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One sentence summary: Somatic mutations in fruit trees occur in specific cell layers.
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Abstract

Plant meristems consist of three distinct stem cells layers. The identities of these layers are
maintained in developing organs. Somatic mutations in the meristem thus propagate only into
the respective layers of the differentiated organs. We analysed the genomes of individual cell
layers in an apricot tree and found an unexpectedly high mutation load, where >90% of the
somatic mutations were layer-specific. The layers had similar mutation spectra but layer 1
(epidermis) had substantially more mutations than layer 2 (mesocarp). Most somatic mutations
were shared between fruits and neighbouring leaves corroborating their meristematic origin.
Single-cell transcriptomics revealed their layer-specific effects forming the basis for layer-
specific phenotypes. Our work unveils the hidden abundance of layer-specific meristematic

mutations and provides insights into their identification and understanding.


https://doi.org/10.1101/2024.01.04.573414
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.04.573414; this version posted January 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Introduction

Plant meristems are specialized tissues of undifferentiated stem cells. They facilitate growth by
continuously dividing and producing new cells that undergo differentiation leading to the
formation of new branches and organs. Meristems are structured in different zones known as
tunica and corpus (1-3). Typically, the tunica consists of two peripheral layers (L1 and L2) while
the corpus consists of one interior layer (L3) (4, 5). During the development of new tissues, the
identity of the different layers is mostly conserved implying that newly formed tissue is also
formed of three, mostly distinct layers (6, 7). For example, in leaves, the epidermis is formed of
cells that developed from L1, mesophyll cells are derived from L2, and cells of the vascular

tissue from L3.

While somatic mutations in differentiated tissue will only affect small parts of a tree, somatic
mutations in stem cells can be propagated to large areas of the plants leading to genomic
mosaicism between entire branches and organs (3, 8). Such meristematic mutations can induce
bud sport mutants, where significant parts of the plant appear or behave differently as compared
to the rest of the tree including traits with agronomical value. Consequently, bud sports (and the
underlying somatic mutations) are frequently used to improve crop species, including fruit trees,
where conventional breeding based on the introgression of additional traits is slow and tedious
(9-13).

Multiple studies have analysed genomic mosaicism within individual plants and discussed
various aspects of somatic mutations like mutation rates, genome-wide distribution, and
propagation through the branches (14-19). However, most analyses were limited to bulked
samples where cells from all layers were sequenced and analysed together. This can miss
certain layer-specific mutations and limits our understanding of the prevalence and spectra of

somatic mutations in specific cell layers (13).

Here, we describe the genomic heterogeneity between cell layers caused by somatic mutations
in the meristem in an apricot tree. Using a new de novo genome assembly, we identified and
characterised somatic mutations within fruits and leaves sampled from the tips of multiple
branches. Analysing layer-enriched tissues revealed an unexpectedly high load of layer-specific
mutations that were hidden in somatic mutation analyses so far. We confirmed their
meristematic origin and layer-specific identity by analysing the distribution of individual
mutations between the organs and using single-cell transcriptomics analysis of the leaves. Our
results provide a holistic understanding of the genomic heterogeneity between the different

meristematic cell lineages that remain the building blocks of plants' genomic architecture.
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Results

Identifying somatic mutations in a fruit tree

Prunus armeniaca cultivar (cv.) Rojo Pasion is a registered apricot variety that originated from a
cross between P. armeniaca cv. Orange Red and cv. Currot (20). For this study, we selected a
Rojo Pasion tree growing in an orchard close to Murcia, Spain. This tree is of particular interest
as some of its branches show low chill requirements and early-flowering phenotype (21). Its
primary stem branched into three secondary stems, which further divided into several branches.
In the spring of 2020, we collected leaf and fruit samples from the tips of seven branches (Fig.

1A) (Supplementary Methods).

