uhab036.

Schmiilling T, Werner T, Riefler M, Krupkova E, Bartrina y Manns |. Structure and function of cytokinin oxidase/dehydrogenase
genes of maize, rice, Arabidopsis and other species. J Plant Res. 2003;116:241-252. https://doi.org/10.1007/s10265-003-0096-
4.

Pintos B, Martin JP, Centeno ML, Villalobos N, Guerra H, Martin L. Endogenous cytokinin levels in embryogenic and non-
embryogenic calli of Medicago arborea L. Plant Sci. 2002;163:955-960.

Moyo M, Aremu AQ, Plackova L, Plihalova L, Péncik A, Novak O, Holub J, Dolezal K, Van Staden J. Deciphering the growth
pattern and phytohormonal content in Saskatoon berry (Amelanchier alnifolia) in response to in vitro cytokinin application. New
Biotechnol. 2018;42:85-94. https://doi.org/10.1016/j.nbt.2018.02.001.

Matsuda S, Sato M, Ohno S, Yang SJ, Doi M, Hosokawa M. Cutting leaves and plant growth regulator application enhance
somaclonal variation induced by transposition of VGs1 of Saintpaulia. J Jpn Soc Hortic Sci. 2014;83:308-316.

Shirani S, Mahdavi F, Maziah M. Morphological abnormality among regenerated shoots of banana and plantain (Musa spp.)
after in vitro multiplication with TDZ and BAP from excised shoot-tips. Afr J Biotechnol. 2009;8(21):5755-5761.

Ding AP, Shi ZJ. Influence of 6-BA on leaf mutation of tissue-cultured Anthurium andraeanum Lind. Plant Physiol Commun.
2010;46(6):571-574. (In Chinese).

Figures

Page 14/19



10d 20d 30d

Figure 1

Growth process of in vitro plantlets with normal and lobed leaves

A: In vitro plantlets of normal leaves; B: In vitro plantlets of lobes leaves
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Figure 2

Stomata characteristics of newly established (A) and long-term subcultured (B) plantlets
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Figure 4

The number and percentage of SNPs and Indels occurring in long-term successive subcultured plantlets

A: Number and percentage of SNPs; B: Number and percentage of Indels

Page 17/19



Protein processing in endoplasmic reticulum -
RNA degradation

Ubiquitin mediated proteolysis 1

Proteasome -

Glycolysis / Gluconeogenesis

Starch and sucrose metabolism

Amino sugar and nucleotide sugar metabolism -
Ribosome -

mRNA surveillance pathway -

RNA transport

Biosynthesis of amino acids

Carbon metabolism

Phenylalanine, tyrosine and tryptophan biosynth... 4

Glycine, serine and threonine metabolism
Spliceosome -

Plant hormone signal transduction
Nucleotide excision repair -

Endocytosis

Phenylpropancid biosynthesis

Carbon fixation in photosynthetic organisms

O

o e 7
® 17

e ® =

[

Gene Count

0.00

Figure 5

KEGG pathway enrichment classification of mutant genes

0.10 0.15 0.20 0.25
Rich Factor

| _— |

10 20
-log;o(P-value)

Page 18/19

Energy metabolism

Biosynthesis of other secondary metabolites
Transport and catabolism

Replication and repair

Signal transduction

Overview

Translation

Carbohydrate metabolism

Folding, sorting and degradation



3l 3z 33 34 35 36 37

aa: Arg Thr Asn Cys Ser Pro

31 32 33 35 36 37

Leu
L
34
nt: MUT 5'- A G A A C G A A C CT T G T T C T c ¢ A -
P

aa: Arg Thr Asn Cys Ser Pro

C S P

B 1o C
250 - a
= a
2 4
2 200 b
£ g - c T
z E -"b_l.l 150
e S -1 1]
E = £ 100-
= N
-
= 504
0-
WT VE CKX-WT CKX-MUT WT VE CEX-WT CKX-MUT
Figure 6

Identification and functional characterization of a CKX point mutation in transiently transformed tobacco leaves. (A) Nucleotide and
amino acid sequences of the coding region around the mutation site. The wild-type CKX sequence contains a thymine (T) at
position 34, encoding leucine (Leu, L), whereas the mutant CKX sequence contains a cytosine (C), encoding proline (Pro, P). The
Leu-to-Pro substitution at position 34 is highlighted in red boxes. (B) Relative expression levels of CKX in tobacco leaves. Values are
means t SD (n = 6). (C) ZT content in tobacco leaves. Values are means * SD (n = 6). Different lowercase letters (a, b, c) denote
significant differences at P < 0.05, as determined by one-way ANOVA followed by Tukey's honestly significant difference (HSD) test.
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