We first generated a chromosome-level haplotype resolved genome assembly of the diploid
genome of Rojo Pasion using DNA from leaves of several different branches. PacBio HiFi reads
were separated into two sets of reads derived from either the maternal or paternal haplotypes
using the trio-binning approach (22, 23). The read sets were independently assembled into a
haplotype-resolved, chromosome-level assembly (k-mer-based phasing accuracy: 99.99%,
assembly completeness: >98%, assembly QV: >45) (Supplementary Methods, Supplementary
Figures S1-3) (24, 25). The two haplotype-specific assemblies were 233.2 and 234.8 Mbp long
(estimated genome size: ~242.5 Mbp) with NG50 values of 26.9 and 28.0 Mbp for the
haplotypes derived from Currot and Orange Red, respectively. We annotated 28,355 and
28,473 genes in the two genomes corresponding to a BUSCO completeness score of 96.8% for

both haplotypes (Supplementary Methods) (26).

We dissected the peel and the flesh of individual fruits from seven different branches to
generate layer-enriched samples. This enriched the peel samples for cells from L1 and the flesh
samples for cells from L2 (Fig. 1A, Supplementary Methods) (7). In apricot fruits, cells from L3
are restricted to a thin layer of the endocarp, which was not considered in this study. We also
collected seven individual leaves that were adjacent to each of the selected fruits. The DNA of
these 21 samples (14 from fruits and seven from leaves) were sequenced using lllumina paired-
end sequencing with very high sequence coverage ranging from 198 to 422x per sample

(Supplementary Table S1, Supplementary Methods).

After aligning the sequencing reads to the new assembly, we combined multiple pipelines to
identify somatic mutations in the fruits (Supplementary Methods, Supplementary Tables S2-S6,
Supplementary Figure S4). Overall, we identified 215 small de novo mutations (point mutations
and small indels), six loss of heterozygosity (LOH) mutations, where heterozygous alleles

changed into homozygous alleles, and two complex mutations (Supplementary Tables S3-6).
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Despite thorough screening, no transposable element movement or meiosis-like chromosome
arm exchanges could be identified (27). To confirm that the somatic mutations were real, we
targeted the validation of 20 somatic mutations with digital PCR. Of those, we could confirm 14
mutations, while for the remaining six either the primers or probes were not conclusive

(Supplementary Methods, Supplementary Tables S7-S10, Supplementary Figures S5-S7).

Most of the somatic mutations are specific to individual layers

Among the 215 small-scale mutations (point mutations and small indels), 205 were found in the
layer-enriched samples of the fruits while the remaining were found in leaves only (discussed in

the following sections).

The vast majority of these 205 mutations in fruits were specific to individual layers (94%
(n=193)), while only 6% (n=12) were shared between L1 and L2 samples. Likewise, all six LOH
mutations were exclusively found in L1 samples. The low number of shared mutations

suggested limited but existing cellular exchanges between the meristematic cell layers (3, 28).

Among the layer-specific mutations, there were significantly more mutations (64% (n=123)) in
L1 as compared to L2 (36% (n=70)) (Fig. 1B). The higher mutation load in L1 was consistent
across all branches suggesting different mutational processes in the different layers of the

meristem and pointing to a relaxed control of genome integrity in L1 (Fig. 1A, C) (29).

The 193 layer-specific mutations in L1 or L2 included 84 point mutations and 109 small indels.
The point mutations were enriched for transitions with a strong bias for Cto T and G to A
mutations as described for germline mutations in plants before (Fig. 1D) (15, 27, 30, 31).
Interestingly, however, this bias was not only found in the mutations of L2 (which can be
propagated to the next generation) but also among the mutations in L1 (which are not
propagated to the next generation) (6). A large fraction of these mutations occurred at CpG
sites, the most common DNA methylation context in plants, which can trigger the formation of C
to T mutations (Fig. 1E) (31). In plants, UV-B based DNA damage is associated with mutations,
however, the somatic mutations, including those specific to the outer L1 layer, were not
enriched for mutation types associated with UV-B (32). Like the point mutations, indel mutations
also showed a strong bias in their spectrum. Around 70% (76 of the 109) of the indels were 2bp
long and occurred in AT dinucleotide microsatellite regions potentially introduced by DNA
polymerase slippage (Fig. 1F) (33, 34).

Most somatic mutations were found in transposable elements and repeats (Supplementary

Figure S8) (27). However, when normalized for genomic abundance, we found that the
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frequencies of mutations in these regions were similar to mutations in the rest of the genome
except for coding regions that featured a significantly lower mutation rate in both L1 and L2
(left tail Fisher's exact test, p-adjusted for L1: 0.005, L2: 0.007) (Fig. 1G). While this is
reminiscent of a recent report suggesting lower mutation rates in evolutionarily conserved genes
(35), this bias, at least in parts, can also be explained by an under-representation of
microsatellite regions within genes (34). We also checked the effect of sequence diversity
between the haplotypes (heterozygosity) on the frequency of somatic mutations (36), but for
both L1 and L2, somatic mutations were distributed randomly with no observable effect
correlated to large-scale or small-scale nucleotide diversity as it was suggested before (Fig. 1H,

I, Supplementary Figure S9) (37, 38).

The distribution of somatic mutations throughout the tree

The formation of new branches starts with the development of new axillary meristems from
some founding cells of the apical meristem (39). If the founding cells carry somatic mutations,
the newly formed axillary meristem will inherit these mutations and propagate them into the new
branch (16).

To understand the propagation of mutations within the tree, we analysed the distribution of the
somatic mutations across the different branches of the tree (13, 40). Overall, we found 31% (64
out of 205) somatic mutations in multiple branches. Almost all of them (94% (n=60)) were found
in neighbouring branches where their sharing patterns between the branches agreed with the
topology of the tree. Four mutations however did not follow this pattern (Fig. 1J, Supplementary
Figure S10). Two of them were found in B2 and B3 but not in B1, one was found in B1 and B4
but not in B2 and B3, and the remaining was found in all branches except one. The strong
agreement between the distribution of the mutations across branches and the tree topology
suggested that meristematic mutations are highly likely to be propagated into new branches -
even though we might be blind to some cases where somatic mutations were not propagated.
While the distribution of the somatic mutations strongly agreed with the topology of the tree,
branch length did not correlate with the number of somatic mutations (Supplementary Figure
S11).

The distribution of somatic mutations across the tree was mostly similar for L1 and L2 with one
remarkable exception. We found 21 mutations in L1 that were present in all seven branches
while only one such mutation was found in L2 (Fig. 1J, Supplementary Figure S12). This high
number of mutations occurring in all branches (as compared to mutations in six, five, or four

branches) suggested that they might be clonally inherited from the mother tree and did not
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(only) occur during the early development of the tree. Intriguingly, this scenario would also

agree with a striking enrichment of mutations in L1.

Mutational load of neighbouring organs reveals meristematic origin

In addition to the 64 mutations that were shared in fruits from different branches, we found 141
somatic mutations that were specific to individual branches. The high number of branch-specific
mutations was in contrast to the high probability of mutations growing into newly formed

branches, questioning if these mutations occurred in the meristems or the developing fruits.

To understand the origin of these somatic mutations in more detail, we sequenced the DNA of
seven leaves that grew adjacent to the sequenced fruits from the seven branches. While leaf
tissue also includes all three cell layers, we did not generate layer-specific samples, instead, we
deeply sequenced the DNA from bulked leaf cells (sequence coverage from 198-422x). Each of

these bulked samples included cells from layers 1, 2, and 3, however, at different amounts (41).

We identified 70 somatic mutations within the leaves (Fig. 2A) (Supplementary Methods,
Supplementary Table S3). Most of the mutations found in the leaves were also found in the
closely linked fruits (85% (n=60)). The remaining mutations (15% (n=10)) were specific to
individual leaves. These mutations were also absent in all other samples of the tree suggesting

that they were truly specific to individual leaves (Fig. 2B).

In contrast, only 30% (60 out of 205) of the mutations in fruits were shared with the
neighbouring leaves including a striking difference between the individual layers. While 70% (49
out of 70) of the L2-specific mutations in the fruits were also found in leaves, not a single L1-

specific mutation in the fruits was identified in leaves (0 out of 123) (Fig. 2B).

This difference in mutation sharing in individual layers could result from an under-representation
of L1 cells in the leaves as it could affect the identification of L1 mutations in the heterogenous
leaf samples (Supplementary Figure S13). To test this, we performed a targeted search for the
mutations that were originally found in L1 in the fruits. We re-analysed the sequencing data of
the leaves by lowering the required read support and found evidence for 80% of the L1
mutations (Fig. 2C). Lowering the read support requirement during de novo mutation
identification (to one or two reads used for genotyping) would have led to an extremely high
false positive rate, which in turn would make it impossible to find the set of true mutations (42,
43). On the contrary, the number of mutations that could be found in the L2 layers of the fruits

and their corresponding leaves was mostly unaffected by changes in read support cut-off
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implying that almost all of the L2 mutations that were shared between leaves and fruits were
already identified (Fig. 2C).

Although we found evidence for 80% of the L1 mutations in the leaves, it is possible that some
of them resulted from false positives and sequencing errors. Therefore, to understand how
many mutations were truly shared between closely neighbouring organs, we zoomed in on L2
mutations as those were most reliably identified in both organs. To validate the
presence/absence of the L2 mutations in both sample types, we compared the read frequencies
of the mutations in the fruit and leaf samples. The frequencies of the mutations that were shared
in both organs were very similar (Supplementary Figure S14, S15), however, mutations that
were specific to either L2 layers or leaves had almost no read support in the respective other

samples. This supported the annotation of the presence and absence of the mutations.

Overall, we found that 65% (60 out of 92) of the mutations identified in L2 in fruits or in the
leaves were shared between the neighbouring organs and were of putative meristematic origin.
This ratio was mostly conserved at all seven individual branches (Fig. 2D). The remaining
mutations (35% (n=32)) were observed in either the leaves or the fruits only. All these 32
mutations were limited to single branches and were not found in other branches. This suggests
that these mutations either happened during the development of the specific organs or that the
mutations were absent in the founding cells of the meristem from which these organs developed
(40). Taking together, two-thirds of the somatic mutations were conclusively of meristematic

origin, however, the likely percentage of meristematic mutations could even be much higher.

Meristematic mutations affect the expression of genes only in the respective layer

Layer-specific, meristematic mutations can affect the function of cells that originated from
respective layers. Mutations in layer 2, for example, are expected to affect all the different cell

types within the mesophyll of a leaf, while all other cells should not be affected.

To test if meristematic mutations affect all cell types of only the mutation-containing layer, we
sequenced the transcriptomes of the same leaves that we used for mutation identification
before. Conventional bulk RNA sequencing of entire leaves, however, combines the transcripts
of different cell populations including the cells from different layers. Therefore, to identify and
analyse the expression of specific somatic mutations in individual cell populations, we used
single-cell RNA sequencing for four different branches (B2, B4, B5, and B6) (Fig. 3A,
Supplementary Methods).


https://doi.org/10.1101/2024.01.04.573414
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.04.573414; this version posted January 4, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

The four datasets consisted of a total of 10,293 cells corresponding to fifteen different
transcription clusters (Fig. 3B). The clusters were classified as epidermis (L1 consisting of two
transcription clusters), mesophyll (L2; six clusters) or vascular (L3; four clusters) based on cell-
type specific marker genes, gene set enrichment analysis and comparison to other leaf
expression atlases (Supplementary Methods, Supplementary Tables S11-S15) (44-46). Most
cells corresponded to mesophyll (78.2% (n=8051)), while the epidermis (8.9% (n=917)) and
vascular (7.2% (n=744)) were represented by fewer cells (Supplementary Figure S16). The low
representation of L1 cells (epidermis) within the leaves’ samples corroborated our earlier
observation that it is difficult to find somatic mutations in the L1 layer in bulked leaf tissue. The
remaining cells (5.6% (n=581)) were found in three small clusters that were specific to individual
branches. One of these clusters consisted of cells expressing biotic stress response genes
while the two other clusters showed gene expression patterns similar to dividing cells. These
branch-specific clusters are likely a reflection of the differences in the micro-environment and
developmental stages of the different leaves and outline the sampling biases in single-cell

experiments from wild collections.

The scRNA-seq libraries used here typically sequence only the ends of transcripts making it
inefficient to probe somatic mutations (47). To analyse entire transcripts, we also sequenced
each of the single-cell libraries with PacBio HiFi long-read sequencing (sclSO-seq) (Fig. 3A,
Supplementary Methods). This approach ensured that transcripts from the same cells had the
same barcodes in both scRNA-seq and sclSO-seq datasets. This allowed us to use the
expression-based clustering generated with scRNA-seq datasets to cluster the scISO-seq reads
and search for mutations based on full-length sequenced transcripts (Supplementary Figure
S17). This led to an additional sequencing of 8.2 to 10.5 Mb (12.5-20%) of genomic regions,
which were not sequenced using the scRNA-seq alone. Now, these regions could also be

analyzed for somatic mutations (Supplementary Figure S18).

Overall, we identified mutant alleles for six somatic point mutations in these four branches (Fig.
3C). Reassuringly, all mutant alleles were found in the branches in which they were originally
found. In the genome sequencing data, five of these mutations were identified in both the leaf as
well as the L2 samples of the fruits, while one was found in the leaf only. All of these were

absent in the L1 samples of the fruits.

All six L2 mutations were almost exclusively found in cells assigned to L2 clusters (Fig. 3C).
Across all mutations, 48 L2 cells featured the mutant alleles, while only three L1 and none of the

L3 cells featured reads with mutant alleles. While we suspect some migration of cells between
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layers 1 and 2, the low number of layer 1 cells could also result from inconsistencies in the

clustering of the cells.

Two of the mutations were highly expressed (SM18 and SM165 in Fig. 3C). Cells carrying the
mutant alleles of these two mutations could be found in most of the transcription clusters of L2
(SM18 was found in five and SM165 in all six transcription clusters of L2). The other four
mutations were only supported by a few cells due to the overall low transcript counts and not
due to genetic heterogeneity in the L2 cells (Supplementary Figure S19, S20). The number of
cells with the mutant alleles of these four mutations in the L2 matched the number of cells with

reads of the wild-type allele in the branch suggesting that they are also genuine L2 mutations.

In summary, with the help of single-cell expression data, we could increase the resolution at
which we can analyse the distribution of somatic mutations within complex tissues. We found
meristematic mutations (once they grow into developing tissue) retain their layer-specific identity

and occur only in the cell lineages that develop from the respective meristematic layers.

Conclusions

We analysed the spectra, distribution, and expression of somatic mutations in the different cell
layers of an apricot tree. The different layers have their origin in the architecture of the
meristem. The meristem is organized in separate layers leading to distinct cell lineages in the
newly formed branches and organs. In each of the layers, we found distinct sets of somatic
mutations with only a small proportion of mutations shared between them. The cells of specific
layers from different branches were more similar to each other as compared to cells from
different layers that developed in the same organ. This suggested that the individual layers of
the tree developed almost independently and that selection on somatic cells would act

independently on individual layers.

Layer 1 (the outer layer often forming the epidermis) of the fruit tree had significantly more
mutations compared to layer 2, similar to a recent report in potato, where regenerated plants
revealed different mutational loads depending on the tissue they were regenerated from (48).
Most of the somatic mutations were shared between adjacent organs implying that they were of
meristematic origin. We also confirmed the layer-specific identity of some of the layer-specific
somatic mutations using scRNA sequencing of leaves, showing that layer-specific somatic
mutations alter the transcripts exclusively in the cells of the respective layer and thereby forming

the basis for layer-specific phenotypes.
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We observed a remarkably high number of layer-specific somatic mutations within an individual
tree. Particularly, layer 1, which is typically underrepresented in bulked samples compared to
layer 2, had a strikingly higher mutational load. This finding aligns well with the frequent
identification of bud sports specific to layer 1 in various fruit trees (13). However, as we
described here, identification of genomic mutations in layer 1 is difficult, which may elucidate
why, even among commercially relevant cultivars, the genetic basis of only a few sport mutants

has been uncovered so far.

Our work suggests that a focused analysis of individual cell layers is necessary for obtaining a
comprehensive understanding of the presence and distribution of somatic mutations. Although
less straightforward than analysing bulked samples, layer-specific analyses can reveal the
previously hidden spectrum of mutations, offering a holistic perspective on the accumulation and

propagation of somatic mutations.
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Figure Legend

Fig. 1 . Layer-specific mutations within different branches. A) Schematic layout of the seven branches in the
apricot tree. The apricot fruit peel consists of L1, mesocarp of L2, and pre-endocarp of L3 cells. Bar plots show the
number of somatic mutations identified in each branch with mutations in L1 in grey and mutations in L2 in orange.
SNVs have a dark hue while indels are light. B) Number of somatic mutations in L1, L2 or both. C) Mutation load in
L1 and L2. D) Percent of transition and transversion point mutations. E) Triplet context of point mutations (base in the
middle is mutated and canonical triplets are used). F) Indel size distribution. Negative values correspond to deletion
whereas positive values correspond to insertions. G) Normalised somatic mutation frequency in different genomic
regions. UTR: untranslated regions; TE: transposable element. H) Plotsr visualisation of structural differences
between the two haplotypes and the distribution of somatic mutations across the chromosomes. |) Normalised
somatic mutation frequency in syntenic and structurally rearranged regions. The y-values were normalised by the
total number of mutations identified in the layer. J) Distribution of somatic mutations across branches. The five panels
show (left to right) i) whether the mutation set follows the topology of the tree (black checkmark) or not (red cross), ii)
the sets of branches in which mutations are present, each row corresponds to a set and the black point marks the
branches present in the set, iii-v) the number of somatic mutations in only L1, only L2, or both that are present in the

set.

Fig. 2. Genomic differences between neighbouring fruits and leaves. A) Leaves next to the selected fruits were
used for somatic mutation identification. The bar plots show the number of somatic mutations identified in each
branch with SNVs in dark green and indels in light green. B) Both Venn diagrams show the number of somatic
mutations shared between fruits and leaves. Left: all mutations; right: somatic mutations in fruits are shown
separately for L1 and L2. C) Genotyping of L1 and L2 somatic mutations of the fruits in the neighbouring leaves.
Upper panel: genotyping L1 and leaf samples for mutations identified in L1. The X-axis shows the minimum number
of reads with alternate alleles required to genotype a somatic mutation. The Y-axis shows the percent of somatic
mutations that were present either only in L1 or in both. The Venn diagrams on the left and right show the sharing of
somatic mutations between L1 and leaf for read cut-offs of 1 and 20, respectively. Lower panel: similar plot for
genotyping L2 and leaf samples for mutations identified in L2. D) Number of L2 somatic mutations (X-axis) that were

present either only in fruit, only in leaf, or in both.

Fig. 3. Layer-specific expression of somatic mutations. A) Workflow for generating scRNA-seq and sclSO-seq
sequencing data from a single leaf. B) Expression atlas of apricot leaves. The 15 clusters are numbered 0-14.
Clusters from L1, L2, and L3 are coloured with blue, orange, and green shades, respectively. Clusters corresponding
to micro-environmental and developmental variations, which were mostly specific to individual branches, are coloured
in shades of grey. C) Cells containing reads with mutant alleles for six somatic mutations. The four columns
correspond to four branches. Each row corresponds to one somatic mutation. Grey cells do not have any read with
the mutant allele, whereas cells with mutant alleles are coloured based on the cluster they are from.
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